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ABSTRACT  

The need of using the underground space was limited in the human history, but in the last 

century and due to the increase of world population, the use of the underground space has 

become essential.  Underground metro stations, deep garages, tunnels and basements, etc... 

are examples of using the underground space inside the cities. The use of underground space 

is conducted through deep excavation or tunneling. Several techniques are used to conduct 

the deep excavation and one of the most popular and well known techniques used for deep 

excavation is the diaphragm walling technique which is widely used specially inside the cities 

to safe space because it requires a very small space to conduct a deep reinforced concreted 

wall under the ground. However, the construction of such walls causes deformation of the 

surrounding ground and it could also affect the nearby existing structures. In some recorded 

cases the slurry trench failed and causes a great deformation which effect the nearby 

structures. However, Minor damages and cracks were observed in buildings near stable slurry 

trenches, because the soil deformation was high.      

The existing structures inside the cities have been constructed on shallow or deep foundations 

and this research was oriented to study the effect of diaphragm wall installation on the 

existing adjacent piled foundation. Very limited studies were made to investigate such an 

effect. At Cambridge university centrifuge model tests were conducted to investigate the 

effect of slurry reduction on single piles. Field observation was conducted in several projects 

and showed the settlement and deformation of buildings located on deep foundation during 

the diaphragm wall trenching. Numerical analysis was conducted using FLAC 3D to simulate 

the laboratory and the available field works. FLAC 3D is a commercial software and it 

depend in its analysis on finite difference method. The purpose of the simulation was to 

verify the used numerical analysis method. The results from the numerical analysis were in a 

good agreement with the available field data results, and they were also in good agreement 

with the laboratory test results regarding soil settlement but it was not in such good 

agreement when they were compared regarding the pile. Generally, from the verification the 

numerical analysis method is considered to be reliable.    

A parametric study was performed using the verified numerical analysis method. The flexible 

nature of the numerical analysis allows to simulate different cases and to study a variety of 

parameters. The output of the parametric study was the pile deflection, the bending moment 

and the shaft friction. The study was divided into three main parts while each part contains 
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several parameter combinations. The first part studied the effect of the single and double 

panel(s) on the single pile group that has different piles numbers and formations. The second 

and third parts studied the effect of multiple panels on connected pile groups and piled raft 

foundation, respectively.  Generally, the studied parameters can be divided into three main 

groups. The first is related to the trench which includes the panel dimension, the number of 

panels and the slurry level inside the panel. The effect of slurry pressure reduction at some 

levels inside the trench was also studied.  The second group concerned the soil type and 

ground water level. The third group is related to the deep foundation which includes pile 

characteristics, location, and formation within the group. The results from the parametric 

study showed that the pile behavior was greatly affected by panel length, groundwater level, 

slurry level inside the trench and steadiness of the slurry pressure. The piles were also 

affected by the different stages of construction related to the pile location from the 

constructed panel. The piles within the group act together so they behave different from each 

other according to their position. 

The effect of the pile on the trench stability is presented through a simple analytical approach 

which is based on the wedge analysis. The analytical approach provided equations that 

calculate the factor of safety in two and three dimensions. The pile location was governing 

the equation that calculate the factor of safety because the pile could be fully inside the 

failure wedge or intersect with the failure surface. A comparative study was conducted to find 

out the effect of the different pile location and other parameters on the safety factor. 

Generally, this comparative study showed that the pile located within the failure wedge 

reduces the factor of safety, while the pile that intersects the failure surface could increase it. 

The pile row near a trench that contains piles inside the failure wedge and others intersects 

the failure surface act together to balance the failure wedge. The factor of safety results of 

some cases from the analytical approach were also compared with those calculated from the 

numerical analysis. In general, the factor of safety from the numerical analysis was higher 

than that calculated from the proposed analytical approach.   

This research helped to understand the trenching effect on the ground surface and on the 

nearby piled foundations. It provided charts that could help to predict the soil deformation 

and earth pressure coefficient which could be used in the design. It showed through the 

parametric study the precautions that should be taken into consideration during trenching 

process near piled foundation. This research provided a design method for the slurry trench 

panel near piled foundation.
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CHAPTER 1: INTRODUCTION  

1.1 BACKGROUND   

Deep excavations are required for several purposes inside cities and they can be achieved by 

several techniques. For several decades, the diaphragm walls (slurry walls) have been widely 

used as a technique for conducting such deep excavations, especially inside the cities. 

However, the installation of diaphragm walls in the crowded cities could be a challenge 

because it causes deformation for the surrounding ground which may have an effect on the 

nearby existing buildings. The deep foundation type is commonly used as a foundation system 

for such buildings inside the cities specially under the high-rise buildings. For this reason, the 

construction of the diaphragm wall near the deep foundations might not be avoided. The need 

to study the effect of the diaphragm wall installation on the existing deep foundation and the 

effect of existing deep foundation on the stability of the slurry trench are considered an 

important research topic. However, there are very limited studies regarding this issue and many 

questions are still need to be understood and this research was conducted to be a step for 

answering such questions.  

The stability of the slurry trench is not always an indication of the low soil deformation around 

the trench because such deformation depends on several factors including soil properties, 

dimension of the slurry trench, groundwater table and slurry level, etc…., some of these factors 

cause a higher effect than others. A high deformation could happen as an example due to 

factors that are not included in the design such as low slurry level, rising in groundwater table 

or discontinuity of slurry pressure. In some cases, the deformation due to slurry trench could be 

higher than that due to deep excavation.  

The ground deformation during the trenching process is divided into vertical and horizontal 

movement. The vertical movement is the settlement around the trench and it decreases with the 

distance far from the trench until it is considered to be negligible at a distance equal to double 

the trench depth. The horizontal movement is a soil displacement towards the trench and the 

shape of it is mainly depending on the soil profile. This ground deformation is transferred to the 

existing piled foundations which were mainly designed to sustain vertical loading with an 

appropriate factor of safety. Such a vertical load is assumed to be balanced with the end bearing 

and skin friction forces generated by the piles which also should be designed for a specified 

settlement. Accordingly, this ground deformation would affect the existing piles. The 

horizontal movement of the soil creates a passive load on the pile. This passive load causes a 

bending moment on the pile which probably was not designed for such a moment. In addition, 
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the trenching process reduces the coefficient of earth pressure, which in turn affects the pile 

skin friction capacity. In this case, the existing pile that was designed with a critical safety 

factor could suffer damage or total dysfunction. However, if this pile as in normal cases is 

within a connected group of piles or piled raft its load could be carried by the other piles that 

are at far distance from the trench.  

The ground deformation due to trenching is normally measured in the field. It can be predicted 

using numerical analysis which is considered as an acceptable tool in simulation of the 

different geotechnical engineering problems. However, only the three-dimensional analysis 

will provide reliable results because the trench panel excavated inside the soil considered a 

three-dimensional problem. In the same line, the calculation of the trench stability using 

two-dimensional analysis provide low values of factor of safety compared to the 

three-dimensional analysis.    

1.2 AIMS OF THE RESEARCH  

Several researchers studied the trenching process and its effect on ground surface. However, 

the previous research work regarding the effect of such process on piles was limited and it did 

not draw a full picture of such problem. The main objective of this research is to study the 

effect of the trenching process near piled foundations. In order to understand such a problem, a 

three-dimensional numerical analysis was conducted using commercial software FLAC3D 

which uses finite difference analysis. This numerical analysis method was calibrated with the 

field and laboratory data. It was used to form a parametric study that provides a better 

understanding of the problem. The stability of the panel that is trenched near a piled foundation 

was presented through several equations that calculate the factor of safety.     

The main research program objectives were as follows:  

• Collection of the available filed data and laboratory testing results related to trenching 

process. 

• Verification of a numerical modeling method that can be used to simulate the slurry 

trenching process near piled foundation using previous data from the field and the 

laboratory works.  

• Creation of a numerical parametric study that shows the effect of slurry trenching 

process on nearby piled foundation.  

• Study of several parameters combinations that represent realistic cases from the normal 

field works.  

• Discussion of the stability of the slurry trench panel that located near existing pile(s) by 

using the wedge analysis method.  
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• Derivation of equations that calculate the factor of safety of diaphragm wall panels that 

are trenched near the pile.    

1.3 RESEARCH CONTENT (THESIS LAYOUT)  

This research contains 7 chapters and 2 appendices. Chapter 2 discusses the literature review 

that includes two main parts. The first part provides a general overview of the deep foundations 

stress-strain mechanism. It discusses the pile or pile group that is subjected to either vertical or 

lateral load. The different types of passive lateral load and their effect on the pile are also 

discussed. The second part presents the diaphragm wall installation process. It shows the 

different methods of calculating the trench stability and ground deformation during the 

trenching process.   

Chapter 3 presents the available data from the field and the laboratory works related to the 

diaphragm wall installation process. These data include the soil settlement, the horizontal 

displacement and the change of lateral earth pressure. The maximum and minimum values of 

ground deformation and earth pressure coefficient collected from different projects are 

presented.         

Chapter 4 describes the numerical analysis method that can be used to simulate the interaction 

between the slurry trench and the existing piled foundation. Verify such method by modeling 

field and laboratory works that are available from the literature.  

Chapter 5 creates a numerical parametric study related to the effect of the trenching process on 

nearby piles. It explains the effect of each parameter separately or combined with other 

parameters. It provides a reduction factor for the pile skin friction coefficient based on the 

parametric study results.     

Chapter 6 studies the stability of single panel that is trenched near a piled foundation. It 

provides an analytical approach that can be used to solve such a problem.    

Chapter 7 summarizes the main conclusions and discusses what can be recommended for 

future work.      

Appendix A shows the code used for modeling with FLAC 3D. 

Appendix B presents some of the parametric study results. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 INTRODUCTION  

The installation of the diaphragm walls causes deformation and change in stresses in the 

surrounding soil. The nearby existing piled foundation could be affected by such a construction 

process. Since there is only a very limited information about the direct effect of slurry 

trenching on piled foundations, this chapter discusses in general the behavior of the exiting pile 

under normal condition and then goes through the effect of different other construction 

activities on the behavior of nearby piles such as embankment construction, slope and deep 

excavations. The slurry trench stability and deformation attract the attention of many 

researchers who tried to understand the stress mechanism around the trench. Understanding of 

such a mechanism will possibly help to find out the effect of slurry trench on piles.     

The mechanism of the stress and strain in the piled foundation for bored and driven piles is 

discussed in section 2.2 which includes the pile capacity and the effect of passive loading on 

the pile behavior. Section 2.3 focuses on diaphragm wall installation including bentonite 

slurry, trench stability and deformation prediction methods. The last section 2.4 provides a 

summary of the chapter.   

2.2 DEEP FOUNDATION STRESS STRAIN MECHANISM (PILE FOUNDATION)  

Deep foundations are very common structural elements used for engineering projects for 

different purposes. The design of deep foundation until now depends on empirical methods. 

The installation method greatly affects the design of pile (Tomlinson and Woodward, 2008). 

On the other hand Fleming et al. (2009) showed that not only soil conditions are the important 

factor for design of deep foundation, but also the structure condition such as the allowable 

settlement or tilt also playing a big role. In contrast, Poulos (1989) showed that the 

geotechnical characterization of the site is considered to be more effective than the analysis 

method. The philosophy of the pile behavior is not so clear but generally, the pressure 

distribution and soil disturbance of a single pile are considered to be the same for all types of 

piles as shown in Figure 2-1 (Tomlinson and Woodward, 2008).  

Generally, the pile is subjected to vertical loads such as the buildings load but it could be also 

subjected to lateral loads. There are two types of lateral load that could be considered. The first 

one is the direct load which is considered to be an application of external force on the pile and 

causes the pile to move horizontally and the soil in this case will act passively against the 
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applied force. The second type is the passive loading which occurred due to the soil movement 

(Fleming et al., 2009). The different types of loads are to be described in the following sections.  

2.2.1 PILES UNDER VERTICAL LOAD   

During the last decades, the pile bearing capacity calculations are discussed by several 

researchers. The commonly higher values of factor of safety presented in different code 

manuals indicate the complication of understanding the pile stress strain mechanism and 

bearing capacity. Randolph (2003) emphasizes that it is quite impossible to determine the pile 

axial capacity with an accuracy lower than ± 30 % for many soil types and pile tests are the 

most reliable technique. Generally, the pile carries the load by friction and end bearing. The 

bearing capacity of the pile is affected mainly by soil characteristics, pile diameter and type. 

The calculation of the pile ultimate total axial capacity (Qtot) is equal to the summation of the 

pile friction capacity (Qs) and end bearing (base) capacity (Qb) as shown in Figure 2-2.  

Qtot = Qb+ Qs = Abqb +Asτs 2.1 
where:  

Ab is the cross section area of the pile base  

qb is the end-bearing pressure 

As is the surface area of pile shaft 

τs is the shear strength of the soil along the pile shaft   

  

Fig. 2-1: Pressure distribution and soil disturbance 
for single pile (after Tomlinson and Woodward, 

2008) 

Fig. 2-2: Axially loaded pile 
 (after Fleming et al., 2009) 

 
Tomlinson and Woodward (2007) studied the pile behavior under vertical load as presented in 

Figure 2-3. The pile that is subjected to load behaves initially elastically until point “A” and by 

increasing of the load, yielding observed at the pile-soil interface, while slippage happened 

when the load reaches point “B”. In this case, the shaft friction should be fully mobilized. Point 

“C” appeared when the load is reversed. They also showed that the friction mobilization 
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required a settlement of 0.3 % to 1 % of pile diameter, while mobilization of end bearing 

required settlement of 10 % to 20 % of pile diameter. A large settlement is expected for an 

additional small amount of load after the full mobilization of the bearing resistance as indicated 

by point “D”, which also indicates the ultimate limit state. Point E on the curve represents the 

load that may cause damage or distortion to the structural framework. On the other hand, 

(Fleming et al. 2009) showed that the mobilization of the pile friction required a displacement 

of the pile ranges between 0.5 to 2 % of the pile diameter while the pile end bearing 

mobilization required displacement ranges between 5 to 10 % of the pile diameter. There is 

quite a difference between the range of displacement that is required for friction and bearing 

mobilization according to both researchers. In general, the settlement should not exceed 10% 

according to BS 8004 and the pile concrete capacity should also be taken into consideration. 

This chapter focused only on the pile capacity on cohesion-less soils.    
      

 
                               (a)                                        (b) 

 

Fig. 2-3: Pile behavior under load (a) Load settlement curve for compressive load to failure in pile (b) 
Load transfer from head of pile to shaft at points A, B and D  (after Tomlinson and Woodward, 2007) 

 

2.2.1.1 End-bearing capacity in cohesion-less soil  

The calculation of pile end-bearing was discussed by several researchers.  Poulos & Davis 

(1980) showed that the pile critical depth is related to the diameter of the pile. (Randolph et al. 

1994) discussed the factors that affect the axial capacity of driven pile in sand. They tried to 

solve some of the pile design uncertainties (high quality field data, parametric study). They 

showed that there are two main methods that can determine the driven piles capacity in sand. 

The first method is based on the friction angle, stiffness and density while the second one relies 

on results of in situ tests which mainly depend on CPT and SPT. These methods were widely 

discussed by the American Petroleum Institute (2002).  
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The end bearing (qb) can be calculated according to Meyerhof (1976) using the following 

equation  

qb = Nqσ`v  2.2 
 
where: Nq is the bearing capacity factor range from 8 to 12 for loose sand and more than 40 for 

very dense sand (API, 2002). It varies with the friction angle φ`. σ`v is the effective vertical 

stress.  

The end bearing resistance increases with depth but it become constant at certain depth 

(Randolph, 2003). Similarly, Kulhawy (1984) showed that the increase in length of the driven 

pile in sand not necessarily increases the pile end bearing capacity. The relation between the 

end-bearing pressure and the effective stress shows a nonlinear increase with depth in reducing 

rate (Fleming et al. 2009). There are two factors, which describe this gradual decrease. 

1. There is inverse proportionality between secant friction angle and mean stress at failure 

(Bolton, 1986)  

2. The ratio of shear stiffness to strength (rigidity index) is inversely proportional to the 

shear strength 

Randolph et al. (1994) showed that under the pile tip an assumed rigid cone of soil with angle α 

can be estimated from the angle of friction. There is a soil zone outside this region and it is 

subjected to isotropic stress which is equal to the limit pressure Plim that is shown in Figure 2-4. 

The following equation shows the estimation of end-bearing from limit pressure.  

qb = plim (1+tan φ` tan α) 2.3 

The value of limit pressure for cohesionless soil was discussed and evaluated by Yu and 

Houlsby (1991) and Carter et al. (1986) in their closed form solution. Both solutions have used 

Mohr-Coulomb elastic perfectly plastic model. They depended on several parameters such as 

effective stress po`, friction angle φ`, dilation angle ψ, Poisson’s ratio ν and shear modulus G.  

 
 

Fig. 2-4: Relation of cavity expansion limit pressure and end-bearing capacity (after Randolph et al., 
1994)  

 

2.2.1.2 Shaft friction capacity in cohesion-less Soil  

The shaft friction (side resistance) τs depends on the normal effective stress σ`n and the friction 

angle between the pile and the soil, the normal effective stress σ`n is directly proportional with 
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the vertical effective stress σ`v with a ratio of k. The shaft friction can be calculated according 

to Meyerhof (1976) from the following equation 

τs = σ`n tan δ = kσ`v tan δ 2.4 

The angle of friction between soil and pile δ was studied by Kishida and Uesugi (1987). They 

have studied the surface roughness effect and discussed a relation between the interface friction 

angle δ and the soil friction angle φ . Such a relation could be presented according to soil 

properties and material of the pile surface, a range of 0.75 to 1 was suggested for δ / φ. 

The effective stress ratio k depends on three main factors, the in-situ coefficient of earth 

pressure, the pile installation method and the sand initial density (Fleming et al., 2009). In 

sandy soils, the pile shaft capacity during pile driving increases with depth until it reaches a 

certain depth and then it could be limited or even decreased (Vesic 1969; Vesić 1977). A 

research group in Imperial College, UK (Lehane et al., 1993) studied the pile shaft friction in 

sand with pile depth using instrumented pile tests in centrifuge. Figure 2-5 shows the local 

shear stress (shaft friction) with the instrumented depth, which is characterized by three 

clusters according to distance from pile tip along the shaft (h) normalized by 0.1 m pile 

diameter (h/d). The cone resistance (qc) results factorized by 100 are also plotted for 

comparison purposes. The factorized cone resistance values (qc/100) are closer to that shown 

by the shaft friction measured near to the pile tip.   

 
Fig. 2-5: measured profiles of shaft friction (Lehane et al., 1993) 

2.2.1.3 Pile settlement due to vertical load   

The calculation of pile settlement is based on the empirical correlation while the best way to 

determine the pile settlement is through the pile load test. The typical shape of the pile 

settlement curve is shown in Figure 2-6a. Chin (1970) provided a method of estimating the pile 

ultimate load by plotting the pile settlement due to friction and end bearing and settlement to 
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pile load s/P as shown in Figure 2-6b. The first part “A” should represent the settlement due to 

shaft friction, while part “B” represents the settlement due to end bearing. However, Fleming 

(1992) found that this could not be strictly true due to the nature of the hyperbolic function of 

the shaft and base performance and it could lead to over prediction of the ultimate load as well. 

For this reason he developed a simple hyperbolic function that could be used to analyze pile 

settlement and took into consideration the elastic shortening of the pile. According to Fleming 

(1992), the settlement of a single pile can be divided into three main parts. 

Spt = Spc + Spb + Spf 2.5 

where: 

Spt is the total pile settlement  

Spc is the elastic compression of the pile shaft (pile elastic shortening) 

Spb is the settlement of the pile tip due to load 

Spf is the settlement of the pile due to load transfer through friction to the pile shaft.   

The first part of the equation could be ignored if the pile is purely rigid. In most cases, the pile 

is not considered to be purely rigid and the pile elastic shortening calculation is considered to 

be complex. A simplification was made by Fleming (1992) by considering the shortening in 

three stages. He provided a calculation method for the other settlement values based on the 

hyperbolic function.   

 
(a)                                (b)  

 

Fig. 2-6: Relationship of settlement and settlement/ load (after Chin, 1970) 

An approximate solution was developed by Fleming et al. (2009) in order to understand the 

way of the load transfer from the pile to the soil under working conditions. The solution was 

based on studying the response of pile in elastic soil which provides an expression for pile 

stiffness in a closed form. The manner of load transfer was divided into pile shaft and base. The 

pile shaft calculation considered the pile surrounded by concentric cylinders of soil, with shear 

stress of each cylinder. They developed equations that could be used instead of the design 

charts like that collected and developed by Poulos and Davis (1980).   
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2.2.1.4 Pile group under vertical load   

It was accepted by many researchers such as Tomlinson and Woodward (2008) and Fleming et 

al. (2009), that in most cases the single pile without a group supporting capacity is higher than 

that in a group. A group effect factor should be taken into consideration for the design of piles 

in group. Design charts were developed by Poulos and Davis (1980) to show the effect of group 

on the pile. The design charts include the spacing, number and size of piles, etc…       

2.2.2 PILE SUBJECTED TO DIRECT LATERAL LOAD    

The soil response for direct lateral load on piles was summarized by Reese and van Impe 

(2001) and they showed that the reaction modulus that could be used for lateral piled load 

design is defined by the depth below ground surface z and pile deflection y. The unit stress 

distribution before and after lateral load on pile is described in Figure 2-7. 

 
Fig. 2-7: Distribution of unit stress before and after lateral load (after Reese & van Impe, 2001) 

 

           
   (a) Short pile 

             
          (b) Long pile  

Fig. 2-8: Variation of soil resistance along laterally loaded piles (Fleming et al., 2009) 
 

There are two modes of pile collapse and they are classified into short and long piles. The pile 

that rotates as a rigid body is called short pile, and that which rotates in upper part above a 

H 

H 
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plastic point is called long pile (Fleming et al., 2009). Figure 2-8 shows the variation of soil 

resistance according to the classification of short and long piles for unrestrained piles and 

restrained piles. The mechanism of failure affects the bending moment shape and calculation 

type. In order to know the pile behavior whether it act as short or long pile the stiffness factors 

are determined which depend on the “EI” values.  

The plastic moment for a short pile is calculated as Pbc (lbc-h), where h is the depth of hinge 

point and P is the relevant equivalent force. The maximum horizontal force can be calculated 

from the force and equilibrium moment equations. The plastic moment for long piles is equal to 

that at axis B, while the pressure acting below it can be ignored. The maximum horizontal force 

can be calculated by the equilibrium moment equation.   

2.2.2.1 Ultimate lateral capacity    

The calculation of the pile ultimate resistance depends on the soil type (cohesive or cohesion- 

less soil) and the pile mode of failure (short or long). Hansen (1961) developed a method that 

can be used to determine the ultimate lateral capacity (Hu) of short rigid piles. The main idea 

was depending on calculating the moment about the point of rotation “x”. Horizontal elements 

were used to divide the passive resistance diagram as shown in Figure 2-9.  

 
Fig. 2-9: Hansen’s method for calculating ultimate lateral resistance of short piles (a) soil reactions (b) 

shearing force diagram (c) bending moment diagram (Hansen, 1961) 
 
The unit passive resistance can then be calculated for each element, which also depends on the 

passive pressure friction and cohesion coefficients. By calculating the moment at point “x” 

which is equal to zero, the value of ultimate pile horizontal resistance Hu can be calculated from 

Equation 2.6 

𝐻𝑢(𝑒 + 𝑥) =  �𝑝𝑧
𝐿
𝑛
𝐵(𝑥 − 𝑧) + �𝑝𝑧

𝐿
𝑛

+ 𝐵(𝑧 − 𝑥)
𝑥+𝐿

𝑥

𝑥

0

 2.6 
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The maximum moment can then be calculated at the point of zero shear and it should not 

exceed the ultimate moment of resistance Mu. Fleming et al. (2009) finalized design charts that 

can be used to determine the soil resistance for short and long piles in cohesion-less soils.  

2.2.2.2 Deflection of piles under lateral load    

Matlock and Reese (1960) suggested a subgrade reaction approach that used the coefficient of 

subgrade reaction (k) in order to calculate the pile lateral deflection and also calculate the pile 

shear force and bending moment. Another approach was studied by Randolph (1981) based on 

finite element and boundary element modeling and is known as the elastic continuum 

approach. The pile deflection under lateral load is at its upper part and it may extend to about 

10 times its diameter (Fleming et al., 2009).  The tolerable limits of pile lateral deflection can 

be defined by simple methods. One of these methods is described by (Tomlinson, Woodward 

2008). They assumed that the pile at an arbitrary depth is fixed. According to Figure 2-9, the 

deflection that of free head and fixed head piles can be calculated from Equations 2.7 and 2.8, 

respectively.  

𝑦 =  
𝐻(𝑒 + 𝑧𝑓)3

3𝐸𝐼
 2.7 

 

𝑦 =  
𝐻(𝑒 + 𝑧𝑓)3

12𝐸𝐼
 2.8 

where: H is the horizontal working load, zf is the assumed depth from ground surface to the 

virtual fixation point, E is the elastic modulus of the material forming the pile and I is the pile 

moment of inertia.  

2.2.2.3 P-y Curves    

The relation between the pile deflections (y) at any depth due to soil resistance (p) is known as 

the P-y curve that is not affected by the pile shape and stiffness. It was first obtained by Rees et 

al., (1974) for sand. Figure 2-10 shows the typical P-y curves. 
 

   
     (a)                            (b)                              (c) 

 
Fig. 2-10: p-y curves for laterally loaded piles (a) typical p-y Curve (b) shape of curves at various depths 

x below soil surface (c) family of P-y curves for proposed criteria (after Reese et al. 1974)  
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2.2.2.4 Pile group under lateral load    

In general, the laterally loaded pile group forms a block failure as shown in Figure 2.11a, where 

the load is parallel to the individual blocks (Fleming et al., 2009). They found out that the shear 

stress τs shown in Figure 2-11b on the sides of the soil block could be calculated as 

τs = K σ`v tan φ` 2.9 

Where K lies between Ko and Kp. In this case, the spacing s should be  

s/D < Kp2 / 2K tan φ` 2.10 

  

 
(a) Block failure  

 
 

 
 

(b) Block failure Plan 
 

(C) Failure shape 
Fig. 2-11: Pile group under lateral load (after Fleming et al., 2009) 

 
The expected failure in the pile group is presented in Figure 2-11c. The group could be 

subjected to rotation and translation. The compression load of the piles in the back will increase 

while the front piles compression load will decrease due to the uplift. The capacity of pile will 

then be calculated based on the original axial load and that one from the lateral loading.   

The modification on the p-y curve that was made by Reese and van Impe (2001) included the 

pile group reduction effect on the individual piles within the group. Such modification is 

presented in Figure 2-12. It could allow computing the loading of each pile in the group and 

hence the deflection and bending moment.     

 
 
 

Fig. 2-12: The modified soil resistance for a p-y curve for a single pile in case of pile group interaction 
(Reese and van Impe, 2001)   
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2.2.3 PILE SUBJECTED TO PASSIVE LATERAL LOAD    

The pile could be subjected to passive soil movement due to several reasons, for example the 

embankments near existing piles, tunneling, piles surrounded by soil subjected to later spread 

after earth quick, piles near slopes or different types of excavations including slurry trenching.  

2.2.3.1 Pile under lateral soil movement (theory)     

The pile response under soil lateral movement in general was studied by many researchers. 

Poulos & Davis (1980) developed an approach based on the elastic interaction between moving 

soil and pile. They assumed the pile to be a vertical strip divided into elements as shown in 

Figure 2-13a. The soil was assumed an isotropic elastic material. The soil Young’s modulus 

and resisting force were allowed to vary along the pile. A displacement was imposed between 

the pile and the adjacent soil to solve the problem. A thin strip equation of flexure was written 

in finite difference form in order to obtain the pile displacement. The displacement equation 

could be written as 

[𝐷]{𝜌} =
𝐷𝐿4

𝐸𝑝𝐼𝑝
{𝑝} 2.11 

where: 

{ρ} Pile-displacement vector 

[D] the matrix of the finite difference coefficient  

{p} horizontal pressure vector 

They used this method to develop several charts to examine the pile behavior under different 

factors including pile diameter, soil movement distribution, boundary conditions, etc... 

The lateral response of vertical pile to lateral soil movement was theoretically analyzed by 

Chen and Poulos (1996). A specified free-field soil movement profile and simplified 

boundary-element were used to compute the pile response. The finite element was used for 

simulating the pile group effect. They provided design charts for the pile maximum bending 

moment and head deflection. Their solution was based on simulating the pile subjected to 

lateral soil movement as shown in Figure 2-13b, where Lu is the pile length in the unstable soil 

layer and Ls is its length in the stable one. The soil movement was assumed to be only lateral. 

The pile was modeled as a simple elastic beam while the soil was modeled as an elastic 

continuum. The horizontal pile soil interaction process and pile stiffness are used to determine 

the lateral displacement of the pile and the soil elements. The pile flexibility was taken into 

consideration.   

Vertical passive piles subjected to passive loading were elastically analyzed by Xu, Poulos 

(2001). The boundary pile soil element was used to model the soil and pile interaction. They 

provide a realistic estimation of the pile behavior under different soil movements.   
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A series of laboratory tests were conducted by Pan et al. (2002) to study the horizontal soil 

movement on piles. In their study they focused on the ultimate soil pressure acting along the 

pile length, in order to understand the interaction between piles and moving soil. They found 

that in most cases the ultimate soil pressure was inversely proportional to pile spacing. 

  

a: (after Poulos and Davis 1980) b: (after Chen and Poulos 1996) 
  Fig. 2-13: Piles in soil undergoing lateral movement  
 

Ghee (2010) took into consideration the vertical load over the pile during subjecting it to lateral 

soil movement. In his study, he focused on experimental simulation with several parameters 

such as axial load, the ratio of moving to stable soil layer, soil properties and pile diameter. The 

group effect of the piles was taken into consideration. Qin and Guo (2013) also discussed the 

results of Ghee (2010) and they came to the conclusion that the piles arranged in a row of two 

piles had the same results as those of single pile when subjected to lateral soil movement. The 

group factor was directly proportional to the pile spacing within the group. The maximum 

bending moment and shear are in a linear relation for both single pile and piles in a group. 

Hirari (2016) introduced an analytical approach based on the three-dimensional soil 

displacement. He found out that the 3-D method did not show a greater difference than Poulos 

& Davis (1980) 1-D method. Bauer (2016) derived a calculation method for later pressure on 

piles based on results from numerical parametric study. He defined the main factors that 

influence the lateral pressure on piles as pile roughness, shape and size in addition to the 

undrained shear strength of the soil and the strain rate of soil moving around the pile.  

2.2.3.2 Pile near embankment    

Many researchers studied the effect of embankment on nearby piles. Cole (1980) recorded the 

rotation of a bridge piled foundation in Scotland due to lateral soil pressure below ground 

surface. Such a pressure was due to the embankment fill near the bridge abutment. 

Stewart et al. (1994) performed a series of centrifuge model tests in order to predict a method 

that can estimate the bending moment and deflection for a pile adjacent to an embankment. The 

piles were located on a soft clay layer underlying dense sand layer and the embankment was 

constructed later. They developed design charts for different surcharge loads and pile rigidity. 
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The method was based on a simple soil deformation mechanism. An approximate soil-pile 

displacement was assumed. They used a simple triangle displacement mechanism to drive the 

soil displacement as shown in Figure 14. The lateral displacement ys at any depth is related to 

the average mobilized shear stress τmob. It was calculated based on approximating the lower 

boundary plasticity solution for the collapse of an infinitely wide strip footing. Active and 

passive zones of stress were assumed one under the footing and one at the free surface. The pile 

existence shows the difference in Mohr’s circles in the two zones and hence the load carried by 

the pile can then be estimated.  As shown in Figure 2-14, the pile cap was represented by a 

moment Mhead at the top preventing the rotation by allowing deflection. The load Pm on the pile 

was chosen to be applied at the location where the soil is displaced more than the pile 

deflection. Below this zone, the pile is considered to be unloaded and then fixed at the location 

where the pile did not show any deflection. In this case the pile is equivalent to a cantilever. 

The relative soil-pile displacement is used to determine the pressure acting on the pile as 

following. 

Pm = 5.33Gr(ys-yp)/D 2.12 

where  ys is soil displacement    
        yp is pile deflection  

        Gr is reduced shear modulus in the zone around the pile  

Two centrifuge model tests were carried out by Springman et al. (1995) in order to investigate 

the response of piled full high bridge abutments to the construction sand embankment. They 

found out that the empirical correlation suggested by Stewart et al. (1994) underestimated the 

bending moment values of pile groups connected into elevated caps, and adjacent to 

embankments constructed on deep soft layers.  

 
Soil displacement mechanism 

 
Displacement             Pile loading  

Fig. 2-14: Soil displacement mechanism and loading (after Stewart et al., 1994) 
 

The finite element analysis was used by Goh et al. (1997) to study the embankment effect on 

the existing single pile. They compared the results from full-scale tests and the centrifuge 

model tests with their numerical results. They made a parametric study. The results were used 

to develop an empirical design equation, which can be used to quickly estimate the pile 

bending moment for the case of piled foundations near sloped embankment base.  
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2.2.3.3 Pile in or near slopes   

It is highly expected for piles that support slopes or located near slops to carry lateral loading. 

Ito and Matsui (1975) discussed the lateral force on stabilizing piles due to plastic soil 

deformation. He showed that the distance between the piles in a row affects the value of lateral 

force acting on the pile. The lateral force is directly proportional to friction angle or cohesion. 

Poulos (1976) made a theoretical analysis to study the behavior of laterally loaded piles in 

cohesive soil near to a slope or cut. The elastic theory was used until the soil was allowed to 

yield. He found that the slope affects pile if it is at a distance less than four diameters from the 

top of the slope. The effect of slope on piles is influenced by the pile stiffness. Poulos (1995) 

studied the effect of piles on the slope. He showed that the pile could be used to stabilize the 

soil slope; however, it could fail due to different slope failure modes. Jeong et al. (2003) 

simplified a numerical approach in order to analyze the pile subjected to lateral soil movement 

in a slope. Their study was made with uncoupled pile/slope analysis, where the method was 

intermediate between continuum analysis (coupled analysis) and the pressure based Bishop’s 

method (uncoupled analysis). In the uncoupled analysis method, they assumed that the failure 

surface divides the soil into a sliding soil (passive portion) which is supported by a row of piles 

that transfer the load to the underlying layer (active portion). They first determine the 

pressure-displacement curves and then they can be used as an input for the beam resting on 

nonlinear soil spring supports which represent the pile as shown in Figure 2-15. The 

stabilization of the slope and pile is shown in Figure 2-16, where Bishop method was 

implemented to determine the critical sliding surface. The pile shear force and bending moment 

at the location of intersection were used to determine its resisting moment (Mcr).  They found 

out that the three-dimensional finite element analysis provides a less conservative safety factor 

than the uncoupled analysis. They recommended that the pile top should be restrained to 

achieve stabilization for the soil.    
 

  
Fig. 2-15: Pile subjected to lateral soil 

displacement (Jeong et al. 2003) 
Fig. 2-16: Forces on stabilized piles  

(Jeong et al. 2003) 
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Ellis et al. (2010) developed a design method for the pile used to stabilize the slope. Their 

approach used two and three dimensional finite difference analysis to optimize the gap between 

the piles. Georgiadis (2012) used the 3D finite element analysis in order to develop the P-y 

curve for piles near a slope. 

2.2.3.4 Piles near deep excavations  

The effect of excavation activities on piles was studied by Finno et al. (1991). Their work was 

about a case study of 15m deep temporary sheet pile wall implemented very close to piled 

foundations. The movement of the pile caps was twice larger than expected; however, the 

results from the finite element method showed that the piles sustained the additional bending 

moment due to excavation.   

Poulos and Chen (1997) used finite element and boundary element methods to study the effect 

of braced-excavation on single pile. The method was based on the prediction of the soil 

movement due to excavation and without existing of the pile from the finite element. The 

Boundary element program was then used to analyze the pile after adding the soil movement 

from the previous step. Prediction of the pile deflection and bending moment is then possible. 

They then implement design charts that have variable values of soil properties, excavation 

depth, pile properties and pile head condition. The pile head condition was the most 

influencing factor. Their charts were applicable only for braced-excavation. The same 

approach was used in parallel by Poulos and Chen (1996) to provide charts for the unsupported 

excavation. The charts from both studies were limitedly verified in field. Hence, Leung et al. 

