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ABSTRACT 

 

SLOPE STABILIZING PASSIVE PILES: A LABORATORY MODEL  

STUDY 

 

 

 

¦nver, Abidin Meng¿­ 

Doctor of Philosophy, Civil Engineering 

Supervisor: Assoc. Prof. Dr. Nejan Huvaj Sarēhan 

 

 

December 2023, 380 pages 

 

The behaviour of passive piles in a large shear box with different ratios of center to 

center  pile spacing, s to pile diameter, d  (s/d=5, 4, 3, 2, 1 and single pile test) and 

with  different pile sockets into the stable soil layer were investigated within the 

scope of this research. A clay soil having an average undrained shear strength, 

cu=100 kPa was at the bottom of the shear box simulating the stable layer. The upper 

part of the shear box, which is movable in horizontal direction, was filled with a soft 

clay having an average undrained shear strength, cu=20 kPa. The pressures on model 

piles loaded passively by the movement of the upper box were recorded by the 

miniature pressure transducers mounted on the piles. The transducers were calibrated 

by soil and water. Both for soil and water calibration cases, it was observed that the 

loads acting on the piles decrease in the upper and lower zones of the shear plane as 

s/d ratio decreases. Soft soil and water calibrations can be accepted to be in a 

moderate compatibility as evidenced that upper loads do not deviate so much. 

However, this is not the case in stiff soil calibration results. Besides, both the 

maximum upper and lower pressures recorded are greater in 0.8 H socket case than 

the pressures recorded in 0.5H socket case at all displacement levels (H: sliding 
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layer depth). For shear contribution of piles, an optimum pile spacing of s/d=4 was 

determined as the most effective pattern.  

Keywords: Laboratory Model Test, Passive Pile, Slope Stabilization, Miniature 

Pressure Transducer, Soil and Water Calibration 
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¥Z 

 

ķEV G¦¢LENDĶREN PASĶF KAZIKLAR: BĶR LABORATUVAR MODEL 

¢ALIķMASI 

 

 

 

¦nver, Abidin Meng¿­ 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yºneticisi: Do­. Dr. Nejan Huvaj Sarēhan 

 

Aralēk 2023, 380 sayfa 

 

Bu araĸtērma kapsamēnda b¿y¿k bir kesme kutusundaki deĵiĸik aralēklē (s/d=5, 4, 3, 

2, 1 ve tek kazēk testi; s: merkezden merkeze kazēk aralēĵē, d: kazēk ­apē) ve duraĵan 

tabakaya deĵiĸik boylarda soketlenen pasif kazēklarēn davranēĸē incelenmiĸtir. 

Ortalama drenajsēz kayma dayanēmē, cu=100 kPa olan kil  bir zemin, kayma 

kutusunun altēndaki duraĵan tabakayē temsil etmiĸtir. Kesme kutusunun yatay yºnde 

hareket edebilen ¿st kēsmē, ortalama drenajsēz kayma dayanēmē, cu=20 kPa olan 

yumuĸak kil ile doldurulmuĸtur. ¦st kutunun hareketi ile pasif olarak y¿klenen 

model kazēklar ¿zerinde oluĸan basēn­lar, kazēklar ¿zerine monte edilen minyat¿r 

basēn­ transd¿serleri vasētasē ile kaydedilmiĸtir. Transd¿serler zemin ve su ile kalibre 

edilmiĸtir. Hem zemin hem de su kalibrasyonu durumlarēnda, s/d oranē azaldēk­a 

kesme d¿zleminin ¿st ve alt bºlgelerinde kazēklara etki eden y¿klerin azaldēĵē 

gºzlenmiĸtir. Yumuĸak kil  ve su kalibrasyonlarē, ¿st taraftaki y¿klerin ­ok fazla 

sapma gºstermemesi sebebi ile orta derecede bir uyum i­inde kabul edilebilir. Ancak 

katē kil kalibrasyon sonu­larēnda durum bºyle deĵildir. Diĵer taraftan, fazla soket 

yapēlan 0.8H durumu i­in kaydedilen maksimum kayma sathē ¿st¿ ve altē basēn­lar, 

t¿m deplasman seviyelerinde, 0.5 H soket durumunda kaydedilen basēn­lardan 

daha y¿ksektir (H: kayan tabaka derinliĵi). Kazēklarēn kesme katkēsē i­in, optimum 

kazēk aralēĵē s/d=4 en etkili ĸablon olarak belirlenmiĸtir. 
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CHAPTER 1  

1 INTRODUCTION   

1.1 Statement of the Problem 

One of the oldest geotechnical engineering problem in construction activities 

throughout the history is the slope stability since naturally or man-made occurring 

soil movements are always in agenda. It is generally called a landslide or a slope 

failure when a slope fails due to gravitational forces. There are many ways of 

stabilizing unstable slopes. The conventional stabilization methods generally reduce 

driving forces by removing a weight of soil from the upper part of the slope and/or 

increase resisting forces by constructing a buttress (dead load) at the toe part of a 

landslide area. A third general technique to stabilize unstable slopes is the in-situ 

reinforcement of the ground. Constructing discrete (spaced) piles through a sliding 

mass penetrating into the stable layers is the most common reinforcement method of 

stabilizing slopes. Discrete piles are especially quite effective, where there is not 

sufficient land to allow excavation of the head of a slide and/or providing the dead 

load at the toe. The bored piles especially can be constructed in the unstable slopes 

without any additional movements that may cause further instability. In addition to 

this, the pilesô structural capacities in stabilizing the slope movements are quite 

effective compared with other slope stabilization methods. The pile solution is 

almost a unique method of stabilizing landslides in many cases where the topography 

inhibits other solutions (Carder, 2009). Beside this popularity, a universally accepted 

calculation and design procedure is not yet available for pile stabilization. This 

determination can be seen in several recent publications (Zhang S et al., 2021; Xiong 

et al., 2022; Jiang et al., 2022; Galli et al., 2022). The title ñLandslide stabilization 

by piles: A subject not yet stabilizedò of an invited lecture given by Ergun (2021) in 

a symposium emphasizes the same judgement conspicuously. 
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There are several factors that should be taken into account in designing a single row 

of discrete piles penetrating a stable layer as shown in Figure 1.1. Spacing between 

the piles to guarantee the development of soil arching, the reasonable socket length 

of the piles into the stable soil layer, and the forces acting on the piles due to sliding 

mass are some important factors in designing the stabilizing piles. A model test study 

has been executed in laboratory in this research to investigate these factors 

concentrating especially on the loads exerted by the moving soil on stabilizing  piles. 

To investigate arching mechanism, different pile spacing/pile diameter patterns have 

been used in model tests. There are very few studies that recommend an appropriate 

length of pile in literature. Therefore, pile socket length in the stable layer is another 

subject of research in this investigation. 

As a summary, this thesis investigates the behaviour of model passive pile groups 

under the loading of moving soil. The stabilizing reinforcement system consists of a 

row of model piles made of brass with different spacing/diameter ratios and different 

socket lengths in stable layer. Tests include a single pile load test also. The single 

pile and the pile groups were loaded by lateral soil movement using a specifically 

designed shear box testing system in laboratory. Kaolinite type of clay soils were 

used in the model tests. 
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Figure 1.1. Slope stabilization by piles 

1.2 Objectives 

The objectives are: 

i) to investigate some of the essential mechanisms, such as soil arching in 

passive piles stabilizing a slope, numerical research and model test results in 

literature and search and evaluate the current design methods of pile stabilized slopes 

critically recommended in the literature;   

ii)  to investigate the loads exerted by the moving clay type of soil for several 

patterns in a row of stabilizing passive piles by a series of small scale model tests in 

a specifically designed shear box in laboratory both above and below the shear plane;  

iii)  to investigate the displacement behaviour of stabilizing single pile and pile 

groups with different center-to-center spacing of piles/pile diameter ratios (s/d) and 

with different socket lengths in the stable clay soil layer, present the p-y curves of 

the passive piles obtained in laboratory model tests;  
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iv) to develop design recommendations based on the model test results involving 

different s/d ratios and different socket lengths in the stable soil layer. 

1.3 Scope of the Research 

In this research, the behaviour of a row of model piles with different patterns and 

socket lengths and the piles installed for the purpose of slip surface stabilization has 

been investigated in a specifically designed shear box at the laboratory. Since a 

capping beam is generally designed for landslide stabilizing group piles in practice, 

a brass capping beam has been designed at the top of group model piles tested. Clay 

type of soils have been used in this research. The tests have been executed in a large 

shear box with dimensions 30x30 cm in plan and 30 cm in depth. The first 15 cm 

part of the shear box in depth is separated from the bottom part to allow a shear plane 

in tests. The stiff clay placed at the bottom part represents the stable layer while a 

soft clay at the top represents the unstable layer. Thus, the upper part of the box is 

movable in horizontal direction.  The 2 cm diameter model piles made of brass have 

been instrumented by miniature pressure transducers of which the sensitive surface 

diameter is 7.6 mm with thickness of 2 mm to measure pressures directly. There is 

also a 5 mm diameter and 4 mm thick another pedestal part mounted to this sensitive 

surface part. The lateral and vertical displacements of the movable upper part of the 

box have been recorded; the total resistance of the upper part of the box has also been 

measured with a proving ring. There are also recordings measuring the top and tip 

horizontal displacements of the model piles. Detailed explanations of the stages of 

the model tests are given in Chapter 3 of the thesis. 

1.4 Thesis Outline 

Thesis outline is explained below: 

Chapter 2 is composed of literature review on stabilization of slopes by piles, which 

are generally called as passive piles. Stabilization mechanisms especially arching 
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effect, the investigation results by laboratory model tests and the research on ultimate 

soil resistance and group effects in passive piles are given in Chapter 2. Moreover, 

the recommendations related with the analysis and design of piles to be used in slope 

stabilization in literature are presented in this chapter. The solution of piles that are 

loaded laterally by the p-y method and application of the method for passive piles 

are described in Appendix A. 

The experimental set-up used in this research, soil materials and the preparation of 

the samples and also the procedures followed in model tests are all explained in 

Chapter 3. The test set-up and testing program are clarified by means of two- and 

three-dimensional drawings. The details of model piles and measurement devices 

used in the tests (miniature pressure transducers, proving rings, potentiometric linear 

displacement sensors for measuring pile top and tip horizontal displacements, dial 

gauges and data acquisition system details) are given in this chapter. The results of 

the index tests and, also the strength test results of the soft and stiff clay soils used 

in model tests are also presented in Chapter 3. The unconsolidated-undrained (UU) 

triaxial compression test results are given in Appendix B.     

Miniature pressure transducers mounted on the model piles are the main instruments 

in this research to directly record the loads acting on the model passive piles. 

Calibration process was described in Chapter 3. The results of water calibrations and 

also both soil (the soft unstable and the stiff stable soil layers) calibrations performed 

for all the pressure transducers used in the model tests are given in Appendix C. The 

calibration results of proving rings and potentiometric linear displacement sensors 

(PLDS) used in the model tests can be found in Appendix D. 

The model tests in this investigation have been conducted for a single pile and for 

five different model pile spacings (i.e., s/d=1, 2, 3, 4 and 5; s: pile spacing, d: pile 

diameter). The tests were also carried out for two different socket lengths in the 

stable stiff clay layer (i.e., 50% and 80% of sliding soil layer depth). The model test 

results depending on these variable conditions are all presented in Chapter 4 and in 



 

 

6 

Appendix E and Appendix F in graphical forms. The results are discussed and 

evaluated in Chapter 4. 

Chapter 5 includes the conclusions reached as a result of the discussions of the model 

test results. The effects of pile spacing and the socket length in the stable soil layer 

in slope stabilizing by piles are given in this chapter. The practical uses of the 

conclusions are presented. Finally, the suggestions for future research are included 

in Chapter 5. 
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CHAPTER 2  

2 LITERATURE REVIEW  

2.1 Introduction  

The downward mass movement of either rock or soil type of materials is called 

landslide which is caused by gravity. If the rock material, which is out of the scope 

of this research, is excluded, there are mainly two general types of landslides that 

most commonly occurs in highway and civil engineering projects. They are (1) 

movements involving surficial material, (2) movements involving deep-seated soft 

soils. The conditions promoting movements are (a) changes in groundwater 

conditions, (b) presence of clay or shale that softens when wet, and (c) topography 

(Abramson et al., 2002). As deduced from these classifications, the predominant 

material in landslides is cohesive type of soil material. This has been confirmed in 

many landslides observed in nature (Teoman et al., 2004; Cornforth, 2005; Demir et 

al., 2006; Subaĸē et al., 2012; Cheng and Lau, 2014; Tonyalē and Aydoĵmuĸ, 2018; 

Troncone et al., 2021; Shangguan et al., 2023). On the other hand, the research 

considering cohesive type of soils published recently show that there is an open issue 

for geotechnical engineers in this field (Fantera et al., 2022; Galli et al., 2022). Thus, 

the clay type of soil is the material that is researched in this thesis. 

A row of bored piles spaced at specific intervals along slopes is a preferred slope 

stabilization technique in many projects since it has some advantages. The technique 

is quite a quick method to improve the stability of a failing slope. The drainage 

measure for instance often take a significant time to act, particularly in clay slopes. 

Slope stabilizing piles are also often preferred due to their long design life to resist 

long-term environmental effects and low maintenance costs. In other words, the 

method offers a permanent structural fix. It generally does not require additional 

servitude. Bored piles can especially be constructed in almost any type of soil and 
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rock conditions by various construction techniques.  Finally, the piling is often the 

most suitable stabilizing method of slopes due to topographical restrictions. 

2.2 Passive Pile Problem 

De Beer (1977) classified the horizontally loaded piles into two main groups: active 

and passive piles. The piles used in slope stabilization, for instance, are subjected to 

lateral loads caused by the horizontal movements of the soil environment.  Therefore, 

the piles used for this type of application have been considered as passive piles. It 

should be reminded that the active piles are those used to resist the lateral loads 

transferred directly from the superstructure. The expression ñactiveò implies that the 

piles move relative to the soil; the ñpassiveò expression, on the other hand, implies 

that soil moves relative to the piles. In other words, active piles are loaded at their 

heads caused by the superstructure. Passive piles, on the other hand, are loaded along 

their shafts caused by the horizontal soil movements. In addition to slope 

stabilization problem, typical examples of passive piles are given in Chen and Poulos 

(1997): 

ü Piles neighbouring the approach embankments 

ü Piles neighbouring the pile driving operations 

ü Piles neighbouring the tunnel constructions 

ü Piles neighbouring the excavation operations 

 

In fact, the interaction mechanisms between the pile and the surrounding soil are 

similar in both active and passive pile cases. However, there is a marked difference 

between the two: The structural load in actively loaded pile is usually well defined 

at the beginning of a design. On the other hand, the load acting on the passive piles 

due to soil movement is rather ill defined. The horizontal forces acting on the passive 

piles depends on the soil movements. At the same time, these soil movements are 

affected by the piles themselves. Therefore, the problem is complex due to this 
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interaction. Thus, there have been a continuous research effort to develop suitable 

methods for analysis and design due to this uncertainty of loads acting on passive 

piles. 

Starting from 1950ôs many case histories have been published involving landslides 

and passive pile stabilization. Besides of a relatively few unsuccessful applications 

(Root, 1958; Broms, 1969), several successful applications (Ito and Matsui, 1977; 

Sommer, 1977; Snedker, 1985; Allison and Williams, 1991; Reese et al., 1992; 

Rollins and Rollins, 1992; Smethurst and Powrie, 2007; Carder, 2009; ķengºr et al., 

2013; Galli and Bassani, 2018; Nusairat, 2019; Zhang H et al., 2021; Li and Du, 

2021) were reported. Several design approaches were recommended in some of these 

and other literature, and there is no a universally accepted design procedure in 

literature. 

2.3 Stabilization Mechanisms in Passive Piles 

Optimum design of a slope stabilization project by piles is a soil-pile interaction 

issue. The main factors to consider in design include the pile spacing 

(spacing/diameter ratio), lateral resistance of piles, the most effective location of 

piles in slope and their socket length below sliding surface, and the overall stability 

of the general slope stabilized by piles. 

Viggiani (1981) considered the failure mechanisms in passive piles both 

geotechnically and structurally. The potential failure mechanisms are summarized in 

Figure 2.1. There are mainly two types: (i) The first group includes the soil flow 

around piles from ground surface to sliding depth and the soil failure below slip 

surface due to insufficient embedment below slip surface (See Figure 2.1a and b).  

(ii) One or more plastic hinges are generated in the pile in the second group of failure 

mechanisms; the plastic hinges are to be generated at the points of maximum bending 

moment occurence (Figure 2.1c). 



 

 

10 

As can be deduced from the failure mechanisms in Figure 2.1, there are basically 

two stabilization mechanisms in pile stabilized slopes. These will be explained in the 

following sections. 

2.3.1 Reinforcement Mechanism 

When piles are designed to stabilize a slope, they should pass the failure surface and 

penetrate into a firm, stable soil layer. Since there is a sliding above the failure 

surface, the displacements above this surface is forced to be diminished when rigid 

piles are installed. Resulting earth pressures above the sliding surface are transferred 

to the stable soil layer beneath sliding surface in a similar way to a cantilever beam 

with the earth pressure on the pile as cantilever load. Thus, a shear force and bending 

moment effects are developed in the pile at location close to the slipping surface. 

This additional resistance provided by the soil-pile interaction is the reinforcement 

effect, which can be considered as straightforward. The second stabilization 

mechanism namely arching mechanism is described in more detail below since it is 

the main research subject about landslide stabilizing piles in literature. 

2.3.2 Archin g Mechanism 

The arching mechanism is quite complicated due to its localized effect, which means 

that localized soil failure may occur since the piles are located intermittently in 

landslide stabilizing projects.  

As will be described below, soil stresses are transferred from a yielding mass of soil 

onto neighbouring stable or harder layers by means of arching mechanism. It 

generally occurs in structures like tunnels, pile walls, slopes or fills and backfills 

where moving or settling soil is adjacent to stationary structures or masses of soil. 

Terzaghi (1936) was one of the earliest investigator of the arching effect in soils. A 

soil mass that is located above a yielding trapdoor is used in this investigation and it 

was observed that as the door displaced downward, the vertical earth pressure 
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exerted on the wall decreased considerably. At this time, the pressure on the 

stationary neighbouring parts of the platform was increased. The shearing stresses 

developed between the moving mass and the neighbouring stable parts were 

interpreted to be the reason for this load transfer. 

As it is understood, arching mechanism is especially important to consider in 

geotechnical designs where the piles are located in an intermittent manner. A series 

of model experiments was carried out by Bosscher and Gray (1986) with a sand slope 

supported at base by gates that have different sizes to examine the effect of soil 

arching in spaced pile retaining walls. Some gates in experiments were so designed 

that they can rotate around their base point. Both the fixed and rotating gates were 

instrumented by load cells to measure the slope loads. Fixed gates simulated the 

embedded vertical piles. Rotating gates, on the other hand, simulated the soil 

between the piles. The test results indicated that the load acting on the rotating gate 

decreases beyond a certain degree of rotation. This was attributed to the transfer of 

loads to the nearby fixed gates by soil arching. Moreover, it was meaured that as the 

spacing between the fixed gate gets smaller (i.e., fixed gate width is constant-10 cm 

and rotating gate widths are decreasing as 40 cm, 30 cm, 20 cm and 10 cm), more 

percentage of loads were transferred to the fixed gates, the arching mechanism being 

more effective. They concluded after this research that the stronger arching effect is 

observed and more loads are to be transferred to the piles in retaining walls as the 

pile spacing decreases (Bosscher and Gray, 1986). 
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(a) Pile spacing is not narrow enough to develop satisfactory arching 

           mechanism. Piles stay as they installed, soil slides between piles. 

 
 

 

(b) Pilesô embedment is insufficient 

 

 

(c) Piles have insufficient structural capacity (Maximum moment > Yield  

moment) 

 

 

Figure 2.1. Summary of failure mechanisms in passive piles 



 

 

13 

In slopes stabilized by discrete piles, when the piles are spaced too apart, the arching 

mechanism will not be effective as shown in Figure 2.1a, and the soil fails between 

the piles. Adachi et al. (1989) performed a series of model tests in laboratory to 

investigate the arching mechanism of landslide stabilizing piles in granular materials. 

They used fixed piles, which were aligned horizontally, with different spacings. 

Strain gauges were used on the piles to measure the load. Figure 2.2 shows the 

experimental apparatus, which is a vertical frame and the piles with different 

arrangements. The displacement of some of the granular materials was observed to 

understand the mechanism. The development of an arching mechanism is explained 

in Figure 2.3. It is seen here that the soil particles B, C and D are not affected by the 

uphill pressure within the arching zone. Therefore, they move vertically. The 

displacements above the arch was much smaller (Particle A in Figure 2.3). It was 

determined that the load acting on the piles was equal to the weight of the soil in area 

above the arch up to the soil surface as shown in Figure 2.3. It was also found that 

the load acting on the center pile increased as the pile spacing increased. Moreover, 

the arching foothold seen in Figure 2.3 will cause less pressure to act on circular piles 

than on equivalent rectangular pile. Zigzag arrangement of piles was found to be 

more effective than a parallel arrangement due to double-arching effect (Adachi et 

al., 1989). 

It should be noted that only the cohesionless type of materials were used in   Bosscher 

and Gray (1986) and Adachi et al. (1989) researches. 
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Figure 2.2. Experimental apparatus to investigate soil arching (Adachi et al., 1989) 

 

 

Figure 2.3. Arching effect in model piles (Adachi et al., 1989) 

 

The arching mechanism was investigated by Chen and Martin (2002) also in both 

cohesionless and cohesive soils. They conducted numerical computations using the 

computer program FLAC (Fast Lagrangian Analysis of Continua) for landslide 
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stabilizing discrete piles. Two- and three-dimensional analyses were carried out 

although most of the results have been presented in two-dimensional plane strain 

computations. They identified an elastic zone between two neighbouring piles for 

both cohesionless and cohesive soils. Transfer of pressure through this arching zone 

is not possible due to the formation of the elastic zone according to Chen and Martin 

(2002). Moreover, the rotation of the principal stress directions is accepted as evident 

of the existence of an arching effect. The calculated pressures exerted on piles 

depending on the relative pile/soil displacement are shown in Figure 2.4 (p-ŭ curves) 

for both cohesionless and cohesive soils (soil displacements, ŭ measured at the center 

of two adjacent pile).  

 

 

                 (a) Cohesionless soil                                      (b) Cohesive soil 

 

Figure 2.4. Group behaviour in a row of passive piles (Chen and Martin, 2002) 

 

As shown in Figure 2.4a, the ultimate lateral pressures decrease as the pile spacing 

increases in granular soils. This means that the arching effect will be greater as the 

piles get closer. The computations for cohesive soils indicated a different behaviour 

as shown in Figure 2.4b; closer pile spacings resulted in greater pressures on the piles 
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in cohesive soils. Moreover, it can be said that the effect of arching is less developed 

in cohesive soils when compared to cohesionless soils. 

The verification of the accuracy of numerical analyses made by two-dimenisonal 

plane strain model in Chen and Martin (2002) was mainly based on the analyses 

made by a three-dimensional model just by comparing the displacement contours in 

these models. 

Liang and Zeng (2002) made a research on the soil arching phenomenon in landslide 

piles located intermittently. The two-dimesional code called PLAXIS was used for 

both cohesionless and cohesive soils. The finite element model used in this research 

is shown in Figure 2.5a. Liang and Zeng (2002) used the stress distribution property 

of the finite element method in a two-dimensional environment to quantify the soil 

arching. They examined the curves of the stress or load transfer based on the relative 

movement between the soil mass and the piles. The prescribed displacement feature 

of the program was used to simulate the soil movement. Any prescribed 

displacement can be defined on a desired boundary in PLAXIS program. These 

displacements were defined on boundary BC as shown in Figure 2.5a. The one-forth 

of piles is found to be sufficient to model due to symmetry (Quarter circles ABG and 

CDH in Figure 2.5a). The finite element model used was validated by using the 

experimental model test results of Bosscher and Gray (1986) and Adachi et al. 

(1989); the comparison of the results was found satisfactory. 

Liang and Zeng (2002) carried out extensive parametric computations by the finite 

element simulations to investigate the arching behaviour in landslide stabilizing 

piles. The effects of various parameters like pile spacing, pile diameter, pile shape, 

internal friction angle of cohesionless soil and the cohesion of the clay type of soil 

were all studied in this research. It was determined that pile spacing to pile diameter 

ratio is the most important variable. The ratio affects the possibility and intensity of 

soil arching dominantly. A general conclusion is that the more loads are transferred 

to the piles due to soil arching as the spacing of piles/diamater of piles ratio decreases 

(Liang and Zeng, 2002). This effect can clearly be seen in principal stresses direction 
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in Figure 2.5b. It was observed that the soils with higher friction angle developed 

stronger arching effect. This was attributed to more interlocking between denser 

soils. The cohesive soils especially were found to have greater tendency for soil 

arching. It was seen that small cohesion values (i.e., about 15 to 30 kPa) were enough 

for arching effect to be developed very effectively. If the pile spacing becomes larger 

than the eight times the pile diameter (s>8d), on the other hand, no arching effect 

would be expected such that each pile in the group behaves like a single pile. 

The parametric computations with two-dimensional model used by Liang and Zeng 

(2002) clearly show the arching mechanism. Since the model was two-dimensional, 

a large number of analyses could be run to show the proportions of the loads on the 

piles and the residual load acting on the soil between piles. However, it should be 

noted that the modelled piles in this research are restricted to displace in sliding 

direction. Thus, the load transfer tables given in this paper can only be valid for 

fixed-head piles. The percent of residual loads acting on soil mass between the piles 

for several variables (i.e., cohesion values between 0 and 40 kPa, friction angles 

between 0 and 40Ü, pile diameters 30.5 cm, 61 cm and 91.5 cm, and s/d ratios 2, 3 

and 4) are given in the load transfer tables (Liang and Zeng, 2002). However, the 

calculation results for larger spacings (i.e., s/d>4) are not given; so the arching effect 

at larger spacings could not be observed. 
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                    (a) Finite element mesh           (b) Principal stresses direction 

Figure 2.5. Finite element model (Liang and Zeng, 2002) 

 

Liang and Yamin (2010) performed a three-dimensional finite element parametric 

study to investigate the arching behaviour of a drilled shaft (bored pile)/slope system 

in one row. The finite element program ABAQUS was used in analyses. Figure 2.6 

shows the conceptual model and boundary conditions. 
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Figure 2.6. Model and boundary conditions of the parametric study (Liang and 

Yamin, 2010) 

 

Three-dimensional finite element modelling is given in Figure 2.7. 
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Figure 2.7. A three-dimensional finite element modelling (Liang and Yamin, 2010) 

 

The piles are socketed into a rock layer. The soil movement resembling an unstable 

slope is generated by a distributed load (kN/m2) applied at the top of the slope.   

The displacement contours obtained from the three-dimensional finite element 

simulation of a pile-stabilized slope are given in Figure 2.8 where the soil arching is 

clearly seen. As noted, the relative displacement between the pile and the 

surrounding soil is minimum at the location of pile, while it is maximum at the 

location between the piles. 
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Figure 2.8. Displacements just before the pile for a vertical plane (Liang and 

Yamin, 2010) 

 

It is shown in Figure 2.9 that the stresses are maximum at the location of the piles. 

Whereas, the stresses are minimum between the piles. Figure 2.9 reveals that the 

stresses at the downslope side are smaller as compared to the ones at the upslope 

side. The pile inclusion results in this stress reduction. These are all the evidences 

for soil arching phenomenon (Liang and Yamin, 2010). 

It is believed that a successful way to quantify the arching phenomenon in a 

stabilizing pile row is the three-dimensional finite element analysis in this era. An 

alternative to this can be the model tests performed at laboratory or at sites.   
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Figure 2.9. Stress distribution for the horizontal plane at a depth (Liang and Yamin, 

2010) 

 

2.4 Research by Numerical Analyses 

Ekici (2013) made a research in which three-dimensional numerical models were 

formed to investigate the influencing factors in a passive pile problem. The finite 

element package, Plaxis 3D 2010, was used in the analyses. First, a number of 

published case histories with recorded field data were utilized to check the accuracy 

of the numerical model results. These validation results are given in Ekici and Huvaj 

(2014) in detail. After the validation stage, a parametric study was performed to see 

the variations in the factors such as the pile embedment depth, pile spacing, amount 

of lateral soil displacement. 

Three dimensional shear boxes were modelled in Ekici (2013) as shown in Figure 

2.10.  The diameter of the model piles was 1 m. The width of the model (S) was 
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between 6 m and 60 m depending on the number of the piles. The distance between 

the prescribed displacements and model piles was chosen as 5 times the diameter of 

the piles (i.e., W1=5 m in Figure 2.10). s/d ratios were between 2 and 20 (s: pile 

spacing, d: pile diameter).    

 

 

Figure 2.10. Shear box model with single pile (Ekici, 2013) 

 

Ekici (2013) conducted two types of parametric analyses using different types of 

soils. In the first group of analyses, cohesive soils were assumed both for sliding and 

stable layers and pile embedment depth was investigated for a single pile. Some 

conclusions obtained can be stated as follows: 1) As the pile socket into the stable 

layer increases, the horizontal force acting on the pile increases in all combinations 

of unstable and stable soil undrained shear strengths, 2) A critical embedment depth 

was revealed at which sufficient pile end fixity condition is valid (i.e., not a condition 

of rigid body rotation, but flexural bending), 3) The exerting load by the soil on pile 

increases as the undrained shear strength of the sliding soil increases. 
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Ekici (2013) defined loose and dense sands as soil materials to examine the effect of 

pile spacing in the second group of analyses. Drained analyses were applied in this 

second group. Some conclusions can be made from the analysis results: 1) Since the 

maximum relative pile-soil displacements occur at the ground surface, the soil 

arching effect is most pronounced at the surface, 2) As the pile spacing increases, the 

arching effect decreases based on the relative movement records between the pile 

heads and soil in between (i.e., higher uip/up shows that soil between the piles flow 

meaning that arching is ineffective; uip: ground displacement between the piles, up: 

pile head displacement), 3) Although stronger soil arching is obtained by reducing 

the pile spacing, more group reductions are developed in smaller spacings, 4) The 

pile spacing of s/d=4 was found to be an optimum pattern for pile design when the 

soil arching and group action reduction effects are taken into account.  

Pile spacing effect for cohesive soils was not examined in Ekici (2013). 

Benmebarek et al. (2022) carried out two and three-dimensional finite element 

analyses using the program Plaxis to optimize a row of piles in a slope stabilization 

problem. The pile location in a slope, pile length and pile spacing are the parameters 

in their optimization process. They used different pile head boundary conditions (i.e., 

fixed head-no displacement and rotation at all, hinged head-rotation occurs without 

displacement, non-rotated head-displacement occurs without rotation, free head-both 

displacement and rotation occurs). Cohesive-frictional soil material was considered 

in the research. The three-dimensional model is given in Figure 2.11. Stability 

analyses using the strength reduction method (i.e., phi-c reduction), which has 

increasingly been used for slope stability analyses in the last decade, were executed 

by Benmebarek et al. (2022) to interpret the results. 

Figure 2.12 and Figure 2.13 present the results of factor of safety versus L/H 

variations for different pile head conditions (L: actual pile length, H: slope height). 

It is noted that the safety factors become stable (i.e., FS=1.79~1.80) after about       

L/H Ó 0.5 level both for two and three-dimensional analyses for fixed-head piles. For 

the hinged head piles, on the other hand, the factor of safety increases with the 
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increase of pile length up to L/H=0.7 (Figure 2.12). Finally, the contribution of the 

free-headed piles is very marginal as far as the safety factor of the slope is concerned 

(Figure 2.12 and Figure 2.13). 

 

 

 

Figure 2.11. Three-dimensional piled-slope model (Benmebarek et al., 2022) 

 

Figure 2.14 gives the safety factor versus S/D variation (S: center-to-center pile 

spacing, D: pile diameter). Since the pile spacing cannot be modelled realistically in 

a two-dimensional analysis (i.e., conversion of the row of piles into a plain strain pile 

wall with an equivalent thickness), the spacing effect is not visible in this model. It 

is noticed that the decrease in safety factor becomes quite remarkable for S/D Ó 4. 

The safety factor value approaches the safety of an un-piled slope at about S/D=12 

spacing level. That means that there is no arching effect at these spacings 

(Benmebarek et al., 2022). Finally, the contribution of free-headed piles is quite 

marginal again as observed in Figure 2.14. Therefore, the free-headed piles should 

not be considered in the stabilization cohesive-frictional slopes according to authors.  
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Figure 2.12. Two-dimensional calculation results of factor of safety versus L/H 

(Benmebarek et al., 2022) 

 

 

Figure 2.13. Three-dimensional calculation results of factor of safety versus L/H 

(Benmebarek et al., 2022) 



 

 

27 

 

Figure 2.14. Two and three-dimensional calculation resuls of factor of safety versus 

S/D (Benmebarek et al., 2022) 

 

Resende and Garcia (2021) used numerical method employing Slide and RSPile 

computer packages of Rocscience to evaluate the stabilizing effect of the piles in 

slope instabilities. Slide program was used to assess the global stability considering 

the statistical variability of the soil parameters and varying the stabilization 

geometry. RSPile program was used to analyze the pile structurally by means of the 

p-y curves method in the package. An existing embankment case in a situation of 

slope instability as shown in Figure 2.15 was chosen for analyses (i.e., safety factor, 

FS=1.10 indicates an instability condition). The soil layer that is prone to instability 

is composed of silty clay and clayey silt with some boulders in it. Pile length (L), 

pile diameter (d), center to center spacing of piles (s) and position of the piles in the 

slope were the variables in analyses (i.e., L: 3, 5, 10, 15, 20 m; d: 10, 15, 20, 25, 30, 

40 cm; s/d=2, 3, 4, 5). These variables can be seen in Figure 2.16. 

Resende and Garcia (2021) made analyses considering the above variables. One 

variable was kept constant while the other parameters were varied. Thus, several 

combination of analyses were carried out.  They also conducted analyses by the p-y 
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curve method of RSPile 2018 software with a certain pile length and pile diameter. 

The piles were located on the crest of the slope and spacing over diameter ratio varied 

from two to five in p-y curve analyses. 

 

 

Figure 2.15. The geometry of the slope (Resende and Garcia, 2021) 

 

 

 

Figure 2.16. Pile variables (Resende and Garcia, 2021) 



 

 

29 

Several conclusions obtained as a result of these analyses can be stated as: 1) The 

longer piles improve the stability more efficiently. When the piles are shorter than a 

certain length (i.e., shorter than about 5 m in this research), the piles work effectively 

if they are located close to the toe of the slope only. On the other hand, there is an 

optimum pile length beyond which no increase in safety factor is observed (i.e., L=15 

m in the case studied). 2) The location close to the crest of the slope was found as 

the most favourable position for the stabilization effect. 3) Relatively larger diameter 

piles improve the stability more efficiently. There is again an optimum pile diameter 

for efficiency (i.e., no significant improvement was observed after the diameter 0.5 

m or greater in the case studied). 4) As the spacing between piles increases, the 

efficiency of the piles in slope stabilization decreases. s/d  3 is recommended for 

pile diameters up to 20 cm. Larger dimensions are recommended up to 5d spacing. 

5) The greatest forces on the pile were determined at the sliding surface depth. 

Some conclusions of Resende and Garcia (2021)ôs research should be accepted as 

case-specific. Namely, location of stabilizing piles close to the crest of the slope for 

maximum efficiency can be valid for the case studied. Moreover, the pile diameters 

considered in the analyses (d=10~40 cm) can generally be designed for relatively 

shallow sliding depths in practice.    

2.5 Model Tests 

Model tests are effective ways to investigate the validity of theoretical and empirical 

approaches describing the landslide stabilizing pile and the surrounding soil 

interaction. Load transfer mechanism between them can be searched efficiently 

based on controlled and instrumented conditions at the laboratory or at site. 

One of the early model test research was conducted by Fukuoka et al. (1985) and 

Hada et al. (1988). The results obtained in these researches were summarized in 

Anagnostopoulos et al. (1992). The model used in the researches is shown in Figure 

2.17. An orthogonal tank 1x1x1.75 m, made from wooden panels and covered with 
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vinyl plates was designed. The tank was filled with sand material. When the tank 

was lifted from its rear side, the soil mass could move downwards exerting loads on 

the model pile, which was installed, vertically. Single piles with different diameters 

were used in tests. The piles were instrumented with special panels. The panels could 

record normal and tangential earth pressures (stresses). 

 

 

Figure 2.17. Section of the used model (Fukuoka, 1985; Anagnostopoulos, 1992) 

 

The results showed that the angles between the normal or shear stresses and the axis 

of the soil movement are approximately 45Ü. This was attributed to an ñarchingò 

effect between the pile and the tank sides (Fukuoka et al., 1985). The magnitude of 

arching and therefore the load acting on the piles were found to be dependent on 

geometry of the system (s/d ratio; s: pile spacing, d: pile diameter) and the shearing 

strength of the soil. The normal stresses were measured not to increase linearly with 

depth, as considered previously. The distribution of the total load is rather parabolic 

with the resultant force acting at around half of the depth (i.e., ~0.45H from bottom). 

Only sand material was used in this research. Moreover, the boundary conditions at 
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the top and bottom of the model piles were seem not to represent the actual conditions 

at site in a general sense. 

Poulos et al. (1995) and Chen et al. (1997) carried out a series of laboratory tests on 

instrumented single model piles and pile groups. They used the calcareous sand 

material in their tests. The piles were loaded by the lateral movement of the soil. 

Although the material is sand in these tests, it is interesting to see the model test 

details, which include a design of prescribed horizontal displacement profile, 

different pile head conditions and different pile configurations.  