(2000) performed series of centrifuge model tests to study the direct influence of conducting 

un-strutted deep excavation near a single pile foundation in dry dense sand. Their study 

included the case of a stable and unstable retaining wall. The pile bending moment and 

deflection near a stable wall were highly influenced by its location from the wall and restriction 

of its head. The pile tested near the unstable wall and in the failure zone showed a significant 

moment and deflection, while the piles outside such zone were relatively low in bending 

moment and deflection values. Leung et al. (2003) used the same procedure of the centrifuge 

model tests for a group of 2, 4 and 6 piles in a different arrangement. The two piles group 

arranged in row parallel to the wall showed no difference in comparison with single pile while 

that perpendicular showed a slight difference regarding pile deflection and bending moment. 

The more the number of piles the less the values of bending moment and deflection of the pile 

due to the excavation. The piles near to the wall within the group are effected more than those 

rear piles, which work as a fixation to the front piles. The effect of excavation on the single pile 

behavior in clayey soil was discussed by Leung et al. (2006) using centrifuge model tests. The 

pile deflection and bending moment were observed during the excavation until failure. They 
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found out that the bending moment of the pile increases with progressing excavation and it was 

reduced again when the excavation ended and bending moment may be reduced even before 

completing the excavation for the walls that experienced failure. The trend of pile deflection 

was always increases with time as shown in Figure 2-17. Ong et al. (2006) performed the same 

study of Leung et al. (2006) for the stabile wall but they showed an increase of bending 

moment with time contradicting with the results of the unstable wall. The centrifuge model 

tests simulating excavation near pile groups of different configurations and sizes in soft clayey 

soil were discussed by Ong et al. (2009). The excavation was carried out in intervals to 

simulate the strutting. As discussed before, they confirm that a pile in group is influenced less 

than single pile considering the same distance from the wall. Each pile within the group 

experiences different bending moment and deflection values. 

 
Fig. 2-17: Development of maximum (a) head deflection and (b) bending moment of the pile during and 

after excavation (after Leung et al., 2006) 
 

The results of a full scale 16m deep strutted deep excavation implemented near existing 

instrumented pile in mixed soil layers were discussed and analyzed by Goh et al. (2003). A 

0.8m diaphragm wall was used to support the excavation. The pile was located 3m from the 

diaphragm wall and it was monitored using an in-pile inclinometer. The pile was 45m deep and 

the recorded maximum movement was 28 mm at the upper third (12 m from the top). The soil 

movement was noticeably higher than the pile movement. A simple numerical simulation for 

the problem was conducted. The pile was simulated as a beam element, while nonlinear 
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horizontal springs were used to simulate the soil-pile interaction. The results from the 

numerical analysis and field data was in a good agreement.     

Zhang et al. (2011) developed a new analysis based on the beam on an elastic foundation 

method in order to predict the free-field soil movements during deep excavation. They used the 

new method and applied it for an excavation near a single pile. Their results were slightly less 

than those calculated by Poulos and Chen (1997). They also pointed out that the axial force is 

also effecting the lateral response of pile at some cases.   

Korff (2013) studied the effect of deep excavation on piled buildings through the construction 

of the north south metro line in Amsterdam. The case histories of her work will be described in 

the next chapter. It is worth herein to show an overview of her model describing the soil-pile 

interaction. The intention of her model is to find out the change of skin friction due to the 

difference in movement values between soil and pile during excavation activities. An 

interaction level (zi/Lp) was defined and located where the pile and soil displacement are 

equal. The determination of the interaction level is based on dimension less factors. The main 

concept of calculating the interaction level can be derived from the following equation 
𝑍𝑖
𝐿𝑝

=
𝑃2 − 𝑃1
∆𝑆

 2.13 

where P1 is the pile displacement from the initial load, P2 is that due to load and soil 

displacement and ∆S is the soil settlement. The value of P2 could be calculated based on the 

following equation. 

W = � 𝜏.𝜋.𝐷𝑑𝑧 + 𝑄𝑏

𝐿𝑝

0

 2.14 

where W is the actual load above pile and D is the pile diameter and Qb is the bearing capacity 

of the pile. The shaft friction τ is a function of pile settlement P2 and can be calculated from 

τ = tanh �
𝑆𝑧 − 𝑃2
𝐷𝑧

� . 𝜏𝑚𝑎𝑥 2.15 

where Dz is the relative displacement at which τmax (the maximum friction) is reached.  

A chart was suggested to be used for the determination of the interaction level (z/Lp) based on 

the analytical solution. The upper part of the curve is applicable for excavation while the lower 

part is applicable for tunneling as shown in Figure 2-18. 

Liyanapathirana and Nishanthan (2016) used the finite element method to study the effect of 

excavation on adjacent single pile. They verified their numerical simulation by the centrifuge 

test results conducted by Ong et al. (2006). They performed a parametric study and provided 

design charts for the case of a single pile near excavation.   
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Fig. 2-18: A suggested curve to determine the interaction level for friction pile (Korff, 2013) 

 

2.3 DIAPHRAGM WALL INSTALLATION  

In the last decades the increasing number of population inside cities encouraged the engineers 

to use the underground space to solve cities problems. Deep excavation and tunnels are the 

common methods used for the underground projects. The deep excavation can be supported by 

several techniques such as sheet piles, retaining walls, secant or tangent pile walls, diaphragm 

walls …etc. Soil characteristics, adjacent buildings, site layout, available space …etc. control 

the choice of the deep excavation supporting technique.  

The diaphragm walls techniques are widely used in supporting deep excavation in the cities as 

they can be used when space is limited and also as a water barrier. It is also known as slurry 

walls as the slurry (bentonite) is used for supporting the trench and it was first constructed in 

the middle of the last century (i.e. about 60 years ago). The execution and design of the 

diaphragm wall is referred to three phases, the first is related to the excavation of the trench 

with protection of slurry. The second is the excavation of the pit after the completion of 

concreting and in this case the wall acts as a ground support. The last stage is the interaction of 

the wall with the other structure components in case it is a permanent wall. In the three phases 

there is an effect on the surrounding environment, which causes settlement near the wall and 

may cause damage for the surrounding structures. This section describes the analysis of the 

diaphragm wall during trenching and its effect on the ground surface. The case studies and 

laboratory works discussing the trenching process on adjacent piled structures are to be 

discussed in details in the next chapter.  
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2.3.1 BENTONITE SLURRY AND FILTER CAKE   

There are several functions of bentonite slurries in diaphragm walls such as  

a) Forming hydrostatic pressure that supports the excavation  

b) Suspend detritus  

c) Remain in the trench and don’t penetrate to the soil  

d) Easy to be pumped  

e) Easy to be displaced by concrete  

f) Enable recycling 

However, these functions are contradicting each other, as the first three required a dense slurry 

while the others required it to be fluid (Hutchinson et al., 1974). They carried out experiments 

in cooperation with Cementation Research Ltd in order to enhance the slurry properties. They 

found out that adding a small amount of fine sand could change the sealing mechanism and 

decrease dramatically the initial fluid loss. They recommended a lower density of slurry of 

about 10.34 kN/m3 and bentonite concentration above 4 %. On the other hand, and in order to 

facilitate the placement of concrete they recommended that the slurry density should not 

exceed 13 kN/m3. Weiss and Winter (1985) showed in their description of DIN 4127 that the 

bentonite density ranges between 10.1 and 13 kN/m3.   

The hydrostatic pressure of the slurry which is affected by the formation of the filter cake was 

discussed by Elson (1968). The stress diagram with and without filter cake is shown in 

Figure 2-19(a). The diagrams ACD and ABC are representing the stress with and without filter 

cake, respectively. Generally, the nonexistence of filter cake causes the slurry pressure to be 

less than theoretical; however, by calculating Ca from the figure in both cases, the slurry 

penetration in the soil could increase slightly the apparent shear strength of it, where τf is the 

slurry shear strength.          

The bentonite concentration increase in slurry affects the slurry wall by improving the stability 

of the trench in case of the filter cake was not formed. It allows larger particles to suspend on 

slurry, which helps in filter cake formation in coarse soils. It increases the unit weight of the 

slurry as more particles suspended on it (Filz et al., 2004). They studied the formation of filter 

cake for the sandy soil. The particle size of the sand affects the formation of the filter cake as it 

is considered to be pure bentonite or with silt and fine sand according to the D15 size of the 

sand, Figure 2-19(b). If the sand is too coarse the slurry is expected to penetrate into the soil as 

shown in Figure 2-19(c). The distance L can be calculated based on the slurry and water level 

and unit weight and the dimensionless stagnation gradient. The bentonite penetration of the 

sand did not affect significantly its properties as it depends mainly on the voids size, the 

difference between the slurry and the water levels and the bentonite concentration in the slurry. 
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On the other hand, Filz et al., (2004) also confirmed that without the formation of filter cake 

there could be a high possibility of slurry pressure reduction. The local stability without filter 

cake formation can be calculated from equation 2.16. 

𝐹𝑙𝑜𝑐𝑎𝑙 =
𝑖0𝛾𝑤 tan∅

𝛾𝑏𝑠
 2.16 

where io is the stagnation gradient, φ is the friction angle of the soil and γbs is the buoyant unit 

weight of the slurry-saturated soil and equals γss - γs. where, γss is the total unit weight of the soil 

when it is saturated with the slurry and γs is the soil unit weight.     

    
Fig. 2-19: (a) Stress diagram in zone of soil impregnated with slurry (after Elson, 1968)   

(b) Formation of bentonite filter cakes (c) Slurry penetration into soil (after Filz et al. 2004) 

2.3.2 ANALYTICAL SOLUTION OF SLURRY TRENCH STABILITY   

The type of soil (cohesive or cohesion-less) is affecting the analysis method. The following two 

sections describe the analysis methods in clay and sandy soils followed by a section describing 

the analysis methods applicable for both types.  

2.3.2.1 Analytical solution in cohesive soils 

The stability of slurry trench for cohesive and cohesion-less soils was studied by Nash and 

Jones (1963). The general idea is to analyze the failure surface as shown in Figure 2-20a. This 

failure plane is inclined with a value of θ from the horizontal and the wedge of failure should be 

balanced with the slurry pressure Ps.   

The stability calculation for cohesive soils is based on knowing the value of Hcr, which 

indicates the critical height. The value of θcr in the failure plane can be determined according to 

the friction angle and used equal to 45o in case of φ = 0o. Ps is the slurry full hydrostatic force. 

The following simple equation is used to calculate the critical depth:   

𝐻𝑐𝑟 =  
4𝑐 − 2𝑞
𝛾 − 𝛾𝑠

 2.17 

where q is the surcharge that act on surface and γs is the unit weight of the slurry and c is the 

undrained cohesion.  

The trenching process is generally quick and the water content did not change; accordingly, the 

undrained condition is then considered. The friction angle is then equal to zero and the 

cohesion “c” can be replaced with the undrained shear strength (Xanthakos, 1994). 

(a) (b) (c) 
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Fig. 2-20 Slurry trench stability: (a) Section through trench. (b) Force polygon for purely cohesive soil 
(φ = 0). (c) Force triangle for purely cohesion-less soils (c=0). (d) stability of trench in sand with natural 

water level (after Xanthakos, 1994) 
 

Nash and Jones (1963) did not took into consideration the arching effect discussed by Terzaghi 

(1943), which considered that a shear resistance appears between the parts of soil that subjected 

and not subjected to yielding. The trench panel is considered to be a three dimensional problem 

and the arching effect should be considered. The field studies conducted by DiBiagio and 

Myrvoll (1972) showed that the displacement is more in the center of the trench than at its ends 

as shown in Figure 21(a). The possible shape of arching action of the trench panel was 

discussed by Xanthakos (1994) and is shown in Figure 2-21 (b). The ends of the panel carry the 

load of the soil, which tends to creep in the center of the panel. A semi-empirical method was 

suggested by Aas (1976) and Karlsrud (1983) based on the data provided by DiBiagio and 

Myrvoll (1972). The failure zone was divided into two parts, upper and lower part. The upper 

part tends to move vertically and the lower part tends to move into the trench side as shown in 

Figure 2-22. The undrained shear anisotropic nature was considered. These methods provide a 

higher safety factor than that obtained from Nash method.  

  
(a) (b) 

Fig. 2-21:  (a) The change of width for typical gage points for tested panels (after DiBiagio and 
Myrvoll, 1972) (b) Arching effect of trenches in clay (after Xanthakos, 1994)  
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Fig. 2-22:  Assumed failure condition in trench, and stability analysis (after Aas, 1976)  

 

The factor of safety can be calculated according to Figure 2-22 from the following equation.  

𝐹 =
𝜏𝑉𝐷

𝑑(𝛾𝑠 − 𝛽2𝛾𝑠)
�2
𝜏𝑉𝐷
𝜏𝑇𝐷

+ 0.6 + 0.86
𝑑
𝐿
� 2.18 

where:  τVD is the van shear strength at depth “d”, τTD is the triaxial compression strength and 

γs is the slurry density.  

Tamano et al. (1996) discussed the stability of slurry trenches based on the displacement and 

water pressure results of a trench tested panel in soft clay. They indicate the lateral earth 

pressure based on the pressure difference between the horizontal stress and slurry pressure. The 

positive value of lateral earth pressure means that the soil moves toward the trench creating 

active or semi-active condition. Accordingly, the earth pressure decreases and balances with 

the slurry pressure. They found out that this balance indicates that the slurry trench method is 

acceptable for normally consolidated soft clay. The stability of the slurry trench in cohesive 

soils using 2-D and 3D methods was recently discussed by Han et al. (2015). In their approach, 

they used a rotational mechanism. They found that safety factor values obtained from 3-D 

method is from 1.1 to 1.2 greater than those obtained by the 2-D method. However, the two 

methods indicate the same results if the trench length to depth is greater than 10.  

2.3.2.2 Analytical solution in cohesion-less soils 

Nash and Jones (1963) predicted a method to calculate the trench stability of cohesion-less 

soils as was presented in Figure 2-20a and c. They assumed that the factor of safety is not 

affected by depth and can be calculated from the following equation: 

  

𝐹 =
2�𝛾𝛾𝑓𝑡𝑎𝑛𝜑
𝛾 − 𝛾𝑓 

 2.19 
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The effective friction angle, soil and slurry unit weight are used instead in case of groundwater 

table as shown in the following equation: 

𝐹 =
2�𝛾`𝛾`𝑓𝑡𝑎𝑛𝜑`

𝛾` − 𝛾`𝑓
 2.20 

Based on slurry trench failure case history, Morgenstern and Amir-Tahmasseb (1965) provided 

an improvement on the calculation by adding the resistance due to sliding to the wedge edges. 

They recommended that the increase of slurry density due to suspended particles should be 

taken into consideration. Prater (1973) suggested also adding additional shear strength during 

sliding for the sliding rigid soil block as shown in Figure 2-23a.  

Piaskowski and Kowalewski (1965) suggested a parabolic cylinder ABC - A`B`C` as a sliding 

wedge (Figure 2.23b). The failure is assumed to take place in the plan A`B`C` which inclined 

with angle θ from the horizontal.  

Walz and Prager (1978) applied the silo theory to a plane surface as shown in Figure 2.23c. A 

prism was made in failure surface with thickness dz and was integrated to define the stability. 

This method is applicable to cohesion and cohesion-less soils.  

       

Fig. 2-23: sliding wedge shape (a) (after Prater, 1973) (b) (Piaskowski, 1965) (c) (after Walz and 
Prager, 1978) 

 

Hajnal et al. (1984) developed an analytical method based on experimental results. They took 

into consideration the arching effect that was recorded from the experiment. The ratio between 

the actual slurry pressure and the plastic state horizontal stress is characterizing the stability at 

any place. The plastic failure state on a place within the trench side is defined if 𝐾𝑎 = 𝑃𝑓−𝑃𝑤
𝜎𝑧

 . 

Tsai and Chang (1996) assumed a horizontal compression arch confining the horizontal 

movement due to earth pressure, where the end of the silo is supported by a half silo and the soil 

within it moves vertically equivalent to a vertical movement of extension arch. The results of 

this method lied between Morgenstern and Amir-Tahmasseb (1965) and Walz and Prager 

(1978) methods after conducting a comparison between factors of safety values from the three 

methods. This method was later verified by a full scale test conducted by Tsai et al. (2000).     

(a)  (b)  (c)  
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2.3.2.3 Analytical solution applicable for cohesion and cohesion-less soil  

The cylindrical surface method used for slurry trenching analysis was discussed by Xanthakos 

(1994). This method depends on considering the slip surface as a circle, which passes through 

the tip of the trench at point B as shown in Figure 2-24. The factor of safety can then be 

calculated as the ratio between the resisting moments to the acting moments around the center 

of rotation O.  The resisting moment is consisting of the shear resistance along BC by friction 

(Rf) or cohesion (Rc), the slurry pressure Pf and the cylinder ABC shear resistance. The weight 

of the wedge and the concentrated load P if exist is causing the overturning moment.  

Fox (2004) used the force equilibrium analysis of Coulomb-type to predict the critical angle of 

failure plane and the safety factor of the slurry-supported trench. He assumed a surface failure 

plan and the wedge moving as a rigid block. An example failure shape for the method is 

presented in Figure 2-24b. His methodology is simple and it provides three and two 

dimensional stability calculations for drained and undrained analysis. It can also be applied for 

different trench depths, lengths, slurry depths and groundwater table elevation, etc…. 

However, this methodology cannot predict the settlement and ground movement and cannot be 

applied for layered soil. The results from the approach showed that the trench length is highly 

affecting the factor of safety. A comparison was made between the results from the 3D solution 

approach and field results from Tsai et al. (2000), and they were in a good agreement. This 

method did not take into consideration the curved failure surface. The importance of the 3D 

analysis was clarified by Fox (2006). Accordingly, many researchers have recently focused on 

the 3D analytical solutions. Li et al. (2013) performed an analytical solution based on the 

horizontal slice method, polygon prism surfaces were forming the failure surface and the three 

dimensional effect was achieved by including the shear forces acting on the side plan. The 

analysis considered similar layered soils. The bases of limit equilibrium were used to balance 

the forces in the vertical direction of each slide and the horizontal direction for the whole 

sliding mass as shown in Figure 2-25a. The method was compared with the field data of Tsai et 

al. (2000) and the method of Filz et al. (2004) and Fox (2006). A good agreement was noticed.        

Han et al. (2013) performed a 3D and 2D analysis to study the stability of slurry trench for 

frictional /cohesive soil based on limit analysis and rotational mechanism.  The 3D rotational 

mechanism is shown in Figure 2-25 (b). The factor of safety obtained from this method was 

higher than that obtained from (Fox 2004).  

The end effect on toe failure was discussed by Zhang et al. (2016). They used the limit 

equilibrium stability analysis with a 3D rotational body mechanism that contain central 

cylinder and two end caps. Figure 2-25c shows “ρ” the slip surface with spherical coordinates 
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while its center is at unknown point (xc, yc, zc). The following differential equation could then 

be used to determine the three dimensional slip surface while tan (φm) = tan (φ`) /FS. 

𝑑𝜌
𝑑𝛽

= −tan (𝜑𝑚)𝑠𝑖𝑛�𝜌2 + �
𝑑𝜌
𝑑𝛼
�
2

 2.21 

They showed that the 3D end effects method is more applicable for narrow trenches where the 

depth of the trench to its length is high.  

A summary of the different trench methods is presented in Table 2-1.  

  
Fig. 2-24: Analytical approach (a) (after Xanthakos, 1994) (b) (Fox 2004) 

 

 

  

Fig. 2-25: 3D analysis for frictional/cohesive soils (a) (after Li et al. 2013) (b) (after Han et al. 2013) 
 (c) (Zhang et al. 2016) 

 

 

Table 2-1: Different slurry trenching analytical methods 
 

Literature  Soil type Method of Calculation /Comment 

(Nash, Jones 1963) Cohesion-less /Cohesive Two dimensional wedge limit analysis   
(Piaskowski, 
Kowalewski 1965) Cohesion-less Three dimensional wedge limit analysis   

(Morgenstern and 
Amir-Tahmasseb 1965) Cohesion-less Two dimensional wedge limit analysis 

/edge resistance effect   

(Elson 1968) Cohesion-less Two dimensional wedge limit analysis 
/filter cake effect    

(b)  

(a)  
(b)  

(a)  
(c)  
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Literature  Soil type Method of Calculation /Comment 

(Prater 1973) Cohesion-less /Cohesive Two dimensional wedge limit analysis / 
edge resistance effect   

(Aas 1976) Cohesive Two dimensional semi-empirical method / 
arching effect  

(Walz, Prager 1978) Cohesion-less /Cohesive Two dimensional/ integration of slice in 
failure wedge to include side effect 

(Karlsrud 1983) Cohesive Two dimensional wedge limit analysis / 
arching effect  (Hajnal et al. 1984) Cohesion-less 

(Xanthakos 1994) Cohesion-less /Cohesive Two dimensional / rotational mechanism 

(Tamano et al. 1996) Cohesive Difference between soil horizontal stress 
and slurry pressure   

(Tsai, Chang 1996) Cohesion-less Failure wedge assumed as a half silo  
(Filz et al., 2004) Cohesion-less Two dimensional wedge limit analysis 

/filter cake effect    
(Fox 2004) Cohesion-less /Cohesive Two and three dimensional wedge analysis     
(Han et al. 2013) Cohesion-less /Cohesive 

Three dimensional / rotational mechanism (Li et al. 2013) Cohesion-less /Cohesive 
(Han et al. 2015) Cohesion-less /Cohesive 
(Zhang et al. 2016) Cohesion-less /Cohesive 

2.3.3 SOIL DEFORMATION DUE TO SLURRY TRENCHING  

The soil deformation and settlement due to slurry trenching were studied using either 

mathematical approaches or numerical simulations. The following two sections describe each 

method.  

2.3.3.1 Soil deformation calculation using analytical solution    

The lateral displacement of the earth can be calculated from Equation 2.22 which is based on 

Timoshenko, Goodier (1951) for deep circular cut (Xanthakos, 1994). 

δh = 0.75(koγ`-γf`)2L/Ei 2.22 
Where L is the length of the panel, Ei is the initial tangent modulus of the clay and ko is the at 

rest earth pressure. 

Lei et al. (2001) used the method of complex variables with a simplified conformal 

transformation function to transfer the exterior of rectangular section into the interior of the 

circle. In order to obtain an approximate elastic solution capable of calculating the stress 

distribution and deformation around a rectangle opening such as trench. Uniaxial stress was 

used. The verification of their method was made using the finite element model. A 

two-dimensional elastic solution was made by Ng and Lei (2003) as an improvement to the 

previous method in order to solve the biaxial stress problems. The solution is found to be 

affected by both soil properties and geometric properties. They provided calculation charts that 

could help to find empirically the soil deformation and stress during trenching.     

Lei et al. (2014) approximately predicted the ground surface settlement due to the diaphragm 

wall construction along the centerline. The solution was based on applying the total earth 
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pressure on the trench side walls and base. The soil was assumed to be homogeneous, isotropic 

and elastic. The settlement was calculated by applying the method of superposition with 

respect to maximum horizontal total earth pressure changes; soil undrained Young’s modulus 

and trench length. This method was verified with finite element and field data.      

2.3.3.2 Soil deformation calculation using numerical analysis     

In the last few decades the numerical solutions were widely used in engineering problems. 

Many researchers studied the diaphragm wall trenching using numerical analysis such as finite 

element or finite difference analysis.    

Gunn and Clayton (1992) discussed the change in stress during diaphragm wall installation and 

its effect on deformation. They showed that the limit equilibrium analysis did not take into 

consideration the change in stress and its effect on design. Accordingly, Gunn et al. (1993) 

used two dimensional finite element mish to simulate a full trenching process in order to 

estimate the lateral stress reduction. The soil was modeled using the Mohr-Coulomb model 

while the slurry was simulated with an equivalent hydrostatic pressure. Their intention was to 

find out the effect of wall installation on the final wall bending moment after excavation. The 

cantilever wall was not noticeably effected, while the propped wall was affected. The 

installation effect is low if the water level is high and vice versa.         

De Moor (1994) used the 2D finite element analysis to model the panels during excavation and 

has found its effect on the lateral stress. The soil was over-consolidated stiff clay and was 

modelled using the linear elastic perfectly plastic model and the Mohr-Coulomb failure 

criterion. The slurry was simulated with hydrostatic pressure, while the concreting simulation 

was made by removing the slurry pressure and adding a linear elastic model element. His 

approach allowed for calculating the lateral stress distribution and including the adjacent 

panels’ construction effects. The results were verified correctly with field data.     

Ng et al. (1995) discussed an approach to solve the trenching process in three dimensions by 

simulating 2D finite element analyses of the excavated panel using two separated models. 

These models were divided into a vertical section and a horizontal plane. The ko was allowed to 

change according to the different stages of trenching and concreting. The horizontal analysis 

was mainly for studying the arching effect while the vertical analysis simulates the 

construction of the infinite panel. The soil was modeled with the Mohr-Column yield criterion 

as linear elastic perfectly plastic. The horizontal plane analysis was conducted first and it was 

made in three stages. Firstly, replacement the soil element by air element, then application of 

pressure that simulated the slurry pressure and finally replace again the air element with linear 

elastic concrete element. These stages were repeated for each panel. The results of the 

horizontal analysis showed that the horizontal stresses at the edges of the panel are much 
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greater than on center after concreting. However, the displacement at the center was more than 

that at the edges. The vertical analysis results showed a high concentration of shear stresses at 

the toe while the lateral stress decreased with depth above the toe and increased with depth 

below the toe.  

Instead of reducing the value of ko or to simulate the slurry and concrete by using pressure as 

was done by (Gunn et al. 1993). The two analysis methods were linked by using the horizontal 

analysis as a boundary in the vertical analysis. This linking showed that the lateral earth 

pressure is inversely proportional with the panel length as well as the wet concrete pressure. It 

was assumed to be correct due to the general good agreement that was found between the 

analysis and filed data regarding the values of Ko and ground deformation. 

A full three-dimensional finite difference analysis was performed using FLAC 3D by Ng and 

Yan (1998). The soil was stiff clay and modeled using linear elastic perfectly plastic model, 

while the nonlinear soil stiffness was modeled empirically. The model was made using two 

planes of symmetry. Quadrilateral elements subdivided into four constant stress triangular 

sub-elements were used to form the mesh. The stresses acting on the quadrilateral elements are 

the average of that act on the sub-elements. The excavation was made by setting the zones at 

the trench location to null elements and apply hydrostatic pressure on the walls surfaces. The 

concrete was simulated by placing redefine the null element with the linear elastic element and 

remove the hydrostatic pressure. The comparison between the numerical analysis and some 

results of centrifuge model tests was in a good contrast. The results showed that the horizontal 

stress was reduced but the ground deformation was very low. 

Gourvenec, Powrie (1999) used the 3D finite element analysis to study the effect of diaphragm 

wall installation on ground surface. The soil was modeled using a linear elastic plastic model 

with Mohr-Coulomb failure criterion with an associated flow rule. Unlike Ng and Yan (1998) 

they simulate multi-panels. They showed that the panel length has a high effect on deformation 

and stresses. On the other hand, the end effects simulated in 3-D restrict the displacement.   

With the progress in the numerical analysis software the simulation of the slurry trenching 

considered to be more accepted and reliable in the last decade. The new soil models are 

currently used for such a simulation with more reliable outputs. The anisotropic 

visco-hypoplastic clay model was used by Grandas-Tavera and Triantafyllidis (2012) to study 

the corner of a slurry trench. A sophisticated problem of diaphragm wall installation near 

surrounding buildings was studied and discussed by Comodromos et al. (2013). The effect of a 

diaphragm wall installation process was modeled by Mohamed (2014) using finite element and 

finite difference analysis methods with two different soil models. The results from both 
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methods and models were compared with field data showing that the finite difference method 

with the strain hardening softening soil model was the most accurate one.           

2.4 SUMMARY   

Understanding the behavior of pile is still a complex issue and its design is based on many 

empirical assumptions. The pile could be subjected to different types of loads under different 

conditions which could change its stress-strain mechanism. Several researchers studied the 

slurry trenching process. The stability and deformation was their main concern. There was a 

quit agreement that the slurry trench is a three dimensional problem, and the two dimensional 

solution will be very conservative.   

The main points from the literature review could be drawn as follows: 

• The behavior of pile subjected to (passive load) lateral soil movement is different when 

it is subjected to direct lateral load.  

• The bending moment and shape of pile deflection is greatly affected by the type of 

passive load and location of soil movement along the pile. 

• The pile head condition and the pile location within a pile group is governing its 

behavior due to lateral loads. 

• The slurry trench is a three-dimensional problem.  

• The deformation of the slurry trench will definitely affect the pile with some magnitude 

according to the dimension of the diaphragm wall (trench length in particular), soil 

type, slurry level, ground water level.   

The passive load on the pile was discussed for several reasons. However, the diaphragm wall 

effect on piled foundations was not studied as a passive load on the pile. Accordingly, there are 

main points could be addressed  

• What kind of passive load could be added to the pile during a nearby diaphragm 

installation?  

• How the pile could affect the stability of nearby slurry trench stability 

• Did the consistency of the slurry pressure due to existence of weak soil layer could 

affect the nearby piled foundation?   

• What would be the effect of the diaphragm wall installation on single pile group, 

connected pile group and piled raft foundation? 

This research is focusing in answering the addressed questions. The results of the field data and 

laboratory works regarding diaphragm wall installation and its effect in the nearby structures 

are addressed in the next chapter.   
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CHAPTER 3: PREVIOUS FIELD DATA AND LABORATORY WORKS  

3.1 INTRODUCTION   

The previous chapter showed the great effort that was made to understand stability and 

deformation of slurry trenches. It was accepted that the stability and deformation of trenches 

are affected by several factors including trench dimension, soil type and slurry level. However, 

no limit of deformation was provided, the deformation is considered accepted if the slurry is 

stable. Indeed, the stability of the slurry trench could mean that the trench will not be subjected 

to failure, but it didn’t indicate how much deformation could happen or the effect of such a 

deformation on the surrounding buildings. The deformation prediction discussed in the 

previous chapter was based on many assumptions and is applicable to some soils or cases.     

A question was raised from the previous chapter of how important is the soil deformation and 

stress changes during diaphragm wall installation. To answer this question, this chapter 

provided a collection of data regarding case histories and laboratory tests for diaphragm walls 

trenching processes from all over the world. The collected data include soil settlement, 

horizontal displacement and change in stresses (change in Ko value). The case histories and 

laboratory work regarding the effect of such trenching process on the piled foundation are 

discussed in detail in this chapter.   

 3.2 DIAPHRAGM WALLS AND DEEP EXCAVATIONS    

 The deep excavations could be performed by conducting slopes with an appropriate factor of 

safety. However, inside the cities it is almost impossible to form deep excavations with slopes, 

as in this case a huge area is required to reach the excavation level. Such an area is not available 

inside the cities. The diaphragm wall technique allows for a vertical cut and hence decrease the 

space around the pit to a minimum. The use of diaphragm walls for the excavation of the 

Vijzelgracht station in Amsterdam was very effective to reduce the construction area. The 

construction of the diaphragm wall panels was a few meters from the buildings as shown in 

Figure 3-1. The diaphragm walls are widely used around the world for the deep excavations 

and they could be part of the permanent structure system. The diaphragm wall is still existing 

and can be seen after the collapse of the World Trade Center in New York as shown in Figure 

3-2. It was part of the basement structure of the collapsed building. It can be used as a part of 

the new building.   



 

34 
 

 
Fig. 3-1: Diaphragm wall construction in Vijzelgracht station (Korff, 2013) 

 
Fig. 3-2: East Slurry wall (Meyerowitz, 2006) 

After the unification of Germany, there was a need for new planning and construction for the 

new political capital, Berlin. The diaphragm wall was a very useful element in several 

construction projects in Berlin during this time. The diaphragm walls can be obviously seen 

very clear in the aerial photos collected for Berlin construction projects between 1994 and 2001 

by (Reuter 2001a, 2001b). The construction of the underground connection of the Lehrter train 

station (Bahnhof) in a district in Berlin called Der Spreebogen is shown in Figure 3-3a. The 

diaphragm wall was also used for Debis basement stories construction for the Potsdamer Platz 

as shown in Figure 3-3 b.  
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        (a) Lehrter Bahnhof (Reuter, 2001a)                  (b) Atrium tower (Reuter, 2001b) 

Fig. 3-3: Diaphragm walls in Berlin   

It is obvious that the diaphragm walls were widely used in very complex engineering projects; 

however, their failure during excavation or trenching could cause a catastrophe. Normally, 

diaphragm walls constructed in urban areas and their failure could probably affect the nearby 

structures. In some cases, the failure causes minor damage in form of cracks or tilting like that 

documented by (Korff, 2013) for a historical house that suffered cracks during excavation for a 

metro station in Amsterdam. Another case of minor damage happened in the Courts of Justice 

in Hong Kong during the installation of the diaphragm wall (Davies and Henkel, 1982). The 

collapse of diaphragm walls could also cause total damage of the nearby buildings, which may 

lead to the loss of human lives. In Cologne (Köln) 2009 a failure happened during deep 

excavating which caused the death of two people, total collapse of the nearby historical city 

archive and some other buildings. The reasons of such a collapse are not clear and still under 

investigation. However, many researchers have described the problem, such as (Sieler et al. 

2012; Katzenbach et al. 2012; Moormann et al. 2014; Sieler et al. 2015; Schwarze et al. 2016). 

The failure of the historical city archive is shown in Figure 3-4a. The failure of the panel did 

not happen after finishing the excavation. It happened during stepped dewatering. The water 

was inside the excavation area with the valuable books from the historical archive. A number 

of technical challenges were facing the engineers to solve such problems. Freezing was 

implemented to stabilize the defect area behind the diaphragm wall, while the secant pile wall 

was used for separating the inspection area as shown in Figure 3-4b. Before dewatering, steel 

cages were placed in front and back of the diaphragm wall for reinforcement as shown in 

Figure 3-4c. Dipl. Ing. Steffen Hein (DEKRA Company) provided a photo for the recent 

situation (Figure 3-4d) during the discussion held on February 2016 in Freiberg.      

Diaphragm 
Wall Diaphragm 

Wall 
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(a) Failure of the historical archive (Moormann et 

al. 2014) 

 
(b) Secant pile wall and freezing (Moormann et al. 

2014) 
 

 

 
(c) Reinforced steel cages in front and back of the 

diaphragm wall   

 
(d) Recent current situation of the defected area 
(Photo taken by Dipl. Ing. S. Hein – December, 

2015)  
Fig. 3-4: Diaphragm wall Failure in Cologne and current situation   

3.3 EFFECT OF SLURRY TRENCHING ON GROUND SURFACE (GREEN FIELD)   

The deformations due to deep excavations have taken a lot of attention. However, the influence 

of the diaphragm wall trenching on the ground surface should be taken into consideration 

especially when a thick soft soil is located (Poh and Wong, 1998). The deformation of the 

ground surface and stress change due to slurry trenches from field observation and laboratory 

tests are discussed in this section. The soil deformations include settlement and horizontal 

displacement. This section is divided into three main parts.  

• Case histories   

• Field tests (Tested panels) 

• Laboratory testing 
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3.3.1 CASE HISTORIES   

There are several recorded case histories from real construction projects, where the diaphragm 

wall installation effect on the ground surface was monitored and discussed. Generally, the 

measurements include settlement and horizontal displacement for the area around the 

construction. The stress change was rarely monitored as well as trench width.   

Morgenstern and Amir-Tahmasseb (1965) studied the failure of some panels of trench 

excavation due to flood of the River Rhône at Pierre-Bénite, France. The panels were 0.6m in 

width, length range between 9 and 20m and its depth was ranging between 8 and 28 m. Neither 

settlement nor horizontal displacements were record, only the failure of the panel was 

described whether exterior or interior. The authors concluded that the ground water level is 

highly affecting the stability of the trench, and the rise of the water table due to the flood was 

the reason of failure. The suspension of cuttings with the slurry increases its density; however, 

the stability of excavation is almost not affected by the slurry strength.  