The experimental apparatus is same in both researches. The apparatus consisted of a 

testing tank made from steel sheets of 3.2 mm thickness. The width, the length and 

the height of the tank are 450 mm, 565 mm and 700 mm respectively, as shown in 

Figure 2.18. The upper part of each steel plate rotates around its hinge in Figure 2.18 

so that the upper part of the sand moves. Thus, a triangular pattern of horizontal 

displacement profile is acted on the sand layer along the depth (i.e., the maximum 

displacement is at the sand surface and it is zero at the level of hinges). The length 

of aluminium model piles was 1 m. The diameter of model piles was between 25 and 

50 mm. The model piles were instrumented by strain gauges to measure bending 

moments (Figure 2.18c). The bending moment increases with increasing soil 

displacement according to the results obtained in single pile tests (Poulos et al., 

1995). It was determined in single pile tests that as the pile embedment in the stable 

layer increased, the bending moment increased also. Poulos et al. (1995) used a 

boundary element analysis program called PALLAS to predict the experimental 

results. There was a fairly good consistency between the theoretical predictions and 

measured values.  
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Figure 2.18. Experimental setup (Poulos et al., 1995; Chen et al., 1997) 

 

Chen et al. (1997) conducted model tests on pile groups using the same apparatus. 

The length and diameter of model piles in group were 1 m and 25 mm respectively. 

Each pile was instrumented by strain gauges to measure the bending moments. Piles 

in different configurations as shown in Figure 2.19 were tested in calcareous sand 

undergoing lateral movement. There were mainly three pile test arrangements, 

namely, piles in a row, piles in a line and piles in square. Tests were performed on 

free-head and capped-head piles. The embedded length of model piles in the moving 

soil and stable soil were 350 mm and 325 mm, respectively for all the tests (See 

Figure 2.20 for typical test section). Only the test results for pile patterns in a row 

are summarized here due to the large amount of test data. The results are for a soil 

surface displacement, y of 60 mm as shown in Figure 2.20.  
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Figure 2.19. Pile group configurations in model tests (Chen et al., 1997) 

 

 

Figure 2.20. Typical test section in model tests (Chen et al., 1997) 

 

The measured maximum moments decrease with decreasing pile spacing in the pile 

groups that are either free-head or capped. Maximum bending moment decreased 

about 20% (free-head) and 30% (capped) in 2.5d (d: pile diameter) test as compared 
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to that measured in single pile test. Generally, no significant effect of number of piles 

on pile bending moment was observed. The boundary element computer program 

PALLAS was used to make a comparison. It was discussed that each pile in a group 

may possess a different ultimate lateral soil pressure due to group effect. It was 

shown that a reasonable value of the ultimate lateral pressure pu for each pile in a 

group is a must for a satisfactory theoretical prediction.     

Nal­akan and Ergun (2001) presented the results of a model study in which a large 

shear apparatus was utilized for the purpose of loading different pile patterns in a 

row. The shear box is 30x30 cm in plan and 600 mm in total height as shown in 

Figure 2.21. The 15 cm upper part, which is on roller bearings, is movable. The upper 

part can be driven directly by a gearbox connected to a motor. A commercially 

available kaolinite powder was mixed with water to get cohesive soils to be used in 

tests. Soft and stiff clays with average undrained shear strengths of 12 kPa and 85 

kPa, respectively were obtained and tested in two main group experiments. The 

model piles made of brass were 300 mm long and 10 mm diameter.   

     

 

Figure 2.21. Large direct shear box testing apparatus (Nal­akan and Ergun, 2001) 
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Tensile load transducers connected to the model pile at the top and bottom were 

utilized to measure the load on a pile in the group. Several tests with different pile 

spacing ratios (s/d), where s is the center to center distance between piles and d is 

the diameter of model piles. It was determined that as the pile spacing, s/d decreases 

the lateral load on a pile in the row decreases. It was reported that there may be a 

group action reduction even if the piles are spaced at s/d=10 pattern (Nal­akan, 

1999). Group action reduction factors were recommended in soft and stiff clays 

separately. It was found that the lateral soil reactions on the model piles increase with 

increasing lateral displacements at all pile spacing ratios.  

The following expression was generally recommended in literature to predict the 

ultimate pressure (P) developed on a pile due to a moving cohesive soil (Broms, 

1964; De Beer, 1977; Viggiani, 1981; Ergun, 1995). 

 

P=k cu d                                                                                                                     (2.1) 

 

where, k is the bearing capacity factor, cu is the undrained shear strength of the soil, 

and d is the pile diameter (P is the ultimate pressure on the pile as linearly distributed 

load; unit: Force/Length). 

Different k values are expressed above (k1) and below (k2) the sliding surface in 

passive piles by several authors (De Beer, 1977; Viggiani, 1981; Maugeri and Motta, 

1992; Ergun, 1995; Chow, 1996). Various k1 values were calculated for soft and stiff 

clay soil conditions using transducer load measurements in Nal­akan and Ergun 

(2001). It was shown that the bearing capacity factor is a displacement dependent 

factor. Maximum k1 value of 2.75 in soft clay and 5.97 in stiff clay were calculated 

both are for s/d=15 at a shear box displacement of 10 mm. 

The model test results given in Nal­akan and Ergun (2001) are only for moving soil 

(i.e., no data for a stable layer) and also for piles fixed at top and bottom. The slope 

stabilizing piles in practice, on the contrary, are constructed through an unstable layer 
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and embedded into a stable layer in general. Moreover, a row of piles in practice is 

usually connected by a top reinforced concrete beam joining the piles and this can 

not be considered as a fixed end constraint. 

¥zt¿rk (2009) used the same apparatus explained in Nal­akan and Ergun (2001). 

Cohesionless sand soil was used in ¥zt¿rk (2009). Strain gauges were fastened on 

the aluminium model piles to measure the strain values. Therefore, the bending 

moments developed along the model passive piles were examined in this research. 

The variation of bending moments in a single pile and piles in different positions of 

a pile group was compared and discussed. It was determined that the maximum 

moment occurred at 0.7L depth (L: length of pile) for single pile and piles in the 

group. The observed bending moments near the pile head (i.e., at 0.1L depth) were 

quite small. The maximum bending moment position above the shear plane within 

the pile group was determined as nearest to the loading side. This behaviour is 

reversed on the shear plane (i.e., maximum bending moments were on the piles 

farthest from the loading). The maximum bending moments were recorded mainly 

on the piles nearest to the loading below the shear plane. As a result of the research, 

moment multipliers were presented for a 1x5 passive pile group. Acting loads and 

displacement issue were not examined in this research. 

Pan et al. (2000) and Pan et al. (2002) presented the results of model tests on single 

and ñcoupledò passive piles, respectively. The term ñcoupledò was used since only 

two model piles are involved in these tests either in a row (piles being perpendicular 

to the direction of the soil movement) or in a line (piles being in the direction of the 

soil movement). Two model piles were loaded by a uniform horizontal movement of 

soil as shown schematically in Figure 2.22. 
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Figure 2.22. Testing apparatus views (Pan et al., 2002) 

 

Stainless steel model piles with 20 mm wide (B=20 mm) and 6 mm thick were used 

in tests. Saturated soft clays with an average undrained shear strength, cu=18 kPa 

were prepared from kaolinite slurry. The main purpose was to determine the ultimate 

soil pressure acting along pile length. The ultimate pressures, pu were 7.1cu for a pile 

spacing of 3B and 8.6cu for a pile spacing of 5B for the tests involving piles in a row. 

The soil translation at these ultimate stages was 0.65B as an average. In Pan et al. 

(2000), on the other hand, the pu value for single piles was approximately determined 

as 10cu at a soil translation of 0.48B. As noticed, the group effect is still valid for a 
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pile spacing of 5B. A group factor Fp was defined to quantify the group effect in this 

study:  

     

Fp = puc / pus                                                                                                                                                (2.2) 

 

where, puc is the utimate soil pressure of a pile in the test of two adjacent piles, and 

pus is the ultimate soil pressure of a pile in the test of single pile.  It can be calculated 

that the group factors are less than unity and they decrease as pile spacing decreases 

for piles in a row. 

It is noticed that the top and the tip of the model piles in these researches were both 

fixed. Moreover, the model piles are rectangular in shape. Thus, the results achieved 

in Pan et al. (2000) and Pan et al. (2002) can be useful to get some theoretical group 

factors valid for a plain surface having minimum side resistance and fixed boundary 

conditions. 

White et al. (2008) performed large-scale pile load tests similar to large-scale direct 

shear tests. They investigated the soil-structure interaction for composite grouted 

isolated piles with centered steel reinforcement subject to lateral soil movement. The 

load test setup is illustrated in Figure 2.23. There were three soil types with low 

plasticity (i.e., ML and CL according to USCS classification) and two pile sizes (i.e., 

nominal diameters: 115 and 178 mm) in the pile load test plan. The undrained shear 

strengths of the cohesive soils, which were collected from experimentation site and 

recompacted, were 17, 28 and 53 kPa. Piles were embedded approximately 1.5 m 

into the stable soil below the bottom of each shear box. Thus, total length of the piles 

is 2.1 m. The tests were also performed for unreinforced shear box.    
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Figure 2.23. Pile loading test setup (White et al., 2008) 

 

Three string potentiometer displacement transducers were used to measure the 

displacement of each shear box as shown in Figure 2.23. The strain profiles of piles 

during loading were measured by strain gauges installed on the tension side of the 

reinforcement.  

The first conclusion in White et al. (2008) is that the installation of slender piles in 

unstable soils can provide significant resistance to lateral soil movement, with 

improvement factors ranging from 2.1 to 3.9 as measured in the load tests 

(Improvement factor=Peak load in the pile-reinforced test/Peak load in the 

unreinforced test). Moment capacities of all tested piles were reached indicating that 

a slender pile failure mode was valid. It was revealed that negative soil reaction 

occurred at the head of slender piles and this is not considered in presssure-based 

methods in literature. Acccording to White et al. (2008), pressure-based methods 

may overestimate the passive resistance provided by slender piles since the negative 

soil reaction at the head decreases the pile shear force at the sliding surface. The 

predictions based on p-y curves documented by Reese and Wang (2000) provided 

general agreement with experimental tests. 
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Only single and slender piles were investigated under free-field lateral soil 

movements in White et al. (2008). The piles in the shear box tests were socketed to 

underlying stable soil by 2.5 times the unstable layer depth to guarantee a long pile 

failure mode (i.e., moment capacity was mobilized). This failure mode is quite less 

frequently encountered in practice in landslide stabilizing piles. 

Kahyaoĵlu (2010) carried out a laboratory model study to simulate a slice from an 

infinitely long row of piles in an inclined sand bed. A series of model tests were 

conducted to investigate the pile spacing, pile rigidity, the condition of pile head 

fixity and the slope inclination effects on the distribution of the moment and lateral 

soil pressures acting on the passive model piles. The general details and results of 

this research were published in Kayhaoĵlu et al. (2012). The section view of the 

experimental setup designed and manufactured in this research is given in Figure 

2.24. The test test setup is consisted of a test box, measuring devices such as load 

cell in front of a loosening support, displacement transducers at the heads of the 

model piles and strain gauges along model piles. The solid aluminium model piles 

with diameter of 20 mm were used in the tests. The length of the piles was 750 mm. 

Quartz dry sand was used in this research. 

In addition to above instrumentation, digital image analysis techniques were used to 

monitor the soil surface displacements so that the soil arching mechanism on the soil 

surface could be observed. A digital camera was assembled above the test box for 

this purpose as shown in Figure 2.25. The 1 mm diameter specks were marked on 

the soil surface to measure the relative displacements.  

It was determined for free head piles that the load carried by each pile increases as 

the pile spacing decreases. This behaviour was attributed to the soil arching between 

the model piles along the box depth. Also, the maximum moment value is increased 

as pile spacing decreases (Kahyaoĵlu et al., 2012). 

In the fixed head piles, on the other hand, a decrease in the load carried by each pile 

is observed. Moreover, the smallest bending moments were obtained as compared to 

the free head piles.  
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Figure 2.24. Section view of model test setup (Kahyaoĵlu, 2010) 

 

 

Figure 2.25. The camera position to monitor surface displacements (Kahyaoĵlu, 

2010) 
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Bauer et al. (2016) conducted model tests on single pile and pile patterns in a row 

loaded horizontally by lateral soil movements. They performed the tests under 1g 

condition. Very soft kaolinite type of clay soil was used in the tests. The undrained 

shear strengths are between 0.6 and 5.2 kPa. The other variables in the model tests 

are pile shape (circular and rectangular), pile diameter (d=20, 30 and 40 mm), pile-

interface interface (rough and smooth), displacement rate (0.01, 0.1 and 1 mm/min) 

and pile spacing (s=2d to 10d). The test setup is shown in Figure 2.26 schematically. 

The photographs are given in Figure 2.27. The clay filled test box is on a cart which 

is pulled by means of a hydraulic press. The steel cable connects the hydraulic press 

and cart with ball bearings at both ends. The aluminium model piles with 20 cm 

length were fixed by means of two guys, which are connected to a load cell by means 

of a ball bearing, aligned with the direction of the soil movement (Figure 2.27b). 

Thus, the forces acting on the pile due to soil movement can be measured without 

any connection to the hydraulic press pulling the cart (Figure 2.27c). The particle 

image velocimetry (PIV) method was used to analyse the soil movements.  

The expression given in Equation 2.1 for ultimate lateral pressure on piles (i.e., 

P=k czu dz) was evaluated in Bauer et al. (2016). Different values of the factor k were 

summarized given in literature, where k is generally between 5.5 and 11 based on 1g 

model tests (Wenz, 1963; Matsui et al., 1982; Pan et al., 2000; Pan et al., 2002, Miao 

et al., 2008; Knappett et al., 2010).  
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Figure 2.26. Test setup (Bauer et al., 2016) 

 

The lateral pressure acting on a pile, p was normalized by the soil shear strength, cu. 

The pile diameter, d (or pile edge length for rectangular shape), on the other hand, 

was the dimension to normalize the the relative displacement between the pile and 

the soil body, ŭ.  It was observed in single pile tests that the soil flowed around the 

pile for small values of cu while an accumulation of soil in front of the piles was valid 

for large values of cu. Flowing soil around the piles yielded higher lateral pressures 

than an accumulation of soil in front of the piles. The maximum k values in Equation 

2.1 (i.e., maximum normalized lateral pressures, p/cu) are between 5 and 7 for the 

maximum normalized relative displacement applied in the tests (i.e., for ŭ/dḙ1). 

These factors can not be accepted as the ultimate values since the lateral pressure 

increases as the ŭ/d normalization increases (Bauer et al., 2016). 
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Figure 2.27. Photographs of setup (Bauer et al., 2016) 

 

Two or three piles in a row perpendicular to the soil movement were tested to see 

the group behaviour. The results show that the lateral pressures acting on the piles in 

a row are smaller than for a comparable single pile, up to a spacing of s=8d (d: pile 

diameter). In other words, lateral pressures on piles increase with increasing pile 

spacing (Bauer et al., 2016). However, the results of the researches by Matsui et al. 

(1982) and Wenz (1963) had resulted in a contrast behaviour.  

The undrained shear strength of the clay soils is between 0.6 and 5.2 kPa, which are 

quite low values encountered in practice. The viscoplastic material behaviour of very 

soft clays can be observed in Bauer et al. (2016). 
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Zhang et al. (2017) investigated the pile reinforcement mechanism of soil slopes by 

conducting centrifuge model tests. The main questions in the research are: 1) How 

do the piles prevent the slope failure? and, 2) How do they reduce the displacements 

of a slope? The slopes stabilized by the piles and corresponding natural slopes (i.e., 

no pile at all) were used in the centrifuge model tests. Thus, the stabilizing effect of 

stabilizing piles could be evaluated by comparing the responses of the slope with 

piles and corresponding unreinforced slopes. Different soil slopes were simulated 

between 1 vertical: 1 horizontal to 5 vertical: 1 horizontal in the tests although the 

results of 3 vertical: 2 horizontal case are evaluated generally in the paper. The height 

of the slope model was 320 mm as shown in Figure 2.28.  

 

  

Figure 2.28. Photograph and schematic view of a model slope (Zhang et al., 2017) 
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Two loading styles were used. The centrifugal acceleration was increased step by 

step for the self-weight loading style. Second, the application of a vertical load was 

involved at the top of the slope model at a centrifugal acceleration of 50g. Silty clay 

was the material to form the slopes in the centrifuge model tests. The strength 

parameters of the clay were determined by conducting drained triaxial tests. The 

cohesion intercept and the friction angle values are between 25-30 kPa and 21-25Ü, 

respectively. The gypsum model pile with square section (side length=20 mm) was 

selected to simulate the reinforced concrete pile (i.e., 1 m in prototype dimension at 

the 50g acceleration level). 

After a comparison of load-settlement relationships of the loaded plate at the top of 

the slope for stabilized and unstabilized conditions, it is understood that the stability 

level was increased by piles significantly.   

The measurement of displacements was performed by correlation analysis using the 

taken images during model tests through the transparent window on the lateral side 

of the slope, by means of white terrazzos (Please see the photograph in Figure 2.28).  

It was understood that the deformation behaviour of the slope has been altered 

remarkably by the slope stabilizing piles. The test results demonstrated that the 

horizontal deformation of the slope was decreased significantly in the neighbouring 

zone of the piles. Zhang et al. (2017) drew a boundary in which the piles had a 

remarkable effect on the slope deformation. The zone inside was termed pile 

influence zone in the paper. Measured horizontal displacements in the tests were 

used to prepare the various pile influence zones under different conditions (Figure 

2.29). Figure 2.29a illustrates that a wider pile influence zone is obtained as the pile 

spacing decreases (L: pile spacing, D: pile side length). Notably, the pile spacing had 

a dominant impact on the pile-slope interaction. If the slope gradient is increased, on 

the other hand, the zone is contracted (Figure 2.29b). Similar results were obtained 

when the piles were located downwards (Figure 2.29c) and vertical loading was 

applied (Figure 2.29d). The pile spacing is 5D in Figures 2.29b, c and d.  
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Figure 2.29. Pile influence surfaces in different tests (Zhang et al., 2017) 

 

Thus, the deformation rules and reinforcement mechanism of the slopes stabilized 

by piles can be put forward based on the pile influence zones. In addition, the pile 

layout may be designed by referring the pile influence zone (Zhang et al., 2017).  

After these, Zhang et al. (2017) explained the pile reinforcement mechanism using 

the strain analysis from the perspective of deformation in continuum mechaniscs. 

Shear strains and horizontal normal strains of several same locations of the 

unreinforced and reinforced models were determined using the image measurement 

system. They explained the pile reinforcement mechanism using two concepts, anti-

shear effect and compression effect. These effects were used to determine the 
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restriction effect of the stabilizing piles on the slope deformations, quantitatively. 

Since the reinforcement effect is dominant around the piles, the compression effect 

was quite influential in the vicinities of the piles. Then, in the unreinforced parts of 

the slope upwards, the compression effect was then transformed to another form 

called anti-shear effect near the potential sliding surface. Thus, the failure was 

prevented. An effective analysis method to evaluate the reinforecement effect of 

piles and stability of pile-stabilized slopes can be developed based on the described 

reinforcement mechanism according to Zhang et al., 2017. 

Hu et al. (2019) took a real landslide called Majiagou landslide as the prototype. A 

model test set-up was established to simulate this actual case. The piles in the actual 

site are rectangular with 2x3 m dimensions. Horizontal spacing is 7 m. The piles are 

18~22 m long and are socketed into the bedrock by 10 m. The thickness of the sliding 

mass is approximately 12 m. Two physical models of the pile-stabilized system were 

constructed with testing frames of dimensions 2.7 m (length) x 1.0 m (width) x 1.5 

m (height) as shown in Figure 2.30. The concrete model piles with steel wires in 

them were rigid in one of the models while polyesteramide model piles were flexible 

in the other.       

 

 

Figure 2.30. Section of the model test (Hu et al., 2019) 
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The model piles are 5x7.5 cm in cross-section. The 57 cm long model piles were 

socketed into a brick bedrock by 20 cm. The clay soils used in the model tests were 

collected from the actual site. The strength parameters of the soils were similar in 

actual and model cases. The natural state cohesion value and friction angle of the 

sliding zone were reported as 4~6 kPa and 17~19Ü in Hu et al. (2019). The model 

piles were instrumented by the strain gauges to monitor the deformation 

characteristics. A 3D laser scanner and video cameras were used to monitor the 

surface displacements of the model together with the head displacements of the piles 

(Figure 2.31). White spherical pushpins with number more than 200 were used on 

the pile heads and surface of the model to monitor the displacements. 

 

 

Figure 2.31. Three dimensional monitoring view of the model test (Hu et al., 2019) 

 

In the first model with rigid piles, as the loading force increased several linear tension 

cracks formed perpendicular to the sliding direction, uphill of the piles. After a time, 

the deformation considerably accelerated and some soil material above the piles was 

gradually extruded between the piles. In the second model with flexible piles the 

deformation and heaving of the upper part was smaller. The flexible pile system 
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deformed with the landslide. Moreover, a longer load time and a larger failure load 

were required in the flexible pile system.   

Thus, rigid piles can better control the deformations below the slope stabilizing piles. 

Hu et al. (2019) suggests rigid piles for the stabilization of landslides especially with 

strict criteria for soil deformation (e.g., the highway slopes). The flexible piles, on 

the other hand, are more suitable for the stabilization of landslides in the long-term. 

The flexible piles may also be suitable for landslides with relatively high tolerance 

to deformations such as reservoir landslides (Hu et al., 2019). Finally, the bending 

moment of the rigid piles changed with depth forming a reverse S pattern. Maximum 

shear force developed at the pile head. However, triangular patterns of the bending 

moment and shear force were developed in the flexible pile test. 

Hu et al. (2019) investigated mainly two extreme stiffness cases for model piles, 

which are rectangular in shape. A case study with rectangular piles was simulated in 

this research although the rectangular shape is quite rare in practice. Moreover, the 

group piles were tested for only one spacing (i.e., s/d=3 where s=15 cm-spacing and 

d=5 cm-pile width) to simulate the real case. It would be useful to test the group piles 

for different spacings. Earth pressures acting on the stabilizing piles were not 

investigated in this research.  

2.6 Failure Modes and Ultimate Soil Resistance of Passive Piles 

As mentioned previously, there is no a universally accepted method proposed in 

literature presently for the analysis of the piles in stabilizing unstable slopes. As a 

result of this, an overdesign strategy is generally followed up in the analysis and 

design of stabilizing piles. Many empirical and analytical methods for the analysis 

of stabilizing piles have been proposed by several authors. Before going into the 

details of the suggested analysis and design methods, failure modes and ultimate soil 

resistances with group effects discussed in literature are to be summarized first 

below. 
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2.6.1 Failure Modes: 

As mentioned previously in Section 2.3 in general, Viggiani (1981) considered 

geotechnical and structural factors to classify the failure mechanisms of passive 

piles. Viggiani (1981) used the concepts developed by Broms (1964) who mainly 

evaluates the ultimate load of a vertical pile subjected to a horizontal load (i.e., active 

pile case). Viggiani (1981) simplified the pile-soil interaction in a passive pile 

problem by making several assumptions. These assumptions can be summarized as 

follows: 

ü Two layers of soil constitutes the profile. The upper soil slides uniformly 

over the lower soil. 

ü The surface of the ground is horizontal. Sliding surface is horizontal too. 

ü Both soil layers are saturated clays and in undrained condition.  

ü The undrained shear strength values are constant in each layer. 

 

Viggiani (1981) suggested six different failure mechanisms as shown in Figure 2.32. 

Notations in Figure 2.32 are as follows: d= the pile diameter, c= undrained shear 

strength of the clay, k= limiting bearing capacity factor, 1 and 2 subscripts are for 

the upper and lower soil layers respectively.  

A, B and C failure modes show three mechanisms of failure for a rigid pile. In mode 

A, the pile penetration is insufficient; the soil fails and the pile is dragged. Failure 

mode B fails in rotation around a point in the lower layer. In mode C, the unstable 

soil runs down around the pile, which is fixed in the firm lower soil. Notably, 

calculation of naximum bending moment is possible in mode B only (Figure 2.32). 

Viggiani (1981) defines the conditions that can be used to find the failure mode 

depending on the ratios of the length of pile and undrained shear strengths of the clay 

layers.  
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Figure 2.32. Failure modes (Viggiani, 1981) 
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Viggiani (1981) has also developed dimensionless design charts to estimate the shear 

and bending moment effects in a two-layer undrained clay profile where the upper 

soil slides over the lower layer. The condition of limit equilibrium is considered for 

the failure mechanisms A, B and C in Figure 2.32. The lengths of the pile above and 

below the failure surface, and the soil strengths are the basic variables in the solutions 

in which a full developed pile-soil limiting pressure is assumed. Therefore, only the 

ultimate condition is represented in solutions. The effect of displacements on the 

developed forces was not considered. It is noted that the slope stabilizing piles are 

generally designed for a condition that is far away from ultimate condition by using 

appropriate safety factors. Thus, specifying an allowable maximum displacement in 

design would be a more reasonable solution.  

Moreover, Viggiani (1981) took into consideration a set of failure mechanisms in 

which the development of plastic hinges due to high bending moments in the pile is 

assumed as shown in B1, BY and B2 failure modes in Figure 2.32. The soil  ultimate 

pressure condition was not reached in these second set of solutions. 

Poulos (1995) conducted a theoretical research employing a Fortran 77 computer 

program, ERCAP (Earth Retaining Capacity of Piles) making use of boundary 

element analysis. The pile is modelled as a simple elastic beam, and the soil 

environment as an elastic continuum in this program. An upper unstable soil layer is 

assumed to move as a rigid body downslope through a thinner shear zone layer. The 

underlying stable soil layer is stationary in his analyses. The analyses require a 

knowledge of the lateral soil modulus values and ultimate lateral pile-soil pressure 

with depth, and the free-field horizontal soil movements. The following failure 

modes were obtained based on the results of analyses: 

a. The flow failure mode ï the upper sliding layer is shallow, and this layer 

becomes plastic flowing around the pile 

b. The short pile failure mode ï the upper sliding layer is relatively deep and 

the pile embedment depth in the stable soil layer is relatively shallow 
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c. The intermediate failure mode ï the soil strength in both the sliding and 

stationary layer is fully mobilized along the pile length 

d. The long pile failure mode ï the pile yields because of the maximum 

bending moment (This mode can be valid for any of the three failure modes 

above). 

 

The three failure modes illustrated in Poulos (1995) are given in Figure 2.33. 

Notations in Figure 2.33 are as follows: zs= the sliding layer thickness, L= pile 

length. The results shown in Figure 2.33 are for a 15 m long steel tube pile. The 

undrained shear strength of the sliding clay layer is 30 kPa, while in the lower 

stable clay layer, a 60 kPa of strength is postulated. The soil movement in the 

sliding layer is taken as 0.4 m and constant with depth. No shear zone was 

considered. Two practical deductions were made from Figure 2.33 in Poulos 

(1995): (i) the damaging effect of soil movement on the pile is minimum in the 

flow mode; therefore, if protection of the piles is an important design criterion, 

this mode of behaviour should be promoted in design, (ii) the maximum shear 

force and bending moment in the pile are developed in the intermediate mode; 

hence, the intermediate mode of behaviour should be promoted if piles are 

designed to stabilize slopes. 

Notably, the assumption that the pile head is unstrained (i.e., the pile head is not 

fixed by any means like a top beam or ground anchor) is valid in the analyses 

given by Viggiani (1981) and Poulos (1995). In practice, however, the pile head 

is not unstrained generally in landslide stabilization designs. 

Other key parameters in slope stabilizing piles are the ultimate soil resistance 

between the pile and soil and the group effect. These subjects will be discussed 

next.  
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Figure 2.33. Failure modes (Poulos, 1995) 
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2.6.2 Ultimate Soil Resistance and Group Effect for Passive Piles: 

Some information about the ultimate pile-soil resistance subject has been given 

before in Section 2.5 in the model test results published in literature. The passive 

piles are frequently loaded laterally along their shafts in soft fine grained layers. The 

undrained shear strength of the soft soils is therefore a major parameter in 

determining the ultimate soil resistance in passive piles. The equation 2.1 given in 

Section 2.5 is mostly used in literature to predict the ultimate pressure (i.e., 

P=k cu d). There are several suggestions for the bearing capacity factor, k. The 

suggested k values based on the model test results are summarized in Section 2.5. 

Besides these model tests, the analytical and the numerical analyses were also 

utilized to produce k values. Suggested k values in literature are given in Table 2.1 

for the pile body in a flowing soil. The k factors are in a wide range between 2.8 and 

11.75 as seen in Table 2.1.  

 

Table 2.1. Suggested k factors in P=kcu d for single pile 

Reference Analysis type k 

Smoltcyzk (1973) Theoretical 4 

Ito and Matsui (1975) Theoretical 3.33 

De Beer and Carpentier 

(1977) 
Theoretical 2.80 

Chen (1994) Finite Element 

Analysis 
11.40 

Bransby (1996) Finite Element 

Analysis 
11.75 

Pan et al. (2000, 2002) 1g Model Tests 10.60 

Knappett et al. (2010) 1g Model Tests 8.62 

Bauer et al. (2014, 2016) 1g Model Tests 5.00-7.00 
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Since the k factors in Table 2.1 are valid for the piles in a flowing soil, the piles here 

can easily be considered as passive piles that are forced by the moving soil along 

their shafts. In a slope failure problem for instance, this loading length is up to the 

depth of sliding since the soil does not move below this depth. Therefore, some 

researchers define a different k factor below the sliding depth (De Beer, 1977; 

Viggiani, 1981; Maugeri and Motta, 1992; Ergun, 1995; Chow, 1996). In fact, when 

considering the condition below the sliding depth in a landslide problem, the pile is 

displaced laterally in a non-moving soil environment. Therefore, the pile here 

behaves like an active pile. There are several suggestions for the k factor for active 

pile condition. The suggested k factors in active case range between 8 and 12.5 

(Broms, 1964; Brinch Hansen, 1961; Fleming et al., 2008; Russo and Viggiani, 

2008).  

Defining different values of k factor for the sliding and stable parts in a landslide 

model was criticized by Poulos in his papers published in 1995 and 1999. There 

appears to be no reason for such a different definition of k factor; the only difference 

may be due to near-surface effects according to Poulos (1995) and Poulos (1999).        

Since the piles are generally located in an intermittent manner in slope stabilization 

designs, the group effect between piles becomes an important subject that should be 

taken into account at the design stage. There are several conclusions published in 

literature about this issue. Some of them were mentioned before in this thesis. 

According to numerical analysis results by Chen and Martin (2002) as explained in 

Section 2.3.2, greater pressures on the piles were obtained as the pile spacing 

decreased in cohesive soils.  

Similar results were achieved in Liang and Zeng (2002) research in which extensive 

parametric computations were carried out by means of a two-dimensional finite 

element model. More loads were transferred to the piles as the s/d (s=spacing of 

piles, d=diameter of piles) ratio decreases (Liang and Zeng, 2002).       
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Liang and Yamin (2010) made a research on the same subject by numerical analyses 

using a three-dimensional finite element method. They defined a load transfer factor 

which is the amount of the reduction in the driving forces due to presence of the piles 

[Load transfer factor=F'/F (F': force that the pile will exert on the soil on the 

downslope side up to slip surface, F: force that the soil will exert on the pile on the 

upslope side up to slip surface)]. As this ratio decreases, more loads are transferred 

to the piles. An extensive parametric study by Liang and Yamin (2010) shows that 

as the spacing/diameter ratio decreases, the load transfer factor also decreases 

meaning that more loads are transferred to the piles.   

The details of a model test program by Nal­akan and Ergun (2001) are explained in 

Section 2.5. According to these model test results, the lateral load on a pile in the 

row of piles decreases as the s/d ratio decreases. Group action reduction factors for 

several pile spacings were recommended for soft and stiff clays in this research. 

Reduction coefficients as low as 0.4 to 0.5 or even less were reported. 

A similar set-up system as above was used in the model tests by Pan et al. (2000) 

and Pan et al. (2002). The details are given in Section 2.5. It was reported that the 

group reduction factors are again less than unity. The ultimate soil pressures acting 

along the length of the piles decrease as the pile spacing decreases for piles in a row. 

As described in Section 2.5, Bauer et al. (2016) conducted 1g model tests using very 

soft kaolinite type of clay. The model piles were loaded laterally by horizontal soil 

movements. Test results show that the lateral pressures on piles increase as the pile 

spacing increases. 

As understood from the above experimental and numerical studies, the results are 

contradictory as far as the group effect is concerned. This shows that further 

investigations are needed to understand the behaviour of pile group. 
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2.7 Design Approaches for Landslide Stabilizing Piles 

Although landslide stabilization using large diameter piles is a frequently applied 

method that has been used successfully to improve many unstable slopes, a well-

established computation and design procedure is not yet available. There is no a 

standard method that can be found in text books. Numerous suggested methods can 

be found, on the other hand, in literature. 

A general grouping for the proposed design methods can be done as follows (Stewart 

et al., 1994; Pradel et al., 2010; Ardalan and Ashour, 2013; Han et al., 2023): 

ü Empirical methods 

ü Pressure-based methods 

ü Displacement-based methods 

ü Numerical methods (Finite element/Finite difference analyses) 

2.7.1 Empirical Methods 

Some empirical correlations have been proposed in literature based on field and 

laboratory tests to estimate the maximum bending moment in the piles installed to 

stabilize unstable slopes. Stewart et al. (1994), for instance, collected data from 

different sites where some piles were instrumented. Some laboratory test results were 

also utilized for correlations. Two kinds of correlations were developed by Stewart 

et al. (1994): 

1. A correlation between maximum bending moment and relative stiffness 

between soil and pile 

2. A correlation between pile head deflection and relative stiffness 

 

Although these correlations provide a rapid and crude estimate of the behaviour of a 

pile group in an unstable slope, the data in the correlations are so scattered that the 

resulting preliminary design is open to some doubts. Notably, the design charts are 
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valid for the project condition from which the measurements were obtained. 

Therefore, using these charts for a different site condition may not be reliable at all. 

It would be quite difficult to take into account new design conditions such as pile 

spacing, pile diamater etc. when the empirical method is used. Thus, empirical 

methods cannot be relied on in such geotechnical designs where the site conditions 

affect the results so intensely. 

2.7.2 Pressure-based Methods 

These methods are based on the analysis of passive piles subjected to lateral earth 

pressure (Ito et al., 1975; Winter et al., 1983; Reese et al., 1992; Hassiotis et al., 

1997; Ergun, 2000; He at al., 2015). An important drawback of the pressure-based 

methods is that the mobilized soil-pile pressure is not dependent on the soil 

movement and they apply to the ultimate state only.  

The method of Ito and Matsui (1975) is one of the most discussed method in 

literature. The soil is squezzed between piles in plastic equilibrium and the soil 

arching between piles is not considered in this method. The method is developed for 

rigid piles with infinite length and only the soil around the piles is assumed to be in 

a state of plastic equilibrium, satisfying the Mohr-Coulomb failure criterion. The 

theory was later extended to flexible piles under the assumption of small deformation 

(Ito et al., 1981). The lateral force acting on a row of piles caused by the soil 

movement is computed by the theoretical equations derived by Ito and Matsui 

(1975). The plan view of plastic deformation of the soil around piles is shown Figure 

2.34. The lateral force per unit length of the pile (pz) at any depth is given by Equation 

2.3 below. The notations are as follows: 

D1: pile spacing in a row (center to center) 

D2: clear spacing between the piles 

c: cohesion of the soil 
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ß: angle of internal friction angle of the soil 

ɔ: unit weight of the soil 

z: an arbitrary depth from the ground surface 
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Figure 2.34. Plastic deformation of soil around piles (Ito and Matsui, 1975) 
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The Equation 2.3 can be written as given in Equation 2.4 in the case of cohesive soil 

(ß=0). 

 

ὴ ὧὈ σὰέὫ ὸὥὲ ςὈ Ὀ ‎ᾀὈ Ὀ                   (2.4) 

 

The above equations were derived to apply for the portion of the piles in the unstable 

soil layer. Poulos (1995) states that the above equations are only valid over a limited 

range of pile spacings, since the mechanism of soil flow around the piles 

hypothesized by Ito and Matsui is not the critical mode at large spacings or at very 

close spacings. It is also noticed that the pz value increases quite significantly as the 

clear spacing between piles is reduced. 

Winter et al. (1983) took also into account the pile spacing at the beginning of the 

analysis in their proposed method for the design of slope stabilizing piles. They 

considered cohesive soils and a reduction factor for the sliding velocity of the slope. 

A theory is presented considering the viscous properties of the cohesive soil. They 

considered also viscous soil to solve for the horizontal pressure against piles. The 

spacing and the length of the piles are determined by presuming a reduction factor 

for the sliding velocity. The allowable moment capacity of the piles is fully used in 

the final state. They computed horizontal pressure on passive piles in viscous soil for 

different relative velocities between pile and surrounding soil and obtained p 

solutions as 6.3cud and 5.7cud for the 1 cm/month and 1 cm/year relative velocities 

respectively (p: horizontal force per unit length on one pile, d: pile diameter, s: pile 

spacing, s/d=4). It was revealed that these forces are lower than the forces computed 

by Brinch Hansen (1961) and Wenz (1963) theories. It is to be noted that a block of 

soil sliding on a thin weak layer is considered by Winter et al. (1983). Their method 

can only be used in viscous soil slopes undergoing creep. 
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Reese et al. (1992) proposed the p-y method that includes four major evaluations: 

(1) the determination of loads due to earth pressures along the portion of a passive 

pile above the sliding surface; (2) the resistance of the soil below the sliding surface; 

(3) the response of the pile, both above and below the sliding surface; (4) factor of 

safety of a slope that is reinforced by piles. 

The forces exerted on a passive pile are shown in Figure 2.35 where the depth to 

sliding surface is denoted by hp. This depth can be found with an appropriate limit 

equilibrium computer code for the factor of safety which is targeted to be increased 

by the use of piles. Reese et al. (1992) made an assumption that the sliding soil has 

moved a sufficient amount that the ultimate resistance from the soil has developed 

against the passive pile above the sliding surface. This ultimate load is employed as 

the distributed earth pressure on the pile (Figure 2.35b). The shear force, Pt and the 

bending moment, Mt are the boundary loads for the portion of the pile in the stable 

soil. The pile portion below the sliding surface deflects laterally by Pt and Mt. The 

resisting forces from the soil in the lower portion are shown in Figure 2.35b. The pile 

is analyzed using the p-y curve method. The maximum bending moment obtained is 

compared with the ultimate moment capacity of the pile cross-section selected. 