The use of slurry trench in a two tunnel sections project in soft clay in Oslo was discussed by 

Karlsrud (1983). The first section was a two-storey tunnel at Studenterlunden (S.L.) with a wall 

depth of 21m, while the second section was one-storey tunnel at Jernbanetorget (J.B.T.) with a 

wall depth of 15m. The settlement, horizontal displacement and earth pressure were monitored 

for both stations even during the diaphragm wall trenching. The surrounding buildings 

settlement was monitored as well. The clay of the J.B.T. was much softer than the of S.L. 

Accordingly, the slurry density used in the J.B.T. was 13 kN/m3 while that used for the S.L. 

was almost equal to the water density. The soil deformation of both sections due to slurry 

trenching was low; however, it was several times higher due to the main excavation process. 

The decrease of horizontal earth pressure due to main excavation was not so high compared to 

that of diaphragm wall trenching.          

The effect of secant pile wall construction on the ground deformation and soil stress was 

discussed by Tedd et al. (1984) as part of the cut and cover tunnel project in London. Soil 

deformation and lateral earth pressure were measured.  

Cowland and Thorley (1985) presented a study for a seven case histories in Hong Kong for the 

slurry wall trenches. The study includes the effect on the nearby building as well. The soil was 

almost the same for all the projects, a fill layer was at the top 6m overlying a marine deposits 

layer. Alluvium layer was in the middle while the lower two layers were composed of 

completely and highly decomposed granite. The depths of the trenches were between 20 and 50 

m with variable lengths and thicknesses. They presented the surface ground settlement from all 

the sites as a function of the trench depth. The settlement of the buildings near the slurry 
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trenches area was also presented. The tilt of the buildings was calculated based on the ratio of 

the foundation/ trench depth ratio and was obtained from:  

αtilt = 0.6 + d/H 3.1 
where d is the foundation depth and H is the slurry trench depth. The buildings settlements and 

corresponding tilt are presented in Figure 3.5 (a) and (b), respectively. 

  

Fig. 3-5: Effect of slurry trenching on building (Cowland and Thorley, 1985)  
 
Field monitoring results of diaphragm and bored pile walls for three different sites were 

presented by Symons and Carder (1993). They measured the stress distribution and water 

pressure. Diaphragm walls were used in two sites and it was T shape section with thickness of 

0.8m, length of 4m and 2.7m and depth of 13.5m. The lateral stress was not measured for one 

of them but the pore water pressure was measured for both. The measurement of the lateral 

earth pressure was at a distance of 1.5m from the front face of the T-section diaphragm wall 

using spade shaped pressure cells during construction of different panels. The drop in lateral 

stress was around 50kN/m2 and 160kN/m2 during the trenching process. The effect of wall 

installation on coefficient of earth pressure (K-values) is presented in Table 3-1, the values 

decrease with depth. The pore water pressure decreased during excavation and then it increased 

during concreting to values slightly greater than the original normal values, while it returns 

back to its normal values after more than one month from time of excavation.  

Table 3-1: Effect of wall installation on K-value (Symons and Carder, 1993) 

Spade Cell Depth (m) K-value before  K-value after  Decrease Ratio 
SC8 8 1.6 1.5 94% 
SC9 10 2.3 2.0 87% 
SC10 12 2.2 1.3 59% 

 
Tse, C.M. and Nicholson, D.P. (1993) also present the monitoring resulting of the diaphragm 

wall installation on clayey soil (London Clay). The monitored project contained 140 

diaphragm wall rectangular panels with a length of 3.75 m, a thickness of 0.8m and a depth of 

about 23.5 m, which was mainly governed by its bearing function. The maximum recorded 

horizontal displacement due to diaphragm wall trenching was 3mm.      



 

39 
 

Monitoring of a multi-propped diaphragm wall in Lion Yard, Cambridge with a typical length 

of 8.5 m and a thickness of 0.6 m with a depth approximately of 16m was presented by Lings et 

al. (1993). The soil was mainly Gault Clay overlaying a greensand layer while the upper layer 

was a Fill layer. The main focus of their work was to study the effect of main excavation on 

ground deformation and the behavior of a single panel (bending moment and deflection). 

However, the discussion was directed toward understanding the effect of trenching on the 

lateral earth pressure. A decrease up to 50% in the lateral earth pressure was recorded. On the 

contrary, the settlement was almost negligible.       

Hamza et al. (1999) studied three different cases of diaphragm wall installation for different 

underground metro stations in Cairo. The idealized soil profile consisted of mainly sandy soil 

under 5 m layers of fill and clay. The water table was 2m under the ground surface. The average 

depth of the diaphragm wall was 50 m. The average settlement to trench depth ratio was about 

0.031% with a maximum value of 0.052%. They confirmed an equation for settlement 

calculation due to the diaphragm wall installation as following:  

𝑆𝑜(𝑥) =  𝑆𝑡 �1 −
𝑥
𝑥𝑜
�
𝑚

 3.2 

where: St is the maximum settlement just near the wall, x is the distance from the wall, xo is the 

distance from the wall at which settlement is equal to zero, and m is an empirical exponent. 

Poh et al. (2001) discussed four different case histories in Singapore considering the effect of 

different diaphragm walls installation. The diaphragm walls were part of a deep excavation 

project of four different deep basement construction buildings inside the city of Singapore with 

an average excavation depth of 15 m. The diaphragm wall panels lengths were between 2.4 and 

7.5 m while their average thickness was 0.8 m, except for some panels the thickness reached 

1.5m. Trenches depth were not less than 13.1 m and it were not exceeding 30.7 m. The first 20 

m were mainly cohesive soil and consisted of silt or clay and its shallower depth was soft and it 

becomes stiff and hard with depth. A layer of weathered granite appeared under the cohesive 

layers for the first case history (Lot one shoppers’ Mall) and the wall almost did not penetrate in 

this layer. In the second case history (Jurong point building) a layer of limestone appeared 

under the cohesive layers and the walls did not penetrate in this layer as well. On the other 

hand, two case histories (Capital tower and cantonment complex building) a layer of siltstone 

was located under the cohesive soil layers and the walls have partially penetrated in this layer. 

The settlement from the first and second case studies was higher than the third as well as the 

horizontal displacement due to the penetration of the wall in the limestone layer in the third 

case study. However, in the fourth case study the horizontal displacement was very high 

because the water level and slurry level were almost the same.           
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Abdel Rahman (2007) studied the effect of constructing diaphragm walls as a part of an 

underground garage in Cairo. The deep excavation was about 10 m and the used diaphragm 

wall was 27 m in depth. The thickness and length of the wall were 0.8 and 2.8 m, respectively. 

A fill layer was found in the surface with thickness ranges between 4.5 and 6 m followed by a 

layer of dense to very dense sand to the reached boreholes depth of 48 m below the ground 

surface. The ground water level was about 3m from the ground surface. The measured 

settlement due to diaphragm wall installation was 2.0mm, which was less than predicted.  

A 50m deep T-shape diaphragm wall was used in Bari, Italy as a part of a 26 m underground 

metro station. The soil was mainly sand, and deep mixing was used in the first 6 to 10 m to 

support the surrounding soil during trenching. The horizontal displacement with depth during 

different stages of diaphragm wall construction was measured and presented by L'Amante et al. 

(2012). The maximum horizontal displacement was 8 mm.   

The effect of slurry trenching on soft clay in Shanghai, China was discussed in two different 

case histories by (Chen et al. 2014; Shi et al. 2015). The depth of the diaphragm wall panels 

were between 20 and 26 m. The maximum recorded settlement and horizontal displacement 

were 9 mm and 4 mm, respectively.         

3.3.2 FIELD TESTS (TESTED PANELS)    

The construction purpose of the tested panels was normally conducted before beginning of 

construction to find out the effect of the trenching on such a soil. However, some of them were 

conducted for research purposes by some researchers such as (DiBiagio and Myrvoll 1972; 

Tsai et al 2000; Ng et al, 1999) . In both cases, the tested panel(s) was heavily instrumented and 

monitored.   

DiBiagio and Myrvoll (1972) studied a trench of length 5 m, width 1 m and depth of 28 m in 

soft clayey soil. The purpose of their study is to find out the effect of slurry density, slurry level 

and time on the ground deformation. The trench was excavated and kept by the slurry with an 

initially density equal to 12.4 kN/m3 for 12 days. Thereafter that it was reduced to 11 kN/m3 for 

8 days and then the slurry was replaced with water for 11 days. The slurry was finally replaced 

by the concrete after this stage. The trench width was measured using hydraulic gages during 

the 31 days and it was reduced by 5.5 cm during this duration. The width was decreased with 

time and its value was higher in the middle than at the edges, as was presented previously in 

Figure 2-21a. The maximum decrease in width was 5.5 cm at a depth of 15.5 m (the lower 

third) and that was just before concreting. The settlement around the trench was measured at 

different stages using twenty-three settlement points. The settlement increased with time 

independent on the slurry density. In general, the values of settlement decrease with distance 



 

41 
 

and it becomes negligible at about 10 m from the trench face. The horizontal displacement was 

measured using inclinometers. There was almost no horizontal movement at the first upper 8 

meters while the maximum displacement was detected near the end and was about 10 mm. The 

change of the slurry density did not affect also the horizontal displacement; however, it 

changes the creep rate. The pore pressure decreased near the wall before concreting, while it 

increased after concreting.           

Farmer and Attewell (1973) used inclinometers and magnetic ring settlement gauges to find the 

ground response that was caused by the installation of slurry trench in London clay. The slurry 

trench was 6.1 m in length, 0.8 m in width and 15 m in deep and it was constructed in three 

stages. The inclinometers were located at different distances from the edge of the trench in four 

boreholes. The results showed a sudden increase in the horizontal displacement just after 

excavating the middle panel. This displacement was inversely proportional to the distance from 

the trench and it continued to increase with time until the trench was filled with concrete. The 

maximum horizontal displacement was 16 mm located at a depth of 5 m. The maximum 

settlement was 6 mm at a depth of 7.7 m. However, the surface settlement was almost 

negligible.           

The effect of the slurry level inside the trench on the ground deformation was the main focus of 

the field experiment conducted by Stround and Sweeney (1977) in Hong Kong. They 

monitored excavating a trench of length 6.1 m, width 1.2 m and depth of 36m. The upper 3 to 5 

m of the soil was a Fill layer which overlies about 3.5 m layer of marine deposit. The rest of the 

soil was weathered granite. The trench full length was achieved by excavating it in three bites. 

Then the slurry was lowered gradually from 0.5 m below ground surface until it collapses at 

slurry level of 2.67 m below ground surface. A heavily instrumentation system was 

implemented around the trench; including inclinometers, settlement survey points (surface and 

deep) and pneumatic piezometers as shown in Figure 3-6. Generally, the slurry level affected 

greatly the soil deformation; such lowering caused the maximum horizontal displacement to be 

doubled. The horizontal displacement and settlement results are to be used in the numerical 

verification. 

A trench of 1.0 m width, 9.5 m length and depth of 21 m in normally consolidated soft clay in 

Japan was discussed by Tamano et al (1996). Soil cement piles with a small diameter of 0.46 m 

were installed in the upper 11 m to avoid any possible trench collapse in the upper sand and 

reclaimed layers. Inclinometers and pore water pressure cells were installed at different 

distances from the trench face. The test was focused on studying the horizontal displacement 

and earth pressure at different slurry density and levels. In the beginning of the test the slurry 

unit weight was 10.2 kN/m3, then it was increased to 10.6 kN/m3 and reduced back again to 
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10.2 kN/m3. The slurry level was remaining constant; however, in the 18th day of the 

experiment the slurry level was reduced in stages from G.L. -0.3 m to -3.5 m which causes a 

high increase in horizontal displacement that indicated instability of the trench, so the slurry 

level was increased again to the original level and the displacement was reversed. The 

maximum horizontal displacement increased from 13 mm to 18 mm due to such lowering. In 

general, the soil deformation was greatly affected by the change in slurry level; however, the 

change in slurry density has a negligible effect. The lateral earth pressure was measured before 

and after excavating and placing the concrete. The values of the earth pressure after placing the 

concrete is almost between the values of at rest earth pressure and the pressure of the slurry.  

 
Fig. 3-6: Instrumentation plane for tested panel (after Stround and Sweeney, 1977) 

 

Field monitoring was conducted and discussed by Poh and Wong (1998) for a rectangle 

diaphragm wall trench (6 x1.2 x55 m) in cohesive soil in Singapore. The soil consisted of three 

main layers, upper marine clay (very soft to soft), lower marine clay (soft to medium) and a 

stiff clay layer at the very low depth. The test was also conducted to understand the effect of 

lowering the slurry level. The horizontal displacement, soil settlement and pore water pressure 

were measured at different depths and distances from the trench. Before lowering the slurry, 

the maximum horizontal displacement measured from the nearest inclinometer (1.5 m from the 

trench) at the upper marine clay was 21.5 mm, while another beak (9.5 mm) was found at the 

lower marine clay layer. The horizontal displacement at the panel center is higher than that at 

the edges. It decreased with distance from the trench. It could be 45 mm at the panel edge by 

applying interpolation. The maximum recorded settlement was about 23.5mm at the center of 

the panel. The ground water level shows a decrease of about 0.5 m just after trenching. The 

holding period effect was insignificant regarding soil deformation. Lowering the slurry level of 
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1m causes the maximum horizontal displacement and settlement to increase 60% and 28%, 

respectively. The concreting of the trench decreased soil deformation.              

Ng et al (1999) observed the deformation of a short diaphragm wall panel (Barrette) in Hong 

Kong. The panel was 2.8 m long, 0.8 m width and 40 m deep. A layer of Fill, Marine deposits, 

alluvium Clay, alluvium Sand and weathered granite was located in the site. The ground water 

was found at a depth of 3 m from the ground surface. The slurry density was 10.8 kN/m3. 

Pressure cells, Piezometers, magnetic extensometers, inclinometers and settlement markers 

were used for observing the panel during trenching process. The maximum settlement and 

horizontal displacement were less than 3 mm. The limited difference between the bentonite 

pressure and initial horizontal stress could be the reason for the very low deformation values. 

The lateral pressure distribution with depth is shown in Figure 3-7.    
  

 

Fig. 3-7: lateral pressure distribution with depth (Ng et al, 1999)  
 

In order to understand the failure mechanism of slurry trenching and proofing the analytical 

method by Tsai and Chang (1996), a full field experiment in sandy soil in Taiwan was 

discussed by Tsai et al. (2000). The monitored trench was 8 m length, 0.9 m thickness and 15 m 

depth. The ground water level was 3 m below ground surface. The guide wall was 0.3 m width 

and 1 m depth. The slurry in the trench was lowered in stages of 0.5 m until a failure was 

observed. Settlement marks, inclinometers and ultrasonic soundings were used to monitor the 

trench during construction. The monitoring system was placed in one side of the trench while 

the other side was paved with 30cm concrete slab in order to carry the machine. Lowering the 

slurry level showed a big variation in the horizontal displacement and settlement. The slurry 

level at 1.5 m below ground surface caused settlement of 7.2 mm. The settlement increased to 
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90 mm and the horizontal displacement was 13mm, when the slurry level was at 2.0 m below 

ground surface, after half an hour the settlement and horizontal displacement increased 

dramatically to 500 mm and 63mm, respectively. A 2 mm wide crack at a distance of about 2 m 

from the trench was appeared in the surface when the slurry level was 1.5 m. The ultrasonic 

sounding was then used and showed signs of failure at some depths as shown in Figure 3-8a. 

Three other cracks were observed by reduction of the slurry as shown in Figure 3-8b. The 

ultrasonic sounding was able to detect the failure surface, while the inclinometer didn’t show 

any indication of failure.  

Another experiment was also conducted in Taipei, Taiwan to study the effect of one/multiple 

diaphragm wall panels on the ground surface by Ou and Yang (2011). The soil was mixed 

between silty sand and clay. They found out that ground settlement from the tested panel was 

less than that from the construction of the entire diaphragm wall panels for the project.      

 
 

(a) ultrasonic sounding profile  

 
 

(b) Plan view of the cave in rough 
Fig. 3-8: Failure surface detection (Tsai et al., 2000) 

3.3.3 LABORATORY WORKS   

The slurry trench field tests are expensive and they are limited to some situations. The 

laboratory simulation of slurry trenching process considered less expensive, can be made for 

many situations, and could provide better understanding of the soil deformation and earth 

pressure.      
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The effect of slurry trenching in cohesion-less soil was discussed by Elson (1968) through a 

series of small scale laboratory experiments. A steel tank 2.44 x 1.22 x 1.22 m filled with sand 

was used in the experiments. The trench width was variable, while its depth and length were 

0.914 m and 1.98 m, respectively. The purpose of the study was to investigate the effect of 

slurry hydrostatic pressure, slurry passive resistance, filter cake characteristic and shear 

resistance of the soil zone infiltrated by slurry. The trench was constructed as a framework by 

insertion of six plywood sheets vertically to form the trench length, while its distance from the 

tank wall defines the trench width. Polythene sheets as shown in Figure 3-9 covered the outer 

face of the trench framework. The framework was slowly removed section by section during 

slurry pumping into the trench. In this case, the slurry was allowed to penetrate into the soil. 

Rising the water level was not enough to achieve failure; accordingly, a surcharge load was 

added at the top of the sand layer until failure. The shape of the failure zone was then recorded 

and measured. The experiment showed that the slurry hydrostatic pressure, its passive 

resistance and the shear strength of the soil zone saturated by the slurry are major factors that 

affect the trench stability. The measured settlement was small until the factor of safety was 1.1 

and it increased rapidly after this value and until failure. The shear strength of the sand was 

increased due to the flow of the slurry into the sand.   

 
Fig. 3-9: Section of the tank showing the Framework (Elson, 1968) 

    
Hajnal et al. (1984) discussed an experiment performed by the Research Center of Water 

Resources Development in Hungary in 1971. The aim of the experiment was to understand the 

effect of trench length and width in addition to the effect of groundwater and slurry levels. The 

experiment consisted of four test series. The first two series were considered to be preliminary 

experiments and they were conducted in a glass box filled with sand with a surface dimension 

of 0.3 x 0.5 m and a depth of 0.3 m. A temporary stabilizing plate was used to simulate the 
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trench inside the box which was removed to achieve failure. A crack with an arch-like curve 

was observed at the surface during the failure. The third and fourth series were conducted in a 

larger box with a depth of 1.0 m and a surface dimension of 1.0 x 0.6 m filled with river gravel. 

A slot was made and filled with bentonite slurry with a width of 45mm, length varies between 

200 and 700mm and depth in range 200 to 670mm. A gradual inundation was made in steps 

until failure. The surface settlement and variations in slurry and groundwater levels were 

recorded for the successful nine tests. The trench stability is decreased linearly by increasing its 

length for the same depth. The stability decreased with increasing depth.            

The implementation of the small scale tests could be useful to give indication of the general 

behavior of the trench, but indeed they cannot provide real deformation values because they 

used to model the trench dimensions with small values compared to the field. The centrifuge 

experiments could be the other best alternative. It was used by (Kantartzi 1993; Powrie, 

Kantartzi 1996) to study the effect of slurry trenches in clay. The purpose of the test was to find 

out the effect of trench geometry and ground water level on the ground deformation and earth 

pressure. The simulation was made with a strongbox of dimension 550 x 200 x 285 mm. A slot 

of 185mm was simulating the diaphragm wall. A rubber bag filled with a sodium chloride 

solution of a density equal to 1.16 kN/m3 was replacing the clay to simulate the slurry trench. 

This solution was 85 mm higher than the soil surface to model the initial high lateral stress of 

the over-consolidated clay and adjusting the value of earth pressure coefficient ko. Half of the 

required width was simulated i.e. 5mm in the model scale. The diaphragm wall equivalent 

dimension was then 18.5m depth and 1m width in a 1:100 centrifuge scale. The panel length 

was 5, 10 m and infinity (plane strain). The simulation of the trenching process was conducted 

by reducing the sodium chloride solution level to the soil surface. The final density of the 

solution was then 11 kN/m3. The concreting process was simulated by adding a mixture of iron 

powder, cement and fine sand to solution inside the rubber and then the final density was 24.5 

kN/m3. The time of trenching process was 60-100 seconds which corresponds to 7-11 days 

from the field time scale; however, in reality it just takes one day. The concreting process took 

in experiment until hardening from 7 to 10 minutes which is equivalent to 50 to 70 days; in 

reality it normally needed 30 days. The time difference indicated that excess pore water 

pressure from the laboratory should be higher than that from the field.  The water table in all 

the tests was at the ground surface except one test it was 10m under the ground surface. The 

changes in pore water pressure and ground deformation during the installation of the 

diaphragm wall were observed. Generally, the pore water pressure reduced during trenching 

and increased again during concreting almost to its original value. However, a slight increase in 

pore water pressure during trenching in some locations was noticed. This may be due to the 
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increase of total horizontal stress under the trench bottom as the soil in this place was prevented 

from moving. The change in pore water pressure was also affected by the arching effect of the 

trench with finite length. The deformation of soil due to diaphragm wall installation is 

presented in Figure 3-10 (a). The arching and ground water effect on the ground deformation 

can be noticed from the Figure. Test 3 showed the lowest values of settlement, because the 

ground water level in this test was 10m below surface. The settlement just near the trench is 

considered to be greater than that from the field data because the guide wall was not simulated 

in the model. The trench height to length value with the normalized settlement is presented in 

Figure 3-10 (b). The authors recommended an idealized trench length to depth ratio between 

0.25 and 0.3.   

 
                    (a)                                           (b) 
Fig. 3-10: normalized Settlement due to diaphragm wall installation with (a) normalized distance (b) 

normalized height to trench length (after Powrie and Kantartzi, 1996) 
 

Katagiri et al. (1997) studied the failure behavior and deformation of slurry trenches in sand 

using centrifuge model tests under the 2D and 3D conditions. The trench shape effect and 

surcharge load were the main factors of investigation. The strongbox dimension was 800 x 250 

x 400 mm. The used scale for the centrifuge model was 1:60. Saline water with density of 10.5 

kN/m3 was used to fill a rubber bag that simulates quarter of the prototype trench. The field 

scale of the used diaphragm wall was 15 m depth and 1m width with variable length between 3 

and 6 m or infinity in case of 2D analysis (plane strain). In all tests, the groundwater level was 

at the surface. A 34 kPa surcharge load was applied in some tests with different length ranges 

between 3.78 and 7.56 m. The slurry level was lowered until failure. The stability condition 

was defined by the difference between the slurry and water levels at yield point. The stability 

condition was directly proportional to the panel length to width ratio and the surcharge load. 

The change in groundwater level in the unstable zone was in contrast to the soil settlement. The 

deforming zone size is directly proportional to the panel length and is also greatly affected by 

the presence of surcharge load. The settlement reduced with distance from the trench.   
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3.4 DIAPHRAGM WALL INSTALLATION ADJACENT TO DEEP FOUNDATION   

The installation of the diaphragm wall adjacent to deep foundations had happened in limited 

projects around the world; however, it is expected to be in more projects in the future specially 

in the crowded developed cities. This section discusses some case histories and one centrifuge 

model test related to the construction of diaphragm wall near deep foundations.      

3.4.1 CASE HISTORIES  

This section discusses four case histories in four different countries. Soil deformation was the 

only available output from the projects. The behavior of pile itself was not discussed, as it was 

quite difficult to investigate the existing piles.      

3.4.1.1 Charter underground station (Hong Kong)  

The construction of Charter Station in Hong Kong included installing diaphragm walls in a 

crowded area containing buildings on piled foundation as shown in Figure 3-11. The effect of 

station construction on adjacent ground surface and adjacent building was presented and 

discussed by Davies and Henkel (1982). The depth of the deep excavation was 27 m. The main 

construction operation of the project started in October 1976. The diaphragm wall was 1.2 m in 

thickness, 37 m depth and length varying between 2.7 and 6.1 m. The installation of the 

diaphragm walls near the Courts of Justice, Hong Kong Club and Princes building caused a 

maximum settlement of 78, 38 and 21 mm, respectively. These settlement values were 

considered to be high in comparison with similar other projects. Cracks were observed in the 

Courts of Justice building due to the differential settlement. The large settlement values were 

due to the swilling of the decomposed granite during panels construction. 

The length of the used diaphragm walls near all buildings was in the range between 4.8 and 

6.1 m. To avoid large settlement, the length used for the diaphragm wall panels near Swire 

House was 2.7 m. The slurry level was increased to 0.3 m above the ground level using a higher 

guide wall as shown in Figure 3-12. The settlement was measured for each column for the 

Swire house. The maximum settlement was about 15 mm and horizontal displacement was 14 

mm. The three sections were used in the next chapter for numerical verification.   
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(a) Plan 

         
                   (b) Section 1-1    (c) Section 2-2    

 

Fig. 3-11: Charter Station and adjacent building (after Davies and Henkel, 1982) 

      
Fig. 3-12: Diaphragm wall near Swire House (after Davies and Henkel, 1982) 
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3.4.1.2 Full scale field test (Amsterdam)  

The 30 m deep underground metro stations for the North/ South line in Amsterdam were 

constructed using the diaphragm wall in urban area. Mixed soil layers were found in the area 

and consist of Fill, Clay, Peat and Sand. Wit, de et al (2000) and Wit, de & Lengkeek (2002) 

were carious about the effect of the diaphragm wall construction on the nearby piled 

foundations. They conducted a full scale test as shown in Figure 3-13 using diaphragm walls 

with dimensions were 2.7 x 0.8 x 35 m. The adjacent tested steel piles were 3 piles with 11cm 

in diameter and driven at a distance of about one panel width from the trench. Before installing 

the diaphragm wall, the tested piles were subjected to load equivalent to normal housing load. 

The monitoring system included measuring the vertical and horizontal displacement and pore 

water pressure. The stress was indicated by measuring the CPT’s (cone pressure meter test) 

after and before the diaphragm wall installation. The maximum recorded vertical deformation 

was only 4 mm during excavation, and during concreting it was the same but upwards (heave). 

The maximum horizontal displacement during excavation was only 10 mm in the trench 

direction; however, during concreting a very high value of horizontal displacement was noticed 

at the soft clay soil layer and it was about 150 mm.  

The ground deformation was greatly affected by the panels’ shape and construction sequence. 

The effect of trenching process on pile bearing capacity was low due to the small relative 

displacement between the pile and the soil during trenching.  

 
Fig. 3-13: Instrumentation layout of the test (Wit de and Lengkeek, 2002)  

3.4.1.3 Underground basement (Giza, Egypt)  

The effect of constructing an underground 10.8 m deep basement surround by five buildings in 

Giza was presented and discussed by (Abdel-Rahman, El-Sayed 2002a, 2002b, 2009). The 

diaphragm wall consisted of 20 panels with variable length ranges between 2.7 and 6.72 m, 

while their width was 0.6 m and depth reaches 21 m. Settlement points were used to measure 
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the buildings settlement. It was found that settlement due to trenching near deep foundation is 

less than that near shallow foundations. The settlement from diaphragm wall installation was 

about 80% in average from total settlement. Based on the monitoring results, the following 

Equation 3.3 was introduced for calculating the settlement due to trenching:  

𝑆𝑡𝑟𝑒𝑛𝑐ℎ𝑖𝑛𝑔 = 𝑆𝑚𝑎𝑥
𝑡𝑟𝑒𝑛𝑐ℎ𝑖𝑛𝑔 �

2𝐻 − 𝑥
2𝐻

�
6

 3.3 

where: x is the distance from the trench and 𝑆𝑚𝑎𝑥
𝑡𝑟𝑒𝑛𝑐ℎ𝑖𝑛𝑔  is the settlement that is adjacent to the 

trench, which can be taken as 0.045% from the trench depth. The results of this fieldwork are 

discussed in detail with the numerical analysis in the next chapter.  

3.4.1.4 Underground stations (Amsterdam)  

Korff (2013) studied the effect of constructing three underground metro stations on the 

adjacent buildings in Amsterdam. The soil was formed from mixed layers of Holocene, Sand, 

marine Eemclay and glacial Clay. The buildings in the area were almost 70 to 100 years old 

constructed on timber piled foundations. Pile load tests were performed on piles from a 

demolished house in the area. The tests results allow to calculate the bearing capacity of the 

piles in the area. The pile diameters ranged between 0.22 and 0.25 m while its toe was 0.11 m in 

diameter. The piles length was 12 m in average. The realistic capacity of the piles was 

considered to be 90 kN. The monitoring for the buildings and ground surface was made for all 

the construction stages. Generally, the settlement from primary activities that includes site 

preparation, diaphragm wall installation and pumping test was more than the half of the total 

settlement as shown in Table 3-2. Generally, The piled buildings settlement was smaller than 

the ground displacement.      

Table 3-2: Ground displacement from primary activities (Korff, 2013) 

Station Diaphragm 
wall depth (m) 

Excavation 
depth (m) 

Surface displacements caused by 
preliminary work/total displacements 

Ceintuurbaan 39 26 70% 
Vijzelgracht 44.5 29.5 55% 

Rokin 46 31 74% 
 

 
Fig. 3-14: Buildings horizontal displacement measuring method (Korff, 2013)   
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The buildings tilt was indicated by measuring the differential settlement of the building and the 

horizontal displacement from its top and bottom as shown in Figure 3-14. The horizontal 

displacement at the street level was about 50% if the settlement and it didn’t exceed 10 mm. 

Korff (2013) assumed that one third of the horizontal displacement could be transferred to the 

piles. That means the piles in this case to have a maximum horizontal top displacement of 4 

mm.     

3.4.2 LABORATORY TEST  

The pile or pile groups subjected to excavation or tunneling was molded in laboratory by 

several researchers such as Leung et al. (2000), Loganathan et al. (2000) and Ong et al. (2009). 

However, the study of trenching process and its effect on piled foundation was only conducted 

and discussed by (Choy, 2004; Choy et al., 2007).  

3.4.2.1 Test description   

A series of eight centrifuge model tests were made to study the effect of constructing 

single/multi panel diaphragm wall on adjacent single driven pile. The centrifuge strongbox 

dimension was 700 x 400 x 470 mm, while the used acceleration was 75g. Dry sandy soil was 

used in the study with friction angle of 32o. The pile was simulated using aluminum tube with a 

diameter of 12 mm and length of 250 mm, which represent a pile of diameter 0.9 m and length 

18.75 m in the field scale. The pile was chosen to be at offset distance of 3.5D, 5.6D and 7.7D 

where D is the pile diameter. Latex membrane was used to simulate the diaphragm wall 

panel(s) slot. The simulated panel(s) was 1.2 m in thickness (B)and 26.25 m in depth (H), while 

the length was 3 or 6 m. Two tests simulated the multiple panels. One test included single 

concrete panel, while another test included two concrete panels. Summary of the successful 

tests is presented in Table 3-3. The guide wall was simulated with rectangle aluminum plate 

with equivalent field depth of 1.5 m. 
   

Table 3-3: Summary of successful centrifuge tests (Choy, 2004) 
 

Test Panel length  
(m) 

Pile offset distance 
(m) 

Number of 
Concrete panels 

Slurry density 
(kN/m3) 

segmental  
pile response 

d/H at failure  
(%)  

CKC1 6.0 6.93 - 10.97 N/A  80 % 
CKC3 6.0 3.15 - 10.95 N/A 45 % 
CKC6 6.0 3.15 - 10.89 N/A 45 % 
CKC7 6.0 5.04 - 10.92 N/A 80 % 

CKC13 3.0 3.15 1 10.92 A 82 % 
CKC14 3.0 3.15 2 10.91 A 90 % 
CKC15 3.0 3.15 - 10.92 A 80 % 
CKC16 6.0 3.15 - 10.93 A 60 % 

Note :The dimension is in the prototype scale 
d/H : slurry level to trench depth at failure    
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3.4.2.2 Test procedure  

The first step was to fill the strongbox with sand while the latex membrane is placed as shown 

in Figure 3-15. The water was used first to fill the latex membrane to support the soil during 

accelerating. The pile was also placed in position of 10 mm (75cm field scale) above its final 

level as shown in the figure. During centrifuging, the pile penetrated into its final level. Then 

the sodium polytungstate with density of 11 kN/m3 was used to simulate the slurry in the 

trench. The concreting process for tests CKC13 and 14 was made by adding a mixture of coarse 

sand and a powder of stainless steel. The slurry was reduced in stages until soil failure but 

before the pile damaged.  

 
Fig. 3-15: Test preparation and sequence (Choy, 2004)   

3.4.2.3 Test results   

The stress and deformation of the soil and the pile deflection, settlement, bending moment and 

shear stress were monitored during the different stages of the test.  

Generally, the soil horizontal stress increased with pile installation, while during excavation 

the horizontal soil strength increased near the center of the trench and decreased near the edge 

as shown in Figure 3-16. On the other hand, during the slurry reduction, the relation is reversed, 

as the horizontal stress near center decreased while it increased near the edge.  

The effect of slurry trenching (change the water to the slurry) on the ground surface 

deformation was almost negligible. The pile installation effect on the ground surface 

deformation had the same trend for all the experiments with a maximum settlement of no more 

than 1mm (field scale). The reduction of the slurry causes noticeable deformation and it was 

huge at failure as shown in the picture taken just after failure in Figure 3-18. The shape of 

failure surface at the pile side was different from that at the soil side as shown in Figure 3-19. 

The pile deflection and bending moment increased with the advance of reduction in slurry.  
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The deflection and bending moment increased greatly at failure. The pile shear stress was 

increased with slurry reduction. The results are presented in the next chapter for numerical 

verification.  

 
 

Fig. 3-16: Soil and trench pressure with time during testing (3.0m width diaphragm wall) (Choy, 2004) 

 
 

Fig. 3-17: Change in soil stress during slurry reduction (6.0m width diaphragm wall) (Choy, 2004) 
 

 
Fig. 3-18: Soil deformation after test (Choy, 2004) 
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Fig. 3-19: Failure surface recorded on both sides of the 6m trench CKC16 (Choy, 2004) 

3.4.2.4 General conclusion and comments     

The soil used in the experiments was dry sand; however, the groundwater is normally found in 

most engineering projects. The initial stress state was affected by filling the trench with water 

in the beginning of the experiment as was described. The water inside the trench causes the 

horizontal pressure to be γwz (9.8z) instead of koγsz (7.3z). Replacement of the water with the 

slurry (sodium polytungstate) causes the horizontal pressure to be γslurryz (11.0z). This stress 

difference caused a slight horizontal movement towards the trench and small heave during 

trench excavation (change water with slurry). This contradicts with the fact that during slurry 

trenching the soil moves horizontally towards the trench and the settlement could be observed 

in the soil surface instead of heave, as discussed in the previous chapter. Generally, the absence 

of water causes the soil pressure to be less than the slurry pressure, which is not common in the 

real engineering projects. The failure in the experiment was based on the reduction in the 

slurry. The maximum allowable depth of slurry reduction can be calculated by back stability 

calculations. The factor of safety can be calculated by applying Morgenstern and 

Amir-Tahmasseb (1965) two dimension stability analysis method as follows:  

FS = Ps / Pf.  3.4 
The slurry force Ps calculated as  

Ps = γsZs
2/2 3.5 

Where, γs and Zs are the slurry density and depth, respectively. While, the horizontal acting 

force Pf is calculated from Equation 3.6. 

Pf = [γH2/2(sinθ – cosθ tanφ) + U tan φ]/ (cosθ +sin θ tan φ) 3.6 
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Where, γ is the soil density and H is the trench depth. The value of θ (the inclination of the 

plane of failure) was used as 45o + φ/2. While, the water pressure U is equal to zero and friction 

angle φ equal 32o the horizontal acting force Pf equal 62.7 kN/m`. In this case the slurry level 

could be only 3.5m hight inside the trench to achieve a factor of safety equal unity, it means the 

slurry could be reduced 87 % of the total trench depth. This solution is considered to be 

conservative, as it didn’t take into consideration the arching effect.  

By conducting Fox (2004) three dimension analytical approach for such case the factor of 

safety equal 1.35 for the 6m length trench and 2.35 for the 3 m length trench. The trench could 

theoretically sustain global failure if the slurry reduced up to about 90 %. Back to Table 3-3 

The failure was observed for most of the tests at 80 % or higher even for the 6m panel length 

such as CKC1 and CKC7. However, it was less than 60 % for tests CKC3, 6 and 16. The only 

logical reason is the location of pile very close to the trench (i.e. 3.15 m). In this case, the load 

from the pile could have probably increased the load on the slurry wall edges. The diagram 

movement pattern at failure presented in Figure 3-19 shows that the soil deformation under the 

pile tip was great. The failure in this case happened in place below the pile toe, while in the 

other tests it was at the upper part. Choy (2004) suggested that a base wedge under the pile tip 

should be added as a pressure force acting on the slurry trench wall. It can be clear, that the 

failure happened when the slurry reduced near the pile tip level (i.e. 60% = 18 m) and that only 

for the large panels. In reality, the slurry never reduced to such level but the slurry pressure 

could be reduced at some depths due to course materials or lenses.    