Adjusment in the pile cross-section is made if necessary.  

     

 

Figure 2.35. Forces on a passive pile (Reese et al., 1992) 
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After this step, the resisting shear Pt and moment Mt is employed in the limit 

equilibrium analysis code to find a new sliding surface with which the computations 

are repeated until the computed sliding depth matches the assumed one at the 

beginning (i.e., new Pt and M t values are obtained and analyses are repeated until 

agreement is found between that surface and the resisting forces for the piles).  

Finally, the stabilized and unstabilized safety factors of the slope are compared to 

determine if the level of improvement is adequate. 

Reese et al. (1992) considered two extreme cases where the lateral forces from the 

moving soil and response of a pile can be computed in a relatively straight forward 

manner: (1) when the piles are contiguous with no spacing between (i.e., a wall), and 

(2) when the piles are so apart from each other that no interaction occurs. In the first 

case, the Coulombôs equations for computing passive earth pressure on retaining 

walls are generally adopted in practice. In the second case, the concept of the failure 

soil wedge by Reese et al. (1974) and Reese et al. (1975) can be applied to compute 

the lateral thrust on each pile. Between the above extreme cases, the overlapping of 

failure wedges and resulting complicated equations are concerned. Reese et al. 

(1992) considered the pile response in a group since the research with respect to 

thrust from moving soil has been found quite limited in literature. They considered 

group effect based on experimental studies in literature. For a wall solution for 

instance (i.e., pile spacing/pile diameter=1), the ultimate resistance force developed 

in each pile in a group is only 1/2 of that develeoped on a single pile for clay materials 

under undrained conditions (Wang and Reese, 1986). Some reduction factors were 

given in Reese et al. (1992) based on experimental research. Notably, s4d is 

necessary for generating a group effect and corresponding soil arching between piles.  

Since the method proposed by Reese et al. (1992) is based on the p-y method, it will 

be useful to explain the p-y method of analyis for laterally loaded piles. The 

explanations are given in Appendix A. 
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Hassiotis et al. (1997) proposed a methodolgy for the design of slopes stabilized with 

a single row of piles. They used Ito and Matsui (1975) method to find the lateral 

forces acting on the pile section above the critical failure surface for the slope. The 

friction circle method developed by Taylor (1937) was found to be the most 

convenient way to analyze homogeneous slopes reinforced by piles. A new force 

polygon was obtained to find the pile resistance force (Fp) and a new failure surface 

for pile stabilized slope (Hassiotis et al., 1997). There are two sections in the pile in 

the methodology they proposed. Since the presssure that acts on the section above 

the critical surface is known, a closed-form solution is possible. The section below 

the critical surface, on the other hand, is analyzed as a Winkler foundation using the 

finite difference technique. A step-by-step procedure was proposed for the design of 

both the slope and the piles by Hassiotis et al. (1997). Some important conclusions 

of this research are: (1) as the horizontal distance of piles from the slope toe 

increases, the safety of the slope changes at a rate depending on the ratio of D2/D1, 

the rate of change in the factor of safety increases as the ratio D2/D1 decreases, 

therefore, piles should be close enough to act as a group  (Please refer Fig. 2.34 for 

D2 and D1); (2) the piles must be located in the upper middle part of the slope to get 

a maximum safety factor for the slope; (3) the pile top should not be free to limit the 

moment and shear on the pile. 

Notably, the friction circle method on which the methodolgy of Hassiotis et al. 

(1997) is based, is limited to circular sliding surfaces and homogeneous soil profile. 

Ergun (2000) proposed a design procedure which is iterative and a trial and error 

routine. A trial diameter and spacing of piles and a trial depth of penetration below 

the sliding surface are selected at the beginning. The ultimate pressure developed on 

a pile due to a moving cohesive soil is predicted by Equation 2.1 (i.e., P=kz cu dz). 

Different k factors are used above and below the sliding surface. The interslice forces 

obtained in conventional slope stability calculations without piles and limiting values 

of k1 above the sliding surface are evaluated and a simple (uniform) upper 

rectangular soil reaction on piles is decided. Ergun (2000) uses a group reduction 

factor for passive piles in cohesive soil based on the study by Nal­akan (1999). 
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Namely, a pile in a pile row takes less load compared to a single pile of the same 

diameter. Reduction coefficients down to 0.5 are reported. The rectangular soil 

reaction decided above is decreased depending on the spacing of the piles. After this 

step, the loaded pile is solved structurally by selecting linear spring coefficients for 

the lower stable soil and upper soil (i.e., soft springs on the back of the piles if the 

contact between the piles and moving upper soil is preserved). The rigidity (EI) of 

the pile is provided in the solution. The results are evaluated by comparing the soil 

spring coefficients with the ultimate passive pressure. It is important to check at this 

stage that the k2 values for the lower stable soil should be less than the reported 

maximum values in the literature. In fact, in many projects piles stop slope 

movements at relatively smaller displacements and mobilized k values are smaller 

than the reported values of 2-4 for k1 and 5.6-8 for k2 (Ergun, 2000). If the pile loads 

are found excessive, the pile diameter and/or spacing are changed. The calculations 

are repeated. After the final step, the calculated shear force at the sliding surface or 

maximum allowable shear capacity of the pile section is introduced into the slope 

stability calculation and an increased factor of safety is obtained. 

He et al. (2015) in their research aimed to extend the approaoch of Ito and Matsui 

(1975). Additionally, the soil arching effects along the sliding layer depth were taken 

into account between the piles. They analyzed the ñflow modeò mechanism in a row 

of piles in the sliding layer. The flow mode failure mechanism was considered in 

Poulos (1995) research explained in Section 2.6.1 before. He et al. (2015) analyzed 

the soil arching zone shown as the dashed area in Figure 2.36. It is seen that this zone 

is at the rear of the piles. The plan view of the deforming soil between two adjacent 

piles was given before in Figure 2.34 (Ito and Matsui, 1975). A cross-section 

between the piles (i.e., in the plane A-A' parallel to x-direction in Figure 2.34) up to 

sliding depth is taken and soil stresses are analyzed. He et al. (2015) conducted the 

analysis in two stages: (1) the soil pressure acting on the plane A-A' was analyzed 

based on the soil arching theory; (2) the lateral force acting on the piles was 

computed considering the squeezing effect between the piles.  
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They adopted the soil arching theory, in which an arc of a circle for the trajectory of 

soil arching is employed, developed by Paik and Salgado (2003). The plane A-A' 

was assumed in active condition as assumed in Ito and Matsui (1975) research 

(Figure 2.34). However, He et al. (2015) predicted the active earth pressure by soil 

arching theory rather than the Rankineôs theory.   

    

 

Figure 2.36. Soil arching zone for passive piles (He et al., 2015) 

 

In the second stage, the squeezing effects of the soil between two adjacent piles as 

proposed by Ito and Matsui (1975) were taken into account to analyze the lateral 

forces acting on the piles. He et al. (2015) replaced the active stresses on plane A-A' 

by their stresses which were calculated based on the soil arching theory. They 

proposed a new formula for the lateral force acting on a stabilizing pile. As a result, 

the lateral force calculated by the proposed new formula shows a non-linear 

distribution, which results from the soil arching effect. It should be stated that the 

distributions of the lateral force computed by Ito and Matsuiôs approach were linear 

along the stabilizing pile from top of the soil to the sliding depth. He et al. (2015) 

made comparisons between the observed values in the field published in literature 
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and theoretical values of lateral force acting on stabilizing piles as given in           

Figure 2.37 where (a), (b) and (c) show the data from three landslides in Japan. 

Notably, the modified approach proposed by He et al. (2015) gives the lateral forces 

and distributions more consistently when compared with the field measurements. 

  

 

Figure 2.37. Comparisons between field measurements and theoretical values (He 

et al., 2015) 
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2.7.3 Displacement-based Methods 

The lateral response of the pile is analyzed by imposing the lateral soil movement 

above the failure surface in these methods (Lee et al., 1995; Poulos, 1995; Jeong et 

al., 2003; Galli and di Prisco, 2013). Therefore, mobilized pile resistance can be 

obtained depending on the soil movement. This is the main advantage of 

displacement-based methods. Thus, it can be said that they reflect the mechanism of 

soil-pile interaction more rationally than the pressure-based methods. 

Lee et al. (1995) suggested an approach involving an uncoupled formulation in 

which the pile response and slope stability are considered separately. A modified 

boundary element method is applied to analyze the pile response when subjected to 

external lateral soil movements from slope instability (Figure 2.38). External soil 

movements result in shear force and bending moment effects in the pile, developed 

at the sliding surface. These effects are evaluated in the analyses.  

 

 

                    (a) Piled-Slope Stability Problem      (b) Pile Response 

 

Figure 2.38. Simplifed piled-slope stability analysis (Lee et al., 1995) 
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An incremental approach was developed so that the analysis can be carried out up to 

the ultimate soil-pile pressure with defined soil deformation. Yield moment of the 

pile can be taken into account in analyses. The soil mass is assumed to be elastic; the 

only non-linearity effect that can be incorporated in the analysis is at the soil-pile 

interfaces which can yield when they reach the specified soil-pile ultimate pressure. 

Different pile head and base boundary conditions may be modelled. The undrained 

shear strength of a clay soil (cu) is suggested to be used in correlations of the Youngôs 

modulus of the soil (Es) and soil-pile ultimate pressure (py) by multipliers KEs and 

Kpy. Typical values are given between KEs=250-1000 and Kpy=3-12 (Lee et al., 

1995).  

The critical sliding surface was determined by the Bishop simplified method of slip 

circle analysis (Bishop, 1955). As a result of these analyses, the resisting moment, 

Mr, and overturning moment, Mo can be found for the critical failure surface. The 

resisting moment generated by the stabilizing pile (Mp) that is obtained at the depth 

of the sliding surface analyzed in the previous step, can be determined. Thus, the 

factor of safety for the stabilized slope (Fsp) may be determined as follows: 

 

Ὂ                                                                                                               (2.5) 

 

Lee et al. (1995) obtained theoretical solutions for a row of piles for both uniform 

and two-layered soil slopes based on above principles. Some conclusions are: (1) 

location of piles at the toe or crest of a homogeneous soil slope may result in the 

most efficient slope stabilization, (2) the pile diameter, pile spacing and the soil-pile 

ultimate pressure are several important factors governing the effectiveness of the 

stabilizing piles; however the Youngôs modulus of the soil and pile stiffness have 

little effect on the overall piled-slope stability response for both homogeneous and 

two-layered slopes. 
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Notably, in the method proposed by Lee et al. (1995), the pile is modelled as simple 

elastic beam and the soil as an elastic continuum, which does not represent the real 

non-linear behaviour of the pile and soil material. Also, the method is valid only for 

circular slip surfaces as described in the proposal. 

Poulos (1995) used the simplified boundary element analysis in the method he 

proposed. These analyses revealed the existence of several failure modes as 

described in Section 2.6.1 in detail. The design methodology proposed by Poulos 

(1995) follows closely that depicted by Viggiani (1981) and has three main steps: (1) 

determining the total shear force necessary to increase the factor of safety of an 

unstable slope to a satisfactory value; (2) evaluating the pile capacity in terms of the 

shear force that will resist against sliding of the unstable part of the slope; (3) 

selecting the pile type and pile numbers, and also the most effective place of piles in 

the project area. 

Step 1 above involves detailed stability analysis results. The definition of the actual 

safety factor, Fa for a slope is given as: 

 

Ὂ
В

В
                                                                                                                  (2.6) 

 

where, ВὙ is the sum of resisting forces along the critical failure surface; and ВὊ 

is the sum of disturbing forces along same surface. 

If the actual factor of safety, Fa is less than the target factor of safety, Ftarget, an 

additional resistance (ȹP) must be provided by the stabilizing piles. So, the following 

equation can be written: 

 

Ftarget = 
В Ў

В
                                                                                                               (2.7) 
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From equations (2.6) and (2.7), 

 

ȹP = ВὊ Ὂ Ὂ                                                                                                (2.8) 

 

ȹP is the resisting force, per unit width of slope, provided by the stabilizing piles and 

it can easily be calculated if ВὊ is obtained from the stability analysis results 

(Poulos, 1995). 

For step 2, Poulos (1995) claim that the most satisfactory solution is to conduct an 

analysis in which the pile is subjected to soil movements simulating the movement 

of a sliding mass of soil over a stable layer as shown in Figure 2.39.   

         

 

Figure 2.39. Unstable soil movement over a stable layer (Poulos, 1995) 

 

A simplified boundary element analysis was applied for the lateral response analysis 

of the pile shown in Figure 2.39. The other details and some observations from the 

theoretical analysis were given Section 2.6.1 before.  
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For step 3, Poulos (1995) states some general guidelines. He emphasized that the  

place piles in a landslide project area optimally is not a clearly defined subject in 

literature. Some general recommendations were presented by Poulos (1995) for the 

stabilizing piles to be effective. Some of them are as follows: (1) the diameter of the 

piles must be large enough and they must be relatively stiff to avoid pile failure; (2) 

they have to be penetrated below the critical failure surface well enough; (3) the piles 

should be placed around the center of the critical failure circle so that there will be 

no probable failure surfaces behind or in front of the stabilizing piles. 

Later, Poulos (1999) used the same methodology and principles and developed 

design charts for the slope stabilizing piles. 

It should be noted that Poulos (1995) modelled the pile as a simple elastic beam, and 

the soil as an elastic continuum. Therefore, real non-linear behaviour of the pile and 

soil material could not be represented in his analyses. The group effect between the 

piles also are also not considered. 

Jeong et al. (2003) made a research in which the pile response and slope stability are 

considered separately (i.e., an uncoupled analysis). The load transfer of passive pile 

groups subjected to lateral soil movement in slope was quantified as a result of the 

analyses they carried out. Then, the results of the uncoupled analysis were compared 

with the coupled analysis results using a three-dimensional finite elemet package 

called ABAQUS. Many numerical analyses on piles were carried out using various 

parameters such as the pile spacing, cap rigiditiy, the relative location of the pile row 

on the slope and different lateral soil movement profiles. 

In the uncoupled analytical model of Jeong et al. (2003), the load and deformation 

of piles subjected to lateral soil movement were computed based on the transfer 

function approach. A passive pile that is subjected to lateral soil movement is shown 

in Figure 2.40. The portion of the pile in the unstable soil layer is called as the passive 

pile portion; whereas the bottom part is in active condition. There are mainly two 

stages in solving the problem. First, the pressure-displacement (P-ŭ) curves 

originated in the sub-stratum is obtained either from measured test data or from 
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three-dimensional finite element analysis (ŭ=ys-w, where ys is the free-field soil 

movement at each depth before pile construction and w is the lateral pile 

displacement). Second, P-ŭ curves are used as input to study the behaviour of the 

piles which were modelled as beam resting on non-linear soil spring constants. A 

hyperbolic function was used to define the P-ŭ curves which have ultimate soil 

pressures and initial tangent stiffnesses. Group effect of the piles are considered 

based on three-dimensional finite element analyses. Group interaction factors were 

obtained as a result of these analyses. Then, the ultimate pressure acting on each pile 

in a group was assumed to be equal to that valid for the single pile multiplied by the 

group interaction factors obtained in the three-dimensional finite element analyses. 

There are four  possible pile head conditions considered as follows: (1) free head 

(both displacement and rotation are allowed; (2) hinged head (rotation is allowed 

without displacement); (3) unrotated head (displacement is allowed without 

rotation); (4) fixed head (neither displacement nor displacement are allowed). 

 

 

Figure 2.40. A passive pile under the effect of lateral soil movement (Jeong et al., 

2003) 

 

The forces on stabilizing piles and unstable slope are shown in Figure 2.41. The 

critical circular sliding surface is determined by the conventional Bishop simplified 

method together with the resisting and driving moments (MR, MD). Then, the pile 
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shear force and bending moment developed in the pile at the depth of the sliding 

surface are found to obtain the resisting moment generated by the passive pile. It was 

assumed at this stage that the mobilization of shear forces and bending moment have 

been taken place by a sufficient lateral soil movement exerted by the sliding body on 

the piles (Jeong, 2003). Thus, the factor of safety of the stabilized slope with respect 

to circular sliding is calculated as: 

 

FS = FSinitial + ȹF 

     =   + 
 z ᶻ ᶻ

                                                                        (2.9) 

 

where, FSinitial=factor of safety of unstabilized slope; ȹF=additional safety after pile 

stabilization; Mcr=bending moment at critical surface; Vcr=shear force at critical 

surface; and Vhead=shear force at pile head. 

 

 

Figure 2.41. Forces on a passive pile problem (Jeong et al., 2003) 
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Jeong et al. (2003) tested the validity of their uncoupled model by comparison with 

otherôs coupled analysis results in literature.  

Some conclusions from Jeong et al. (2003) are as follows: (1) the uncoupled analysis 

of a pile stabilized slope based on the displacement-based method described in the 

paper is intermediate in theoretical accuracy between coupled (continuum) analysis 

and uncoupled analysis based on pressure-based method developed by Ito and 

Matsui (1975); (2) the prediction in the safety factor in a stabilized slope is very 

conservative for an uncoupled analysis; therefore, the coupled analyses based on 

three-dimensional finite element analysis are recommended; (3) the pile top should 

be restrained (hinged or fixed) in slope stabilizing projects since a slope stabilized 

with restrained head piles shows a significantly larger safety factor for the slope. 

The last recommendation above is open to some criticism such that significantly 

larger safety factors are generally not needed in slope stabilization projects to arrest 

the movements. Therefore, hinged or fixed pile heads may not always be necessary 

in this context. According to thesis authorôs experience, satisfactory results can be 

obtained in many landslide stabilization projects by designing just a top beam, which 

provides an unrotated head in the piles    

Galli and di Prisco (2013) and Galli et al. (2017) proposes a simplifed displacement-

based procedure which is to be characterized especially useful in a preliminary 

design stage. The non-linear p-y curves mentioned in Section 2.7.2 before and 

described in Appendix A, can be adopted to analyze the interaction between the soil 

and the pile in a slope stabilization problem according to Galli and di Prisco (2013). 

In this approach, p-y curves have a new role that they represent the loads transferred 

to the pile by a moving soil mass.   

Galli et al. (2017) clarified the terms of their analysis first, as shown in Figure 2.42. 

In a sliding soil mass, the domain can be subdivided into unstable and stable parts 

where a non-zero and zero soil displacement rates, Ὗ(x, z) respectively are valid. The 

boundary between two parts is represented by the failure surface, F on which the 

disturbing load by the own weight, W of the unstable part and mobilized shear 
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resistance, Ű are effective. The action, A can be interpreted as the stabilizing 

contribution loads to the slope. Only the slow gravitational soil movements are 

considered in this research so that only the dependance of A on U  is valid. Therefore, 

the simple form, the so called ñcharacteristic curveò of the system, A=A(U) is 

obtained. The term, U is a scalar quantity representing the magnitude of the soil 

displacement in a specific point in the unstable soil mass (Figure 2.42). 