The settlement due to slurry reduction at the pile side is higher than that at the soil side. This 

match with the results of Abdel-Rahman, El-Sayed (2002a).  

The used latex membrane should have played the role of the filter cake but indeed it could 

provide some additional strength for the trench wall surface. In reality, filter cake is formed 

during trenching but it is not strong enough to form a structural membrane; it only prevents 

grains’ penetration inside the trench. It is possible that the pattern of soil deformation was 

affected by the presence of such a membrane. However, the tests provide a very good overview 

of the effect of slurry trenching on piles.  

3.5 DATA COLLECTION AND DISCUSSION     

Many researchers have presented the monitoring results of slurry trenching. The presented 

results are varying according to the project natural and soil type. The summary of literature 

work regarding the diaphragm wall installation effect on the ground surface deformation and 

stress are presented in Table 3-4. In the table, the maximum settlement and horizontal 

displacement are presented. The normalized horizontal stress percentage (i.e. horizontal stress 
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Table 3-4: Summary of diaphragm wall installation field results 

Researcher Type of work Panels dimension 
(L x T x H) m 

Main Soil type/ 
location 

Max. 
Settlement 

(mm)/distance (m) 

Max. 
Horizontal disp. 
(mm)/ depth (m) 

σh/σhi % 
Equivalent 
to K/Ko % 

Dibiagio & Myrvoll 
(1972) Tested panel 5x1x28 

Soft clay  
/ Norway 

(Oslo) 
8.0/0 10.5/30 N/A 

Farmer (1973) Tested panel 6.1x1x15 London Clay 
/ England 6 /0.6 16/5 N/A 

(Stround and 
Sweeney 1977) Tested panel 6.1x1.2x36 Mixed soil 

/Hong Kong  
Working 6/3.5 

Lowering 22/2.0 
Working 29/17 
Lowering 59/11 N/A 

(Davies and Henkel 
1982) 

Case history  
Near Piled 
foundation   

2.7to6.6x1.2x37 Mixed soil 
/Hong Kong  

Building1: 78/1 
Building2:21/1 
Building3: 15/1 

Building1: 100/? 
Building2:100/? 

Building3: 14/17.5 
N/A 

Karlsrud (1983) 2 Case histories 
S.L. 4.5x1x21 Soft clay  

/ Norway 
(Oslo) 

5/3 10/3 80% 

J.B.T 4.5x1x15 N/A 13/7.5 95% 

Tedd et al. (1984) Case history  
(secant pile) 1.18x1.18x21 London clay 9/2.6 15/2 ≈80% 

(Cowland, Thorley 
1985) 7 Case histories  Varies x0.8to1.2 

x20to50 
Mixed soils 
/Hong kong  

Chart  
Ground s/H =0.12% 
Building s/H =0.15% 

N/A N/A 

(Clough and O'Rourke 
1990) 

Collection of work from (Cowland, Thorley 1985; Tedd et al. 
1984; Karlsrud 1983) and others Curve  N/A N/A 

Symons and Carder 
(1993) Several projects T-sec 

2.7to4x0.8x13.5 
London clay 

/England  N/A N/A ≈80% 

(Tse and  Nicholson 
1993) 

Case history several 
panels  3.75x0.8x23.5 

London clay 
/England 
(London) 

N/A 3/7 N/A 

(Lings et al. 1993a; 
Ng et al. 1995; Ng 

1998) 

Case history several 
panels 8.5x0.6x17 

Gault Clay 
/England 

(Cambridge, 
Lion Yard) 

Without piling: 2/7.5  
With piling: 6/8  N/A ≈50% 
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Researcher Type of work Panels dimension 
(L x T x H) m 

Main Soil type/ 
location 

Max. 
Settlement 

(mm)/distance (m) 

Max. 
Horizontal disp. 
(mm)/ depth (m) 

σh/σhi % 
Equivalent 
to K/Ko % 

Tamano et al (1996) Tested panel  9.5x1x21.0 Soft clay 
/Japan N/A (SL*=-0.3)13/13 

(SL=-3.5)18/13 
90% to 

80% 

Poh and Wong (1998) Tested panel  6x1.2x55 marine Clay 
/Singapore  

(SL=+0.1) 23.5/0 
(SL=-0.9) 30.0/0 

(SL=+0.1)21.5/10 
(SL=-0.9)33/10 N/A 

Ng et al (1999) Tested panel  
(19.5m Casing) 2.8x0.8x40 mixed soil / 

HongKong  
1.5/2.6 
2.5/6.4 2.6/1.5 100% to 

80% 

Hamza et al (1999) several projects  50m in depth  Sand/  
Egypt Equation  N/A N/A 

(Tsai et al., 2000) Tested panel  8x0.9x15 Sand/ 
Taiwan(Tainan) 

(SL= -1.5) 7.2/2.5 
(SL= -2.0) 90/2.0 
(SL= -2.0) 500/2.0 

(SL= -2.0) 13/1.0 
(SL= -2.0) 63/2.5 N/A 

(Poh et al. 2001) 

Case history 1   2.8to5.5x0.6to0.8 
x17.2to28.1 

Silt  
/Singapore  25/2.5 8.2/14 

N/A 
Case history 2   2.4to6.3x0.6to0.8 

x13.1to25 
Silty Clay 
/Singapore   11/1.0 -15/3 

9/11.2 

Case history 3   Varies x0.8to1.5 
x25to45 

Mixed soil 
/Singapore  4/5 -5.5/4 

5/8 

Case history 4   2.7to7.5x1.0 
x23.8to30.7 

Silt  
/Singapore N/A 21.5/12.5 

SL ≈ WL 
(Thorley and Forth 

2002) Case History  3to5x1.2x40to50 Weather granite 
/Hong Kong 78/3 N/A N/A 

Wit de & Lengkeek 
(2002) 

Case history Tested 
panel 

Near Piled 
foundation   

2.7x0.8x35 mixed soil 4.5/2 

9/10 
Trenching  

-100/9! 
 (Concreting) 

N/A 

(Abdel-Rahman, 
El-Sayed 2002b, 

2002a, 2009) 

Case history 
Near Piled 
foundation   

2.7to6.7x0.6x21 Sand  
/Egypt (Cairo) 

(Building A) 8.6/1.8 
(Building B) 8.0/3.1  
(Building D) 6.5/3.2 
(Building E) 6.7/3.2   

N/A N/A 

(Abdel Rahman 2007) Case history  2.8x0.8x27 Sand  
/Egypt (Cairo) 2.5/5.0 N/A N/A 
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Researcher Type of work Panels dimension 
(L x T x H) m 

Main Soil type/ 
location 

Max. 
Settlement 

(mm)/distance (m) 

Max. 
Horizontal disp. 
(mm)/ depth (m) 

σh/σhi % 
Equivalent 
to K/Ko % 

(Ou and Yang, 2011) 

C
N

25
3B

 First tested 
panel 

3.4to5.5x1.0x35.5  
Mixed layer of 
Sand and Clay / 
Taiwan (Taipei)   

11.5/4.0 4.6/2.5 

N/A 
Multiple 
panels 20/2.0 12.1/3 

C
N

25
5 Tested  

panel 3.6to5.0x1.0x41 
16/1.0 

N/A completed 
wall 40.5/14.0 

(L'Amante et al. 
2012) Case history  T-Shape  

X1.2x50 
Sand 

/Italy (Bari) N/A 8/0 N/A 

(Korff, 2013) 
Rokin 2.8to5.2x1.2x39 mixed soil  

/ Netherland 
(Amsterdam) 

10/10 
N/A N/A Vijzelgracht 2.6to3.7x1.2x44.5 20/55 

Ceintuurbaan 2.6to3.8x1.2x46 20/3 

(Chen et al., 2014) Case history 4.05x0.8x20.5 
Soft clay 
/China 

(Shanghai)  
9/3.4 N/A Decrease in 

stress 

(Shi et al., 2015) Case history Unknown 
x0.8to1.0x26 

Soft clay 
/China 

(Shanghai) 
N/A 4/0 N/A 

(Rotisciani et al., 
2016) Case history 0.6to1.0 x 10to22 

(Piles) 
Sand and silt/ 
Italy (Rome) 7/1m  N/A N/A 

 
*  (SL) slurry level 
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3.5.2 SETTLEMENT   

In general, the settlement decreased with distance from the trench. The maximum surface 

settlement presented in the table varies greatly. A value of 25 mm could be considered as the 

maximum recorded settlement value in normal trenching situation. However, a value of 78 mm 

was found and it was due to large horizontal movement of the weathered granite during 

trenching in Hong Kong. Lowering the slurry in the tested panels shows a relatively large 

amount of settlement, the maximum recorded value due to lowering the slurry was 500 mm. 

The values of settlement from literature were within the curve suggested by Clough and 

O'Rourke (1990) except the trenching process in Hong Kong as shown in Figure 3-21. The 

settlement values for the points above the suggested curve in the figure are low due to the small 

value of panel length and high level of the slurry. While the other points between the suggested 

curve and Clough curve have either a longer panel length or low slurry level. However, the 

settlement could be low with a low slurry level value if the water table was low.    

 
Fig. 3-21: Normalized settlement to normalized distance from the trench due to the diaphragm walls 

installation  
 

Since the trench depth is not the only covering parameter the settlement from case histories is 

plotted versus distance from the trench as shown in Figure 3-22. The settlement values are 

divided into three main groups divided by bounds as shown in the Figure. Each bound group is 

depending on the volume loss of soil during trenching but not necessary on trench dimension. 

The lower bound is limited the soil settlement values for good soil condition, skilled contractor 

and an appropriate slurry level (higher than water level). The middle bound shows the 
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settlement from several panels in project or lowering slurry for a single panel in a test. The 

expansion of weathered granite causes a huge settlement that can be confined by the higher 

bound; however, some data from Taiwan and Egypt are also found within this bound.   

 
Fig. 3-22: Settlement to distance from the trench due to the diaphragm walls installation   

 

The higher bound is considered to be very conservative. The middle bound is recommended to 

be used for the normal project with panel lengths more than 4.8 m and depth more than 30 m. 

The upper bound could be carefully used for trenches with lengths less than 4.8 m and depth 

less than 30 m. The settlement at a distance xt from the trench for each bound could be 

calculated as following:  

𝑆𝐿𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑 =
𝑥𝑡2

64
− 0.9𝑥𝑡 + 14              𝑥𝑡  <  30 3.7 

𝑆𝑚𝑖𝑑𝑑𝑙𝑒 𝑏𝑜𝑢𝑛𝑑 =
𝑥𝑡2

143
− 0.9𝑥𝑡 + 28              𝑥𝑡  <  50 3.8 

𝑆𝐻𝑖𝑔ℎ𝑒𝑟 𝑏𝑜𝑢𝑛𝑑 =
𝑥𝑡2

80
− 2.0𝑥𝑡 + 84                  𝑥𝑡 <  80 3.9 

3.5.3 HORIZONTAL DISPLACEMENT 

The horizontal displacement decreased with the distance from the trench; however, its trend 

shape with depth varies according to the soil layers. The values of horizontal displacement vary 

greatly according to the slurry level and trench length. The soil type is also governing the 

horizontal displacement values. Figure 3-23 is a collection of horizontal displacement values 

from twelve documented literatures. The horizontal displacement values were plotted in the 

x-axis, while the normalized trench depth (i.e. trench depth / maximum trench depth) in the 

y-axis. The higher the slurry level than ground surface level and the low groundwater table 
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3.6 SUMMARY    

This chapter discussed the different results of field data and laboratory testing regarding slurry 

trenching. The field data values were found from the full scale panel tests and from case 

histories. The values of settlement and horizontal displacement were varying significantly. 

Some contractors and design engineers would ignore the deformation due to trenching. They 

suggested that the deformation values from trenching process could be very small compared to 

the main excavation. On the contrary, some researchers showed that deformation due to 

trenching process could be higher than the main excavation activates and can not be simply 

ignored. Accordingly, it was important to collect the available field data in one plot to give an 

indication of the deformation values.  

The available values of lateral earth pressure due to trenching were plotted. The plot allowed to 

understand the range of reduction in earth pressure coefficient due to trenching. The soil 

settlement was plotted in one chart allowing to understand the settlement limits. An equation 

was suggested for each limit. The equations allowed to understand the maximum settlement for 

each case. The same idea was applied for the horizontal displacement. The horizontal 

displacement values ranges were varying mainly according to the trench length and slurry 

level. It was reduced with distance from the trench.     

The pile near the trench excavation will be definitely affected by the trenching process. The 

reduction on the earth pressure coefficient could affect the skin friction of the pile. The soil 

movement will be transferred to the pile. The amount of transferred displacement to the pile 

will be discussed in the next chapters.  
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CHAPTER 4: NUMERICAL ANALYSIS AND VERIFICATION  

4.1 INTRODUCTION    

The numerical modeling is now a very useful tool that can be used for simulation of different 

geotechnical engineering problems. Since the start of using numerical analysis in soil 

mechanics, soil models were greatly developed. In general, the problem geometry and soil type 

controls the choice of soil model. The numerical analysis could be conducted in two or three 

dimensions based on the geotechnical problem characteristics. The main aim of this chapter is 

to find out the best possible way to model numerically the slurry wall trenching process near 

piled foundation, because the trench is a three-dimensional problem as illustrated in chapter 2. 

Numerical verification using 3D finite difference method was implemented in order to find out 

the best simulation method and soil model. A full-scale tested panel, a centrifuge laboratory 

experiment and two case histories were simulated numerically in this chapter.     

A well instrumented full-scale tested trench was initially simulated. The soil horizontal 

displacement and settlement from the full-scale test were used to verify the used numerical 

analysis method and soil model. In the centrifuge laboratory experiment the pile deflection, 

bending moment and shaft friction as well as soil settlement were recorded and compared to the 

results of the numerical analysis. Finally, two case histories were simulated numerically with 

the same concept. They include piled foundation near the diaphragm wall. The outputs from 

the projects were limited to soil deformation and there were no available data about the existing 

pile behavior during trenching due to technical difficulties; however, the available data are 

suitable for numerical verification.  

These different verification models allow understanding the numerical modeling of the trench 

problem near piled foundation and they allow to verify the approximation used in the 

numerical modeling process using FLAC 3D.      

4.2 NUMERICAL ANALYSIS AND THEORETICAL BACKGROUND    

The numerical analysis was conducted using one of Itasca commercial software “FLAC 3D” 

which is based on the finite difference analysis method. The term FLAC is shorted from Fast 

Lagrangian Analysis of Continua. The use of Lagrangian coordinates in analyzing continuum 

mechanics problems is called Lagrangian analysis. This kind of analysis is suitable for the 

non-use of global stiffness matrix. Adding the incremental displacements to the coordinates 

allows the grid to move with the material (Itasca, 2011). The following subsections discuss the 

sequence used in finite difference and the equation of motion.    
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4.2.1 FINITE DIFFERENCE SEQUENCE   

The explicit calculation method is used in FLAC, which depends on calculating the system 

state after the current system time. The basic cycle of explicit calculation is presented in Figure 

4.1.  The approach of finite difference is described in the following sequences. 

1. Discretization: The continuum is discretizing into a number of “quadrilateral elements”. 

These elements are triangle and connected with nodal points. The velocity at nodal points and 

stress in triangle element are known at certain time; however, an initial condition for the 

velocity and stress should be defined. 

2. FD Compatibility equations: Strain rates in triangle elements are defined by finite different 

compatibility equations which use nodal velocities.  

3. Incremental FD constitutive relationships: define stress rates by using strain rates, while the 

stresses for the current time step could be updated by the stress rates.  

4. FD Equilibrium equations for triangular elements: used to calculate “nodal forces” that are 

used for quadrilateral element’s nodal force vector producing.  

5. Equations of equilibrium for each node: calculate the vector of unbalanced force by the 

summation the nodal forces. 

6. Static boundary conditions control nodal force vector, while the kinematic boundary 

conditions reduce the calculated number of unbalanced forces. 

7. Nodal velocities updated by the FD equations of motion for each node. 

8. Solution: repeating the steps from 2 to 5 until the unbalanced force becomes very small.    
 

 

 

 
Fig. 4-1:  Basic cycle of explicit calculation 

method (Itasca, 2013) 
Fig. 4-2: mass subjected to time-varying force   

(Itasca, 2013) 

It could be a common question whether the finite different is better in plasticity analysis than 

finite element. This question can’t be directly answered. The plastic flow in FE is represented 

by a series of static equilibrium solutions, while in FD plastic flow is solved in one step. 

However, the good algorism used in some FE programs could give same results like in FD. 

Frydman and Burd (1997) showed that FD could be better than FE with respect to smooth 

footings problems, as it doesn’t require to inverse the system stiffness equations for each time 

step.     
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4.2.2 EQUATION OF MOTION AND CONSTITUTIVE RELATION    

The relation between the applied forces on a mass with the acceleration d𝑢̇/dt is the equation of 

motion. If force, F acting on a mass, m, causes motion as presented in Figure 4-2, Newton’s law 

of motion then solved the mass-spring system as following: 

𝐹 = 𝑚
𝑑𝑢̇
𝑑𝑡

 4.1 

Continuum form of the momentum principle applied in FLAC 3D Itasca (2013) and the 

equation of motion is then: 

 
𝑑𝜎𝑖𝑗
𝑑𝑥𝑗

+ 𝜌𝑔𝑖 = 𝜌
𝑑𝑢̇
𝑑𝑡

 4.2 

where  ρ is the mass density; 

t is the time;   

xi are the components of coordinate vector; 

gi are the body forces (gravitational acceleration); and 

σij are the stress tensor components.  

The strain rate can be derived from the following body move equation with velocity 𝑢̇.  

𝜀𝑖𝑗 =
1
2
�
𝑑𝑢𝚤̇
𝑑𝑥𝑗

+
𝑑𝑢𝚥̇
𝑑𝑥𝑖

� 4.3 

The constitutive equations define the stress and strain relation through the flowing equation: 

[𝜎�]𝑖𝑗 = 𝐻𝑖𝑗�𝜎𝑖𝑗 , 𝜀𝑖𝑗,𝑘�      4.4 

where  [𝜎�]𝑖𝑗 is the co-rotational stress = material derivative of stress; 

H is any constitutive low given function; and   

k is a history parameter(s). 

The co-rotational stress components which seem to be rotating with and attached to the 

material point, can be calculated as 

[𝜎�]𝑖𝑗 = 𝑑𝜎𝑖𝑗
𝑑𝑡

− 𝜔𝑖𝑘𝜎𝑘𝑗 + 𝜎𝑖𝑘𝜔𝑘𝑗     4.5 

 where  d[σ]/dt is the material time derivative of σ; and   

ɷ rate of rotation tensor. 

4.2.3 CONSTITUTIVE MODEL 

There are several available constitutive models for dealing with the different soil problems. 

Two main constitutive model groups are in FLAC3D. The first is the elastic model group which 

deals with the material as its deformation is reversible with unloading. Its stress path could be 

linear or independent. Isotropic and anisotropic elastic models are also included. The second 

group is the plastic model group which deals with the material in its elastic and plastic 

behavior. The strain in this case could be the summation of the elastic and plastic strain. The 

different plastic models are characterized by yield function, flow rule, hardening/softening 
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functions. The following subsections describe the Mohr-coulomb model and strain hardening 

softening soil models.          

4.2.3.1 Mohr-Coulomb model 

The failure envelope in Mohr-coulomb model in FLAC is corresponding to shear and tension 

yield functions. The principal stress space is shown in Figure 4-3. The stress point position in 

the failure envelope is controlled by the non-associated flow rule for the shear and associated 

flow rule for the tension failure(s). The principal stresses and strains were used to express the 

criterion. The form of Hooke’s low incremental expression of generalized and incremental 

stresses was represented as a factor of the shear and bulk modulus. 

The tension cutoff with the Mohr-Coulomb criterion used in FLAC3D is defining the failure 

criterion (i.e. σ1≤ σ2 ≤ σ3). It can be represented in the plane (σ1, σ3) as shown in Figure 4-4.      

 
 

Fig. 4-3: Mohr-Coulomb yield surface in 
principal stress space. (Itasca, 2013) 

Fig. 4-4: Mohr-Coulomb failure criterion (Itasca, 
2013) 

 

The Mohr-Coulomb failure criterion fs = 0 defines the failure envelope from point A to B with  

𝑓𝑠 = 𝜎1 − 𝜎3𝑁∅ + 2𝑐�𝑁∅       4.6   

A tension failure criterion from B to C of the form ft = 0 

𝑓𝑡 = 𝜎3 − 𝜎𝑡      4.7   

where φ is the friction angle, σt is the tensile strength, c is the cohesion while  

𝑁∅ = 1+sin (∅)
1−sin (∅)

      4.8 

The maximum tensile strength is limited by σ3 and given by  

𝜎𝑚𝑎𝑥
𝑡 = 𝑐

tan∅
     4.9 

The shear (gs) and tension (gt) plastic flow define the potential function with the form  

𝑔𝑠 = 𝜎1 − 𝜎3𝑁ѱ       4.10 

𝑔𝑡 = −𝜎3     4.11 

where ѱ is the dilation angle and  

𝑁ѱ = 1+sin (ѱ)
1−sin (ѱ)

      4.12 

A diagonal at point B can be determined whether the failure is shear (fs, gs) or tension (ft, gt). 
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4.2.3.2 Hardening soil model 

The strain hardening softening soil model in FLAC3D is based on the Mohr-Coulomb model. In 

addition, it allows hardening or softening of the friction, cohesion, dilation and tensile strength 

after onset of plastic yielding. The dilation, friction and cohesion could be defined as a function 

of a hardening parameter measuring the plastic shear strain.  

The sum of some incremental measures of plastic shear and tensile strain defines the hardening 

parameters ks and kt. The shear hardening increment can be calculated based on plastic shear 

strain as 

∆𝑘𝑠 = 1
√2
�(∆𝜖1𝑃𝑠 − ∆𝜖𝑚𝑃𝑠)2 + (∆𝜖𝑚𝑃𝑠)2 + (∆𝜖3𝑃𝑠 − ∆𝜖𝑚𝑃𝑠)2  4.13 

The plastic shear strain  

∆𝜖𝑚𝑃𝑠 =  1
3

(∆𝜖1𝑃𝑠 + ∆𝜖3𝑃𝑠)     4.14 

where ∆𝜖1𝑃𝑠 = 𝜆𝑠 and ∆𝜖3𝑃𝑠 = −𝜆𝑠𝑁ѱ 

The tetrahedron tensile-hardening increment is calculated as  

∆𝑘𝑠 = |∆𝜖3𝑃𝑡|      4.15 

where ∆𝜖3𝑃𝑡 = 𝜆𝑡  

The values of 𝜆𝑠 and 𝜆𝑡 are calculated in the plastic correction stage in the Mohr-Coulomb 

model. 

This model is considered to be more advanced and suitable than the Mohr-Coulomb model in 

simulating the trenching problems in cohesion-less soils.      

4.3 SIMULATION OF FULL-SCALE FIELD TEST AND SOIL MODEL 

Generally, the full-scale field tests provide detailed data of the settlement and horizontal 

displacement from different locations from the trench. The numerical simulation was made for 

a 36 m deep tested trench discussed by Stround and Sweeney (1977), which was shortly 

described in the previous chapter.  

4.3.1 SOIL PROPERTIES  

The soil layers are Fill, marine deposits, decomposed Granite and strong Granite. Table 1 

shows the soil properties that could be used in the analysis. they were determined based on SPT 

values. The groundwater level was 2.3 m below the ground surface. 
 

Table 4-1: Field test soil properties 
 

Soil layer Bottom 
Level 

SPT γ 
(kN/m3) 

c`/cu 
(kN/m2) 

φ` 
(o) 

E 
(kN/m2) 

Fill  1.0 5-30 17.0 0 27 10000 
Marine Deposits  -2.6 5-30 17.0 5/35 15 10000 
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Soil layer Bottom 
Level 

SPT γ 
(kN/m3) 

c`/cu 
(kN/m2) 

φ` 
(o) 

E 
(kN/m2) 

Highly Weathered 
Decomposed Granite  

-11.0 10-20 17.62 0 30 40000 

Decomposed Granite -31.75 >40 20.0 0 36 85000 
Granite - - 22.2 0 40 100000 

 

4.3.2 SOIL MODELING  

The strain hardening softening soil model was used in modeling the soil. As was previously 

mentioned this model is based on the Mohr-coulomb model. The hardening shear parameters 

were deduced from empirical equations based on the reference deformation modulus through 

the following set of equations: 

𝐸𝑜𝑒𝑑 =  
(1 − 𝑣) × 𝐸

(1 − 2𝑣)(1 + 𝑣)
 4.16 

 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓 =

𝐸𝑜𝑒𝑑
( 𝜎
𝑝𝑟𝑒𝑓

)𝑚
=
𝑃𝑟𝑒𝑓
𝜆∗

 4.17 
 

𝜆∗ =  
𝜆

(1 + 𝑒0)
 4.18 

𝐸50
𝑟𝑒𝑓 =  𝐸𝑜𝑒𝑑

𝑟𝑒𝑓     4.19  

𝐸𝑢𝑟
𝑟𝑒𝑓 = 3𝐸50

𝑟𝑒𝑓     4.20 

where:   m power of stress-level dependency of stiffness  

Eoed  oedometer stiffness modulus  

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓  tangent stiffness for primary oedometer loading  

𝐸50
𝑟𝑒𝑓    secant stiffness in standard drained triaxial test  

𝐸𝑢𝑟
𝑟𝑒𝑓      reference stiffness for unloading-reloading corresponding to 

reference pressure pref  

σ  vertical stress  

λ compression index.  

In addition to the Mohr Coulomb parameters, a relation between the mobilized friction angle 

and plastic shear strain was provided in the model to simulate the friction hardening which 

reproduces the hyperbolic stress-strain relation. Vermeer and de Borst (1984) present a friction 

hardening relation as follows:  

𝑆𝑖𝑛∅𝑚 = 2
�𝜀𝑝𝜀𝑓
𝜀𝑝 + 𝜀𝑓

𝑠𝑖𝑛∅ for  𝜀𝑝 ≤ 𝜀𝑓 4.21 
 

𝑆𝑖𝑛∅𝑚 = 𝑠𝑖𝑛∅      for  𝜀𝑝 > 𝜀𝑓 4.22 

where:   φm mobilized friction angle  

φ ultimate friction angle  
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𝜀𝑝  plastic strain  

𝜀𝑓 strain needed to mobilize the limit friction angle  

The relation between the plastic strain and the mobilized friction angle according to Byrne et 

al. (2003) can be written as: 

𝜀𝑝 =  
𝑃𝑟𝑒𝑓
𝛽𝐺𝑟𝑒𝑓𝑒

×
𝑠𝑖𝑛∅
𝑅𝑓

�
1

1 − 𝑠𝑖𝑛∅𝑚
𝑠𝑖𝑛∅ 𝑅𝑓

− 1� 4.23 

 

𝐺𝑟𝑒𝑓𝑒 =
𝐸𝑢𝑟
𝑟𝑒𝑓

2(1 + 𝜗𝑢𝑟)
 4.24 

where: Pref  reference pressure (can be taken as 100 kN) 

Rf  failure ratio (can be taken as 0.9) 

β calibration factor (equal to 1)  

𝐺𝑟𝑒𝑓𝑒  elastic tangent shear modulus  

𝜗𝑢𝑟 undrained Poisson’s ratio.  

The relations between the plastic shear strain and mobilized friction angle for the different soil 

layers are shown in the Figure 4-5.  

 
Fig. 4-5:  Relation between mobilized friction angle and plastic shear strain for different soil layers 

 

4.3.3 GEOMETRY MODELING AND MESHING  

The test panel geometry was described in the previous chapter. The conducting of the trench in 

three bits and reduction of the slurry were simulated with FLAC3D in the same procedure as in 

the field. The model mesh geometry is shown in Figure 4-6. The mesh was 40 x 40 m in the 

surface, while its depth was 50 m. The mesh was dense near the trench and it becomes coarse 

far from the trench. The zone depths in z direction slightly increased with depth and they ranges 

between 0.513 to 1.72 m. The surface area of the zones ranges between 0.0465 and 1 m2. The 
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total number of zones is 126800 and the nodes are connecting them. The small strain model 

was adopted in the analysis.  

The mesh model was fixed in all directions at the bottom, while it was fixed in x only for the 

y-z plans and fixed in y only for the x-z plans. The slurry bites were simulated in stages. The 

soil elements at the slurry location were replaced by the null element and then pressure was 

applied at the trench sides and bottom equivalent to the slurry pressure as shown in Figure 4-7.  

 

 

 
 
 
 

 

Fig. 4-6: Mesh geometry of the tested panel  Fig. 4-7: Trench modeling  

4.3.4 RESULTS AND COMPARISON   

The values of horizontal displacement and settlement from the field data and numerical 

modeling were plotted together for comparison in Figure 4-8 and Figure 4-9, respectively. The 

horizontal displacement was plotted at the three inclinometers I2, I5 and I3 located at a distance 

of 1 m, 2.4 m and 5.4m from the trench edge, respectively, and for the slurry levels 0.5 and 2.17 

m defined by the two conditions C1 and C2, respectively. The settlement was measured for a 

distance up to 12 m from the trench at the center line of the middle bite (TCL) and side bites 

(BCL). It was measured for the conditions C1 and C2 as well. A FLAC 3D -Fish function was 

used to predict the settlement and horizontal displacement at the different locations. The typical 

soil modeling code used in FLAC 3D is presented in Appendix A.   

The horizontal displacement calculated with numerical analysis was almost identical with that 

measured in the field. Its maximum peak was generally at depth ranges between 15 and 25 m, 

while another small peak appeared at higher levels for the cases of a lower slurry level. The 
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values of horizontal displacement decreased with distance from the trench and increased with 

lowering the slurry level.  The reading of nearest inclinometer I2 was exceeding the lower 

limit defined in chapter 3 while the values of I3 were almost between the lower and upper limit. 

The values of I5 were within the upper limit. The numerical analysis values were noticeably 

different for inclinometer I5; the reason is probably due to the reported problem about such an 

inclinometer during the field experiment. If the numerical analysis results for it could be 

considered the values should be then exceeding the lower bound.     

  

 
 

Fig. 4-8: Soil horizontal displacement 
 

The values of the settlement from finite difference are close to the values of field data for the 

first approximately 5m from the trench. The settlement values from the field decreased and 

reach almost zero at a distance of 8 m from the trench (0.22 trench depth) unlike the found 

results in the literature (Figure 3-21). The reduction of the slurry causes a high decrease in 

settlement. The settlement values from the field settlement points at the center were noticeably 

higher than those from the other panels center. However, this difference was not great in the 

numerical analysis results.  

The comparison between the numerical analysis and field data regarding deformation for this 

test was generally acceptable. The field settlement values after 5 m away from the trench were 

not in the same trend as that from the literature. It might be affected by other activities in the 
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site. The values from the numerical analysis were more in contrast with the literature values in 

the general trend.       

 
Fig. 4-9: Soil settlement  

4.4 LABORATORY WORK MODELING  

This section concerns on modeling the centrifuge model test of a single pile near trench 

excavation that was discussed in the previous chapter by Choy (2004). The purpose of 

modeling is to verify the numerical analysis method.  

4.4.1 NUMERICAL MODELING OF THE EXPERIMENT   

The numerical simulation of the experiment included modeling of the soil, the pile, the 

concrete panel (in case of multiple panels), guide wall and the trench with the latex membrane.      

4.4.1.1 Model Geometry  

The model was chosen with a dimension equivalent to the prototype strongbox dimension. The 

dimension of the model was 30 x 52.5 m for the surface area, while the depth was 30 m. The 

sketch of the geometry, construction sequence and modeled mesh are presented in Figure 4-10. 

The mesh was made of 75520 zone elements. The mesh was denser around the trench and 

become coarser at the edges of the model. The depth of each element was 0.75 m while the 

surface area was ranging between 0.15 x 0.375 m and 1.063 x 1.1 m. The bottom was fixed in 

all directions, while the edges were fixed in the two directions only.          
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Place sand → place the water inside trench 
Penetration of the pile → replace water with slurry 
Reduce the slurry  
Trench depth = H 
, Slurry depth = d 
 

 
 

Fig. 4-10: General geometry, construction stages and typical mesh used for simulation.  

4.4.1.2 Soil modeling   

The soil used in the experiment was dry dense sand and modeled using the strain hardening 

softening soil model. The friction angle, density and deformation modulus were 32 o, 

15.55 kN/m3 and 50 MPa, respectively. The friction angle peak was 40 o. The same equations 

between 4.16 and 4.24 were used to define the strain hardening softening parameters and the 

relation between plastic shear strain and mobilized friction angle.     

4.4.1.3 Guide wall modeling   

The guide wall was modelled as an elastic soil element in order to simulate the 1.5 mm 

(11.5 cm – prototype scale) thick aluminum plate, while its depth was 1.5 m in the prototype 

scale. The real thickness of the guide wall was not simulated, because the mesh thickness near 

the trench was 0.322 m; accordingly, the used deformation modulus of the aluminum guide 

wall was 0.115/0.332 x Ealuminum = 25 GPa.  

4.4.1.4 Pile modeling  

The pile structural element defined in FLAC3D was used to simulate the pile. Indeed, the 

simulation of pile using solid element (i.e. soil element with the pile properties) could provide a 

better accuracy but mesh difficulties between the pile and the trench were expected to cause 

numerical errors. Accordingly, it was more convenient with an acceptable accuracy to use the 

pile structural element. It consists of finite elements between two nodes with six degrees of 

freedom per node. It has the same beam stiffness matrix. The pile element is defined by its 

geometric and material properties such as its cross section area, inertia, perimeter, modulus of 

elasticity and Poisson ratio etc… In addition, it is defined also by its coupling spring properties. 

The coupling spring properties are divided into shear and normal coupling. The shear and 

normal behavior of the pile-grid interface is represented numerically as a spring-slider system 

at each node along the pile axis as shown in Figure 4-11. The relative shear displacement 

Slurry 
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Concrete Panels 30.0
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between pile and soil is defined numerically by its shear stiffness ks, friction angle φs, cohesion 

cs and exposed perimeter. Similarly, the relative normal displacement between pile and soil is 

defined by normal stiffness kn, friction angle φn, cohesion cn, exposed perimeter and gap g. 

These parameters with effective confining stress define the pile mechanical behavior in shear 

and normal, respectively.   

The gap that could occur due to lateral loading of pile in the host medium is simulated 

numerically as a parallelogram with its sides parallel to the y`z` - axis as shown in Figure 4-12. 

The shear and normal stiffness could be calculated empirically from the following equation: 

Kn = Ks = 10 max [k+4G/∆zmin]   4.25 

 where:  k is the bulk modulus of the soil  

G is the shear modulus of the soil 

∆zmin is the minimum distance in the vertical direction of the mesh 

 
Fig. 4-11: Fully bonded reinforcement mechanical representation (Itasca, 2013) 

 

 
Fig. 4-12: Behavior of pile in normal direction (un is the relative normal displacement between pile and 

host medium) (Itasca, 2013) 
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The pile cross-section was a cylinder tube of aluminum and consisted of different segments. It 

was simulated with an equivalent dimension and properties. The pile properties used in the 

analysis are presented in Table 4-2. Each pile segment shows different values of friction 

recorded during pile installation. The interface friction angles φs and φn were varying according 

to the different pile segments. The values of the interface friction angles are presented in Table 

4-3.  
    Table 4-2: Laboratory test pile properties  

Parameter 
Pile Interface  

Area 
(m2) 

Inertia 
(m4) 

Perimeter 
(m) 

E 
(kN/m2) 

ks 
(kN/m3) 

kn 
(kN/m3) 

φs, φn 
degree 

Used 
Value 

0.636 0.0322 2.826 4.3e7 1.0e6 1.0e6 see 
Table 4-3 

  

    Table 4-3: Interface friction angles of the different pile segments    

Segment* φs (degree) φn (degree) 

2 14.0 6.0 

3 11.0 4.0 

4 13.0 8.4 

5 3.0 1.0 
* The segments are from almost the top to the bottom with an average length of 20 mm 

4.4.1.5 Latex membrane and trench modeling   

In the experiment, the latex membrane was used to prevent liquids from penetration into the 

soil during the different stages. However, it has also some stiffness that provides local stability 

and prevents possible local failure during slurry reduction. The shell structural element 

implemented in FLAC3D was used to simulate the membrane. This element is a three-nodded 

flat finite element with a local coordinate system shown in Figure 4-13a. It behaves as an 

isotropic linear elastic material without a failure limit and is connected rigidly with the grids. 

The shell within the zone grid is presented in Figure 4-13b.  

The shell element is defined by its stiffness and thickness. The thickness of the used latex 

membrane was about 0.5 mm (about 4mm in the prototype scale). Its stiffness equal to 20 MPa. 

Modeling of the trench was made in the same way as discussed in section 4.2.4 and Figure 4-7, 

while the pressure was distributed on the shell element and not in the zones. The shell elements 

transfer the pressure to the soil zones. The concrete panels were modeled by replacing the null 

zones by linear elastic model zones with the concrete properties. The applied pressure was 

removed gradually during the concreting process.        
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a) coordinate system of the shell element 

 
b) shell elements in the model 

Fig. 4-13: Shell element used in simulating the latex membrane 
 

4.4.2 RESULTS FROM THE EXPERIMENT NUMERICAL MODELING     

This section discusses the results from finite difference and laboratory experiments regarding 

the surface soil settlement and pile behavior (i.e. deflection, bending moment, friction and end 

bearing). Six numerical models were conducted for the eight experiments, because three of the 

experiments have the same parameters and dimensions as discussed in the previous chapter in 

Table 3-3.   

4.4.2.1 Surface soil settlement    

The surface soil was measured in the eight experiments during pile installation and slurry 

reduction. The settlement due to pile installation from laboratory compared to numerical 

analysis in all tests has shown almost the same trend and values. Figure 4-14 shows a typical 

comparison between numerical analysis and laboratory work regarding pile installation 

process. 

 
Fig. 4-14: Typical effect of pile installation on soil settlement  

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0
5 10 15 20

Se
ttl

em
en

t (
m

m
)  

Distance (m) 

Centrifuge
(Choy,2004)

FLAC3D

Shell 
element
 



 

79 
 

The surface settlement due to replacing the water with the slurry liquid was almost 

unnoticeable. The settlement from the slurry reduction compared to numerical analysis is 

presented in Figure 4-15 for a single panel trench, while multiple panels are shown in Figure 

4-16.  

  
a) CKC1 (x = 7 m) b) CKC7 (x = 5 m) 

 
c) CKC 6 & 16 (x = 3.15 m)  

Fig. 4-15: Soil settlement due to slurry reduction for 6 m length single panel    

In general, the settlement from CKC1 (i.e. x=7 m) was less than that from CKC7 (i.e. x=5 m) 

and both were less than those from CKC 6 and 16 (i.e. x=3.15 m). This indicated that the pile 

distance from the trench has a great effect on the settlement. The settlement from the single 
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6.0 m length panel was double the values taken for the 3.0 m length multi-panels trench. 

Generally, it decreased with distance from the trench.   

The settlement due to slurry reduction from numerical analysis was quite in a good contrast 

with laboratory work. However, there was some big difference for some cases. The pile 

installation from numerical analysis was slightly higher than the results from the laboratory. 

This difference could be acceptable for the verification purposes.    

  
a) CKC13 (x = 3.15 m) one concrete panel  b) CKC14 (x = 3.15 m) two concrete panels 

Fig. 4-16: Soil settlement due to slurry reduction for 3.0 m length multiple panels    

The settlement from the numerical analysis for the CKC 1 showed a very low difference for the 

slurry to depth ratios between 0.2 and 0.6, while it showed almost double the settlement values 

for d/H = 0.8. The settlement difference was great for d/H = 0.6 and it was not so great for the 

other levels in the CKC 7 experiment. The settlement difference between numerical and 

laboratory results of CKC 16 was noticeable at d/H = 0.6, while it was quite low for CKC 6 in 

most of the slurry levels. In general, the difference between the settlement values from the 

numerical analysis and CKC 13 laboratory results was very low, but it was high in CKC 14 for 

most of the slurry levels. 

The general settlement trend from the finite was high near the trench and increased greatly by 

distance. In other hand, not all of the laboratory tests results showed the same trend. The 

settlement shape from the numerical analysis is considered to be reliable compared to the 

general trend discussed and suggested in Figure 3-22. The settlement values for the single 6 m 

length panel and slurry reduction less than 30 % were within the upper bound, while the slurry 

level could be reduced to 60 % and still in the upper bound for the short panel. The rest of the 
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values were within the upper and middle bounds. Only the slurry reduction of 60 % in the case 

of the single 6 m long panel passed the middle bound, because the trench was unstable and 

almost collapsed in this case.                

4.4.2.2 Pile deflection and bending moment     

The deflection and bending moment of the pile due to slurry reduction were recorded in the 

experiments CKC 15 and CKC 16. The comparison between the results from numerical 

analysis and laboratory is presented in Figures 4-17 and 4-18. The laboratory data results were 

recorded and plotted for limited values of slurry reduction levels. However, the numerical 

analysis results were plotted for more levels in order to better understand the slurry reduction 

effect on the pile. The laboratory results are presented in the solid lines, while the numerical 

analysis results are presented in non-solid lines.   

 
  

(a) Bending Moment  (b) Deflection   
 

Fig. 4-17: Pile bending moment and deflection due to slurry reduction (CKC15) 
 

The pile deflection and bending moment were affected during slurry reduction but the effect was high at a 

certain level of the slurry. At such a level the failure could have occurred and causes huge displacement 

and bending moment for the pile.  

In the laboratory experiment CKC15 the laboratory results showed that the failure probably happened at 

d/H = 0.8, the bending moment increased to almost 1000 kN.m, while the deflection showed an illogical 

behavior of movement which was against the trench as shown in Figure 4-17(b). The results for the same 
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experiment from the numerical analysis showed that the pile deflection increased gradually with slurry 

reduction but it greatly increased at d/H = 0.8, which indicates that the trench had failed at this slurry level 

as well. The laboratory results showed that, the bending moment shape and values were changing during 

the reduction of the slurry. The numerical analysis showed the same trend with a high increase at d/H = 0.8 

The high laboratory result values of deflection and bending moment at d/H = 0.6 in the laboratory 

experiment CKC16 indicated that failure happened at this level. The numerical analysis results showed a 

little different behavior. The pile deflects almost gradually until d/H = 0.5 and at d/H = 0.57 it showed a 

very high increase which indicates that failure most probably happened at this level. The numerical 

analysis showed a high change of bending moment values from positive to negative at d/H = 0.57 and 0.6. 

The pile deflection values from numerical analysis were higher than those from the laboratory before 

failure but slightly less after failure, while the bending moment values after failure were less than those 

from the laboratory. Generally, the numerical analysis provides logical and reliable deflection and bending 

moment values.                  

  

(a) Bending moment  (b) Deflection  

Fig. 4-18: Pile bending moment and deflection due to slurry reduction (CKC16) 
 

4.4.2.3 Pile shear friction and bearing capacity     

The reduction of slurry causes a change in the pile shear friction and bearing capacity. Its effect 

on shear friction from the numerical analysis compared to field data is presented in Figures 

4-19 (a) and (b) for CKC 15 and CKC 16, respectively. The reduction in bearing capacity at 

different slurry levels is presented in Figure 4-20. 
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(a) CKC 15 

 
(b) CKC 16 

Fig. 4-19: Pile shaft friction during slurry reduction 

The values from the laboratory test and numerical analysis showed that shaft friction shape and 

values changed during slurry reduction. The shaft friction values were plotted for d/H = 0.0 just 

before slurry reduction and for different d/H values. The solid lines in Figures 4-19 and 4-20 

are related to the laboratory results while the non-solid lines are the results from numerical 

analysis. The laboratory results are in the form of vertical straight lines because they were 

measured using strain gages at five locations (segments) on the pile, while the numerical 

analysis was measured at the pile coupling springs (section 4.3.1.4) which are located every 

1 m along the pile length.  
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Fig. 4-20: Reduction of pile end bearing at different slurry levels 
 

The CKC15 laboratory results of the shaft friction did not show a big change at the upper 12 m 

for d/H less than 0.8 (i.e. failure). However, at the lower part a decrease of shaft friction was 

observed, the increase of shaft friction at d/H = 0.8 was great in the whole pile length. A 

different trend was recorded from the numerical analysis results. The shear friction increased 

for the different slurry levels and below the pile depth of 6.0 m. The value of change from 

numerical analysis at d/H = 0.8 was not as great as that from the laboratory results.  

The shaft friction from the experiment CKC 16 results did not show any change during slurry 

reduction in the upper 6 m of the pile, while it increased below this depth without any fixed 

relation with d/H values. The greatest increase was not necessary always at failure (i.e. 

d/H = 0.6). However, the increase of the lowest 2 m of the pile was great at d/H = 0.6. The 

numerical analysis showed also no change in shaft friction for the upper 6 m of the pile. It 

increased at depths below 6 m. The maximum increase was recorded for d/H = 0.4. The 

increase of shaft friction from the laboratory and numerical analysis was not fully related to the 

slurry level, except for laboratory results of d/H = 0.8 in experiment CKC 15. This high 

increase is an exception and could be an error in the laboratory reading caused by the collapse 

of the trench at this level.        

The bearing capacity was calculated in the laboratory using four strain gages at the pile conical 

tip. It was measured from the numerical analysis by replacing the lower link with another one 

that contains a normal yield spring in the axial direction. The normal yield compression of the 

spring was chosen to be 1.8 MPa.  

In test CKC 15, the laboratory results showed that pile bearing capacity decreased after 30 % 

reduction of the slurry. It was above 0.9 at a slurry level below 60 %, while it decreased greatly 

after that and was 0.52 at 80 % slurry reduction. The numerical analysis showed also a decrease 

in bearing capacity after 30 % of slurry level, but this decrease was higher at slurry levels of 
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40 %, 60 % and 70 % than laboratory results. However, at slurry level of 80 % the numerical 

analysis showed almost the same value of the laboratory results.  

The laboratory and numerical analysis results showed a reduction of bearing capacity at a 

slurry level below 20 % for the test CKC 16. However, the numerical analysis showed a high 

reduction in bearing capacity values than laboratory test. The bearing capacity values from 

laboratory decreased below 0.9 after slurry reduction level of 40 %, while it decreased below 

this value at 30 % from numerical analysis.          

4.4.2.4 General discussion of the results        

It is not always easy to predict the soil behavior in the laboratory, especially in the centrifuge 

model tests because it needs very small sensitive devices with limited errors. The engineering 

logic and sense should be a main factor in judging the laboratory results. The pile deflection, 

bending moment and axial forces measurements in the laboratory are subjected to error. On the 

other hand, the surface settlement was measured using laser-beam, which should be more 

accurate than those measured from the strain gages. 

The surface settlement results from numerical analysis are more close to those from laboratory 

compared to the results of pile behavior. The numerical analysis should not necessarily provide 

a full contrast with the laboratory results, especially if the possibility of error from the 

laboratory measurements is expected.  

Generally, the behavior of the pile from the numerical analysis was logical as well as from 

laboratory tests except pile deflection at d/H = 0.8 for experiment CKC 15. The trench failure 

from numerical analysis has happened almost at the same slurry level in the laboratory for both 

tests. Indeed, the surface settlement for the same tests or the similar tests was in a high contrast 

with the laboratory results. This means that the difference in results regarding pile behavior is 

not always indicating that the numerical analysis is inaccurate.          

4.5 MODELING OF PREVIOUS WORKING PROJECTS 

There are limited monitored projects for a slurry trench near deep foundations. The settlement 

and horizontal soil deformation were the only available data from such projects. In this section 

two projects were modeled using the numerical analysis. The comparison was made with the 

available field data for each project. The first project is an underground metro station in Hong 

Kong near several high-rise buildings located in deep foundations. The second project is an 

underground basement in a crowded area in Cairo.  
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4.5.1 NUMERICAL MODELING OF CHARTER UNDERGROUND STATION (HONG 

KONG) 

This project was discussed in the previous chapter. Two sections that were presented in Figure 

3-11 will be modeled in this section. The available data for section 1-1 and 2-2 are the soil 

settlement, while for section 3-3 is the soil horizontal displacement. Section 1-1 refers to the 

Courts of Justice, section 2-2 refers to Prince’s building and section 3-3 refers to Swire House. 

The soil properties and soil modeling are the same for the full-scale field test discussed in 

section 4.2, because the tested panel was conducted close to the project area. Accordingly, the 

soil profile and properties are assumed to be the same for the project area and test panel.    

4.5.1.1 Diaphragm wall panels near Courts of Justice         

The panels were constructed in three main stages as shown in Figure 4-21. The panels length 

are varying between 4.8 and 6.2 m. The individual panels were modeled as discussed in section 

4.2.4, while the concreting of the panel was simulated by replacing the zones in the previous 

excavated panel with concrete properties as shown in Figure 4-22 a. The linear elastic model 

was used for modeling the concrete. The bulk and shear modulus for the concrete were equal to 

11.8 and 10.8 GPa, respectively, while the density equals to 20 kN/m3.    

  

 
Fig. 4-21: Diaphragm wall construction stages near Courts of Justice (Davies and Henkel, 1982) 

 

The large recorded settlement was assumed to be due to the squeezing of the weathered granite 

during trenching at a certain depth. Such a depth can be found in Figure 3-12. This squeezing 

was simulated approximately by reducing the slurry pressure and the soil strength parameters 

at such a location as shown in Figure 4-22b. The reason for reducing the slurry pressure is due 

to the possibility that the filter cake was dysfunctional due to the squeezing process. 

Accordingly, the penetration of the slurry in the surrounding medium reduces the bentonite 

effective pressure. It is very difficult to define accurately the reduction value, so an 

approximate reduction of 20 % was made to the slurry pressure at this location.           
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        (a) Trenching and concreting process                    (b) Slurry pressure reduction              

 

 

Fig. 4-22: Trench modeling  
 
The Courts of Justice was found on timber piles with a length of 12 m. The Piles cross section 

area was approximately 0.0254 m2 and separated by a distance of about 4.5 m. Grade beams 

that carry a wall or columns connect each pile. The area method was used to calculate the load 

above the grade beams which transfer the load to the piles. The building consisted of two floors 

with an upper floor of a big dome and several decorated inclined surface roofs. Each floor is 

expected to apply a surface vertical load of about 12 kN/m2. The distance between the 

diaphragm wall and the building timber foundation is about 2.2 m. 

Beam elements were used to model the grade beams. The building load was simulated by 

applying a distributed line load on the beam elements. The beams were connected to the piles 

and transfer the load to them. The connection between the beam nodes and pile nodes was a 

hinged connection.  

The model contained 157800 zones. Their sizes were smaller near the trench panels. They 

become slightly larger under the building and much larger for the rest of the model. The 

dimension of the model was chosen in order to have a negligible deformation at the mesh 

edges. The length and the width of the mesh were 120 x 120 m, while the depth was 60 m. The 

model mesh and dimension are presented in Figure 4-23.  

The settlement was measured at the points E, D and F for the different construction stages as 

shown in Figure 4-21. The maximum settlement was recorded at the nearest point (D) during 

constructing panels 220, 222 and 226. The settlement from numerical analysis and field data at 

the different construction stages is presented in Figure 4-24.     
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Fig. 4-23: Trench mesh modeling 

 

 
Fig. 4-24: Settlement at different stages 

 

 
The settlement values decreased with distance from the trench, while they increased with 

advancing in the construction stages. The settlement results from the numerical analysis were 

almost identical with the field data results for the nearest point D, but it was different for points 

E and F. These points were probably affected by other construction activities which were not 

possible to be numerically simulated. Accordingly, the difference in values is considered to be 

acceptable. However, this comparison indicated that the assumptions used in the numerical 

analysis method are valid. The values of settlement after the third stage were critical as they are 

between the middle and the lower bounds in Figure 3-22.    

The results of horizontal displacement from the numerical analysis at the same points (D, E and 

F) are presented in Figure 4-25. They were not compared to field data because no field data are 
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available for horizontal soil displacement. However, it is considered reliable based on the 

numerical verification with settlement results.     

  
(a) Different stages (b) Different locations  

Fig. 4-25: Horizontal displacement from different stages and locations 
 
The horizontal displacement of the soil increased with advancing on the stages, and it 

decreased with distance from the trench. The shape of the displacement is different according 

to the distance from the trench. The values of the horizontal displacement measured 6 m from 

the trench (i.e. point D) were maximum at the location of the squeezed decomposed granite. 

The maximum horizontal displacement was at the top at points E and F, while it was relatively 

high at the squeezed area at point E. This indicates that the effect of the squeezed decomposed 

granite decreased greatly with distance and its effect was almost negligible at 25 m away from 

the trench (i.e. point F). The same concept was presented previously for the same area in 

Figure 4-8 with respect to one panel only, where the horizontal displacement for the tested 

panel showed a different shape with distance from the trench.       

The deflection and bending moment of three piles from numerical analysis near points D, E and 

F are presented in Figure 4-26. Again, there are no field data available for the piles but the 

numerical analysis could indicate the behavior of piles during such a high soil deformation. 

Comparing the soil movement at point D and pile P1 deflection in the third and last stage 

showed that the piles have the same soil movement. In general, the piles deflected with the 

values of soil movement due to the high flexibility of the pile (i.e. low stiffness). Accordingly, 

the change in bending moment values was very low and even becomes almost zero for the most 

distant pile (P3). The pile movement illustrates the reason for the building minor damages 
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without partial collapse. If the piles were rigid and subjected to high soil deformation, their 

bending moment could highly increase and some of them may damage. The shaft friction in 

average slightly increased because it was fully mobilized during different trenching stages. Its 

change was not great because the pile moved the same value as the soil.   

  

Fig. 4-26: Piles deflection and bending moment  
 

4.5.1.2 Diaphragm wall panels near Swire House          

The Swire house is a 22 multi-story building located in deep foundations. This building deep 

foundation system was consisted of reinforced concrete piles carry individual pile caps. The 

piles diameter was 0.6 m. The high settlement values for this building were avoided by 

increasing the slurry level 0.7 m above the ground and using a panel length of 2.7 m. The 

numerical simulation was made for part of the building foundation and only for three panels, 

because the readings were taken for only three panels as previously presented in Figure 3.12. 

The soil is considered to be the same as the tested panel discussed in section 4.2. The panels 

and squeezed decomposed granite were simulated as described previously in Figure 4-22b. The 

shell elements were used to simulate the individual pile caps that carry the building columns. 

The load of the column was approximately distributed over the shell element. The dead and 

live loads of each floor could be taken approximately as 11kN/m2. The area method was used to 

calculate the stress above the pile caps by considering the distance between the columns is 5 m. 

In this case, the edge columns could carry a load equal to 5 m x 2.5 m x 11 kN/m2 x 22 floors = 

3025 kN. Similarly, a load of 6050 kN is expected to be carried by the center columns. The 

columns loads are distributed on the surface area of the pile cap.  
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Pile elements were used to model the piles as previously used. Only 20 pile caps of the building 

were modeled. The geometric mesh showing diaphragm wall, piles, pile caps and squeezed 

zone is presented in Figure 4-27.  

 
Fig. 4-27: Mesh geometry and pile caps 

 
The graphical representation of soil horizontal displacement and pile movement at the last 

construction stage (i.e. secondary panel) is shown in Figure 4-28 (a), while Figure 4-28 (b) 

presents the horizontal soil displacement compared to field data measured with the 

inclinometers described in the previous chapter and located as shown in Figure 3-12. The 

deflection and bending moment for pile row perpendicular to the trench are presented in Figure 

4-29. There are no data available about the pile behavior. However, the results from the 

numerical analysis regarding the pile behavior are considered to be acceptable based on the 

verification of soil displacement. The values of horizontal soil displacement from numerical 

analysis presented in Figure 4-28 were close to the values from field observation for the lower 

10 m. In the upper 10 m the horizontal displacement values from numerical analysis showed a 

zero value while the field data showed negative values (i.e. opposite to trench direction). The 

high level of the guide wall than the ground surface causes the slurry pressure to be higher than 

earth pressure at the top of the trench. Accordingly, the horizontal displacement values at the 

top were negative. 
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(a) Graphical  

 
(b) comparison with field data  

Fig. 4-28: Horizontal soil displacement  
 

 
 

Fig. 4-29: Piles row deflection and bending moment  
 
The location of pile from the trench defines its behavior during the trenching process as can be 

noticed in Figure 4-29. The nearest pile P1 to the trench showed the highest deflection and 

bending moment values; while the distant pile P5 showed the lowest values. The piles moved 

with the soil but with less values due to the relatively high stiffness of the piles. Accordingly, 

the bending moment change was relatively high. The shaft friction of the piles increased for the 

upper 10 m and then it decreased. The amount of change was relatively high compared to that 

found in the Court of Justice because the relative settlement between soil and pile was high in 

the Swire house due to pile rigidity.     
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4.5.2 NUMERICAL MODELING OF TWO STORY BASEMENT (GIZA) 

The construction of the diaphragm wall panels in Giza, Egypt discussed in the previous chapter 

is modelled herein for numerical verification.  

4.5.2.1 Diaphragm wall panels and adjacent building characteristics            

The construction site plane and the section of the studied building are shown in Figure 4-30 

while the panels chosen to be modeled and monitoring system for the building are shown in 

Figure 4-30. These panels were only chosen to be modeled because they are the nearest to the 

piled foundation, and the rest of the panels effect on that building will be minimum. 

 
Fig. 4-30: Construction site plane and section of the studied building 

 
The building adjacent to the diaphragm wall is a 14 story building located in piled foundations. 

The tip level of the building piles is 15.5 m below ground surface as shown in sec x-x. The piles 

have a circular diameter equal to 0.6 m. Pile caps of 0.7 m thickness were used to carry the 

column loads and transfer them to a group of four piles. The column loads were transferred as a 

stress on the pile caps and calculated by considering the stress from each floor equal to 

11kN/m2. The diaphragm wall was located just 1.8 m from the building and about 2.0 m from 

the first pile caps row. The diaphragm wall was 0.6 m in thickness and it extended to 21 m 

below ground surface. The slurry level was 0.5 m below ground surface and its density was 

10.7 kN/m3.     
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Fig. 4-31: The construction stages of the panels adjacent to the studied building  

 

4.5.2.2 Soil properties           

The soil was mainly sand with different densities, friction angle and deformation modulus. The 

SPT and laboratory tests were used to predict the soil properties. Table 1 is a summary of the 

soil properties in the project area. The ground water level was found at a depth of 2.0 m below 

the ground surface. 
    Table 4-4: Soil properties at the basement location   

Soil type Bottom level 
(m) SPT γb  

(kN/m2) 
φ ο Eoed 

(MPa) 
E50 

(MPa) 

Eur 
(MPa) 

Fill 2.0 - 17.0 28 16.0 16.0 48.0 
Silty Sand 5.0 12 18.0 30 17.0 17.0 49.0 
Medium 

Sand 11.0 20 19.0 33.5 36.0 36.0 108.0 

Dense sand 25.0 42 20.0 36 42.0 42.0 124.0 
 

4.5.2.3 Numerical modeling            

The soil was modeled using the strain hardening softening soil model with the same concept 

discussed in section 4.2.2. The relation between the plastic shear strain and mobilized friction 

angle is presented in Figure 4-32. The construction of the diaphragm wall panels was simulated 

using FLAC 3D with the same construction sequence presented in Figure 4-31. The model 

mesh geometry is shown in Figure 4-33. The trenching and concreting process for each panel 

were modeled as previously presented in Figure 4-22 a. The pile was modeled using the pile 

element while the pile caps were modeled using shell elements. Beam elements were used to 

model the grade beams that connected the pile caps. The building was simulated first by 
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placing the piles, pile caps and beams. Then pressure was applied to the pile caps. The 

trenching process then was started.  

 
Fig. 4-32: Plastic shear strain and mobilized friction angle   

 

 
Fig. 4-33: Model Geometry  

4.5.2.4 Numerical results and comparison             

The soil settlement from field data and numerical analysis methods is presented in Figure 4-34. 

In Figure 4-34a the current FLAC 3D analysis is plotted by solid lines while the previous finite 

element analysis conducted by Mohamed and Klapperich (2015) is shown by the non-solid 

lines. The field data were three points at three different locations and plotted as points. The soil 

surface settlement from FLAC analysis is shown in Figure 4-34b as a mesh grid while the field 

data results were plotted as dots. All the data were plotted after construction of the last panel.  

The settlement results from the FLAC analysis were closer to the field data than finite element 

analysis. The field settlement values located at a distance of 5m from the trench were lower 

than the FLAC analysis results but the values in the other locations were almost identical with 

the numerical analysis.  
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(a) Comparison at different sections  

 

 
(b) Surface soil settlement  

 
 

Fig. 4-34: Soil settlement   
 

The pile deflection and bending moment values for some piles are presented in Figure 4-35. 

These data were not verified because no measurements were taken for the existing piles due to 

the technical difficulties.  

The deflection and bending moment values of piles in the row at the center of panel 20 (i.e. Pile 

6, 26, 46 and 66) were presented in the single line while the other values were presented in the 

double line.  

Generally, the deflection of the piles in the center was higher than that at the edge. The piles 

close to the trench (i.e. Pile 1, 6 and 26) deflect slightly higher at the bottom while the other 
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piles deflect higher at the top. The piles far from the trench were not affected directly by the 

trenching process. They were dragged by the piles near the trench.   

The trenching process causes additional bending moment in the piles. The bending moment 

values of the piles before trenching were almost zero. The change in bending moment was 

almost zero for the piles 41, 46 and 61. The piles near the trench showed a high increase in 

bending moment values which reach about 60 kN.m; however, these values are still within the 

carrying capacity of the reinforced concrete pile section.   
 

 
  

Fig. 4-35: Piles deflection and bending moment  

4.6 SUMMARY   

In this chapter, the numerical simulation of the field and laboratory works has been conducted. 

It was done using FLAC 3D software which based on the finite difference analysis method. 

The strain hardening softening soil model was used in the analysis. The numerical analysis 

results were compared to the field and laboratory results to verify the analysis approach and 

approximation that have been used.  

The results from the field test were in a contrast with the numerical analysis with respect to the 

horizontal displacement but it was not in such a contrast with the settlement. Some assumptions 

were used to model the centrifuge laboratory experiment. The settlement results from the 

experiment and the numerical analysis showed some differences due to the homogeneous 

nature of the numerical analysis results. On the other hand, the pile behavior results were not in 

such good agreement but it has almost the same trend except for one result which was 

considered to be an error in the centrifuge model test. The results of pile deflection from the 

numerical analysis were in a better contrast with the laboratory results than bending moment 
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values. Generally, this difference between values was not high and it indicate that numerical 

analysis had provided reliable results.           

The case histories were successfully simulated numerically. The results from the numerical 

analysis were quite in a good contrast with the different field results. However, some 

differences were found due to the random nature of the field data results, while the numerical 

analysis showed a fixed trend of deformation based on mathematical equations.  

Generally, the soil deformation predicted from the numerical analysis method used in this 

chapter was logic and within the deformation values discussed in the previous chapter. Indeed, 

the numerical analysis can’t provide fully accurate results but it can draw a full picture of the 

problem with an acceptable accuracy. Accordingly, this numerical analysis method will be 

adopted for the parametric study in the next chapter.   
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CHAPTER 5: PARAMETRIC STUDY  

5.1 INTRODUCTION    

The soil deformation caused by construction activities is a reason for passive load on nearby 

existing piled foundations as discussed in Chapter 2. The trenching process of the diaphragm 

walls near piles is considered to be a source of such a passive load as well. Chapter 3 and 4 

discussed the effect of the trenching process on the nearby piles behavior. However, the 

discussed cases were considered to be limited for some conditions. The parametric study that 

was conducted by Choy (2004) using eight centrifuge model tests was limited only to single 

pile and the ground water table was not taken into consideration. He studied the slurry level 

reduction but not the trenching process itself. However, the results of his parametric study 

showed the effect of the pile location and panel length on the pile behavior.  

This chapter tries to draw a clear picture of the slurry trenching effect on piled foundation in a 

wider view. In order to provide such a picture more parameters should be investigated. The 

flexible nature of the numerical analysis allows to investigate more parameters and parameter 

combinations which are not easy to investigate using the laboratory tests. Accordingly, in this 

chapter the numerical analysis method with FLAC3D that was verified in the previous chapter 

was adopted in the current parametric study.  

This study is divided into three main parts. The first part concerns the effect of single and 

double trench panel(s) on isolated pile group. The effect of multiple panels on connected pile 

groups is presented in the second part. The last part is discussing the effect of several panels on 

piled raft foundation. In each part, a combination of several parameters such as panel 

dimension, water level, soil properties, slurry level and pile properties was adopted. The pile 

deformation, bending moment and shaft friction were the main outputs from the analysis.                  

5.2 MODELING OF STUDIED PARAMETERS  

The idea behind conducting the parametric study was to provide a practical understanding of 

realistic cases of trenching near a piled foundation. The parameters were chosen to simulate 

real cases and some extreme situations that might happen in real engineering projects. The 

following sections show the chosen parameters used in the parametric study. 

5.2.1 SOIL PROFILE AND PROPERTIES  

The soil used in the parametric study was cohesion-less with different values of friction angle, 

density and deformation modulus as shown in Table 5-1. The soil profile was homogeneous for 

simplification. It was not necessary to model layered soil, because the layers are varying 

greatly and the aim of the parametric study was to understand the behavior of pile during 
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trenching with a general overview. However, the effect of a weak layer such as the coarse soil 

or the squeezed decomposed granite that might cause the slurry liquid to penetrate into the soil 

was modelled by reducing the slurry pressure at some levels.  

The water table was chosen at five different depth ranges between 1 and 5 m below ground 

surface with 1m interval. The variation of the groundwater table that could happen during the 

trenching process itself was not taken into consideration.   

Table 5-1: Soil properties used in the parametric study  

Soil  γb * 
(kN/m3) 

φ ο 
G 

(MPa) 
K 

(MPa) 
Eoed

ref
 

(MPa) 
Eur

ref 

(MPa) 
1 16.0/18.0 30 7.7 16.7 5.9 17.7 
2 16.0/18.0 32 9.6 20.8 7.4 22.0 
3 18.0/20.0 34 17.3 37.5 12.67 36.7 
4 18.0/20.0 36 19.2 41.66 13.4 40.25 
5 18.0/20.0 40 28.84 62.5 20.12 60.38 

        * The density above/below ground water table  

The soil was modeled using the strain hardening softening soil model that was discussed in the 

previous chapter. The relation between the plastic shear strain and mobilized friction angle is 

plotted in Figure 5-1.   

 
Figure 5-1:  Relation between plastic shear strain and mobilized friction angle  

  

5.2.2 GUIDE WALL, DIAPHRAGM WALL PANELS AND SLURRY  

The guide wall used in the proposed study had a depth of 1.5m and a thickness of around 0.3 m 

depending on the mesh size. It was modeled by changing the zones properties to concrete 

properties. The concrete properties are defined by the linear elastic model with density, bulk 

modulus and shear modulus equal to 22 kN/m3, 11.8 and 10.8 GPa, respectively.       

Generally, the dimension of the diaphragm wall is considered to effect the ground deformation. 

The trench panels have a common dimension which is influenced by the project requirement 

0

5

10

15

20

25

30

35

40

45

0 0.05 0.1 0.15 0.2

M
ob

ili
ze

d 
Fr

ic
tio

n 
A

ng
le

 (φ
m

)  

Plastic  Shear Strain (εp) 

Soil 1 Soil 2

Soil 3 Soil 4

Soil 5



 

101 
 

and the equipment used for trenching process such as hydraulic clamshells (grab) or 

hydro-fraise (hydraulic cutter).  

Theoretically, the diaphragm wall panel length cannot be less than 2.4 m while its length can be 

unlimited. Practically, the average minimum length is ranging between 2.8 and 3 m which 

considered the minimum grab length, while the maximum average length is 6 m. the used panel 

lengths in the parametric study were 3 and 6 m. 

The thickness of the diaphragm wall cannot be less than 0.6 m and it can reach 1.5 m as a 

maximum value. In normal cases, the maximum thickness is 1.2 m. In the parametric study, the 

used thicknesses were 0.6 and 1.2 m.  

The used equipment limits the maximum trench depth. It can reach a depth more than 100 m, 

but on average it ranges between 15 m and 60 m. Generally, it is not common to conduct a 

diaphragm wall trench deeper than 60 m inside cities. Accordingly, the average depths used in 

this study are between 20 and 50m.         

The number of panels in any project is variable due to the required total length of the 

diaphragm wall. A single panel and two panels were used to study the effect on a single pile 

group, while nine and seventeen panels were used to study the effect of multiple panels on 

connected pile groups and piled-raft foundation.  

The slurry level inside the trench is normally located about 0.5 m below ground surface, but it 

can be decreased during construction below that level. In this study, the slurry level was ranged 

between 0.5 m and 2.5 m below ground surface. The density of slurry liquid is limited by a 

value of around 13 kN/m3 as discussed in Chapter 2, while its minimum value could be slightly 

higher than the water density. The value used in this analysis was 10.9 kN/m3.     

The null element was used to define the zones at the trench location and a pressure equivalent 

to the slurry pressure was applied on the trench wall surface as described previously in Figure 

4-22a. The slurry reduction at some location was done in the same concept described in Figure 

4-22b but without reduce the shear strength of the nearby zones. The concrete panels, if any, 

were modeled using the linear elastic model with the same properties of the guide wall.        

5.2.3 PILED FOUNDATION AND OFFSET DISTANCE  

The piles under existing structures are the scope of this study. The piles in this cohesion-less 

(sandy) soils are normally used to support the high-rise buildings. Accordingly, the reinforced 

concrete piles should be modelled using an element that can carry such high loads, because 

timber piles cannot carry such high loads. The piles in the cohesion-less soil normally extend to 

reach a denser soil or extend to a depth that can achieve the pile design capacity. On average, 

the piles could extend 12 m in such soil. The number and capacity of piles affect the choice of 

pile diameter. It normally ranges between 0.6 and 1.5 m or equivalent for case of using 
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rectangular piles. Reinforced concrete circular piles were assumed in the parametric study with 

length ranges between 12 and 20 m, while the used diameter was 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 

m. They were modeled using the pile element implemented in FLAC 3D. The properties of the 

investigated pile are presented in Table 5-2.   

Table 5-2: Piles properties used in the parametric study 

Pile 
Diameter 

Pile Interface  
Area 
(m2) 

Inertia 
(m4) 

Perimeter 
(m) 

E 
(kN/m2) 

ks kn φs φn 
(kN/m3) (degree) 

0.2 0.0314 0.00015 0.6283 

2.5x107 Equation 4.25 2/3φ 

0.4 0.125 0.0025 1.25 
0.6 0.283 0.0120 1.88 
0.8 0.502 0.0402 2.51 
1.0 0.785 0.0981 3.14 
1.2 1.131 0.203 3.77 

 
The piles normally exist in a group carried by a pile cap to support the building columns. The 

group could contain different number of piles. Groups of four, five and six piles connected with 

pile caps were simulated in the study. The study included also connected pile groups and piled 

raft foundation. The shell element was used to model the reinforced concrete pile caps or the 

raft. The used thickness for the shell element was 0.7 m, while its elastic deformation modulus 

and Poisson’s ratio equal 25 GPa and 0.3, respectively.  

The reinforced concrete grade beams are used to connect the pile caps. Their depth and 

thickness are 0.7 and 0.3, respectively. They were modeled using the beam element 

implemented in FLAC. The linear elastic model was chosen to define such an element.   

The offsite distance between the trench excavation and any existing buildings varies according 

to the project. The chosen distances in this research were 2, 3.5, 5.5 and 7.5 m.        

5.3 PARAMETERIC STUDY PLAN  

This section discusses the different parameters used in the parametric study and is divided into 

three main parts. Each part is divided into several model groups (MG) and each model group is 

again divided into several parameters combination (C). The following subsections discuss the 

parametric study parts with the different model groups and combinations.   