In the classical limit equilibrium method, a global factor of safety, FS, is applied as 

a reduction factor for the material strength. If A k is denoted as the characteristic value 

of the stabilizing action, A, then the equilibrium equation for the chosen failure 

mechanism, F, can written as: 

 

Ὁ ὃ                                                                                                         (2.10) 

 

where, Ek represents the characteristic value of the effects of the loads acting on the 

system and Rk represents the strength of the system for the failure mode considered. 

The value of A needed to obtain the design value of FS can be determined by 

Equation (2.10); however, an estimation cannot be made for the displacement 

necessary to obtain the design value of FS (Galli and di Prisco, 2013).  

The methods by Viggiani (1981) and Poulos (1995, 1999) being uncoupled 

approaches and the hybrid methods (Kourkoulis et al., 2011, 2012) are generally  

referred in literature to evaluate the displacements. The hybrid methods, especially, 

introduce the characteristic curve A=A(U), which is generally evaluated by means 

of a three-dimensional numerical analysis, directly into Equation (2.10). Thus, an 

explicit relationship between FS and U is derived allowing the evaluation of the soil 

displacement needed to obtain the design value of safety factor, FS. 
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Figure 2.42. (a) Definitions of soil displacements rates; (b) Stabilizing structures 

within the slope (Pile and ground anchor); (c) Stabilizing actions transferred to the 

slope; d) Structural design and safety checks (Galli et al., 2017) 

 

The hybrid methods, on the other hand, do not allow the design engineer to estimate 

the evolution of FS with time after the stabilization. Also, a precise prediction of the 

final value of the safety factor cannot be made since this depends directly on the soil 

displacement. In addition to these, the variation with time of Ek and Rk, due to 

environmental loads, such as water table oscillations and seasonal rainfall events, is 

not explicitly taken into account by hybrid methods. The researchers [Galli and di 

Prisco (2013); Galli et al., 2017)], for these reasons, suggest to reinterpret the limit 

equilibrium equation as the motion equation for the unstable soil mass as follows: 

 

Ὁ ὸ Ὑ ὸȟὟ ὃ Ὗ ὠ Ὗ ὓ Ὗ                                                        (2.11) 

 

where, again, Ek, Rk, and Ak are the characteristic values of the driving loads, shear 

resistance along the failure surface, F (Figure 2.42c) and the stabilizing action, 

respectively. 
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Notably, the variation with time (t) of Ek and Rk can be explicitly taken into account 

by Equation (2.11). Vk is a viscous resistance along the failure surface and is 

dependent on the soil displacement rate (Ὗ . Mk represents the inertia of the unstable 

soil mass, proportional to soil acceleration (Ὗ  within that mass. 

Notably, by integrating Equation (2.11), it is possible to explicitly evaluate the 

effectiveness of the slope stabilization in terms of reduction in the soil displacement 

rate, and of the corresponding variation of the internal action within the pile. As 

understood, the method is not an hybrid method and is qualified as ñfull displacement 

methodò by Galli et al. (2017). 

Galli and di Prisco (2013) considered the simple geometry of an infinite layer of 

loose material as shown in Figure 2.43, with a water table of depth zw, sliding on a 

stable layer to exemplify the full displacement method. They applied several 

alternative solutions including linearly elastic steel pile, non-linear elasto-plastic 

reinforced concrete pile, different pile lengths of 5 to 10 m, and different pile head 

conditions (i.e., free-head pile, anchored pile with or without pretensioning).  

 

 

Figure 2.43. (a) Section of an infinitely long sliding layer with stabilizing piles, b) 

Simplified soil-pile interaction model - U: uniform soil displacement over H, u: 

pile deflection, z: depth (Galli and di Prisco, 2013) 
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After computing the p-y curves as shown in Figure 2.44 according to the method 

proposed in Reese and Van Impe (2010) (Please see Appendix A for p-y method of 

laterally loaded piles), Galli and di Prisco (2013) revealed and evaluated the 

characteristic curves as shown in Figure 2.45, by employing the numerical stepwise 

procedure described in their paper. Some conclusions of the numerical examples are 

as follows: (1) since the long and steel pile (L=10 m) is sufficiently rigid and well 

embedded to the stable layer, it is possible to resist the complete mobilization of the 

ultimate value of the p-y curves in the upper unstable layer (H=4 m); (2) for the 10 

m long reinforced concrete pile, on the other hand, the activation of a plastic hinge 

in the pile is the dominant behaviour especially for the anchored pile with 

pretensioning; (3) the response of a short pile (L=5 m) is considerably weak for a 

free-head pile; (4) for the 10 m long free-head steel pile (hollow section with 

diameter, D=80 cm), pile deflection does not change significantly for soil 

displacement, U greater than about 6 cm, and supporting this observation, no 

significant increase in the bending moment value is observed for U>6 cm; these 

results indicate that the soil flows around the pile after a specific displacement of 

soil. 

    

 

Figure 2.44. p-y curves for the 4 m unstable layer of loose sand (Galli and di 

Prisco, 2013) 
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Figure 2.45. Characteristic curves for infinitely long slope (Galli and di Prisco, 

2013) 

 

In the final step of their method, Galli and di Prisco (2013) used the characteristics 

curves to conduct a displacement-based stability analysis of an infinite slope by 

solving Equation (2.11). They used the B and S values (Figure 2.43) sufficiently 

large to avoid any interaction among piles for the sake of simplicity. If the inertial 

term is disregarded for the same reason, a viscous action remains in Equation (2.11). 

A viscous parameter, ɛ (unit: Force.Time.Length-3), proportional to the soil 

displacement rate, was introduced for the viscous action (i.e., Vk= ɛ.ὟȢ The 

parameter ɛ is to be determined either by means of laboratory tests or field 

observation on the shearing zone by the use of monitoring data of the unstable soil 

layer displacements. 

The full displacement method proposed by the researchers have some advantages 

over the hybrid methods as described above. However, the method requires, although 

suggested for a preliminary design, advanced procedure and parameters such as 
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viscous parameter, ɛ. These may restrict the application of the method by the 

practising engineers. 

2.7.4 Numerical Methods 

As understood from above explanations in this chapter, the limit equilibrium 

methods are mostly used in pile-stabilized slope problems. On the other hand, in the 

last few decades, the numerical methods have been applied frequently with the rapid 

advancements in computer technology although these methods are computationally 

intensive and time-consuming. Several analyses and design methods were published 

using generally three-dimensional computer codes, in the literature (Cai and Ugai, 

2000; Won et al., 2005; Kanagabasai et al., 2011; Kourkoulis et al., 2012; Liang et 

al., 2014). 

Cai and Ugai (2000) used the three-dimensional elasto-plastic shear strength 

reduction finite element method to investigate the effects of stabilizing piles in 

landslide stabilization.  

The shear strength reduction technique has some advantages over the method of 

slices for slope stability analysis. No assumption is needed about the shape or 

location of the failure surface which is found automatically in this technique. There 

are no slices in the finite element method in stability analyses. Therefore, it is not 

needed to make assumptions about slice side forces. More details about the slope 

stability analysis by the finite element method were given in Griffiths and Lane 

(1999) and Griffiths and Marquez (2007). 

Numerical analyses were performed to investigate the effects of pile spacing, pile 

head conditions, bending stiffness, and pile positions by Cai and Ugai (2000). The 

results were compared with Bishopôs simplified limit equilibrium method, where the 

reaction force by the piles has been determined by Ito-Matsuiôs equation (i.e., 

Equation (2.3) in Section 2.7.2). 
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The finite element model and mesh is shown in Figure 2.46. A c-  ɲsoil was chosen 

for the analyses (i.e., cohesion intercept, c=10 kPa, angle of internal friction, =ɲ20Ü). 

 

 

Figure 2.46. Finite element model and mesh (Cai and Ugai, 2000) 

 

In the second approach, (i.e., employment of the limit equilibrium method by Bishop, 

1955), the safety factor, FS, can be written as: 

 

ὊὛ                                                                                                                   (2.12) 

 

where, MR is the soil resisting moment and, MD is the disturbing moment of the 

sliding body. MP is the resisting moment by the pile row. MP is determined by: 
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ὓ
Ͻ
ÃÏÓ—                                                                                                           (2.13) 

 

where, R is the radius of the circular slip surface, D1 is the center-to-center spacing 

of the piles, — is the angle between the tangential direction of the slip circle at the 

pile location and the horizontal direction, and the Q is the total force applied by the 

piles on the sliding body. This load can be computed by integrating of Equation (2.3) 

from the top of the pile to the depth of the slip circle at the pile position (i.e., the 

equation by Ito and Matsui, 1975). 

The following conclusions were revealed by this research: (1) in both approaches, 

the safety factor increases as the piles get closer; the finite element approach gives 

significantly larger safety factor as compared to Bishopôs simplified method for 

hinged head piles (i.e., rotation allowed without displacement); (2) the pressure on 

the stabilizing piles are influenced by the pile head conditions and the bending 

stiffness of the piles, and these affect the safety factor of the slopes; since the pressure 

on free head piles is negative over a certain depth in flexible piles, the factor of safety 

of the slope is significantly smaller as compared to that of a slope stabilized with 

restrained head piles; (3) the safety factor of the slope predicted by limit equilibrium 

method is quite conservative as compared to that predicted by the finite element 

method with restrained pile head; (4) for maximum safety, the pile row should be 

installed in the middle of the slope in the finite element method, whereas in the limit  

equilibrium method, the piles should be installed slightly closer to the top of the 

slope. 

Notably, the piles were treated as a linear elastic solid material, and they were 

embedded and fixed into a stable bedrock in the research by Cai and Ugai (2000). 

Won et al. (2005) performed coupled analyses for stabilizing piles in a slope. The 

pile response and the slope stability are examined simultaneously in coupled 

approaches. This was also the solution procedure in the finite element method of Cai 

and Ugai (2000) as remembered. Won et al. (2005) used a commercial finite-
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difference package called FLAC 3D (Fast Lagrangian Analysis of Continua in Three 

Dimensions). Mohr-Coulomb elasto-plastic material type was used to idealize the 

soil. The pile element was assumed to remain elastic at all times. The shear strength 

reduction technique is used in this package. A homogeneous slope with one-row pile 

groups was investigated for stability.  

The results of Cai and Ugai (2000) research were used for validation by Won et al. 

(2005). The safety factors predicted by the finite difference code, FLAC were found 

slightly higher as compared to factors predicted by the shear strength reduction finite 

element method of Cai and Ugai (2000). This slight difference was attributed to the 

mesh refinement difference in the region surrounding the piles, and the comparisons 

in calculated safety factors were found fairly well (Won et al., 2005). 

Won et al. (2005) made also comparisons with the results of Hassiotis et al. (1997) 

and Jeong et al. (2003) researches, which have been examined in Section 2.7.2 and 

2.7.3 before, respectively. Some conclusions are as follows: (1) as a result of coupled 

analyses made by Won et al. (2005), it has been understood that the critical failure 

surface invariably changes due to the addition of piles in slope; therefore, the 

uncoupled analysis, in which only a fixed failure surface can be analyzed, should be 

limited in its application (i.e., Jeong et al.ôs (2003) uncoupled analysis); (2) the 

modified friction circle method of Hassiotis et al. (1997), in which a new failure 

surface is defined for the piled slope, is relatively effective; however, this approach 

is intermediate in theoretical accuracy between coupled FLAC analysis and 

uncoupled limit equilibrium method; (3) if the piles are more flexible, the factor of 

safety of the slope stabilized with fixed head piles is significantly higher than that 

with free head piles; therefore, a restrained pile head is recommended to stabilize the 

slope; (4) Numerical analysis results indicate that the pressure acting on the piles is 

maximum when the piles are located in the middle portion of the slope; therefore, 

the piles should be installed there for an optimum pile stabilization solution. 
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Kanagasabai et al. (2011) carried out also three-dimensional finite difference 

analyses with the program FLAC 3D to investigate the single pile behaviour in 

stabilization a sliding mass of soil over a stable soil layer.  

Their analyses were carried out in four different series. First, the analyses were 

performed to check the calculation of the pile-soil line load, p (i.e., the lateral force 

acting on the pile per unit length along its axis), using nodal forces obtained from 

the interface elements. Also, the purpose was to investigate the effects of the shear 

strength interface elements on the pile behaviour. A 16 m long x 5 m wide x  10 m 

deep mesh, representing the soil, was created. A 1 m diameter (d) pile with height of 

L=10 m was formed in this soil block. The bottom end of the pile, which was 

modelled as a linear elastic material, was fixed. The soil was modelled as a Mohr-

Coulomb elasto-plastic material. The undrained shear strength was, cu=30 kPa, 

which was uniform along the depth. Two different interface shear strengths were 

selected: (1) cint/cu=1 (rough interface); and (2) cint/cu=0 (smooth interface). A 

uniform lateral soil movement of 60 cm (0.6pile diameter) was was applied in 

increments. It was determined by the analyses that the compatibility between the 

calculated values of the ultimate lateral pile-soil line load, pu, and the analytical 

solutions of Broms (1964) and Randolph and Houlsby (1984) is quite well. 

Moreover,  the numerical two-dimensional plane strain solutions by Chen and Martin 

(2002) (i.e., 9.14cud for the smooth interface and 11.94cud for the rough interface) 

agree well with the solutions. These ultimate values were attained in the deeper soil, 

as the surface effects reduced the pu value above a depth of at least 5d. The results in 

the first series of solutions suggest that the interface between the pile and soil is 

operating correctly in the numerical model (Kanagasabai et al., 2011).  

In the second series of solutions of Kanagasabai et al. (2011), the failure mechanisms 

of Viggiani (1981) were examined. Only soil failures were considered. These failure 

modes were indicated as A, B and C type failures as described in Section 2.6.1 

before. It will be useful to show the failure modes here again as shown in Figure 

2.47. In mechanism A, the penetration of the pile below the shear plane is short that 

the soil layer below the slip surface fails. Pile rotates as a rigid body in mechanism 
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B so that both soil layers fail. The pile penetrates far enough below the sliding plane 

in mechanism C so that the unstable soil flows around the upper part. As understood 

in these mechanisms, the failure mode for a single pile is largely dependent on  the 

relative extents of the slipping surface depth (H) and the pile length (L). 

 

 

 

Figure 2.47. Failure mechanisms occuring in the soil only; modified from Viggiani 

(1981): (a) Failure mechanism A; (b) Failure mechanism B; (c) Failure mechanism 

C (Kanagasabai et al., 2011)  

 

A 16 m long x 5 m wide x H m high block of mesh representing the unstable soil 

layer with an undrained shear strength, cu=30 kPa, was created first as shown in 

Figure 2.48. H values were chosen based on Viggianiôs solutions, with a normalized 

ultimate pile-soil line load, (pu/cud)=11.94 for both the layers above and below the 

sliding surface. Thus, H values were 9, 5, and 3 m for Viggianiôs mechanisms A, B, 

and C, respectively (L=10 m, d=1 m). The bottom soil block with an undrained shear 

strength, cu=60 kPa, was then modelled below the upper block. The sliding plane 

was represented by the interface elements attached to the bottom face of the upper 

soil block. A shear strength of zero was assigned for the interface. Both soil layers 

were modelled as elasto-plastic Mohr-Coulomb materials. The unstable soil block 

was released and moved 40 cm (0.4d) and the pile deflection, shear force, and 

bending moment developed in the pile together with the lateral pile-soil line loads 

were computed every 10 cm of soil movement. The numerical analysis results 
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indicate that the behaviour of the rigid pile in this model  with a distinct sliding plane, 

and a horizontal ground surface, matching the assumptions made by Viggiani (1981), 

agree well with his mechanisms of soil-pile interaction. Three-dimensional effects, 

on the other hand, were demonstrated to be significant by the finite difference 

analyses. The lateral shearing resistance provided by the piles may be overestimated 

by the direct application of the limit equilibrium equations, especially near the 

surface due to the vertical soil movements associated with the unconfined ground 

surface. Also, the full mobilization of pu over the short length of pile below the 

sliding surface may be difficult in mechanism A, because of vertical soil movements 

in the vicinitiy of the sliding plane. Another conclusion is that the pile displacements 

are much smaller for mechanism C than for mechanism B, which might be an 

important consideration in a design of serviceability.  

        

 

 

Figure 2.48. The geometry of mesh for the FLAC 3D (Kanagasabai et al., 2011) 
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In the third set of solutions, slip surface shear strengths were assigned to investigate 

the interface strength effects. The shear strengths of the slip plane were used as a 

fraction of the undrained shear strength, cint/cu=0.5 and  cint/cu=1, where cu=30 kPa. 

In all three mechanisms, it was determined that the higher the slip plane strength, the 

less the movement on the sliding surface. The main mode of pile movement was 

changed from translation to rotation with the increase in sliding shear strength in 

mechanism A; but, the ultimate lateral pile-soil line load, pu, could not significantly 

be altered. In mechanisms B and C, reduced soil movement on the sliding surface 

decrease the pile rotations and displacements and hence the pile-soil line loads 

developed above the sliding surface. 

Finally, the effect of a sloping ground and sliding surface was investigated on the 

pile behaviour in the ultimate state.  The ground and the sliding surface slopes were 

14Ü and 22Ü in two different analyses. Pile deflection was not much affected by the 

14Ü slope; whereas it was increased significantly by the slope angle of 22Ü. The 

variation of the significant angle with soil strength was out of the scope of the 

research by Kanagasabai et al. (2011). 

Kourkoulis et al. (2012) proposed a hybrid method to be used in designing the slope 

stabilizing piles. The general design procedure follows the decoupled approaches 

described by Viggiani (1981) and Poulos (1995, 1999). The method consists of two 

stages: (1) evaluation of the lateral resisting force (RF) required to increase the factor 

of safety of the unstable slope to a targeted value, and (2) estimation of the most 

suitable pile pattern that gives the required RF for a prescibed displacement level. 

Conventional slope stability  analysis results are sufficient for the first stage. In the 

second stage, on the other hand, a novel approach is proposed that decoupling of the 

slope geometry from the computation of pile lateral capacity is performed. In this 

process, only a limited region of soil around the stabilizing pile is simulated 

numerically. Therefore, the computations can be carried out quite efficiently due to 

the limited number of elements used in constructing the finite element mesh in a 

design. Moreover, parametric analyses can be conducted in a short time.  
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Schematic sections of the two stages of the decoupled methodology by Kourkoulis 

et al. (2012) are shown in Figure 2.49. An existing slope in Figure 2.49a has an actual 

safety factor (SF), which is to be increased by stabilizing piles. The new safety factor 

after installing the piles is the target safety factor (SFT). The stabilizing piles provide 

an additional resistance force, RF, so that: 

 

ὛὊ
В

                                                                                                        (2.14) 

 

where, FR is the resisting force, and FD is the driving force for the slope. 

 

Notably, the location of the failure surface is not affected by designing stabilizing 

piles in the slope according to the proposed approach of Kourkoulis et al. (2012).  

Therefore, geometry-dependent phenomena such as the effect of soil arching (Liang 

and Yamin, 2010), which may reduce soil displacement, in the vicinity of the piles 

are conservatively ignored in the calculation of the required resisting force, RF, by 

the piles (Step-1). Such effects are taken into account in the numerical analysis 

conducted in the second step of the method (Kourkoulis et al., 2012). 