5.3.1 PART I - THE EFFECT OF SINGLE OR DOUBLE TRENCH PANELS ON 

ISOLATED PILE GROUP   

This part of the parametric study concerns understanding the local effect of constructing a 

single or double panel(s) on isolated pile group. The pile group was modeled with different pile 

numbers and formations in order to understand the different behavior of piles within the group.  
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5.3.1.1 Parameters and model groups of Part I 

Five different values of the groundwater table (WL) were considered, while the slurry level 

(SL) was in the range between 0.5 and 2.0 m. The slurry pressure was assumed to be reduced 

1.0 m below seven different levels defined by (SP). This simulates a 1 m thick weak soil layer 

at these levels. The five different soil types mentioned in section 5.2.1 were used only in the 

first model group. The trench depth (H) was varying for several model groups while its length 

(L) and thickness (T) were varying only for the first model group. The distance between the 

trench and the first pile centerline (x) varies between 2.0 and 7.5 m. The effect of pile diameter 

(D) and depth (hp) only were studied for the first model group. Figure 5-2 shows the summary 

of the studied parameters of this part.  

5.3.1.2 Combination of the studied parameters  

The effect of each parameter combined with the other parameters in Part I is presented in 

Figure 5-3. Each model group is divided into several combinations. The symbols in each 

combination are defined first by the part number (P), model group (MG) and finally by the 

combination number (C).  

The first combination of model group 1 (PI-MG1-C1) was directed to study the effect of 

ground water table, trench dimension and pile group distance from the trench at fixed slurry 

level, soil strength and pile dimensions. The second combination of the same model group 

(PI-MG1-C2) concerned the study of the different slurry levels and different values of soil 

strength, while all the other parameters were constant except for the trench length and width. 

The third combination (PI-MG1-C3) was considered to be the same as the second one, but it 

has concerned more about the different distances of the pile group from the slurry trench while 

soil properties were considered to be constant. The effect of slurry pressure reduction at some 

trench depths and two different slurry levels was discussed in the fourth and fifth combinations 

(PI-MG1-C4 & PI-MG1-C5). The pile depth and diameter were chosen to be varying at 

different trench depths in combinations (PI-MG1-C6) and (PI-MG1-C7), respectively.  

Model groups 2, 3 and 4 have the same parameters combinations. The first parameters 

combinations for these groups (PI-MG2-C1, PI-MG3-C1 or PI-MG4-C1) took into 

consideration the effect of different slurry levels and trench depths, while the second 

parameters combination (PI-MG2-C2, PI-MG3-C2 or PI-MG4-C2) took into consideration the 

effect of slurry pressure reduction.  

Model group 5 has the same two combinations as model group 2, but it modeled double panels. 

The trenching process was made in two main steps. The first panel was excavated first and then 

concreted, then the second panel was excavated.      
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Model 
group  

Half Isometric 
/ Plan Parameters 

1 

 

 

 
 

Trench: 
H = 20, 30, 40 and 50 m  
T = 0.6 and 1.2 m  
L = 3 and 6 m 
Pile: 
hp = 12, 14, 16,18 and 20m 
D = 0.4, 0.6, 0.8 and 1.0 m 

Water Level: 
WL = 1,2, 3, 4, 5m 
Slurry level: 
SL = 0.5, 1.0, 1.5, 2.6 m 

Upper Levels of Reduced 
slurry pressure: 
SP = 9.0, 10, 11, 12, 13, 14 m 
Pile offsite distance: 
X = 2 , 3.5, 5.5, 7.5 m 

2 
 
 
 
 
 
 
 
 
 

 

 

 
 

Trench: 
H = 20, 30, 40 and 50 m  
T = 1.2 m  
L = 6 m 
Pile: 
hp = 12 m 
D = 0.8 m 
Water Level: 
WL = 2 m 

Slurry level: 
SL = 0.5, 1.0, 1.5 m 

Upper Levels of Reduced 
slurry pressure: 
SP = 9.0, 10, 11, 12, 13, 14 m 
Pile offsite distance: 
X = 3.5 m 

3 

 

 

 
 

Trench: 
H = 20, 30, 40 and 50 m  
T = 1.2 m  
L = 6 m 
Pile: 
hp = 12 m 
D = 0.8 m 
Water Level: 
WL = 2 m 
Slurry level: 
SL = 0.5, 1.0, 1.5 m 
Upper Levels of Reduced 
slurry pressure: 
SP = 9.0, 10, 11, 12, 13, 14 m 
Pile offsite distance: 
X = 3.5 m 
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Model 
group  

Half Isometric 
/ Plan Parameters 

4 

 

 

 
 

Trench: 
H = 20, 30, 40 and 50 m  
T = 1.2 m  
L = 6 m 
Pile: 
hp = 12 m 
D = 0.8 m 
Water Level: 
WL = 2 m 
Slurry level: 
SL = 0.5, 1.0, 1.5 m 
Upper Levels of Reduced 
slurry pressure: 
SP = 9.0, 10, 11, 12, 13, 14 m 
Pile offsite distance: 
X = 3.5 m 
 

5 

 

 

 
 

Trench: 
H = 20, 30, 40 and 50 m  
T = 1.2 m  
L = 6 m 
Pile: 
hp = 12 m 
D = 0.8 m 
Water Level: 
WL = 2 m 
Slurry level: 
SL = 0.5, 1.0, 1.5 m 
Upper Levels of Reduced 
slurry pressure: 
SP = 9.0, 10, 11, 12, 13, 14 m 
Pile offsite distance: 
X = 3.5 m 
 
 

Figure 5-2: Model groups and parametric study parameters  
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 (a) Model Group 1 
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(b) Model Group 1 (continued) (c) Model groups 2, 3 and 4  (d) Model group 5 
 

Figure 5-3: Parameters combinations of Part I  
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5.3.1.3 Typical mesh model of Part I    

The size of the mesh model was the same for all the models in this part. The difference was in 

the pile group formations and locations. Modeling of each element was made as described 

before in section 5.2, as well as simulation of the trenching process. The mesh model contained 

114480 zone. The mesh surface area was small near the trench and it increased gradually far 

from the trench. It was 0.15 x 0.375 m exactly at the trench location and 1.812 x 1.88 m at the 

corner of the mesh and it was between these two values at the edges parallel and perpendicular 

to the trench location. The piles were divided into equal segments of 1 m in length and they 

were connected in the group with a shell element. The typical mesh used in the analysis is 

presented in Figure 5-4.  

           

 
Figure 5-4: Parameters combination of Part I  

 

5.3.2 PART II - MULTIPLE PANELS EFFECT ON SEVERAL CONNECTED PILE 

GROUPS    

The previous part was limited to study single and double panel(s) effect on a single pile group. 

In reality, the trench wall is made of several panels which may extend to several tenth of 

meters, also the piled foundation is consisting of several pile groups connected with each other 

by grade beams. The large-scale effect of multiple panels on the piles behavior within several 

connected pile groups is discussed in this part (Part II).   
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following panel can be trenched after that. The pile groups were represented by the symbol G 

followed by the vertical and horizontal row number. The first vertical row is the nearest to the 

trench. The first horizontal row is assumed to be at the top. The piles within the group were also 

numbered in the first pile group (G1-1) in each plane. 

 
Figure 5-6: Plane of model group 2 

 

5.3.2.2 Parameters combination of Part II 

The parameters combinations of each model group are shown in Figure 5-7. The first 

combination in the first model group (PII-MG1-C1) concerns the groundwater level and trench 

length effect, while the second (PII-MG1-C2) shows the effect of reducing the slurry level, and 

finally the reduction of slurry pressure at some levels was discussed in the third combination 

(PII-MG1-C3). Model group 2 has only one combination that is similar to the first combination 

of the first model group but the groundwater level and panel length were constant.  

5.3.2.3 Mesh models of Part II 

The mesh model of this part is larger than the previous part because it modeled multiple panels 

that simulated a trench wall with a normal length. The simulation of the panels and piles is 

similar to that discussed in the previous chapter in Section 4.4, specifically the simulation of 

the two-story basement in Giza, where the beam elements were used to simulate the grade 

beams. The mesh surface area at the location of the panels was 1.5 x 0.2 m2, under the piles it 

was 2 x 2 m2, while at the corner it reached 4 x 4m2. The rest of the mish size was between these 

values with a total number of zones of 157800. Figure 5-8 shows the typical mesh geometry.  
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Figure 5-7: Parameters combination of Part II 

 
 

 

 
                    (a) Full mesh 

 
(b) Partial mesh 

Figure 5-8: Typical mesh geometry of Part II model groups 
 

 

5.3.3 PART III - MULTIPLE PANELS EFFECT ON PILED RAFT FOUNDATION    

The building inside the cities could be also located on piled raft foundation. The pile in this 

case the pile is carrying a large raft footing that carries the building columns. The behavior of 

piles within the raft foundation is expected to be different from that of the pile cap. This part is 

almost similar to the previous part (Part II) but the nearby building to the trench is assumed to 

be supported by piled raft foundation, in order to show the different behavior of piles in case of 

raft foundation rather than connected pile caps due to nearby slurry trenching.  
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5.3.3.1 Geometry of Part III 

The total diaphragm wall length and its construction stages are similar to the previous part. The 

suggested panel lengths were also three and six meters for the first model group, while in the 

second model group only the six meter panels were used. The piles tip levels and diameters 

were similar to the previous part. The spacing between piles was assumed to be 2 m (2.5D) and 

4 m (5.0D) for the first and second model groups, respectively. The nearest pile row parallel to 

the trench was located 2.0 m from the trench centerline. The plane of the panels and the piled 

raft foundation of both models are presented in Figure 5-9. The panels were numbered as 

explained in the previous part. The total number of piles in the first and second model groups is 

315 and 88, respectively. The piles were numbered according to the horizontal and vertical 

axes. For example, the pile in the top left corner is numbered by the first vertical row and 

horizontal row as 1-1. The raft supported by the piles assumed to be 0.7 m in thickness and the 

pile is connected directly to the raft. Accordingly, the load is transferred from the building to 

the piles through the raft and it is assumed to be distributed equally on the raft. The values of 

groundwater level, slurry level and panel lengths were chosen to be variables while the piles 

properties and spacing were not variables. The trench depth was fixed to be 30 m below the 

ground surface and soil number 2 was chosen for this study.      

 
(a) Model group 1 - 6 m panel 

 
(b) Model group 1 - 3 m panel 
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(c) Model group 2 - 6 m panel 

 

Figure 5-9: Planes of Part III model 

5.3.3.2 Parameters combination of Part III 

In this part, there are only two combinations for each model group. The first combination of the 

first model group (PIII-MG1-C1) discussed the effect of groundwater table and the second 

(PIII-MG1-C2) concerned the effect of the panel length. The first combination of model group 

2 (PIII-MG2-C1) is similar to that of model group 1 but the second combination 

(PIII-MG2-C2) of model group 2 concerned the effect of slurry level. The parameters 

combinations of this part are explained by the flow chart in Figure 5-10.  

  
(a) Model group 1 

 
(b) Model group 2 

 

Figure 5-10: Parameters combination of Part III 
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(a) Full mesh 

 

 
(b) Partial mesh 

 
Figure 5-11: Typical mesh geometry of Part III model groups 

5.3.3.3 Mesh model of Part III 

The zones size and number of the modeled mesh are exactly similar to that of the mesh model 

in Part II. One shell element was used to simulate the raft. This element was divided into 2399 

sub-elements. The load of the building was distributed on the shell element. The piles transfer 

the load from the shell element to the soil through the friction and end bearing. The load 

transfer process from the pile to the soil elements (zones) was described in the previous 

chapter. The typical mesh geometry is shown in Figure 5-11.   

5.4 RESULTS AND DISCUSSION       

The results of the parametric study concern the pile behavior during the slurry trenching just 

before concreting in case of a single panel but in the case of the double or multiple panels the 

concreting process is conducted as a part of the wall construction stages. The presented pile 

behavior is characterized by its deflection, bending moment and shaft friction. The following 

subsections show the results of each part separately, while the last section gives an overview of 

all the results from the parts.  

5.4.1 PART I- RESULTS    

This part contains 274 model runs. It discusses a wide variety of parameters. The results of the 

parameters combination are presented herein and the separate effect of each of them is 

presented in the following subsections.    

5.4.1.1 Trench dimension (PI-MG1-C1 and C2)  

The influence of the trench dimension that includes trench depth (H), length (L) and thickness 

(T) on a piled foundation is presented based on parameter combination (PI-MG1-C1). The first 

120 m 120 m 

60 m 

Building 
piled 
foundation  

Soil to be 
trenched  

Diaphragm 
wall under 
construction  

Concrete 
panels  

Under 
Construction 
panel  

Guide 
wall  

Raft over 
piles 



 

115 
 

pile in the model group was chosen to show the deflection and bending moment differences due 

to the assumed values of trench depths (H) and such results are presented in Figures 5-12 and 

B-1 for pile offset distances x = 2.0 m and x = 3.5 m, respectively. The shaft friction is 

presented for both offsite distances in Figure 5-13. Two values of water level (WL) were 

assumed in order to show the behavior of pile under several conditions.   

  
Figure 5-12: Pile deflection and bending moment for parameter combination (PI-MG1-C1) at pile offset 

distance (x) = 2.0 m  
 

  
(a) Pile offset distance (x) = 2.0 m (b) Pile offset distance (x) = 3.5 m 

 

Figure 5-13: Pile shaft friction for parameter combination (PI-MG1-C1) 
 
The effect of trench length (L) and thickness (T) on pile deflection and bending moment at 

different pile offset distances is presented in Figure 5-14 and Figure B-2, while their effect on 

shaft friction is presented in Figure 5-15. The other parameters were remaining constant as 

described by parameter combination (PI-MG1-C2).    
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Figure 5-14: Pile deflection and bending moment for parameter combination (PI-MG1-C2) at pile offset 
distance (x) = 2.0 m  

 

  
(a) Pile offset distance (x) = 2.0 m (b) Pile offset distance (x) = 3.5 m 

 
Figure 5-15: Pile shaft friction for parameter combination (PI-MG1-C2) 

 

The deflection of the pile in all conditions increases by an average value of 8 % when the trench 

depth increased from 20 m to 30 m. However, this increase was low when the trench was 

deeper than 30 m. The deflection increased less than 3% when the trench depth increased 

between 40 and 50 m. The bending moment did not show any change with different values of 

trench depth at groundwater level (WL = 3.0 m), while it showed relatively higher positive 
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values at a trench depth (H = 30 m) when the groundwater level (WL) was 1.0 m below ground 

surface. The increase of trench depth causes a limited decrease for the shaft friction values. 

Generally, the effect of trench depth on the pile general behavior is limited if the trench depth 

was lower than 30 m.    

The effect of trench thickness and length was studied at a trench depth of 30 m and 

groundwater level (WL =2.0m). The increase in trench thickness from 0.6 m to 1.2 m causes 

the deflection of the pile to increase in a wide range between 0.1 % and 30 %. However, this 

increase in deflection values is considered to be very low compared to the deflection due to the 

difference in trench length. The increase of deflection due to increase of trench length from 3 m 

to 6 m was greater than 300 % and it even reaches 650 %. Similarly, the increase of panel 

thickness causes a slight increase in the bending moment values. The bending moment 

difference between the 0.6 m and 1.2 m thick panels for a trench length (L = 6.0 m) was less 

than 2 % while for the trench length (L=3.0 m) it reaches an increase of 40 %. The increase of 

trench length from 3.0 m to 6.0 m causes the pile bending moment to increase between 120 % 

and 260 %. The shaft friction values were not almost effected by the trench thickness, but they 

were reduced to an average value of 80 % with the increase of trench length values.  

The general conclusion showed that the pile behavior is greatly affected by the trench length. 

However, it was not greatly affected by its depth or thickness.              

5.4.1.2 Pile group location and the pile position within the group (PI-MG1-C3) 

The individual pile within the pile group is affected during trenching in relation to its position 

within the pile group and the distance between the pile group and the trench (x). Figure 5-16 

shows the different values of pile deflection and bending moment within the pile group at x = 

3.5 m, while pile shaft friction is presented for the same group in Figure 5-17. The pile groups 

at x = 2.0, 5.5 and 7.5 m are presented in Figures B-3 and B-4 in Appendix B. The first pile (P1) 

deflection, bending moment and shaft friction at four different locations from the trench 

(distance: x) are presented in Figures 5-18, B-5 and 5-19. 

As presented in Figures 5-16 and B-3, in all cases the first pile P1 which is the nearest to the 

trench and located on its centerline showed the highest deflection than the other piles. The 

deflection of the pile P2 was greater than that of pile P4 at the pile tip but it was less at the top 

because the deflection of the pile P2 was directly affected by the soil displacement near the 

trench, and this soil displacement is mainly high in the lower part of the trench. The pulling out 

of pile P1 effected the deflection of the pile P4. The deflection of pile P3 was the lowest 

because it is located in the corner and it is affected mainly by the pulling force of pile P2. 

Generally, the piles near the trench (i.e. P1 and P2) show a higher deflection in their tip than at 

the top while the other two piles showed a higher deflection at the top. This makes the 
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difference between the deflection values of the piles at the top to be less than 12 % while it 

reaches 50 % at the bottom of the piles.  

  
(a) piles deflection  (b) Piles bending moment 

 
Figure 5-16: Piles deflection and bending moment for parameter combination (PI-MG1-C3) at x = 3.5 

m (in the same pile group) 
 
In general, the increase of bending moment of the front piles (P1 and P2) was greater than that 

of the back piles (P3 and P4) and the trench length affects the bending moment difference. On 

average, the bending moment of pile P1 was 60 % greater than that of pile P2 in case of 6 m 

trench length but it was only 36 % greater in the case of 3 m trench length. The difference in 

bending moment values between piles P3 and P4 was less than 5 % in both cases. The bending 

moment value of pile P2 was about 50 % higher than that of P3 and P4 in case of 6 m panel 

length but it was less than 3 % in case of 3 m panel length.   

The shaft friction of all the piles before trenching was coincident and plotted as PL (i.e. pile 

load stage). The shaft friction decreased due to trenching at the upper part of the pile and 

increased again with depth because each individual pile is intended to carry the same load 

during trenching. The pile group is formed from connected piles that tries to balance the effect 

of trenching by rearranging the pile load on different piles within the group. Accordingly, the 

reduction of the shaft friction of the piles near the trench is balanced by a relative increase of 

the two piles far from it. Accordingly, it can be seen in Figure 5-17 (a) that the shaft friction 

decreased for piles P1 and P2, while it relatively increased for piles P3 and P4. However, that 

was not the case for the trench with a panel length of 3.0 m as there was a reduction for all the 

piles in this case. The shaft friction of the lower part of the front piles that is near a 3.0 m panel 

increased to balance the decrease of the shaft friction of the upper part as shown in Figure 

5-17(b).           
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(a) Panel length = 6.0 m (b) Panel length = 3.0 m 

Figure 5-17: Pile shaft friction for parameter combination (PI-MG1-C3) at x = 3.5 m 
          
The deflection of the individual pile within the group is affected by the location of the pile 

group from the trench. Figure 5-18 shows that the pile deflection increased greatly when the 

pile located in a closer distance from the trench. The shape of the deflection was also 

influenced by the pile distance from the trench. The pile at a distance x = 2.0 and 3.5 m moves 

from its tip greater than the top while the opposite was found for the other two studied 

distances. The differences between the deflection values at the top were lower than those at the 

piles tip. Such differences did not exceed 20 % at the top of the pile while they were 50 % on 

average at the pile tip.  
 

  

Figure 5-18: Pile deflection and bending moment at different offsite distances for parameter 
combination (PI-MG1-C3) for Panel length (L = 6.0 m) and Pile (P1) 
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(a) Panel length = 6.0 m (b) Panel length = 3.0 m 

Figure 5-19: Pile shaft friction for parameter combination (PI-MG1-C3)  
 

The bending moment was higher for the pile groups near to the trench. The bending moment at 

the pile tip was zero in all cases and it shows the higher value at the top where it is considered to 

be fixed. The value of bending moment at x =3.5 m was about 25 % lower than that at x = 2.0 m 

and it was about 60 % higher than that at x = 5.5 m. The values of bending moment decreased 

more than 100 % when the pile group was at distance x = 7.5 m compared to the pile group at 

x = 5.5 m.  

The shaft friction was decreasing with trenches at all the values of x but it increased again near 

the pile tip except for the pile at x = 2.0 m. This indicates that this pile was not able to balance 

the shaft friction and its bearing capacity could be possibly reduced.         

5.4.1.3 Groundwater level (PI-MG1-C4) 

In the engineering projects, the groundwater level is an important parameter that should be 

taken into consideration in the initial design and during construction. The effect of 

groundwater level on the stability of the slurry trench was discussed previously in Chapter 2. 

The rising of groundwater level could cause a collapse to the slurry trench. In order to 

understand the separate effect of the groundwater level on the pile behavior the other 

parameters were assumed to be constant. In Figures 5-20 and 5-21 several curves are plotted 

for the different values of groundwater level as described in the parameter combination 

(PI-MG1-C4).   
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Figure 5-20: Pile deflection and bending moment at different groundwater levels for parameter 
combination (PI-MG1-C4) 

 

  
(a) Panel length = 6.0 m (b) Panel length = 3.0 m 

Figure 5-21: Pile shaft friction at different groundwater levels for parameter combination 
(PI-MG1-C4) 

 
Generally, the shallower the groundwater level the higher the values of the pile deflection and 

bending moment. The average difference of the pile deflection values between the groundwater 

levels WL = 2.0, 3.0 and 4.0 m was 20 % but it was more than 50 % between the groundwater 

levels WL = 1.0 and 2.0 m. The minimum deflection value was at WL = 5.0 m and it was about 

half the value at WL = 4.0 m. The average increase of the pile bending moment between the 

different groundwater levels was 45 %. The maximum bending moment was higher at the top 

of the pile for the shallower groundwater levels, while it was in the middle for the deeper water 

levels. The shaft friction of the pile decreases with the shallower water depths.  
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5.4.1.4 Slurry level (PI-MG1-C5) 

Controlling the slurry level in the field may not always be achieved and it could be possible to 

have lower values of slurry level. Accordingly, a comparison between the different effects of 

slurry level values on pile deflection, bending moment and shaft friction was plotted in Figures 

5-22, 5-23 and B-7. Such a comparison was plotted for three different slurry levels at different 

pile distances (x) from the trench. It was plotted for two different panel lengths.            
 

  
Figure 5-22: Pile deflection and bending moment at different slurry levels for parameter combination 

(PI-MG1-C5) for panel length = 6.0 m 
 

  
(a) Panel length = 6.0 m (b) Panel length = 3.0 m 

Figure 5-23: Pile shaft friction at different slurry levels for parameter combination (PI-MG1-C5) 
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The comparison showed that the behavior of the pile was greatly affected at a slurry level of 1.5 

and 2.0 m. The deflection of pile increased less than 50 % between the trench of slurry level of 

0.5 and 1.0 m, while it increased with an average value of 80 % when the slurry decreased from 

1.0 to 1.5 m and it increased with an average value over 100 % when the slurry level decreased 

from 1.5 to 2.0 m. The bending moment increased almost gradually with the increase of slurry 

level values from the ground surface. The average increase of the bending moment values was 

about 40 %. The shaft friction did not show a fixed ratio of change with the change of slurry 

level. However, the shaft friction decreased in the lower part when the slurry level is low. 

5.4.1.5 Soil properties (PI-MG1-C6)     

The ground deformation during the trenching process is affected by the properties of the soil. 

Accordingly, the pile behavior is affected by it as well. The deflection and bending moment of 

the pile show higher values when the soil type was Soil1 while the lowest values were at Soil5 

as shown in Figures 5-24 and B-7.  

  
Figure 5-24: Pile deflection and bending moment at different groundwater levels for parameter 

combination (PI-MG1-C6) at slurry level (SL = 1.0 m) 
 
The difference in deflection was not constant between the different soil types and it shows a 

wide range between 5 % and 200 % with a mathematical average for all the values of 60 %. 

This difference was much less regarding the bending moment which was less than 40 % with 

an average value of 20 %. The bending moment was less effected than pile deflection because 

the pile is normally moving with the soil, which means that there is no difference in forces 

along the pile length. In case of a slurry level of 0.5 m the shaft friction values of the pile at all 

soil types decreased and then increased again near the pile tip except for Soil1 it was always 

lower than the initial value. In general, at slurry level of 1.0 m the shaft friction was decreasing 

with a higher value for the denser soils than the loose ones.          
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(a) Slurry level = 0.5 m (b) Slurry level = 1.0 m 

Figure 5-25: Pile shaft friction at different slurry levels for parameter combination (PI-MG1-C6) 
 

5.4.1.6 Slurry pressure reduction at some assumed levels (PI-MG1-C7)    

The reduction of the slurry pressure for about 1.0 m thickness at some levels and its effect on 

pile deflection and bending moment is presented in Figures 5-26 and B-8. The solid line in the 

figures indicated the case with no slurry reduction (SP=0.0). The shaft friction is presented in 

Figures 5-27 and B-9. The thick solid line presents the stage of the pile loading, while the 

condition without any slurry reduction is presented again by a thinner solid line.  

Generally, the deflection increased by reduction of slurry at any level. The increase was great 

when the slurry decreased near the pile tip. The average increase in deflection from the original 

value was 110% at slurry pressure reduction SP = 9.0 to 10.0 m and SP = 20.7 to 21.7 m, while 

it was 200 % as an average at the other slurry pressure reduction levels. The maximum 

deflection was found at SP = 11.5 to 12.5 m, where the pile tip is found at this level. The 

bending moment shows an increase of less than 50 % when the slurry pressure reduced at 

SP = 9.0 to 10.0 m and SP = 20.7 to 21.7 m, and it increased in average of 130 % at the other 

levels of slurry reduction. The maximum increase of bending moment values was found when 

the slurry was reduced at the pile tip location. The shaft friction was generally decreased by the 

reduction of slurry pressure at any level. However, this decrease was not influenced by the 

position of the slurry pressure reduction. In the middle third, the average reduction was found 

to be more than 300 % but it was almost zero at the top of the pile. The lower part of the pile 

showed different values with no constant behavior.                   
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Figure 5-26: Pile deflection and bending moment at different slurry pressure reduction levels for 

parameter combination (PI-MG1-C7) at x = 2.0 m and SL = 0.5 m 
 

  
(a) x = 2.0 m (b) x = 3.5 m 

Figure 5-27: Pile shaft friction at different slurry pressure reduction levels for parameter combination 
(PI-MG1-C7) at SL = 0.5 m 

 

5.4.1.7 Pile length (PI-MG1-C8)     

The effect of the trenching process on piles with different penetration depths is presented in 

Figures 5-28 and 5-29 in this chapter and Figure B-7 in Appendix B. The first pile within the 

group was only presented in these figures. The pile penetration depth is indicated by (hp).  

Generally, the deflection of the pile is inversely proportional to its length. The shape of the pile 

deflection is also varying according to the embedded depth of the pile. If the pile tip is higher 

than or equal to the trench lower level it tends to move from its tip as shown in Figures 5-28 and 

B-10. The lower part of the pile below the trench tip is acts as a fixation to the pile and reduces 

its deflection.  
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Figure 5-28: Pile deflection and bending moment at different values of pile impeded length for 

parameter combination (PI-MG1-C8) and trench depth (H=30m) 
 
The positive bending moment is higher for the shorter piles while for the longer pile a negative 

moment appears in the lower part, because the lower part is considered to be a fixed support. 

The pile shaft friction tends to decrease in the middle third and increases again at the lower 

third. This increase in shaft friction is considered to balance the decrease.      

  
(a) Trench depth (H = 20 m) (b) Trench depth (H = 30 m) 

Figure 5-29: Pile shaft friction at different values of pile impeded length for parameter combination 
(PI-MG1-C8) 

5.4.1.8 Pile diameter (PI-MG1-C9)   

The effect of trenching on piles with different diameters is described in Figures 5-30, 5-31 and 

B-11. The other parameters except of trench depth were considered to be constant as described 

by parameter combination PI-MG1-C9.  

The highest value of deflection was at the smaller pile diameter value (i.e. D = 20 cm) and the 

lowest deflection was at the pile with a diameter of 100 cm. The pile with the smallest diameter 

showed a low value of bending moment while the pile with a 120 cm diameter showed a higher 

value of bending moment. The difference in deflection between the largest and smallest 

diameter piles was about 45 % while the average difference between the other diameter piles 

was less than 10 %.  
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Figure 5-30: Pile deflection and bending moment at different pile diameter values (PI-MG1-C9) and 

at trench depth (H=30 m) 
 
 

  
(a) Trench depth (H = 20 m) (a) Trench depth (H = 30 m) 

Figure 5-31: Pile shaft friction at different pile diameter values (PI-MG1-C9) 
 

The increase of pile diameter below 80 cm causes the bending moment to increase with an 

average value greater than 100 %. However, this average increase was less than 20 % when the 

pile diameter increased above 80 cm, which indicates that the pile diameter did not play an 

effective role in bending moment when it is higher than 80 cm. The effect of trenching on shaft 

friction was found to be high on the smaller diameters (i.e. D = 20 and 40 cm). This effect was 

very low in case of the larger diameter piles (i.e. D > 60 cm). The small diameter piles showed 

higher values of shaft friction than large diameter piles because it moves with the soil and did 

not show a shaft friction resistance.        

5.4.1.9 Effect of slurry level and slurry pressure reduction on piles with different 

formation within model groups (MG 1, 2, 3 and 4)       

Parameter combinations (PI-MG 2, 3 and 4 - C1) describe the effect of different slurry levels on 

piles within different pile group formations. Such an effect is presented in Figures 5-32 through 

5-37 and in Appendix B from Figure B-12 through B-15.  

The piles deflection and bending moment of model group MG2 are plotted together to show the 

behavior of each pile separately. The pile nearest to the trench in all cases showed the highest 

-12

-10

-8

-6

-4

-2

0
-25 -20 -15 -10

D
ep

th
 (m

) 

Deflection (mm) 

D = 20 cm
D = 40 cm
D = 60 cm
D = 80 cm
D = 100 cm

-12

-10

-8

-6

-4

-2

0
-20 30 80 130 180 230

D
ep

th
 (m

) 

Bending moment (kN.m) 

D = 20 cm
D = 40 cm
D = 60 cm
D = 80 cm
D = 100 cm
D = 120 cm

-12

-10

-8

-6

-4

-2

0
-10 0 10 20 30 40

D
ep

th
 (m

) 

Shaft friction (kPa) 

D =20 cm
D =40 cm
D =60 cm
D =80 cm
D =100 cm
D =120 cm
PL

-12

-10

-8

-6

-4

-2

0
-10 0 10 20 30 40

D
ep

th
 (m

) 

Shaft friction (kPa) 

D =20 cm
D =40 cm
D =60 cm
D =80 cm
D =100 cm
D =120 cm
PL



 

128 
 

deflection and bending moment values while the farthest showed the lowest values. The 

average difference between the highest and lowest deflection was greater than 100 % at the pile 

tip but it was less than 20 % at its top. The deflection difference between the other piles was 

low. The bending moment difference between the piles within the group was not great. The 

average difference between the piles was less than 15 %; however, the difference between the 

highest and lowest values was about 50 %.                      

  
Figure 5-32: Pile deflection and bending moment of piles within model group (MG2) at slurry level 

(SL=0.5m) 
 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure 5-33: Pile shaft friction of piles within model group (MG2) at slurry level (SL = 0.5 m) 
 
The shaft friction of the piles is plotted in Figure 5-33 showing the pile in the stage before 

trenching as well. The first and fifth pile showed a decrease in shaft friction while the second 

pile did not show any change. The rear piles (i.e. P3 and P4) showed an increase to balance the 

decrease of the front piles. However, the decrease was higher than the increase.  

The behavior of the six piles of model group MG3 is shown in Figures 5-34, 5-35 and B-13. 

The piles nearest to the trench are P1, P2 and P3. The piles on the centerline of the trench are P1 
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and P6. The highest deflection was found for pile P1 that is located at the centerline of the 

trench followed by piles P2 and P6. Pile P2 showed a higher deflection from the bottom than 

pile P6 because it was nearest to the trench, while pile P6 was affected by the drag force of pile 

P1 which causes it to deflect from the top greater than pile P2. The effect of trenching on the 

farthest piles P3 and P4 was limited but not negligible. The average difference in deflection 

between the piles in their top was 20 %, while in the bottom it was 40 %, which indicates that 

the deflection difference in the bottom was almost double difference of the top values.  

The bending moment values of the piles near the trench (i.e. P1, P2 and P3) were higher than 

the farthest piles. The shaft friction decreased for the piles P1 and P2 while it showed an 

increase for the other piles.   

  
Figure 5-34: Pile deflection and bending moment within model group (MG3) at slurry level 

(SL = 0.5 m) 
 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure 5-35: Pile shaft friction at different of piles within model group (MG3) at slurry level 
(SL = 0.5 m) 

 
The piles deflection of model group MG4 is plotted in Figures 5-36 and B-14. The piles near 

the trench showed the highest deflection. They showed a higher movement at the top of the pile 
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than that at its tip. The other piles were affected by the drag forces of the front piles and were 

moving with higher values from the top than the tip. The average difference in deflection at the 

pile top was about 3 % while it was 40 % at its tip. The bending moment was almost the same 

for all the piles except for pile P1 which showed a relatively higher value. The difference in 

bending moment between pile P1 and P2 was 35 % while the average difference between the 

other piles was about 10 %. 
 

  
Figure 5-36: Pile deflection and bending moment of piles within model group (MG4) at slurry level 

(SL=0.5m) 
 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure 5-37: Shaft friction of piles within model group (MG4) at slurry level (SL = 0.5 m) 
 

In order to understand the effect of different pile formation within the group, the deflection and 

bending moment of some piles within each pile group formation were plotted in Figures 5-38 

and B-15, while the shaft friction was plotted in Figure 5-39. The piles nearest to the trench 

(P1) in each group were chosen for the comparison as well as the farthest piles.   

The highest deflection was found for the first pile in model group MG1 because they were only 

four piles. The first pile in model group MG2 showed the second highest deflection values. The 

first pile in the other model group was almost the same. However, the pile P6 of model group 
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MG4 showed higher movement than the corresponding pile in model group MG3 because the 

piles in model group MG4 moved almost together, while in the model group MG3 there was a 

big difference between the deflection of the piles within the group as previously presented in 

Figure 5-34.  

The bending moment showed the same trend of deflection but the first pile in the model group 

MG3 showed a low value compared to the first pile in the other model groups. The difference 

between bending moment values of the first pile within the model groups was very low but 

model group MG3 showed a relatively high difference of about 40 %.             

  
Figure 5-38: Pile deflection and bending moment at different formations  

 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure 5-39: Shaft friction of piles at different formations 
 
The shaft friction showed a decrease for the first pile in all models. Model group MG1 showed 

the greatest decrease while model group MG2 was the lowest. Generally, the difference in shaft 

friction values within the four model groups regarding the first pile was very low. It was also 

very low regarding the other piles except for the third pile in model group MG2.  

The effect of reduction of the slurry pressure between levels 13.0 and 14.0 m on the piles was 

previously discussed in the parameter combinations (PI-MG 2, 3 and 4 – C2). The behavior of 
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piles due to such an effect is presented in Appendix B from Figure B-16 through Figure B-23. 

The pile behavior was the same as that from parameter combinations (PI-MG 2, 3 and 4–C1).  

The piles deflection and bending moment of parameter combination PI-MG2-C2 were 

presented in Figure B-16 and they showed that the difference between the piles within the 

model is almost the same as presented in the Figures 5-32 and B-12 except that piles P2 and P5 

showed a larger difference regarding deflection. The shaft friction showed also the same trend 

but pile P3 showed a decrease in shaft friction as shown in Figure B-17. 

The deflection, bending moment and shaft friction of model group MG3 are presented in 

Figures B-18 and B-19. The percentage of differences between the values of each pile is almost 

the same as that of parameter combination PI-MG3-C1.  

The percentage of shaft friction differences of model MG4 was almost the same as that in the 

first combination but pile P2 showed a relatively higher trend of reduction as shown in Figure 

B-21. The two other parameter combinations also showed almost the same percentage of 

differences between piles regarding deflection and bending moment. 

The comparison between the different model groups regarding slurry reduction was presented 

in Figures B-22 and B-23 in Appendix B. The percentage of difference between the first pile of 

each model group showed a very limited difference, while the other piles within the group 

showed a larger difference which could reach 50 %. The bending moment did not show a fixed 

trend of difference between the different models. The higher value was found to be for the first 

pile of model group MG2, while the lower value was found for rear pile of model group MG3. 