In the second step of the proposed method, it was assumed in the unstable soil layer 

that an almost uniform displacement profile along the pile length is valid. The 

reasonable validity of uniformly distributed displacement profile was proposed by 

Poulos (1999). This proposal was followed by Kourkoulis et al. (2012).  
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Figure 2.49. Two steps of the decoupled methodology: (a) Slope stability analysis 

by limit equilibrium; (b) Pile configuration at prescribed displacement (Kourkoulis 

et al., 2012) 

 

Since the complete numerical analysis of the full geometry of a slope stability 

problem by a finite element technique may be computationally inefficient (especially 

for parametric analyses), Kourkoulis et al. (2012) suggested to decouple the slope 

that they have needed. They assume a uniform displacement profile at a distance of 

5D (D: pile diamater) for piles in the middle part of the sliding mass. To confirm this 

assumption, Kourkoulis et al. (2012) conducted a sufficient number of finite element 

analyses. Notably, the optimum location of the stabilizing piles was not investigated 

by Kourkoulis et al. (2012). They followed the recommendation by Yamin and Liang 

(2010) in this context (i.e., the optimal pile location is in the middle part of the slope).  

A schematic illustration of the simplified methodology for estimation of pile ultimate 

resistance is shown in Figure 2.50. Only a certain region of soil around the piles is 

modelled in this methodology as shown in Figure 2.50.  The ultimate resistance is 

then computed by a uniform displacement profile imposed on the model boundary. 

In order to determine the ultimate load at this stage, it is just required to apply a 

displacement that is large enough to mobilize the lateral capacity of the soil-pile 

interaction.  
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The analyses by Kourkoulis et al. (2012) are carried out using the finite element code 

ABAQUS. The soil is modelled as an elasto-plastic material with Mohr-Coulomb 

failure criterion. The piles, on the other hand, are modelled with three-dimensional 

beam elements. Both elastic and inelastic pile behaviour is modelled. 

It is possible to prepare design charts for rows of piles at various spacings, in order 

to estimate the resisting force by the pile, RF, stabilizing unstable slopes of any 

depth. The evolution of RF with pile deflection and pile bending moment can be 

determined by the full three-dimensional computations. In another research by 

Kourkoulis et al. (2011), several design charts were presented and discussed for 

various soil and slide conditions. Kourkoulis et al. (2012) utilized several published 

experimental, field, and theoretical results for validation of their numerical analysis 

methodology. 

A design procedure was presented by Liang et al. (2014) to be used in landslide 

stabilization projects. A row of drilled shafts (bored piles) was considered and the 

piles were equally spaced. Two fundamental issues were taken into account in their 

research: (1) the safety factor (FS) of an unstable slope with installed piles, and (2) 

the internal forces and moments in the piles due to the determined design loads on 

piles. The soil arching concept recommended by Zeng and Liang (2002) and Liang 

and Zeng (2002) were utilized in the proposed analysis method. The earlier 

researchers Liang and Zeng used two-dimensional finite element parametric analysis 

results. Since the early study was carried out by two-dimensional approach, the 

researchers made several assumptions to simplify the problem (Section 2.3.2). The 

method proposed herein, on the other hand, made use of extensive three dimensional 

finite element modelling and parametric analysis results. Therefore, the method 

proposed by Liang et al. (2014) is more representative of three dimensional nature 

of the problem. 
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Figure 2.50. The model of simple decoupled methodology for estimation of pile 

ultimate resistance (Kourkoulis et al., 2012) 
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The term soil arching in a piled slope problem in Liang et al. (2014), as illustrated in 

Figure 2.51, is that the installation of rigid piles in an unstable slope would reduce 

the disturbing forces in the unstable soil layer on the pilesô downslope side because 

of the lateral earth pressures being redistributed to the piles (Liang et al., 2014). Thus, 

safety factor (FS) of the piled slope system is increased due to the reduction of the 

disturbing forces for the part of the soils on the pilesô downslope side. 

The proposed analysis/design method by Liang et al. (2014) is composed of three 

key parts: (1) a mathematical formulation derivation to include pile-induced arching 

effect as summarized above, in order to calculate the safety factor of a piled slope 

system by the limit equilibrium method of slices approach; (2) development of a 

practical semiempirical equation to quantify pile-induced soil arching that is affected 

by such factors as soil strength parameters, stiffness of soils and piles, diameter and 

length of piles, spacing and location of piles, sliding surface depth, top of rock, and 

rock modulus; (3) proposal a practical method to calculate the deflection and internal 

forces and moments of a stabilizing pile dubjected to the earth trust from the unstable 

soil mass on the slope. 

The global factor of safety of a pile stabilized slope is generally calculated by the 

limit equilibrium methods in literature where the effect of piles are mostly treated as 

an additional resistance (e.g., Ito et al., 1981; Hassiotis et al., 1997; Reese et al., 

1992; Poulos, 1995); Equation (2.7) in Section 2.7.3 is an example of this type of 

approach. 
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Figure 2.51. The concept of soil arching: (a) Top view; (b) Section view, TOR: Top 

of Rock (Liang et al., 2014) 

 

An alternative approach was proposed by Liang et al. (2014) based on their previous 

researches (e.g., Liang, 2002; Yamin and Liang, 2010; Li and Liang, 2012). The 

global factor of safety (FS) of a pile stabilized slope is expressed in this alternative 

approach, as: 

 

ὊὛ
Ў

                                                                                                        (2.15) 

 

where, FR is the resistance force, FD is the disturbing force and ȹFarching is the 

reduction of disturbing force due to arching effect of piles. As understood, the effect 
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of piles is treated as a reduction in the disturbing force on the pilesô downslope side 

due to soil arching and force transfer to the piles in this new approach. Liang et al. 

(2014) formulated the limit equilibrium method of slices incorporating this reduction 

in disturbing force on the downslope side of piles due to arching effect. They defined 

a new variable in this formulation, called as the load transfer factor, ɖ, which is 

expressed as (Figure 2.51): 

 

ɖ                                                                                                              (2.16) 

 

where, P loads are the horizontal forces on a vertical plane on the downslope and 

upslope sides of the piles. Notably, the net force on the pile can be calculated by 

subtracting the force on the upslope side of the pile (Fupslope-pile) and the force on the 

downslope side of the pile (Fdownslope-pile), which are expressed as: 

 

Fupslope-pile = Pup-slope s                                                                                              (2.17) 

Fdownslope-pile = Pdown-slope s                                                                                            (2.18) 

 

where, s is the center-to-center spacing between adjacent piles. The net force 

determined here is used as design load in a commercial program such as, LPILE 

(Reese and Wang, 2000) or other equivalent laterally loaded pile analysis software. 

Liang et al. (2014) used the results of Al Bodourôs (2010) three dimensional research 

of soil arching to derive a semiempirical equation for load transfer factor, ɖ. The 

finite element code, ABAQUS was used in this research. The resultant forces in the 

soil upslope and downslope sides of the pile are determined by integrating the lateral 

soil stresses on the vertical plane from the top of the pile down the failure surface as 

illustrated in Figure 2.51. These integrals can be written as: 
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 ὖ ᷿ ᷿„ ὨίὨᾀ                                                                                     (2.19) 

  ὖ ᷿ ᷿„ᴂὨίὨᾀ                                                                                  (2.20) 

 

where, s is the model thickness, which is the distance between center to center of two 

adjacent piles, and Lf is the distance from the top of the pile down to the failure 

surface (ůxx and ůᴂxx are horizontal stresses as shown in Figure 2.51). Soil was 

modelled as a linear elastic-perfectly plastic material in finite element calculations. 

A baseline slope model, with factor of safety, FS=1 was created first as shown in 

Figure 2.52. This unstable slope was stabilized with a single row of piles, which are 

equally spaced, for a series of finite element parametric calculations. As a result of 

importance analyses, six dominant parameters were determined affecting the load 

transfer factor, ɖ. These parameters can be written in three groups: strength 

parameters of the soil (c, ɲ), pile diameter (D), and the geometry parameters (s/D, 

ɝx, ɓ), where c=cohesion of the soil, =ɲfriction angle of the soil, s=center to center 

pile spacing, ɝx=pile location, which is xi/X as shown in Figure 2.52, and ɓ=slope 

angle. 

Using a software with the data set obtained from the finite element parametric study, 

Liang et al. (2014) derived a semiempirical estimative equation for the load transfer 

factor in terms of the above six important parameters. It is to be noted that the load 

transfer factor, ɖ should always be greater than zero and less than one. The value of 

zero means that the piles take all of the earth thrust, whereas one indicates that the 

piles exert no effect on arching. 

Within the scope of their research, Liang et al. (2014) developed a general slope 

stability program, UASLOPE, for complex slope geometry, soil profile and 

groundwater conditions. The developed program was validated with three 

dimensional finite element simulation results for safety factor of the slope and net 

force on piles.  
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Figure 2.52. Baseline model: (a) Section view; (b) Top view; 1 ft=0.3048 m (Liang 

et al., 2014) 
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CHAPTER 3  

3 LABORATORY MOD EL TESTS  

3.1 Introduction  

As briefly described in Chapter 1, a large shear box has been used at the laboratory 

to investigate the behaviour of a row of model piles with different spacings and 

socket lengths in this research. The model piles have been installed for the purpose 

of slip surface stabilization in the shear box which includes two layers of soils, the 

upper layer being the unstable soft clay layer. The upper part of the shear box slides 

over the lower part of the box which is not movable. The lower layer is composed of 

a stable layer of stiff clay. Since the main purpose is to measure the loads on the 

model piles both above and below the shear plane, the model piles have been 

instrumented by miniature pressure transducers along their shafts. The details of the 

model test program, experimental set-up details, material preparation and the 

measurement devices are all given in the following sections.   

3.2 Model Test Details 

Two types of brass model piles with diameter of 2 cm have been designed in this 

research as shown in Figure 3.1. In type-1 tests, the model piles were socketed 0.8 H 

(0.8 15=12 cm) below the shear plane, whereas in type-2 tests, this socket was 

0.5 H (0.5 15=7.5 cm). As understood, the miniature pressure transducers were 

mounted on the specific places of the model piles. Also, there are two points where 

the horizontal displacements of the model piles were recorded. The details of the 

model piles and measurement devices will be given in the subsequent sections of the 

thesis. 



 

 

100 

Model tests have been programmed for six types of pile configurations. There are 

five types of pile spacings other than single pile test as shown in Figure 3.2. A 

schematic three-dimensional view of a model test is illustrated in Figure 3.3. 

There are seven pressure transducers in a pile as given in Figure 3.1. Also, there are 

two instrumented piles in model tests other than the single pile test as shown in Figure 

3.2. Investigating a middle- or edge-effect in one-row of pile system is not in the 

scope of this research. Instrumenting two piles in a model test is against a probable 

experimental deficiency and/or a transducer defect in a pile. Moreover, the purpose 

here is to see the variation of lateral pressures on two piles in a test. It is expected 

that the recorded pressures on two piles in a test are to be similar in acceptable 

deviations. 

Since the shear box length is 30 cm as shown in Figure 3.2, the location of the model 

piles is an issue that should be taken into account with caution. Reese and Van Impe 

(2010) presented some field test results for the influence zone of piles. Five times the 

pile diameter is the average distance for the influence zone distance in these results. 

Kourkoulis et al. (2011) and Kourkoulis et al. (2012) used similar boundary distances 

in their numerical analyses (i.e., 5 times the pile diameter). Ekici (2013) carried out 

three-dimensional numerical analyses to investigate this subject. The distance 

between the prescribed displacement and the pile (i.e., the distance in front of the 

piles) was used as 5 times the pile diameter in all of his analyses (pile diameter=1 

m). Ekici (2013) changed the distance behind the piles as 5 d, 15 d, 25 d, 35 d 

and so on. The displacement behaviour is almost same after 45 d length behind the 

piles. The total length of the model (i.e., the length in front of the piles-5 d plus the 

length behind the piles-5 d, 15 d, 25 déé) over sliding depth ratio is another 

parameter affecting the results.   

Based on the information stated above, the model piles in this research were decided 

to be located as shown in Figure 3.2. The distance in front of the piles is 5 times the 

model pile diameter (i.e., 5ς ρπ cm).  

Notably, in Fukumoto (1975) research summarized by Fukuoka (1977) and also in 

Zhou et al. (2010), similar distances (i.e., a smaller distance in front of the model 
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piles against a larger distance behind the piles) were used in the model tests with 

passive piles. Fukumoto (1975) used the lengths of 8 times the pile width and 32 

times the pile width in front of the piles and behind the piles, respectively. 

In laboratory model tests carried out by Bauer et al. (2016) (Please see Section 2.5), 

it is observed that, there is a zone of 5 to 8 pile diameter around the pile (depending 

on the soil's undrained shear strength and other parameters in their study). It is 

thought that this can be considered as a region around the pile, that should free to 

deform and should not be influenced by the rigid boundaries of the shear box. In our 

study, we have more than 8 times the diameter of the pile in the direction of shear, 

behind the pile (30-10=20 cm in Figure 3.2). 

3.3 Test Set-up and Modifications 

The large shear box modified in this research was used by Nal­akan (1999) before. 

The results of that research were given in Nal­akan and Ergun (2001) and the 

findings were summarized in Section 2.5. A cross-section of the original set-up was 

given in Figure 2.14 in Chapter 2. As understood in that section, only the upper 

movable part, which is 15 cm deep, was filled with the soil and the bottom part of 

the apparatus, which is 45 cm deep, was stationary and there were no soil at the 

bottom part. In this research, on the contrary, the bottom part has been used for a 

second layer of stable soil layer. In other words, the upper movable 15 cm deep soft 

clay soil overlies another 15 cm deep stiff stable clay layer which is not movable. 

Two steel boxes are separate parts so that there is a horizontal predefined surface, 

which is considered as the failure (sliding) surface.  

In order to minimize the friction between the two parts of the shear box, a sliding 

cylindrical support mechanism has been designed and mounted to the apparatus as 

shown by the red line arrows in Figure 3.4. This friction force has been tested with 

an almost frictionless pulley mechanism and it was found that only 280 gr of weight 

is enough to slide the upper empty steel part over the lower part. Therefore, it is quite 

possible to neglect the frictions. Another modification made for this research is the 
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design of a tightening (headlock) system to apply a surcharge load on the soil layers. 

This modification is described in the following sections in more detail. 

 

 

Figure 3.1. Two types of model piles and instrumentation (Section view, 

dimensions in cm) 
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Figure 3.2. Plan views of pile patterns in model tests (Single pile and five pile 

spacings: s/d=5, 4, 3, 2, 1)  
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A three-dimensional SolidWorks drawing of the modified test set-up, where the 

general dimensions of the set-up can be seen, is shown in Figure 3.5. A general view 

from a conducted model test is shown in the photograph given in Figure 3.6.  As 

shown here, the testing apparatus is composed of a steel frame with U section beams 

and columns. The square shear boxes are composed of two parts with dimensions 

30x30 cm in plan. Cross-section of the large shear box apparatus is in Figure 3.7, 

where the names of the parts of the apparatus can be seen. 

 

 

Figure 3.3. Three-dimensional schematic view of a model test with piles 

(Dimensions in cm)   

 

 

Figure 3.4. Cylindrical sliding support mechanism between two boxes 
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Figure 3.5. Three-dimensional SolidWorks drawing of the test set-up    

(Dimensions in mm) 
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Figure 3.6. A general view from a conducted model test 
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Figure 3.7. Cross-section of the test apparatus 
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An electromechanical system was designed so that it has been possible to shear the 

reinforced soil samples. It is thought that this system models the actual problem of a 

landslide with piles penetrating through the sliding surface. The electrical power (380 

Volt) was converted to a mechanical energy by means of a one-horse power (Hp) 

motor giving 1000 revolutions per minute. The horizontal loading system is similar 

to that of a conventional direct shear box. A gearbox was installed to apply three 

different rate of shearing. Before starting the model tests, the velocities of the gear 

box have been tested.  

Three loading velocities were determined as: (1) fastest ï 9.4 mm/min., (2) medium 

speed ï 0.387 mm/min., and (3) slowest ï 0.0143 mm/min. It has been decided to use 

the medium speed in the model tests in this research. Medium speed in the test 

apparatus corresponds to the moderate to slow movement velocity in the 

classification proposed by Cruden and Varnes (1996) as given in Table 3.1. Shear 

rate is also selected considering the drained/undrained behaviour of clays in 

landslides. ñExtremely slowò rate of movement in Table 3.1 may develop drained 

shear of clays. In this research we have modeled undrained behaviour in landslide 

stabilizing passive piles. 

 

Table 3.1. Landslide velocity scale (Cruden and Varnes, 1996) 

Velocity Classification Description Velocity Limits 

7 Extremely rapid   > 5 m/s 

6 Very rapid 3 m/min ï 5 m/s 

5 Rapid 1.8 m/hr ï 3 m/min 

4 Moderate 13 m/month ï 1.8 m/hr 

3 Slow 1.6 m/year ï 13 m/month 

2 Very slow 16 mm/year ï 1.6 m/year 

1 Extremely slow  ̓16 mm/year 

 

Hunt (2005) and Bell (2007) suggest also the above velocity limits in the description 

of landslides with regard to movement rate.  
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3.4 Soil Sample Properties 

As mentioned previously, two soil samples with different consistencies have been 

used in this research. These soil samples are to be placed in a 30x30 cm square steel 

shear boxes. The stiff clay sample is placed into the bottom of the shear box, with 

height of 15 cm and dimensions 30x30 cm. After that, the soft clay sample with same 

dimensions is placed over the stiff clay layer. Two samples are in contact with each 

other with a sliding plane between them. 

Commercially available kaolinite type of clay soil was used in this research. The 

white powder kaolinite clay was mixed with water to achieve the required 

consistency. A fine sand was used in another mixture to obtain the stiff clay samples. 

Kaolinite type of clay is usually preferred in model tests due to its low swelling or 

shrinkage behaviour, which may cause complications during testing. Moreover, these 

type of clays have low liquid limit value and low activity, which are desirable features 

in laboratory testing. 

Soft clay sample used in the tests is composed of 100% kaolinite and water. Stiff clay 

sample, on the other hand, contains 50% kaolinite and 50% fine sand by weight 

together with water. The grain size distribution of the fine sand is given in Figure 3.8. 

The index properties of the soil samples used in the tests are summarized in Table 

3.2, where low plasticity index values can be seen. The plasticity chart given in 

ASTM D2487-17 (2018) can be used for soil classification according to Unified Soil 

Classification System (USCS) (Figure 3.9). Stiff clay is classified as CL and soft clay 

is classified as ML according to USCS (Table 3.2). If the British-European norm is 

used (BS EN ISO 14688-2, 2018), stiff clay is classified as ClL (Clay with low 

plasticity) and soft clay is classified as SiM (Silt with medium plasticity) (Figure 

3.10).  
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Figure 3.8. Grain size distribution of fine sand used in preparing stiff cohesive 

samples 

 

 

Figure 3.9. Plasticity chart (ASTM D2487-17, 2018) 
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Figure 3.10. Plasticity chart (BS EN ISO 14688-2, 2018) 
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Table 3.2. Index properties of soils used in model tests 

 

Sample type 

Gs 

(Specific 

gravity) 

Sieve Analysis 

+No.4 

sieve (%) 

-No.200 

sieve (%) 

Clay size  

(%) 

 Kaolinite (100%) 

(Upper soil in 

model tests) 

2.645 0 99.4 40 

Kaolinite (50%) + 

 Fine sand (50%) 

(Lower soil in 

model tests) 

2.640 0 51.7 18.5 

 

 

Sample type 

Atterberg Limits 

LL (%) 

Liquid 

Limit  

PL (%) 

Plastic  

Limit  

PI (%) 

Plasticity 

Index 

SL (%) 

Shrinkage 

Limit  

USCS 

Soil 

Classif . 