The shaft friction reduction of the first pile of all model groups was almost the same. However, 

the differences between the other piles reached about 20 %.  

As a general conclusion, the number of piles within the group reduces the influence of 

trenching on the piles. The orientation of piles has an effect on the pile behavior as well. The 

pile group that contains 6 piles in a formation perpendicular to the trench shows less deflection 

regarding the middle piles than that parallel to the trench. However, the bending moment of the 

piles nearest to the trench was almost unaffected by the different piles formations, while the 

other piles were affected. The shaft friction of piles near the trench reduced relatively higher 

than the rear piles in order to balance the applied load above the pile cap.  

5.4.1.10 Double panel (MG 5-C1 and 2)       

The results in this section are focused on understanding the difference between the single and 

double panels effect on piles. The deflection, bending moment and shaft friction of the first and 

third piles within the pile group due to trenching of double and single panels are presented in 

this section from Figure 5-40 through 5-43 and in Appendix B in Figures B-24 and B-25.  
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The first pile P1 in all the figures is plotted with a single line while the third pile P3 was plotted 

with a double line. The effect of different slurry levels and slurry pressure reduction between 

levels 13.0 and 14.0 m are the main variables.     

  

Figure 5-40: Deflection and bending moment of piles near double or single panel at slurry level  
(SL = 0.5 m)   

 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure 5-41: Shaft friction of piles near double or single panel 
 
The plotted results showed that the maximum pile deflection and bending moment were found 

for the pile group near the 6 m long panel trench followed by the double panel. The minimum 

deflection and bending moment were near the trench with 3 m panel length. The average 

difference between the deflection of pile near the double panel and the 6 m panel was 140 % in 

case of a difference in slurry level and it reached 350 % in case of slurry pressure reduction. 

The difference of deflection between the piles near the double panel and the 3 m panel was 

40 % in case of a different slurry level and it was higher in case of slurry reduction as it reaches 

250 %.  
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Figure 5-42: Deflection and bending moment of piles near double or single panel at slurry level 

(SL = 0.5 m) and at slurry reduction position (SP = 13.0 to 14.0 m) 
 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 
Figure 5-43: Pile shaft friction at slurry reduction position (SP = 13.0 to 14.0 m) 

 
The difference in bending moment values has shown almost the same trend of deflection. It 

was about 130 % in case of comparing the results of the effect of the 6 m single and double 

panels, but it did not exceed 20 % between the double panel and the 3 m single panel. The 

difference due to slurry reduction was high and it reaches 200 % as an average difference 

between both cases.   

The reduction of shaft friction for the first pile due to the 6m panel was higher than the double 

panel which was also slightly higher than the 3 m panel. The third pile showed an opposite 

behavior as the 6 m panel showed the lowest reduction. The effect due to different slurry level 

showed a less difference than the effect of slurry reduction at the pile tip level. 
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5.4.2 PART II- RESULTS    

The previous section showed that some variables have a great influence on the pile group 

compared to other variables. Accordingly, the main focus in this section is to present the results 

of parameter combination shown in Figure 5-7. However, it is also necessary to present the 

effect of the panel stages of construction on some piles within the piled foundation at a certain 

water level.  

5.4.2.1 Effect of panel construction stages       

The effect of the 6m panels construction stages that was previously shown in Figures 5-5a on 

pile groups G1-1, G1-5, G1-9 and G6-5 is plotted in Figures 5-44 and B-26. The groundwater 

and slurry levels were constant and equal to 2.0 m and 0.5 m, respectively.         

  
Figure 5-44: Pile deflection and bending moment for first pile within pile group (G1-5) 

 

The effect of panels construction stages on piles is related to the pile group location. The 

deflection of pile group G1-1 was less influenced by the first seven panels construction but it 

relatively increased by the construction of the last two panels as shown in Figure B-26 (a). The 

first pile within model group G1-5 showed a different behavior during the construction of the 

panels. This group is located near the first panel which caused it to have a higher deflection 

values at the bottom with such panel construction. The deflection decreased from the bottom 

during construction of the other panels but it increased at the top as shown in Figure 5-44. The 

construction of the first four panels caused a less deflection difference on pile group G1-9, but 

by constructing the fifth panel the pile deflection relatively increased and no noticeable 

difference in deflection was found until the last panel (panel 9) was constructed as shown in 

Figure B-26 (b). The pile group G6-5 which located at the farthest distance from the trench was 

deflected gradually by advancing in the trenching stages as shown in Figure B-26 (c).  

The positive value of the bending moment gradually increased for all pile groups with 

advancing in the trenching process except for pile group G6-5, which showed almost no 

-15

-13

-11

-9

-7

-5

-3

-1

-25 -20 -15 -10 -5
D

ep
th

 (m
) 

Deflection (mm) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8

-15

-13

-11

-9

-7

-5

-3

-1

-10 90 190 290

D
ep

th
 (m

) 

Bending moment (kN.m) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8



 

136 
 

difference of bending moment during trenching stages as it was only effected by drag force 

from the other pile groups. The difference in bending moment values was affected by the pile 

group location. The pile group located far from the trench showed a negative value of bending 

moment because it acts as a fixed support from the bottom.              

5.4.2.2 The behavior of pile according to its location within the foundation     

The effect of constructing the entire wall on individual pile groups defined by rows parallel and 

perpendicular to the trench is presented in this subsection. The deflection of the first row 

parallel to the trench is presented in Figure 5-45 while the third one is presented in Appendix B 

in Figure B-27. The shaft friction of both rows is presented in Figure 5-46.   

  
Figure 5-45: Pile deflection and bending moment for the first row of pile groups parallel to the trench 

(RowL1)   
 

  
(a) RowL1 (b) RowL3 

Figure 5-46: Pile shaft friction for the first and third pile groups rows parallel to the trench 
 
There is a difference in deflection between the first and third row parallel to the trench but both 
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of the entire trench wall. The pile group located at the edge of the raft showed the lowest value 

of deflection. The difference between the piles of the first row was between 1 % and 50 % 

while it ranged only between 1 % and 20 % for the piles within the third row. The first row 

showed a higher deflection at the top and tip of the piles than their middle. Because this row 

was affected by the general soil movement during the trenching process.  

The bending moment results of the piles did not show a fixed noticeable difference because the 

whole system is acting together. However, the piles in the middle showed relatively larger 

values which were about 10 % higher than the average other piles values. 

The shaft friction was relatively reduced in the middle of the piles for the pile groups located 

near the trench, but this reduction was accompanied by an increase at the pile tip.  

The deflection and bending moment of the middle (fifth) row perpendicular to the trench are 

presented in Figure 5-47 while the last one (ninth row) is presented in the appendix in Figure 

B-28. The shaft friction of both rows is presented in Figure 5-48.         

  

Figure 5-47: Pile deflection and bending moment for the first row of pile groups perpendicular to the 
trench (Rowp5)   

 
The deflection of the first pile group within the middle pile row (RowP5) was much greater than 

that of the other piles regarding the pile tip. However, regarding the top of the pile there was no 

big difference between the piles and they almost move in the same way. This is because the soil 

movement affected the pile tip of the pile near to the trench while the other piles were only 

effected by the drag forces. The tip of the first pile showed higher movement values that reach 

about 250 % than the other piles. The variation of deflection piles of last row was less than 

10 %.  

The positive bending moment of the first two piles nearest to the trench was relatively greater 

than the other piles, while the last row showed only negative bending moment values because it 

-15

-13

-11

-9

-7

-5

-3

-1

-20 -15 -10 -5 0

D
ep

th
 (m

) 

Deflection (mm) 

G1-5
G2-5
G3-5
G4-5
G5-5
G6-5

-15

-13

-11

-9

-7

-5

-3

-1

-100 0 100 200 300

D
ep

th
 (m

) 

Bending moment (kN.m) 

G1-5
G2-5
G3-5
G4-5
G5-5
G5-6



 

138 
 

was effected by the drag force of the front piles. The difference in bending moment values in 

case of the middle row was relatively higher than that in the last raw.  

The shaft friction of all the piles has the same trend as it decreased at the middle of the pile and 

increased again at the pile tip in order to balance such a decrease. The maximum decrease was 

found at the pile within the second pile group (i.e. G2-5). 
 

 
 

(a) Row L5 (b) Row L9 

Figure 5-48: Pile shaft friction at slurry reduction position (SP = 13.0 to 14.0 m) 
 

5.4.2.3 Effect of groundwater table, slurry level and slurry pressure reduction   

The effect of different groundwater levels on the behavior of the first pile within the groups 

G1-5 and G6-1 is presented in Figures 5-49, 5-50 and B-29. Similarly, the effect of slurry 

pressure reduction and slurry level is presented in Figure 5-51, 5-52 and B-30 for the same pile 

groups. 

  
Figure 5-49: Pile deflection and bending moment for different groundwater levels at G1-5 
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The effect of the groundwater level on piles in the case of multiple panels is similar to single 

panel. The shallower the groundwater level the higher the deflection. However, the bending 

moment did not show the same trend that was presented in Figures 5-49 and B-29. The 

deflection of the pile at water level WL =1.0 m was between 50 % and 150 % higher than that 

by WL = 2.0 m, while the deflection at WL = 2.0 m was between 20 % and 80 % higher than 

WL = 3.0 m. The other deflection difference between the other water levels was less than 10%. 

The bending moment of the pile at WL =1.0 m was relatively low because the pile moved 

totally with the soil without producing a resisting force. 

  
(a) G1-5 (b) G6-1 

Figure 5-50: Pile shaft friction for different groundwater levels 
 
The difference in shaft friction due to groundwater change was not high as shown in Figure 

5-50. The reduction of shaft friction at shallower water level was not necessary the maximum 

because the pile in this case moved with the soil without resistance. The reduction at water 

levels WL 4 and 5 m was high but it was balanced by a high increase near the pile tip.    

The effect of slurry level on pile deflection was greater than the effect of reduction on slurry 

pressure. The difference in deflection between slurry levels at (1.50) and (0.5) was 75 % in 

average. The effect of slurry pressure reduction on the pile tip movement was limited to less 

than 40 %. The bending moment did not show a noticeable difference due to slurry reduction 

but its shape was varying. Generally, the value of bending moment was not affected by 

trenching because the piles within the raft tend to rearrange the force between each other rather 

than a single pile group. Similarly, the effect of the slurry level and slurry pressure reduction on 

the piles was less than 10 %, but it reaches 30 % at the pile tip of pile group G1-5. 
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Figure 5-51: Pile deflection and bending moment at different slurry pressure reduction positions (SP) 

and at slurry levels for pile group G1-5 
 
    

  
(a) G1-5 (b) G6-1 

Figure 5-52: Pile shaft friction at different slurry pressure reduction positions (SP) and at slurry levels  
 

5.4.2.4 Effect of panel length    

The effect of 3 m and 6 m panel length on the pile deflection and bending moment is presented 

in Figure 5-53. The plotted relations were made for the first pile within pile groups G1-1, G1-5 

and G1-9 after finishing wall construction. These pile groups were chosen from the first row 

parallel to the trench (RL1).  

The effect of the panel length on the pile tip deflection was greater than its top. The most 

effected pile group was the pile group at the centerline (i.e. G1-5) of the trench. The pile tip of 

such group deflects for the 6 m panel was 700 % greater than that of the 3 m panel length, while 

the difference of deflection due to panel length for the other pile groups was only about 75 %.  

The average increase of the pile positive bending moment due to the use of 6m panel was only 

55 % greater than that of 3 m panel. This difference is lower than that of a single pile group 

(section 5.4.1.1) because the connected pile group rearranges the force between the pile groups 

and reduces the effect on pile bending.   
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5.4.2.5 Effect of pile group formation     

In order to understand the effect of different pile group formation, a comparison was made 

between the piles in model groups MG1 and MG2 of part II. The comparison was for pile 

groups within the first and the last row parallel to the trench. The results of the first and last 

rows are presented in Figures 5-54 and B-31, respectively. The pile groups G1-1, G1-5 and 

G1-9 in model group MG1 are corresponding to pile groups G1-1, G1-4 and G1-7 in model 

group MG2, respectively. 

  

Figure 5-53: Pile deflection and bending moment at different panel lengths  
   

  

Figure 5-54: Pile deflection and bending moment for pile models MG1 and MG2 for the first row 
(RL1) 
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The effect of slurry level on pile deflection was greater than the effect of reduction on slurry 

pressure. The difference in deflection between slurry levels at (1.50) and (0.5) was 75 % in 

average. The effect of slurry pressure reduction on the pile tip movement was limited to less 

than 40 %. The bending moment did not show a noticeable difference due to slurry reduction 

but its shape was varying. Generally, the value of bending moment was not affected by 

trenching because the piles within the raft tend to rearrange the force between each other rather 

than a single pile group. Similarly, the effect of the slurry level and slurry pressure reduction on 

the piles was less than 10 %, but it reaches 30 % at the pile tip of pile group G1-5. 

The deflection of the pile tip of model group MG2 was higher than that of MG1 with a range 

between 14 % and 200 %. On the other hand, the bending moment from MG2 was lower than 

that for MG1. The number of piles of MG1 was higher than MG2 which causes the resistance 

to be high and hence the bending moment was higher and deflection was lower.  

5.4.3 PART III- RESULTS    

This part is similar to Part II but it concerns about the pile raft foundation. The effect of stages 

on construction, water level, slurry level, panel length, and the number of piles within raft are 

the focus of the presented results.  

5.4.3.1 Panels construction stages effect on piles at different locations       

The piles numbers within the raft and the panels construction stages were previously presented 

in Figure 5-9. The deflection, bending moment of the piles P1-11 and P15-11 at different panel 

construction stages are presented in Figures 5-55 and B-32, respectively, while their shaft 

friction is presented in Figure 5-56.  

  
Figure 5-55: Pile deflection and bending moment at different panels construction stages for pile P1-11 

 

The tip of the nearest pile to the trench (i.e. P1-11) deflects higher than its tip, while the farthest 

pile showed the opposite. The pile P1-11 showed a decrease in deflection at its tip with 

-15

-13

-11

-9

-7

-5

-3

-1

-25 -20 -15 -10 -5

D
ep

th
 (m

) 

Deflection (mm) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8

-15

-13

-11

-9

-7

-5

-3

-1

-75 -25 25 75 125 175
D

ep
th

 (m
) 

Bending moment (kN.m) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8



 

143 
 

advancing in panels’ construction because it was close to the first panel. The pile top and the 

farthest piles showed an increase during construction of the panels because the whole 

movement of the raft is increased with advancing in construction. The average change in 

deflection for pile P1-11 was 6 % while for pile P1-15 was 20 %.    

The bending moment showed a change from negative to positive values with panels’ 

construction for pile P1-11 and at the lower part of pile P15-11, while the positive value at the top 

of the pile P15-11 decreased with advancing in construction. Generally, the average change in 

positive bending moment with panel construction is 15 %. This indicates that the change in 

deflection and bending moment values was great during constructing the initial panels. 

The shaft friction showed a change during construction on the pile nearest to the trench while it 

shows no effect on the farthest pile (P1-15). The shaft friction decreased by the construction of 

the first panel and it increased gradually until it equals the shaft friction due to pile load by the 

end of the wall construction, because the panels nearest to the pile were filled with concrete, 

which cause the shaft friction to return almost to its original stage.         
 

  
(a) P1-11 (b) P15-11 

Figure 5-56: Pile shaft friction at different panels construction stages 
 

5.4.3.2 Comparison between different piles within the piled raft foundation       

This section shows the different piles behavior according to their location within the raft 

foundation. The comparison between the different piles was made at the last construction stage 

for the first row parallel (RL1) to the trench and the one that is perpendicular (RP11) to the 

trench. The deflection and bending moment of row RL1 and RP11 are shown in Figures 5-57 and 

B-33, respectively. The shaft friction is presented in Figure 5-58.   

-15

-13

-11

-9

-7

-5

-3

-1

-5 0 5 10 15

D
ep

th
 (m

) 

Shaft friction (kPa) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8
Panel 9
PL

-15

-13

-11

-9

-7

-5

-3

-1

-5 5 15 25

D
ep

th
 (m

) 

Shaft friction (kPa) 

Panel 1
Panel 2
Panel 3
Panel 4
Panel 5
Panel 6
Panel 7
Panel 8
Panel 9
PL



 

144 
 

  
Figure 5-57: Pile deflection and bending moment for piles within the first row parallel to the trench 

(RL1) 
 

  
(a) RowL1 (b) RowP11   

Figure 5-58: Pile shaft friction at different panels construction stages 
 

The piles tip deflection, which is located within row RL1 and in the middle of the row, was 

more than 100 % higher than piles at the edges. However, the bending moment values did not 

show such a big difference which was less than 50 % as an average value. The piles around the 

middle showed a slight decrease in shaft friction while those in the edges showed a decrease. 

The piles within the row RP11 showed a higher deflection at their top than at the bottom except 

for the pile closest to the trench (i.e. P1-11). The deflection of the tip of such a pile was about 

350 % higher than the average value of the other piles, while the average difference between 

the other piles regarding pile tip was less than 50 %. The average difference of deflection 

between the top of the piles was less than 6 %. The bending moment of the pile close to the 

trench was also about 350 % higher than the average value of the other piles. The last pile in the 

perpendicular row showed a relatively high deflection and bending moment because it carries 

less load and one of its sides is not fixed, while the other middle piles are considered to be fixed 

from all sides. The shaft friction did not show different values according to the pile position 

from the trench. The difference in such values was very low compared to the piles in the 

parallel row. 
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5.4.3.3 Effect of different groundwater tables and slurry levels      

The previous subsections showed that the most effected pile within the pile raft is the pile in the 

middle P1-11, while the least effected one is that in the corner pile P15-21. The effect of 

groundwater and slurry level is presented for the two indicated piles. The pile deflection and 

bending moment for five different groundwater levels and at slurry level (SL = 0.5m) are 

presented in Figures 5-59 and B-34, while the slurry level SL=1.5m was plotted in the same 

figures for water level (WL =2.0m).  

  
Figure 5-59: Pile deflection and bending moment of pile P1-11 for different groundwater levels 

 

The deflection was noticeably high for pile P1-11 at its tip in case of water level of WL = 1.0 m 

and slurry level of SL = 1.50 m. The average difference in values between these two conditions 

and the other water levels was about 300 %. The other piles showed a difference of less than 

30 %. The bending moment due to slurry reduction was about 200 % higher than the average 

value. 

The slurry level did not show an effect on the farthest pile P15-21 as the deflection was not 

greatly changed with the slurry reduction. However, the pile deflection and bending moment 

were relatively high than average in case of water level equal 1.0 m while the slurry reduction 

did not show any great effect.    

5.4.3.4 Panel length effect on the pile         

In order to understand the effect of panel length on piled raft three piles were chosen. The 

chosen piles are one in the middle P1-11, another in the edge P15-11 and the other in the corner 

P15-21. The calculation is made for the groundwater level (WL= 2.0 m) and slurry level 

(SL=0.5m). The last stage of construction was considered in the analysis. The deflection and 

bending moment of the three piles are plotted for the two panel lengths 3.0 m and 6.0 m in 

Figure 5-60. The pile P1-11 tip deflection in case of 6 m panel was 200 % higher than that at 3 m 

panel, while the piles top deflection difference was about 50 % as an average value between all 

the piles including P1-11.  
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The change in panel length showed a great difference in bending moment values for the pile 

P1-11, while this difference was less for the other piles. The panel length effect on pile behavior 

closest to the trench (i.e. P1-11) was greater than its effect on the other piles.     

  

Figure 5-60: Pile deflection and bending moment for different panel lengths  

5.4.3.5 Effect of the number of piles within the raft       

The influence of the number of piles within the raft on the pile behavior is presented in Figures 

5-61 (row RL1) and B-35 (row Rp11). In these figures, a comparison regarding pile deflection 

and bending moment was made between some piles within model group MG1 and piles in the 

same position in model group MG2. 

  
Figure 5-61: Pile deflection and bending moment for some piles within the first row parallel to the 

trench (RL1) in model group MG1 and corresponding piles in MG2 
 

It is obvious from the figures that the pile deflection for the model group MG2 was higher than 

that from MG1. This difference was not the same for all piles within the raft. Accordingly, 

Table 5-3 shows the percentage of change in different piles deflection between the model 

groups MG1 and MG2. The table showed that there is a noticeable change on piles deflection 

values regarding the density of piles within the raft.  
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The bending moment of the piles in the first row parallel to the trench (i.e. P1-1, P1-11 and 

P1-21) showed a change from positive values in MG1 to negative values in MG2, while the 

other piles showed an increase in bending moment values between model group MG1 and 

MG2.     

Table 5-3: Percentage of change in pile deflection between MG1 and MG2 

Pile number  Average percentage change in deflection values between model groups 
MG1 and MG2  

P1-1 >100 % 
P1-11 80 % 
P1-21 60 % 
P3-11 >100 % 
P7-11 30 % 
P13-11 60 % 

 

5.4.3.6 Connected pile group in comparison with the pile raft foundation      

The effect of the foundation type on the individual pile behavior during trenching is discussed 

in this section. The deflection, bending moment and shaft friction of piles within connected 

isolated footings (Part II) and corresponding piles within the piled raft foundation (Part III) are 

presented in Figures 5-62, 5-63 and B-36. The plotted results were made for two different 

slurry levels. The first pile was chosen from the pile group for the comparison with the piles 

within the raft foundation. The plot in the figures shows the pile or pile group number with the 

part number between brackets, the part number is written as PII for Part II and PIII for Part III. 

Pile group G1-1, G1-5 and G1-9 in Part II are corresponding to piles P1-1, P1-11 and P1-21 in 

Part III.     

  

  

Figure 5-62: Pile deflection and bending moment for some piles in Part II compared to corresponding 
piles in Part III at slurry level (SL = 0.5 m) 
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(a) WL = 2.0 m and SL =0.5 m (b) WL = 2.0 m and SL =1.5 m 

Figure 5-63: Pile shaft friction for some piles in Part II and corresponding piles in Part III 
 

The deflection difference between the connected pile and piled raft foundation was noticeably 

low (less than 10 %) except for the case of slurry level (SL =1.50 m). The deflection difference 

was higher at the pile tip of the middle pile within the raft foundation (P1-11) with a percentage 

of 35 % than the corresponding pile within the connected pile foundation (G1-5).  

The connected pile groups also showed a slightly higher value of bending moment than the 

piles within the raft foundation. The connected pile group shows also a higher reduction in 

shaft friction than the piles within the raft.    

5.4.4 GENERAL OVERVIEW OF THE PARAMETRIC STUDY RESULTS    

The parametric study provided an overview of the deflection, bending moment and shaft 

friction of the piles under different conditions. It may be important to point out which 

parameters have the greatest effect on the individual piles. The following Table 5-4 shows each 

parameter and its percentage of influence on the different pile behavior.  
 

Table 5-4: Percentage of change in pile behavior due to all studied parameters 

Parameter 
Average percentage of change in 

Deflection Bending 
moment Shaft friction 

Trench 
dimension  

Panel depth (H) 3-8 % (< 10%) < 10 % < 10 % 

Panel 
length (L) 

Single  > 300 % 120 – 260 % 80 % 

Multiple  50-200 %   

Panel thickness (T) < 30 % 2-40 % < 10 % 

Pile group location (x) 20-50 % 25-100 %  

Soil properties (Soil 1,2, … n) 5-200 %(60 %) < 40 %  

Slurry level (SL) 50 - 100 %   40 %  

Groundwater 
level (WL) 

Single panel  20 – 50 % 45 %  

Multiple panels  20 – 150 % < 10 %  
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Parameter 
Average percentage of change in 

Deflection Bending 
moment Shaft friction 

Pile position 
within a group 

4-piles (MG1) 12 – 50 % 5 – 60 %  

5-Piles (MG2) 20 - 100 % 15 - 50 %   

6-Piles (MG3) 20 – 40 %   

6-Piles (MG4) 3 – 40 % 10 – 35 %  

Pile position 
within a group 

Connected 
groups 

Parallel* 1 - 50 % 5 - 10 %  

Perpendicular 10 – 250 % Change signs**  

Pile raft 
foundation 

Parallel 6 – 100 % < 50 %  

Perpendicular 6 - > 300 % > 300 %  

Slurry reduction at some levels (SP) 110 – 200 % 50 – 130 % 300 % 

Pile diameter (D) 10- 45 % 20 - 100 %  

Pile within different group formation 5 -30 % 10 – 40 % 5 -50 % 

Double panel and 
single panel  

6 m panel 140 ->300 % 130 % 
200 % 

3 m panel  40 – 250 % 20 % 

Panel stages of 
construction Pile raft foundation 4-80 % (20 %)   

Density of connected pile groups 14 – 200 %   

Density of piles within raft  30 -> 100 % Change signs**  

Connected pile group and piled raft foundation <10  - 35 %   
 *parallel to the trench or perpendicular to the trench 
**signs change from positive to negative and vice versa  
 
The percentages of change presented in the table indicated that not all the parameters could 

have the same effect on the pile behavior. The numbers marked in bold indicate a high expected 

effect. The pile general behavior was affected by the change in panel length than the change on 

depth or thickness. The effect of different groundwater levels was less than that due to change 

of the slurry level. The position of the pile was more effective within a connected pile group or 

raft foundation than the isolated pile group. The effect of the number of piles within the 

foundation was great for some piles within the group. The stage of panel construction is 

effecting the pile behavior as well.   

5.5 EFFECT OF TRENCHING ON THE PILE SHAFT FRICTION COEFFICIENT 

The shaft friction capacity of the pile in cohesion-less soils is calculated from Equation 2.4 that 

was discussed in Section 2.2.1.2 in Chapter 2, because the shaft friction coefficient (effective 

stress ratio) is depend on the earth pressure coefficient and it is likely to change with it. 

Generally, the trenching process reduces the earth pressure coefficient as presented in 
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Figure 3-20 in Chapter 3 (range between 0.7 and 0.9). In addition, it is not clear how far from 

the trench is the effect of such a reduction. 

This parametric study presented the shaft friction of the piles at several condition before and 

after trenching. The amount of change of shaft friction values provides an indication to the 

change of the shaft friction coefficient. In many cases, the shaft friction presented in this 

chapter showed a decrease along the pile at some parts and an increase at another parts.  

The percentage of reduction in shaft friction is calculated here as the absolute value of the 

amount of change caused by trenching related to the original shaft friction. This percentage 

gives an indication of the amount of reduction in the shaft friction coefficient which is 

presented as the reduction factor kr. The shaft friction coefficient due to trenching (kt) can then 

be calculated as the reduction factor (kr) multiplied by the original shaft friction coefficient (k). 

The following table shows the percentage of the shaft friction after trenching related to its value 

before trenching (loading case) and the reduction factor (kr) in different cases. 
 

 

Table 5-5: Shaft friction coefficient reduction factor due to trenching (kr) 
 
 

 Parameter Percentage from the 
original shaft friction  

Reduction factor (kr) 

Trench 
dimension  

Panel depth 
(H) 

(WL =2.0m) 
(x = 3.5m) 

20 m 89.8 % 0.9 

30 m 89.7 % 0.9 

40 m 89.6 % 0.9 

50 m 89.7 % 0.9 

Panel length 
(L) 

(WL =2.0m) 
 (x = 2.0m)  

Si
ng

le
 3 m 93.0 % 0.9 

6 m 80.3 % 0.8 

Pile within 
group G1-9 
PII-MG1 M

ul
tip

le
 

3 m 88.7 % 0.85 

6 m 74.6 % 0.75 

Thickness (T= 0.6m), (L=6m)  94.0 % 0.9 

Pile group 
location (x) 

(WL = 2.0m) 
(L=6.0m) 

2.0 m 80.3 % 0.8 

3.5 m 89.7 % 0.9 

5.5 m 93.1 % 0.9 

7.5 m 95.2 % 0.95 

Soil properties 
(WL = 2.0m) 

(L=6.0m) 

1 86.5 % 0.85 

2 89.7 % 0.9 

3 91.8 % 0.9 

4 88.8 % 0.9 

5 91.1 % 0.9 
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 Parameter Percentage from the 
original shaft friction  

Reduction factor (kr) 

Slurry level 
(SL) 

(WL = 2.0m) 
(L=6.0m) 
(x = 2.0m) 

0.5 m 80.3 % 0.9 

1 m 77.8 % 0.75 

1.5 m 71.3 % 0.7 

2 m 71.0 % 0.7 

Groundwater 
level (WL) 

Single panel 
(WL = 2.0m) 

(L=6.0m) 
(x = 3.5m) 

1.0 m 70.2 % 0.7 

2.0 m 89.7 % 0.9 

3.0 m 89.6 % 0.9 

4.0 m 91.3 % 0.9 

5.0 m 91.7 % 0.9 

Multiple 
panels near 
piled raft 

foundation 
(Pile 1-7) 

1.0 m 78.9 % 0.75 

2.0 m 80.0 % 0.8 

3.0 m 90.0 % 0.9 

4.0 m 92.7 % 0.9 

5.0 m 94.2 % 0.9 

Slurry 
reduction at 
some levels 

(SP) 
(WL = 2.0m) 

(L=6.0m)  
 

Distance from trench (x) x = 2.0 m  x = 3.5 m x = 2.0 m  x = 3.5 m 

9.0 to 10.0 m  48.5 % 84.0 % 0.5 0.85 

10.0 to 11.0 m 46.5 % 81.0 % 0.45 0.8 

11.5 to 12.5 m  48.3 % 79.0 % 0.5 0.8 

13.0 to 14.0 m  57.7 % 77.0 % 0.55 0.75 

14.5 to 15.5 m  72.7 % 77.5 % 0.7 0.75 

Pile length (hp) 
(WL = 2.0m) 

(L=6.0m) 
(x = 3.5m)  

 

12 m 89.7 % 0.9 

14 m 88.25 % 0.9 

16 m 85.45 % 0.85 

18 m 81.0 % 0.8 

20 m 80.6 % 0.8 

25 m 73.4 % 0.7 

30 m 52.7 % 0.5 

Pile diameter 
(D) 

(WL = 2.0m) 
(L=6.0m) 
(x = 3.5m) 

 

0.2 m 100 % 1.0 

0.4 m 96.8 % 1.0 

0.6 m 93.3 % 0.95 

1.0 m 89.2 % 0.90 

1.2 m 89.1 % 0.90 

Panels 
construction 
stages* effect 
on pile 11-1 
within the raft 

Panel 1 69.8 % 0.7 
Panel 2 71.5 % 0.7 
Panel 3 80.75 % 0.8 
Panel 4 80.35 % 0.8 
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 Parameter Percentage from the 
original shaft friction  

Reduction factor (kr) 

(model group 
MG1) 
(WL = 2.0m) 
(L=6.0m) 
 

Panel 5 77.8 % 0.75 
Panel 6 95.6 % 0.95 
Panel 7 >100 %** 1.0 
Panel 8 >100 %** 1.0 
Panel 9 >100 %** 1.0 

Pile position 
within a group 
(WL = 2.0m) 

(L=6.0m) 
(x = 3.5m)  

 

4-piles (MG1) 

 

Pile 1 89.7 % 0.9 

Pile 2 96 % 0.95 

Pile 3 103.3 % 1.0 

Pile 4 101 % 1.0 

5-Piles (MG2) 
 

 

Pile 1 94.0 % 0.95 

Pile 2 99 % 1.0 

Pile 3 101 % 1.0 

Pile 4 102 % 1.0 

Pile 5 93.0 % 0.9 

6-Piles (MG3) 

 

Pile 1 49.2 %  
Pile 2 86.0 % 0.85 
Pile 3 97.0 % 0.95 
Pile 4 87.7 % 0.85 
Pile 5 95.0 % 0.95 
Pile 6 100 % 1.0 

6-Piles (MG4) 
 

 

Pile 1 85.0% 0.85 
Pile 2 99.7% 1.0 
Pile 3 95.0% 0.95 
Pile 4 94.0% 0.95 
Pile 5 >100 %* 1.0 
Pile 6 100 % 1.0 

Pile position within raft 
foundation (panel 1) 

 

Panels Panel 1 Panel 9 Panel 1 Panel 9 
Pile 11-1 81.6 % >100 %** 0.8 1.0 
Pile 11-3 57.0 % -ve*** 0.55 -ve*** 
Pile 11-5 74.5 % 67 % 0.75 0.65 
Pile 11-7 91.0 % 76 % 0.9 0.76 
Pile 11-9 82.0 % 80 % 0.8 0.8 
Pile 11-11 75.0 % 74 % 0.75 0.75 
Pile 11-15 >100 %* >100 %* 1.0 1.0 

 * These piles have a higher value of loading due to the rearrangement of load due to trenching  
** The concreting process of the panels near the pile could cause the increase of the shaft friction 
*** The negative sign indicated that this pile is under negative skin friction.  
 

The reduction factor presented in the table was calculated for some combinations. Accordingly, 

it is necessary to make some corrections for the reduction factor. These corrections were made 

for the most effective parameters such as panel length (L) and pile location from the trench (x). 
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The reduction factor kr at panel length (L = 6.0 m) is considered to be 1.125 times higher than 

that at panel length (L = 3.0 m), while the normalized reduction factor related to pile group at 

distance (x = 3.5 m) can be corrected using the correction factor (kcr) which can be calculated 

from the following Equation 5.1 or Figure 5-64. 

Kcr = 0.1243ln(x) + 0.8184   5.1  

 
 

Figure 5-64: Correction of reduction factor related to distance from the trench 

5.6 SUMMARY        

In this chapter a wide range of parameters were studied through several combinations to cover 

different cases that could happen in the real field work situations. The numerical modeling was 

made in view of the numerical verification that was discussed in the previous chapter. The 

studied parameters were divided into three main categories such as the surrounding medium, 

the trench and the deep foundation. The surrounding medium is considered to be the soil and 

groundwater table. The soil was sand that was modeled with five different friction angles and 

stiffness, also five different levels of ground water were used in the study. The trench was 

modeled with different dimensions, while the guide wall dimension was chosen to be constant. 

The slurry level inside the trench was varying between four different values. The slurry 

pressure was reduced at seven different depths to simulate the situation of a weak or squeezed 

soil located at some depth along the trench depth. The foundation was modeled as an isolated 

pile group (Part I), connected pile group (Part II) and pile raft foundation (Part III), while each 

part was divided into several model groups according to the pile formation within the 

foundation. The different parameters were studied using 13 parameter combination for Part I 

and four parameter combinations for parts II and III with a total number of 21 parameter 

combinations. The total number of model runs were 299 runs from all the combinations.  

The results of the parametric study were presented for all the parameter combinations in this 

chapter and in Appendix B through figures and tables. The outputs were presented as the 

deflection, bending moment and shaft friction of the pile. However, it was not necessary that 
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the effect of trenching was the same on each of these outputs and not all the parameters showed 

the same effect on the general pile behavior. The most effective parameters on pile deflection 

and bending moment were the panel length, slurry level and the reduction of the slurry pressure 

at some locations, while, the effect of the groundwater level on deflection and bending moment 

was obvious only between the shallower levels. The piles with a larger diameter tend to deflect 

lower than piles with smaller one, while their bending moment was relatively higher. The 

deeper the pile tip the smaller it deflects because the lower part acts as a fixation. There was a 

noticeable difference in pile deflection and bending moment within some piles in the same 

group. The group formation has also an effect. The construction stages effect on pile deflection 

and bending moment was varying according to its location within the foundation. The density 

of piles within the group is an influencing factor on pile behavior.  

The pile shaft friction was effected relatively different by trenching than its deflection and 

bending moment because it generated due to the relative movement between the soil and the 

pile. The shaft friction showed a general trend of reduction due to trenching; however, it could 

increase in some cases due to the rearrangement of loads on piles. The coefficient of shaft 

friction was calculated using a reduction factor that was calculated from the parametric study. 

The highest reduction factor was found when the slurry pressure was reduced near the pile tip.  

As a general conclusion, the pile general behavior was greatly affected by the unusual situation 

such as the low slurry level or presence of weak soil layer that could cause a reduction on the 

slurry pressure. The length of panel played also a rule in such effect. It is recommended to use 

panels with a small length and to control the slurry level inside the trench in order to avoid any 

big movement of nearby piles. A good soil investigation is required which should take into 

consideration the existence of any lenses of weak soil which could cause a reduction in slurry 

pressure during trenching process.                              
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CHAPTER 6: ANALYTICAL APPROACH  

6.1 INTRODUCTION        

The previous chapter has shown the effect of the trenching process on piled foundation, but it 

did not show the effect of the existing pile on the stability of the nearby trench. Accordingly, 

this chapter concerns creating an analytical approach based on the wedge method in order to 

understand such an effect. The load transfer mechanism from the pile to the trench can be 

obtained through the wedge analysis or by the results from the previous parametric study. In 

order to understand such a mechanism, the analytical approach was made for two situations. 