Kaolinite (100%) 

(Upper soil in 

model tests) 

45 31 14 29.6 ML 

Kaolinite (50%) + 

 Fine sand (50%) 

(Lower soil in 

model tests) 

27 19 8 17.8 CL 
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3.5 Preparation and Consolidation of Test Samples 

For the soft clay sample preparation, only the kaolinite clay, which was turned into a 

powder form first, has been mixed with water. The water/kaolinite ratio was 

approximately equal to 0.45 by weight to get a sample mixture having a water content 

around clayôs liquid limit. 

For the stiff clay sample preparation, the kaolinite clay and fine sand with same 

weights have been mixed with water. The water/kaolinite ratio was approximately 

equal to 0.50~0.55 by weight in this case to get a sample mixture having a water 

content around liquid limit. 

The prepared soil samples were then put in double plastic bags to maintain their water 

contents. These sample-filled plastic bags were placed in the humid room in the soil 

mechanics laboratory at least seven days before the consolidation phase, to get the 

most possible homogeneous soil samples. 

Aluminium metal boxes were manufactured for consolidation phase of the soil 

samples. After seven days in humid room, the soil samples were placed into the 

manufactured metal boxes by hand, stage by stage in order not to cause any cavity in 

the samples as shown in Figure 3.11. It is to be noted that the width and length of the 

metal boxes were almost same with the dimensions of the shear box (i.e., 30x30 cm). 

The height of the metal box was 18 cm, which is larger than the shear boxôs height 

of 15 cm to allow a space for consolidation settlement and trimming cut. 
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Figure 3.11. Soil sample placement in metal consolidation box 

 

Both the top and bottom metal covers of the box are perforated for drainage as shown 

in Figure 3.12. There are also geotextiles between the metal covers and the soil 

sample for the purpose of separation.    

The purpose in this research is to obtain the undrained shear strengths of the soft and 

stiff soil samples as around 20 kPa and 100 kPa respectively, since the aim was to 

have cu (stable soil) / cu (unstable soil) ratio of 5 to represent practical landslide cases 

encountered. Pneumatic and hydraulic press (consolidation) equipment were used in 

the laboratory for this purpose. The soil-filled metal boxes were maintained under 

stepwise loads with vertical settlement readings. Consolidation phase is shown in 

Figure 3.13.  
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Figure 3.12. Consolidated soil samples in aluminium boxes with perforated covers 

 

 

Figure 3.13. Soil samples under consolidation 
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The required loads to achieve the undrained shear strengths for soft and stiff soil 

samples (i.e., 20 kPa and 100 kPa) can be estimated based on the undrained shear 

strength ratio definition. It was shown that the undrained shear strength can be 

normalized with respect to the effective overburden stress (Ladd and Foott, 1974; 

Mesri, 1975). The researchers show that the undrained shear strength ratio, which is 

given as cu/ův', is approximately constant for a particular deposit. In some other 

publications, it was recommended that an average shear strength ratio of 0.22 (i.e.,  

cu/ův'=0.20~0.25) is a reasonable ratio in stability analyses for inorganic soft clays 

and silts (Mesri, 1989; Ladd, 1991; Terzaghi et al., 1996). The ratio can be written 

as: 

 

  = 0.22                                                                                                                 (3.1) 

 

where, cu is the undrained shear strength, and ův' is the effective overburden stress. 

 

This ratio was used in this research to estimate the approximate loads that should be 

exerted to the soil samples to get the desired 20 kPa and 100 kPa undrained shear 

strengths. Since the loading area is 0.3x0.3=0.09 m2, the required loads can simply 

be calculated as 8.2 kN (836 kg-force) and 40.9 kN (4170 kg-force) for targeted 

strengths, cu (soft)=20 kPa and cu (stiff)=100 kPa, respectively. 

Before starting the consolidation of the soil samples as shown in Figure 3.13, the 

pneumatic pistons were calibrated. It was determined that the small diameter 

pneumatic pistons have the capacity of 550 kg-force (5.4 kN) with the aid of the air 

compressor existing in the soil mechanics laboratory; whereas the large diameter 

pneumatic pistons have the capacity of 2500 kg-force (24.5 kN). These pistons are 

given in Figure 3.14, where the large and small diameter pistons can be seen at the 

left and right side, respectively.   
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It has been understood that the capacity of pneumatic press equipment is not 

sufficient for the stiff clay samples that should have the undrained shear strength of 

100 kPa. Therefore, the hydraulic press (consolidation) equipment, the capacity of 

which is larger than 5000 kg-force (49 kN), was put into use. This equipment was 

also calibrated with the aid of a jack under controlled loads. The hydraulic press 

system is shown in Figure 3.15. 

At the beginning, several soft and stiff soil samples were consolidated for trial and 

many triaxial compression testing samples with diameter 36 mm and length 72 mm, 

were collected to determine the undrained shear strengths of the soils.  

Soft soils were also tested by the laboratory vane equipment in the aluminium 

consolidation boxes. 

 

 

Figure 3.14. Pneumatic pistons 
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It should be emphasized here that the model tests explained in Section 3.2 above, 

have been conducted under a surcharge load of 50 kPa on the shear box to achieve a 

depth effect. By this way, it was aimed to eliminate the near-surface effects that may 

cause errors in lateral load measurements by pressure transducers especially near the 

top of the model piles. The undrained shear strengths of the consolidated soil 

specimens collected from the trial soil sample-filled aluminium metal boxes have 

been determined by means of the unconsolidated-undrained triaxial compression 

tests. It was concluded after several trials that three to four weeks of consolidation 

under controlled vertical displacement measurements of consolidation is to be 

sufficient to obtain the targeted undrained shear strengths. Thus, the undrained shear 

strengths of 20 kPa and 100 kPa for the soft and stiff clay samples respectively, were 

obtained within acceptable deviations as determined by the triaxial compression 

tests, in this research.  

 

   

Figure 3.15. Hydraulic press (consolidation) equipment 

 

The undrained shear strengths of the soft clay samples were also determined by the 

laboratory vane equipment as mentioned before. Although the vane tests have been 

conducted ñin-situò (i.e., in the aluminium metal box just after the consolidation 

phase) without a surcharge load on the box, the undrained shear strengths were 
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determined to be approximately 30 to 50% more than the values determined by the 

triaxial compression tests. Ergun (1982) carried out a comprehensive experimental 

research on the undrained shear strength subject and found similar results (i.e., the 

undrained shear strengths determined by the laboratory vane equipment were larger 

than the strengths determined by the triaxial compression tests by about 20 to 60% 

in that research). In fact, the undrained shear strength of cohesive soils should not be 

accepted as a constant and definite parameter for a specific clay; rather, the tests and 

the conditions should be clearly stated under which the strength values have been 

obtained (Ergun, 1982).  

After these discussions, it was decided to use the results of the triaxial compression 

tests in this research.  

Several results of the trial unconsolidated-undrained (UU) triaxial compression tests 

conducted at the beginning of the research are given in Appendix B. As noticed, the 

diameter of the Mohr circles are not same due to lack of full-saturation. Therefore, 

the value of cu corresponds to 50 kPa normal stress, which is the surcharge pressure 

in model tests, is selected. It is noticed that the cu values for the soft clay samples are 

between 18 and 21 kPa. On the other part, the undrained strengths are between 98 

and 103 kPa for the stiff clay samples in trial tests. The deviations from the targeted 

values of 20 and 100 kPa can be assumed acceptable. 

Notably, the undrained shear strengths of the soft and stiff soil samples were 

determined after all model tests in this research. Satisfactory results within acceptable 

deviations were obtained. The results are given in Section 3.11 of the thesis below. 

It should also be noted that the water contents of the soil samples have been 

determined before the model tests (i.e., after the consolidation phase before shearing). 

They are given in Table 3.3 and Table 3.4 below. The water content values shown in 

the tables are the averages of three water contents, which deviate marginally, 

collected from the different levels of the soil samples. As can be seen in Table 3.3, 

the water contents of the soft clay samples after consolidation before shearing are 

between 36.4 and 37.1%, with an average value of 36.7%. Therefore, water content 
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of the soils before shearing were similar in all tests. Same similarity can be seen for 

stiff soil samples in Table 3.4. 

 

Table 3.3. Water contents (wc) for soft clay samples after consolidation before 

shear (upper layer in the shear box) 

 

 

Test type 

Tests with short socket 

length piles 

(0.5 H embedment) 

Tests with long socket 

length piles 

(0.8 H embedment) 

wc (%) wc (%) 

1st test 2nd test 1st test 2nd test 

s/d=1 (12 model piles) 37.1 36.6 36.5 36.8 

s/d=2 (7 model piles) 36.4 36.8 36.5 36.5 

s/d=3 (5 model piles) 36.5 36.8 37.0 37.1 

s/d=4 (4 model piles) 37.0 36.9 37.0 36.5 

s/d=5 (3 model piles) 36.8 37.0 36.5 36.6 

Single pile tests 36.9 36.9 36.4 36.8 

Tests without model pile               1st test: 36.8 %, 2nd test: 36.5 %  

 

3.6 Model Piles and Miniature Pressure Transducers 

The model piles are made of brass material in this research. The diameter of the 

model piles is 2 cm. Two types of model piles have been manufactured as shown in 

Figure 3.1 before. The lengths of piles in the soil sample are 22.5 cm and 27 cm for 

Type-1 and Type-2, respectively as shown in Figure 3.1. The embedment depths 

below the shear plane are different in these types. It is to be noted that the total lengths 

of the piles are 4 cm more than the above 22.5 and 27 cm lengths (i.e., total lengths 

are 26.5 cm and 31 cm) so that they extend above the top of the upper soil layer to 

monitor the top displacements of the pile.    
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Table 3.4. Water contents (wc) for stiff clay samples after consolidation before 

shear (lower layer in the shear box) 

 

 

Test type 

Tests with short socket 

length piles 

(0.5 H embedment) 

Tests with long socket 

length piles 

(0.8 H embedment) 

wc (%) wc (%) 

1st test 2nd test 1st test 2nd test 

s/d=1 (12 model piles) 17.6 17.9 17.6 17.8 

s/d=2 (7 model piles) 17.5 17.7 17.8 18.1 

s/d=3 (5 model piles) 17.8 17.7 17.4 17.7 

s/d=4 (4 model piles) 17.8 18.0 17.7 17.6 

s/d=5 (3 model piles) 17.5 18.0 18.0 17.5 

Single pile tests 17.8 17.8 17.5 17.5 

Tests without model 

pile 

              1st test: 17.7 %, 2nd test: 17.7 %  

 

 

Brass model piles are shown in Figure 3.16. A 8 mm diameter hole all along the 

center of the piles was opened for the cables of the pressure transducers to be left out. 

Therefore, the wall thickness is 6 mm in model piles. The miniature pressure 

transducers were mounted on the piles quite rigorously so that there is no any level 

difference between the pile shaft and pressure transducer surfaces.  

Within the scope of the stiffness of the model piles, the flexural rigidity of the model 

piles can be determined as Ep Ip=(1x108 kN/m2)  (7.6529x10-9 m4)=0.76529 

kN.m2, where Ep is the modulus of elasticity of the pile brass material, and Ip is the 

moment of inertia of the hollow stem piles. 

Poulos and Davis (1980) defined a dimensionless pile flexibility factor, KR to 

measure the flexibility of a pile relative to the soil environment. The factor is given 

as: 
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ὑ
ᶻ

ᶻ
                                                                                                                       (3.2) 

 

where, Es is the soilôs horizontal modulus along the pile, and L is the pile length. KR 

value is infinity (Ð) for an infinitely rigid pile on one end. It is zero for an infinitely 

long pile on the other end. Besides laboratory test results, correlations given in 

literature can be used for a quick estimation of the soil modulus value. The value of 

Es has been frequently correlated to undrained shear strength of the clays in literature 

based on load-deflection measurements on full-scale piles. Poulos (2001) 

summarized empirical correlations recommended in literature that the values of Es 

were between 100 cu and 450 cu based on several researchers. Jamiolkowski and 

Garassino (1977) summarized also several correlations and gave an approximate 

range between Es=200 cu and 720 cu. Reese and Van Impe (2010) emphasizes that 

Es is highly dependent on the strain level. It decays as the displacements increase. 

The range is given between Es=200 cu at relatively high displacement levels to 

1500 cu at quite small strain levels for normally consolidated clays (Reese and Van 

Impe, 2010). 

Based on the above recommendations given in literature, the soft soil modulus can 

be taken as approximately Es=400 20=8000 kPa. Therefore, the pile flexibility 

factor is determined as, KR=0.018 for the long model piles. Poulos and Davis (1980) 

states that a pile is relatively rigid if K R is larger than 1x10-2. Thus, the model piles 

used in this research can be accepted as rigid piles. 

Since the model piles have high flexural rigidity in this research, a point of pressure 

reversal is expected near the tip of the piles under lateral loading. Therefore, a 

pressure transducer has been located near the tip of the pile on the reverse side as 

shown in Figure 3.1 (no.1 transducer). 

Commercially available miniature strain-gauged pressure transducers from a Japan 

company Tokyo Sokki Kenkyujo Co. were selected for this research. The transducer 

and its dimensions are given in Figure 3.17. The capacity of the transducers is 200 

kPa. The transducer model is named as TML PDB-200KPB, which is most suited to 
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short-term measurement in model experiments. It employs simple waterproof 

construction which allows underwater measurement for a short term. The pressure 

transducer is calibrated with the input/output cable connected to a constant voltage 

excitation type strainmeter. 

 

 

 

Figure 3.16. Brass model piles with miniature pressure transducers 
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Figure 3.17. Miniature pressure transducer 

 

Calibration of miniature pressure transducers was performed by three ways in this 

research: (1) water calibration, (2) soft soil calibration, and (3) stiff soil calibration. 

A fluid and a soil pressure chamber were designed specifically for calibration works. 

The details of the calibration process and the calibration results are going to be given 

in Section 3.12 in this Chapter and Appendix C, respectively. 



 

 

125 

3.7 Testing Program 

As inferred from Section 3.2, two series of model tests were executed within the 

scope of this research. One series was conducted by using long model piles which 

have been socketed below the shear plane by 0.8 times the moving soft soilôs height 

(i.e., 0.8 15=12 cm) as shown in Figure 3.1. The socket was 0.5 15= 7.5 cm using 

shorter model piles in the second series of tests. 

As shown in Figure 3.2, the model tests were executed for six patterns of model piles, 

one of them being single pile test. Two model piles were instrumented in one test as 

shown in Figure 3.2. The purpose of instrumenting two piles in a test was to observe 

the almost same loads in the transducers for a check. This was also considered as a 

measure against any probable defect that may occur in the sensitive miniature 

transducers. 

Each test was conducted at least twice to see the repeatability of the model tests so 

that a probable variation in measurements can be described and evaluated. Therefore, 

there are at least 24 tests with model piles within the scope of the research (i.e., 12 

model tests using piles with short socket + 12 model tests using piles with long 

socket). In addition, 2 model tests were conducted without any piles to see the shear 

resistance just between the soft and stiff layer of soils. 

3.8 Preparation Phases of a Model Test 

The preparation stages of conducting a model test with piles together with the 

explanations of the details of the measurement devices will be clarified in the sections 

below.  

3.8.1 Placement of the Consolidated Soil Samples into the Shear Box 

After the consolidation phase of the soil specimens described in Section 3.5, the 

samples are placed into the shear box by means of a manual jack as shown in Figure 

3.18. The reaction force is taken from the existing steel frame around the test 
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apparatus. Since the dimensions of the test sample in the aluminium consolidation 

box are almost same with the dimensions of the shear box, the soil sample is placed 

into the shear box quite tightly. First, the stiff sandy clay sample is pushed and settled 

at the bottom of 15 cm height. Then, the soft clay sample, is settled on top of the stiff 

layer by the same way.   

 

 

Figure 3.18. Placement of consolidated soil samples into the shear box 

 

3.8.2 Applying Surcharge Load 

After the placement of two samples one on the top of the other, a 50 kPa surcharge 

load is held at the top for around 15 hours as shown in Figure 3.19, to obtain an 

intimate contact between the soft and stiff soil samples. A tightening (headlock) 

system with steel plates was designed in this research to apply this surcharge as stated 

before (Red line arrows in Figure 3.19). The load was given through a rigid metal 

plate placed on top of the soft clay layer as shown by the blue line arrow in Figure 

3.19.     
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Figure 3.19. Headlock system to apply surcharge load 

 

A proving ring was placed at the top to check the applied load as indicated by the 

straight line arrow in Figure 3.20. The load was originated by means of a pneumatic 

piston located at the bottom of the system (dotted line arrow in Figure 3.20) powered 

by a compressor. This newly designed tightening (headlock) system was also 

operative during the execution of model tests as will be described in Section 3.8.6 in 

this Chapter. 
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Figure 3.20. Proving ring and pneumatic piston powered by a compressor in the 

headlock system 

 

3.8.3 Drilling Holes for Installing the Model Piles 

After the 15 hours time under 50 kPa surcharge load, the next stage is to install the 

model piles in the shear box. A commercially available miniature auger with diameter 

of 18 mm was used to drill the holes for installing the model piles. This diameter of 

the continuous flight auger was selected to place the 20 mm model piles without any 

gaps around them.  
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Aluminium metal guide plates were manufactured and used to guarentee the holes to 

be drilled vertically. The holes were drilled through the holes of three layers of plates 

as shown in Figure 3.21.   

 

 

Figure 3.21. Drilling holes for installing piles through metal guide plates  

 

3.8.4 Installation of Model Piles 

In the next step, the model piles on which the miniature pressure transducers have 

been mounted, are to be pushed into the drilled holes by hand one by one as shown 

in Figure 3.22. The installation process is again performed through the aluminium 
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metal guide plates to ensure the vertical alignment of the model piles. It is quite 

important at this stage that the direction of the pressure transducers mounted on the 

piles should be perpendicular to the direction of the soil movement to record the 

lateral loads correctly. This rigorous adjustment is shown in Figure 3.23.  

 

 

Figure 3.22. Installation of model piles 
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Figure 3.23. Adjustment of direction of model piles during installation 

 

3.8.5 Capping Beam at the Top of the Model Piles 

It is known in practice that mostly a capping beam is designed at the top of the 

landslide stabilizing piles to unify their behaviour against lateral loads.  

A brass capping beam was manufactured and used at the top of the model piles in 

this research as shown in Figure 3.24. The thickness of the brass beam is 10 mm. The 

beam rests on the soft clay layer. The brass capping beam was used in all model tests 

in this research including single pile tests.  

    

 


















































































































































































































































































































































































































































































