The first situation is simple and simulates a single pile near a single panel. The second situation 

simulates trenching a single panel near a group of piles with different formations. Two and 

three-dimensional analyses were adopted in the analysis for situation one, while it was more 

logic to simulate the second situation only with a three-dimensional analysis.  

The analytical approach in this chapter was made by assuming a failure surface of the soil 

wedge attached to the trench. The pile could be totally above the failure surface or intersect 

with the failure surface. If it is totally above the failure surface, then its load will be totally 

transferred to the failure wedge. In this case, the pile will reduce the stability of the nearby 

slurry trench, but if the pile intersects with the failure surface its load will be partially 

transferred to the failure wedge through its fraction only. An additional resistance to the wedge 

movement could be generated due to such an intersection. In this case, the pile could cause an 

increase to the stability of the trench rather than a decrease. 

A comparative study is made using this analytical approach to understand the effect of different 

parameters and analysis procedures on the factor of safety. The analytical approach was 

checked using the φ/c reduction mechanism implemented in FLAC 3D.          

6.2 TRENCHING NEAR A SINGLE PILE (SITUATION I)       

Trenching of a single panel near a single pile is not a common situation in the real field 

projects. However, it was assumed in order to simplify the complex problem. Two cases were 

assumed in the analytical approach. The first is assuming the pile is totally above the failure 

surface, while the second assumed the pile is intersecting the failure surface. Both cases are 

analyzed in two and three dimensions.       

6.2.1 CASE 1: PILE ABOVE THE FAILURE SURFACE     

The pile is assumed to be located on the centerline of the panel and subjected to a vertical load 

Ftot. The pile length is hP with diameter D, while its centerline is assumed to be at a distance x 
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from the trench. The trench has a depth of H and its length is L. The failure surface is assumed 

inclined with an angle θ from the horizontal. The suggested two- and three- dimensional 

analytical approaches were based on understanding the literature. The following subsection 

shows both approaches.        

6.2.1.1 Two-dimensional approach of Case 1       

The wedge of failure of the trench is presented by a slip surface inclined by an angle θ from the 

horizontal as shown in Figure 6-1. The trench depth is H and the groundwater and slurry levels 

are at distances of Hw and Hs from the trench bottom. The pile is located inside the wedge of 

failure and subjected to a vertical load Ftot. This load is transferred to the wedge as a shear force 

fs and end bearing force fb, the bearing force is transferred with an angle of 60 ° 

(≈ 2 vertical :1 horizontal) according to Tomlinson and Woodward (2008). If the load on the 

pile is equal to its capacity, then these forces will be equal to the shear bearing capacity of the 

pile. The weight of the wedge (W) is considered as an acting vertical force while the slurry 

pressure ps is considered to be a resisting force. The shear force acting along the base of the 

sliding surface is (S), while the reaction normal to the sliding surface is N. If the pile is too 

close to the trench (x<1.5D) the bearing pressure of the pile will be effecting horizontally on 

the trench wall as shown in Figure 6-1 (b).      

 
Figure 6-1:  Pile above the failure surface (two-dimensional approach)  

 
The wedge is subjected to vertical and horizontal forces that should be under equilibrium. If the 

pile is at distance x ≥ 1.5D the vertical and horizontal equilibrium can be achieved through 

Equations 6.1 and 6.2, respectively.  
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𝑆 + (𝑃𝑠) cos𝜃 = (𝑊 + 𝐹𝑠 + 𝐹𝑏) sin𝜃 6.1 
 

𝑁 = (𝑊 + 𝐹𝑠 + 𝐹𝑏) cos𝜃 + (𝑃𝑠 − 𝐹𝑏ℎ) Sin𝜃  6.2 
 

The vertical and horizontal equilibrium could be achieved in case of X < 1.5D through 

Equations 6.3 and 6.4, respectively. 

𝑆 + (𝑃𝑠 − 𝐹𝑏ℎ) cos𝜃 = (𝑊 + 𝐹𝑠 + 𝐹`𝑏) sin𝜃 6.3 
 

𝑁 = (𝑊 + 𝐹𝑠 + 𝐹`𝑏) cos𝜃 + (𝑃𝑠 − 𝐹𝑏ℎ) Sin𝜃  6.4 
 

Since the bearing load of the pile is assumed to be transferred on the soil with a slope of 

1(horizontal): 2(vertical), so it is assumed to spread over an area with a diameter calculated 

from the following equation:    

𝐷𝑏 = 3𝐷  and 𝑓𝑏` = 𝑓𝑏𝐷2/𝐷𝑏2 6.5 
If the x value was less than 1.5 D the bearing load will be distributed vertically over a non-full 

circular area with a distance from the wall calculated from Equation 6.6., while it is assumed to 

spread on the trench wall with a vertical distance calculated from Equation 6.7.    

𝐷𝑏` = 1.5𝐷 + 𝑥     6.6 

𝑙𝑏𝑣 = 2(1.5𝐷 − 𝑥)     6.7 

The applied forces from the pile can then be calculated from the following equations:   

𝐹𝑠 = 𝑓𝑠𝜋𝐷 6.8 
    

𝐹𝑏 =
𝑓𝑏𝜋𝐷2

4
 6.9 

 

𝐹𝑏` = 𝑓`𝑏 �
𝜋𝐷𝑏2 sin−1 �2𝑥

𝐷𝑏
�+ 180

720
+
𝑥𝐷𝑏 cos(sin−1 2𝑥

𝐷𝑏
)

2 � 6.10 

 

𝐹𝑏ℎ = 𝑓`𝑏 �
𝜋𝐷𝑏2

4
−�

𝜋𝐷𝑏2 sin−1 �2𝑥
𝐷𝑏
� + 180

720
+
𝑥𝐷𝑏 cos(sin−1( 2𝑥

𝐷𝑏
))

2 �� 6.11 

 

The weight of the triangle wedge (W), slurry pressure (Ps) and water pressures (U) are 

presented in the following Equations 6.12, 6.13 and 6.14, respectively.    

𝑊 =
𝛾𝐻2

2 tan𝜃
 6.12 

 
 
 

𝑃𝑠 =
𝛾𝑠𝐻𝑠2

2
 6.13 

 

𝑈 =  
𝛾𝑤𝐻𝑤2

2
 6.14 

 

where: 

γ is the soil density  

γs is the slurry density  

γw is the slurry density  



 

158 
 

The shear force (S) is a function of the active normal force and friction angle (φ`) with respect 

to the shear failure factor of safety F.   

𝑆 =
𝑁` tan∅`

𝐹
=
�𝑁 − 𝑈

sin𝜃� tan∅`
𝐹

 6.15 
 

By substitution in Equations 6.1 and 6.2 for the case of x ≥ 1.5D then  

𝐹 =
�(𝑊 + 𝐹𝑠 + 𝐹𝑏) cos𝜃 + 𝑃𝑠 sin𝜃 − 𝑈

sin𝜃� tan∅`
(𝑊 + 𝐹𝑠 + 𝐹𝑏) sin𝜃 − 𝑃𝑠 cos𝜃

 6.16 

 

This equation can be written by replacing W, Ps and U with the values in Equations 6.12, 6.13 

and 6.14. 

𝐹𝑠 =
�𝛾𝐻

2 cos2 𝜃 + 𝛾𝑠𝐻𝑠2 sin2 𝜃 − 𝛾𝑤𝐻𝑤2
+2(𝐹𝑠 + 𝐹𝑏) sin𝜃 cos𝜃 � tan∅`

(𝛾𝐻2 cos𝜃 + 2(𝐹𝑠 + 𝐹𝑏) sin𝜃 − 𝛾𝑠𝐻𝑠2 cos𝜃) sin𝜃
 6.17 

Similarly, the slurry density can be calculated for the pile at a distance of x < 1.5D as follows:     

𝐹𝑠 =
�𝛾𝐻

2 cos2 𝜃 + (𝛾𝑠𝐻𝑠2 − 2𝐹𝑏ℎ) sin2 𝜃 − 𝛾𝑤𝐻𝑤2
+2(𝐹𝑠 + 𝐹`𝑏) sin𝜃 cos𝜃 � tan∅` csc𝜃

𝛾𝐻2 cos𝜃 + 2(𝐹𝑠 + 𝐹`𝑏) sin𝜃 − (𝛾𝑠𝐻𝑠2 − 2𝐹𝑏ℎ) cos𝜃
 6.18 

 

The factor of safety is considered to be lower in the case of x < 1.5D because the Fbh was added. 

However, the value of Fb` is relatively lower than the value of Fb. Indeed, the effect of Fbh could 

be only local and its effect on the global stability is considered to be a conservative assumption.     

6.2.1.2 Three-dimensional approach of Case 1        

This method takes into consideration the length of the panel (L), while the slip surface was 

assumed to be straight line and inclined with an angle θ from the horizontal. A surcharge load 

(q) was assumed to be applied on the surface. The soil is considered to be cohesion-less soil 

with an effective friction angle φ`, bulk density γ and saturated density γsat. The soil wedge in 

the three dimensions is assumed to be resisted by side shear forces (Ss) as shown in Figure 6-2. 

The failure surface is subjected to tangential and normal forces. The tangential forces as well as 

the normal forces should be in equilibrium as shown in Equations 6.19 and 6.20, respectively, 

in case of pile is at a distance x ≥ 1.5D.    

𝑆 + 2𝑆𝑠 + 𝑃𝑠 cos𝜃 = (𝑊 + 𝑄 + 𝐹𝑠 + 𝐹𝑏) sin𝜃 6.19 
 

𝑁 = (𝑊 + 𝑄 + 𝐹𝑠 + 𝐹𝑏) cos𝜃 + 𝑃𝑠 sin𝜃 6.20 
 

If the pile is at a distance x < 1.5D, Equation 6.21 shows the equilibrium of the tangential 

forces while Equation 6.22 shows the equilibrium of the normal forces.  

𝑆 + 2𝑆𝑠 + (𝑃𝑠 − 𝐹𝑏ℎ) cos𝜃 = (𝑊 + 𝑄 + 𝐹𝑠 + 𝐹`𝑏) sin𝜃 6.21 
 

𝑁 = (𝑊 + 𝑄 + 𝐹𝑠 + 𝐹`𝑏) cos𝜃 + (𝑃𝑠 − 𝐹𝑏ℎ) Sin𝜃  6.22 
The forces from the pile are calculated as Equations 6.8 through 6.11, while the other forces are 

to be calculated based on the following equations: 
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𝑊 =
[𝛾(𝐻2 − 𝐻𝑤2 ) + 𝛾𝑠𝑎𝑡𝐻𝑤2 ]𝐿

2 tan𝜃
 6.23 

 

𝑄 =
𝐻𝑞𝐿
tan𝜃

 6.24 
 

𝑃𝑠 =
𝛾𝑠𝐻𝑠2𝐿

2
 6.25 

 

𝑈 =  
𝛾𝑤𝐻𝑤2𝐿

2
 6.26 

 

By Substitution with the values of S that was presented in Equations 6.15, 6.19 and 6.20 the 

factor of safety in case of x > 1.5D and x < 1.5D can be found from Equation 6.27 and 6.28. 

𝐹𝑆 =
[(𝑊 + 𝑄 + 𝐹𝑠 + 𝐹𝑏) cos𝜃 + 𝑃𝑠 sin𝜃 − 𝑈 csc𝜃]tan∅`

(𝑊 + 𝑄 + 𝐹𝑠 + 𝐹𝑏) sin𝜃 − 𝑃𝑠 cos𝜃 − 2𝑆𝑠
 6.27 

 

𝐹𝑆 =
[(𝑊 + 𝑄 + 𝐹𝑠 + 𝐹`𝑏) cos𝜃 + (𝑃𝑠 − 𝐹𝑏ℎ) sin𝜃 − 𝑈 csc𝜃]tan∅`

(𝑊 + 𝑄 + 𝐹𝑠 + 𝐹`𝑏) sin𝜃 − (𝑃𝑠 − 𝐹𝑏ℎ) cos𝜃 − 2𝑆𝑠
 6.28 

 

 
Figure 6-2:  Pile above the failure surface (three-dimensional approach)  

 

 

The side resistance Ss is also a function of the factor of safety and horizontal stress. It can be 

calculated by partial integration a slice, which is located in the side panel as shown in Figure 

6-2. The following Equation 6.29 presents the shear resistance due to the side panel.    
 

𝑆𝑠 =  
1

𝐹𝑆 tan𝜃
�� 𝜎ℎ1` tan∅`(𝐻 − 𝑍)𝑑𝑧

𝑍𝑤

0
+ � 𝜎ℎ2` tan∅`(𝐻 − 𝑍)𝑑𝑧

𝐻

𝑍𝑤
� 6.29 

 

where  

Z is the variable depth from the surface  

Zw is the water depth from the surface  
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dz is a slice at a certain depth   

The horizontal earth pressure is calculated above and below the water level from the following 

equations:  

𝜎ℎ1` = 𝐾(𝑞𝑟 + 𝛾𝑍𝑤) 6.30 
 

𝜎ℎ2` = 𝐾(𝑞𝑟 + 𝛾𝑠𝑢𝑏𝑍 + 𝛾𝑤𝑍𝑤) 6.31 
 

where  

K is the coefficient of earth pressure and its value can be used as discussed in section 3.5.1 in 

Chapter 3.  

qr is the surcharge transfer to the side panels and it could be equal to or less than the value of the 

surface surcharge.   

γsub is the submerged soil density (= γ−γw) 

𝑆𝑠 =  
k tan∅`
𝐹 tan𝜃 �

�𝛾 −
𝛾𝑠𝑢𝑏

3
�𝐻𝑤3 + �𝛾 −

𝛾𝑤
2
�𝐻2𝐻𝑤 +

𝑞𝑟𝐻2

2
+
𝛾𝑤𝐻3

2
−�2𝛾 +

𝛾𝑠𝑢𝑏
2
�𝐻𝐻𝑤2

� 6.32 

 
The factor of safety in case of x > 1.5D can be rewritten as  
 

𝐹𝑆 =
tan∅`
tan𝜃

�
Ω1𝛾 + Λ1𝛾𝑠𝑎𝑡 − Ψ1𝛾𝑤 + ς1𝛾𝑠 + 2𝐻𝑞 + Φ1𝑞𝑟 + Γ1

(𝐻2 − 𝐻𝑤2 )𝛾 + 𝐻𝑤2𝛾𝑠𝑎𝑡 + 2𝐻𝑞 − 𝐻𝑠2𝛾𝑠 + Γ1 
� 6.33 

Or in case of x< 1.5D it can be rewritten as  
 

𝐹𝑆 =
tan∅`
tan𝜃

⎣
⎢
⎢
⎢
⎢
⎡

Ω1𝛾 + Λ1𝛾𝑠𝑎𝑡 −Ψ1𝛾𝑤 + ς1𝛾𝑠 + 2𝐻𝑞 + Φ1𝑞𝑟

+Γ2 −
2𝐹𝑏ℎ
𝐿 tan2 𝜃

(𝐻2 − 𝐻𝑤2 )𝛾 + 𝐻𝑤2𝛾𝑠𝑎𝑡 + 2𝐻𝑞 − 𝐻𝑠2𝛾𝑠 + Γ2 + 2𝐹𝑏ℎ
𝐿  

⎦
⎥
⎥
⎥
⎥
⎤

 6.34 

 

where  
 

Ω1 = 𝐻2 − 𝐻𝑤2 +
2𝐾

3𝐿 cos𝜃
(𝐻3 − 𝐻𝑤3 ) 6.35 

 

Λ1 = 𝐻𝑤2 +
2𝐾

3𝐿 cos𝜃
𝐻𝑤3  6.36 

 

Ψ1 = 𝐻𝑤2 sec2 𝜃 +
2𝐾

3𝐿 cos𝜃
𝐻𝑤3  6.37 

 

ς1 = 𝐻𝑠2 tan2 𝜃 6.38 
 

Φ1 =
2𝑘𝐻2

𝐿 cos𝜃
 6.39 

 

Γ1 =
2(𝐹𝑠 + 𝐹𝑏)𝑡𝑎𝑛𝜃

𝐿
 6.40 

 

Γ2 =
2(𝐹𝑠 + 𝐹`𝑏)𝑡𝑎𝑛𝜃

𝐿
 6.41 
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The factor of safety from the three-dimensional analysis provides higher values of factor of 

safety than that calculated from the two dimensional and it gives the same results as Fox (2004) 

if the values of pile forces were set to zero. The existence of the pile above the failure surface 

reduces the factor of safety. However, if the panel length was infinite in the three dimensional 

analysis the effect of the pile on the trench is neglected. The location of the pile within the 

trench was not considered in the analysis.      

6.2.2 CASE 2: PILE INTERSECTS THE FAILURE SURFACE     

The pile could intersect with the slip surface if it is located at a short distance from the trench or 

its tip is deep. It is considered to intersect the slip surface if the pile with depth hp is located at 

distance  

x >
𝐻 − ℎ𝑝

tan𝜃
 6.42 

 

In this case, the pile end bearing is expected to be applied below the slip surface and hence it 

will not be a driving force, but only part of the pile friction will be added to the driving force. 

Additionally, the intersection of the pile structure with the slip surface creates a force that 

likely acts as a resistance for the failure wedge. The following subsections describe this case 

using two and three dimensional approaches.    

6.2.2.1 Two-dimensional approach of Case 2        

In this case, the two-dimension analysis is the same as the first case but the pile bearing 

pressure is not acting and the friction force is partially acting. In addition, the difference in 

displacement between the soil and the pile during trenching creates resisting forces (Fpr) at the 

intersection between the pile and the slip surface as shown in Figure 6-3.  

 
Figure 6-3:  Pile intersects the failure surface (two-dimensional approach)  
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Above the failure surface an active force is assumed to be applied to the pile, while below the 

failure surface a passive earth pressure force (Fhp) is created. The force of the pile that resists 

the failure wedge is assumed to be equal to the passive force if the active force is higher than 

the passive force, because the passive force is fully mobilized. The active force and passive 

pressure forces are calculated from Equations 6.43 and 6.44, respectively.   

W` =
𝛾𝜋𝐷

4 �
𝐻2

tan𝜃
− 2𝐻𝑥 + 𝑥2 tan𝜃� 6.43 

 

𝐹ℎ𝑝 =
𝛾𝜋𝐷

2
𝑘𝑝(ℎ𝑝 + 𝑥 tan𝜃 − 𝐻) 6.44 

In this case, where (W` sinθ > Fhp cos θ) the pile resisting force Fpr can be calculated from the 

following equation:  

𝐹𝑝𝑟 = 𝐹ℎ𝑝 cos𝜃 6.45 
 
The passive force is not fully mobilized for the piles which are far from the trench because they 

move from top higher than its bottom as presented in the parametric study. Accordingly, the 

pile resistance force to the moving wedge (Fpr) is equal to the active force as follows:    

𝐹𝑝𝑟 =W` sin𝜃 6.46 
 
The force transfer from the shaft to the wedge can be calculated from the following equation: 
 

𝐹`𝑠 =
(𝐻 − 𝑥 tan 𝜃)

ℎ𝑝
𝐹𝑠 6.47 

The factor of safety can then be calculated from Equation 6.48.    

𝐹𝑠 =
[𝛾𝐻2 cos2 𝜃 + 𝛾𝑠𝐻𝑠2 sin2 𝜃 − 𝛾𝑤𝐻𝑤2 + 2𝐹`𝑠 sin𝜃 cos𝜃]tan∅`

�𝛾𝐻2 cos𝜃 + 2𝐹`𝑠 sin𝜃 − 𝛾𝑠𝐻𝑠2 cos𝜃 − 2𝐹𝑝𝑟� sin𝜃
 6.48 

    

6.2.2.2 Three-dimensional approach of Case 2        

The three-dimensional effect of the pile intersection is similar to that previously discussed in 

the two-dimensional. The weight of the wedge in the active zone acting on the pile (W`) is 

shown in Figure 6-4 and it can be calculated from Equation 4.43 if H-Hw ≥ H-x tanθ, but if it is 

smaller it can be calculated from Equation 4.49. The surcharge load that acts on the pile, was 

ignored. 

W` =
𝜋𝐷 tan𝜃

4
[𝛾(𝐻2 − 𝐻𝑤2 ) + 𝛾𝑠𝑎𝑡(𝐻2 − 2𝐻𝑥 tan 𝜃 + 𝑥2 tan2 𝜃)] 6.49 

 

The value of Fpr can be calculated as previously mentioned, while the new value of W` should 

be taken into consideration. The factor of safety in this case is similar to Case 1 except for 

adding the value of the pile resisting force as shown in the following equation.   
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𝐹𝑆 =
tan∅`
tan𝜃 �

Ω1𝛾 + Λ1𝛾𝑠𝑎𝑡 − Ψ1𝛾𝑤 + ς1𝛾𝑠 + 2𝐻𝑞 + Φ1𝑞𝑟 + Γ3

(𝐻2 − 𝐻𝑤2 )𝛾 + 𝐻𝑤2𝛾𝑠𝑎𝑡 + 2𝐻𝑞 − 𝐻𝑠2𝛾𝑠 + Γ3 −
2𝐹𝑏𝑟
cos𝜃 

� 6.50 

The other factors were previously mentioned while the pile load effect is calculated from the 

following equation:  
    

Γ3 =
2𝐹`𝑠𝑡𝑎𝑛𝜃

𝐿
 6.51 

 

 
Figure 6-4:  Pile intersects the failure surface (three-dimensional approach)  

 
 

6.3 TRENCHING NEAR GROUP(S) OF PILES (SITUATION II)       

The existing group(s) of piles near a trench may cause simultaneity, the both cases that were 

discussed in the previous section. The load of the pile near the trench could be fully added to 

the wedge of failure while the other piles far from the trench will be partially added or even act 

as a resistance for the wedge of failure. The pile near the trench could be in three locations as 

shown in Figure 6-5, two locations are presenting the first case (pile above failure surface) 

while the other locations presents the second case (pile below failure surface). If the pile is at a 

distance x > H/tanθ it will not have any effect on the trench stability. The trench stability could 

then be found for several piles from Equation 6.52.       

𝐹𝑆 =
tan∅`
tan𝜃

⎣
⎢
⎢
⎢
⎢
⎢
⎡ Ω1𝛾 + Λ1𝛾𝑠𝑎𝑡 − Ψ1𝛾𝑤 + ς1𝛾𝑠 + 2𝐻𝑞 + Φ1𝑞𝑟

+𝑛𝑐 �Γ2 −
2𝐹𝑏ℎ
𝐿 tan2 𝜃�+ 𝑛𝑚Γ1 + 𝑛𝑖Γ3

(𝐻2 − 𝐻𝑤2 )𝛾 + 𝐻𝑤2𝛾𝑠𝑎𝑡 + 2𝐻𝑞 − 𝐻𝑠2𝛾𝑠 + 𝑛𝑐 �Γ2 + 2𝐹𝑏ℎ
𝐿 �

+𝑛𝑚Γ1 + 𝑛𝑖(Γ3 −
2𝐹𝑏𝑟
cos𝜃) ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 6.52 

 

where  

nc is the number of piles that are very close to the trench and located at x < 1.5D 
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nm is the number of piles that are located above the failure surface and at a distance x ≥ 1.5D  

and ni is the number of piles at certain distance x and intersect with the slip surface.  

The above equation could be used to check the trench panel stability near a group of piles. 

However, the shaft friction value of the pile is subjected to be change depending on the pile 

location from the trench as mentioned before in Chapter 5. The amount of decrease in shaft 

friction according to the pile location was previously presented in Table 5-5. 
 

 
Figure 6-5: Several piles intersect the failure surface (three-dimensional approach)  

 

6.4 COMPARATIVE STUDY       

This study compared between the factor of safety according to Fox (2004) in case of no piles 

and the present approach with piles at different locations and numbers. The factor of safety 

calculated from the present approach is the same as that calculated by Fox (2004) in case of no 

piles. The following sections show the different parameters used in the comparative study 

calculated using the two- and three-dimensional analytical approaches. In all cases, the pile 

forces fs and fb are assumed to be equal to the pile shear resistance τs and end bearing resistance 

qb, respectively. These values are calculated based on Equations 2.2 and 2.4 presented in 

Chapter 2 and they were divided by a factor of safety based on the Egyptian code of Practice 

202/4(2001). 

6.4.1 COMPARISON REGARDING TWO-DIMENSIONAL ANALYSIS APPROACH       

The comparison in two dimensions was made for different friction angles, slurry densities and 

water levels. The following Figures 6-6, 6-7 and 6-8 show the different effect of each 

parameter in case of no pile and existing pile with different locations. The trench depth was 
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fixed to be 30 m, while its thickness and length were not considered in the two-dimensional 

analysis. The failure plane inclination angle (θ) was fixed to be 45 + φ/2. The pile length and 

diameter were 12 m and 0.8 m, respectively. The soil density equal to 18 kN/m3 and the slurry 

level was 0.5 m below ground surface.  

The values of factor of safety presented did not necessarily show the minimum factor of safety 

value because the failure surface angle is not always to equal 45 + φ/2. However, these values 

are not expected to be far from the minimum factor of safety values, also the trend of factor of 

safety change is not greatly affected by the surface inclination. The friction angle, slurry 

density and water levels have an effect on the stability of the slurry trench. The pile existence 

within the slip surface reduces the factor of safety values. However, it did not show a 

noticeable difference when it located very close to the trench because the generated horizontal 

force (Fbh) is relatively small.   

 
 

Figure 6-6: Effect of different friction angles on factor of safety (two-dimensional approach)  
 
 

 
 

Figure 6-7: Effect of different slurry densities on factor of safety (two-dimensional approach)  
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Figure 6-8: Effect of different water levels on factor of safety (two-dimensional approach)  
 
The pile intersection with the slip surfaces increases the factor of safety but according to the 

position of intersection and amount of retained soil by the pile. The following Figure 6-9 shows 

the change in the factor of safety values at different locations of the pile near the trench.        

 
 

Figure 6-9: Effect of pile location on factor of safety (two-dimensional approach)  
 

6.4.2 COMPARISON REGARDING THREE-DIMENSIONAL ANALYSIS APPROACH       

In all cases, the three-dimension analysis provides a higher factor of safety than the 

two-dimension analysis. The following Figure 6-10 shows a comparison between the three and 

two-dimensional analysis approaches. The comparison was made for the pile at different 

locations from the trench. The panel length was chosen to be 6 m. All the other effective 

parameters are the same.  

The three-dimension analysis shows a higher factor of safety than the two-dimension analysis, 

because it takes into consideration the effect of side friction and panel length. Such a difference 

was discussed and presented by Fox (2004 and 2006). However, if the panel length was chosen 

to be more than 6 m the results could be different. Accordingly, the effect of panel length on the 

factor of safety was separately studied and presented in Figure 6-11.   
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Figure 6-10: Difference between two and three dimensional analytical approaches  
 

 
 

Figure 6-11: Effect of panel length at different pile locations on safety factor  
 
The effect of different inclination angles on the factor of safety at different pile distances from 

the trench (x) is presented in Figure 6-12. The inclination angle values were chosen around the 

value of 45+φ/2 and the friction angle in this case is equal to 36°. 

The inclination angle of failure surface (θ) that provides the lowest factor of safety could be 

considered to be 50 + φ/2 according to the results presented in the figure. However, the rest of 

the work will depend on the value of 45 + φ/2.  

The different slurry level effects on the factor of safety for the three values of panel lengths are 

presented in Figure 6-13. The friction angle considered constant and equal to 36 °, while the 

pile was chosen to be fully inside the failure wedge. The effect of the slurry level on the factor 

of safety is linear. The low level of slurry could cause the trench to be unsafe, especially if the 

trench panel has a greater length.   
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Figure 6-12: Effect of failure surface inclination angle on safety factor  
 

 
 

Figure 6-13: Effect of slurry level on safety factor  
 

6.4.3 COMPARISON REGARDING THE EFFECT OF SEVERAL PILES        

The effect of several piles on the trench factor of safety was presented in Equation 6.52. The 

comparison was made for different panel lengths, while friction angle was 36 °, the water level 

was 2.0 m and slurry level was 0.5 m below ground surface. Different piles locations were 

chosen in the comparison including the case of no piles. The following Figure 6-14 describes 

the cases. 

As shown in the sketched figure, the first case considered two piles that are fully inside the 

failure wedge and do not cause horizontal forces. The second considered four piles fully inside 

the failure wedge, while two of them are close to the trench and creating force (Fbh). The third 

case added another two piles that intersect with the failure surface and penetrate 4m below it. 

The fourth and last case considered two piles fully inside the failure wedge and four piles 

intersect the failure surface, while two of them penetrate 4 m below the failure surface and the 

other two penetrate 8 m below the failure surface. Figure 6-15 shows the comparison between 

the different cases for different panel lengths.   
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Figure 6-14: The cases used for comparison   

 

 
 

Figure 6-15: Comparison between the different cases   
 

The previous curve showed that the factor of safety from Case I and Case II was lower than the 

factor of safety in case of no pile, while in Case III the factor of safety was higher because the 

intersection of two piles with the failure surface balanced with the other two piles that are 

located above the failure surface. The factor of safety in Case V was the highest because more 

number of piles intersect the failure surface.    

6.5 COMPARISON BETWEEN FACTOR OF SAFETY FROM THE PROPOSED 

APPROACH AND NUMERICAL ANALYSIS        

This section uses the numerical analysis to find out the factor of safety and compare it with that 

from the proposed analytical approach. The method that used to calculate the safety factor in 

FLAC 3D and the numerical modeling are presented in the following two sections. The factor 

of safety results calculated from the numerical analysis were compared to that from the 

proposed approach and presented in the last section.    
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6.5.1 FACTOR OF SAFETY CALCULATION IN FLAC 3D        

The safety factor in FLAC 3D is determined based upon the strength reduction method 

(parameter reduction technique). This method can be applied to different underground 

structures including the slurry trench and is described in detail by (Itasca (2011)). In this 

method, The factor of safety is calculated by reducing the shear strength of the material to bring 

the soil around the trench (failure wedge) to the limit equilibrium state. The safety factor is 

calculated for the cohesion-less soils by using a series of simulations with different trial values 

of safety factor to reduce the friction angle until failure occurs. The following Equation 6.53 

presents this technique.     

∅𝑡𝑟𝑖𝑎𝑙 = arctan �
1

𝐹𝑡𝑟𝑖𝑎𝑙
tan∅� 6.53 

 
The safety factor in FLAC 3D is calculated by finding initially the stable and unstable states, 

and then the difference between these states could be reduced to a specified tolerance. A 

separated run with different strength reduction factors determines the stability and instability. 

Each run determines the continuity of the plastic flow or the equilibrium.     

6.5.2 NUMERICAL MODELING FOR FACTOR OF SAFETY CALCULATION   

The Mohr column model was used for modeling the soil while the trench and the pile were 

modeled as described before in Chapter 4. The problem was modeled and half of it is shown in 

the typical mesh model in Figure 6-16a, while the typical shape of failure is shown in Figure 

6-16b. The trench was chosen to be 30 m depth and the pile diameter was 0.8 m.   
 

 

 
 

Figure 6-16: Typical numerical modeling mesh for factor of safety calculation    
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6.5.3 Factor of safety values and comparison          

Different cases including different pile locations were simulated with FLAC 3D. Table 6.1 

presents the shape of failure and the results of the factor of safety from the numerical analysis 

before and after correction. The values of the proposed simple analytical approach are also 

presented. 

The factor of safety from the numerical analysis was corrected by dividing it with a factor of 

1.30 because the strength reduction method is more oriented to the slope stability problem, and 

in the slurry trenching problems it provides a higher safety factor. In addition, this method did 

not take into consideration the reduction in tensile strength which may have an effect. The 

assumed shape of failure from the top was rectangular while in the numerical analysis it was 

half shape. The correction factor value was chosen as the average ratio between the numerical 

and analytical approach for the case of no pile. The ratio between the corrected numerical 

analysis factor of safety values and the proposed simple analytical approach was not exceeding 

1.11 with an average different value of 1.01. 

The effect of pile on the shape of failure in the numerical analysis was obvious on the shape of 

failure presented in Table 6.1. The slip surface from the numerical approach is inclined by an 

angle of approximately 60 ° (42+φ/2) but after it intersects the pile the angle of inclination 

slightly changed.     

Table 6-1: Different studied cases for trench stability 
  

Case 
number 

Description 
Shape of failure 

Values of FS 

Panel Pile x 
(m) 

Numerical analysis  Proposed 
approach Results  Corrected  

1 

3 m 

No pile 
 

 

3.75 2.89 
3.19  
(Fox, 
2004) 

2 

Si
ng

le
 p

ile
  

2.5 

 

3.63 2.79 2.93 
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Case 
number 

Description 
Shape of failure 

Values of FS 

Panel Pile x 
(m) 

Numerical analysis  Proposed 
approach Results  Corrected  

3 5.0 

 

3.66 2.81 2.93 

4 12.0 

 

3.73 2.87 3.33 

5 6 m No pile 
 

 

2.89 2.2 
2.0 

(Fox, 
2004) 

6 

6 m 

Si
ng

le
 p

ile
  

2.5 

 

2.8 2.15 1.93 

8 12.0 

 

2.88 2.2 2.12 
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Case 
number 

Description 
Shape of failure 

Values of FS 

Panel Pile x 
(m) 

Numerical analysis  Proposed 
approach Results  Corrected  

9 
6 

pi
le

s 
 

2.3 
,6.5 
and 
11.8 

 

2.52 1.93 1.85 

10 

6.5 
,9.1 
and 
11.8 

 

2.65 2.2 1.89 

11 

9.0, 
11.8 
and 
14.0 

 

2.76 2.3 2.08 

6.6 SUMMARY         

This chapter provided a simple analytical approach to show the effect of a single pile or several 

piles on the stability of the slurry trench. The approach provided equations in two and three 

dimensions to solve the factor of safety in case of different pile locations from the trench.  

A comparative study was made in order to understand the different parameters effect on the 

trench stability. The pile that is located totally inside the failure zone causes a decrease in the 

factor of safety, while the pile that intersects the slip surface could increase the factor of safety. 

The piles row which contains piles intersects the failure surface and others that are totally 

inside the failure wedge could cause the factor of safety to be almost equal to that from the case 

of no piles. This fact could explain the reason behind the stable trench near the piled 

foundations in the previously discussed case studies.  

The last part of the chapter provided a comparison between the numerical analysis and the 

proposed analytical approach regarding factor of safety values. The correct values of safety 

factor from the numerical approach were in a good contrast with those obtained from the 



 

174 
 

proposed approach. The shape of failure from the numerical analysis was almost identical to 

that assumed in the numerical analysis but in the top it takes a half circle rather the assumed 

rectangular shape. The proposed analytical approach provided equations that are useful to 

solve the stability problem of the trench that trenched near a piled foundation.   

This method is limited to the cohesion less soil and the local stability of the trench. It also 

considered the slurry pressure is fully acting on the trench wall. It did not take into 

consideration the increase of trench stability due to the penetration of the bentonite slurry into 

the soil through the filter cake.  
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS   

The existing deep foundations inside the city were normally designed to carry a certain amount 

of loads under specified conditions. These piles could be subjected to a passive load due to the 

different construction activities inside the cities. Slurry trenching causes a passive load but a 

very limited research was made about such a source of passive load on existing piles. This 

research has focused on the effect of the trenching process on ground surface and the nearby 

piled foundation. In addition, it studied the effect of the existing piles on the trench panels 

stability. The following sections discuss the conclusion and recommendation from this 

research. 

7.1 SOIL DEFORMATION DUE TO TRENCHING          

In this research, the values of settlement and horizontal movement associated with the 

trenching process were discussed based on the data from the literature. These values vary from 

project to another based on several factors such as groundwater level, slurry level, soil profile 

and panels dimension. The construction stages of the panels also affect the ground 

deformation. During the trenching process of a panel, the ground is deformed to a maximum 

but after concreting the deformation reduces. However, the deformation could be affected by 

constructing other nearby panels. Generally, the trenching effect on the ground deformation 

decreases with distance far from the trench.  

The data of the settlement were plotted from different construction sites. These data were 

divided into three main bounds and each bound was defined by a curve. The upper bound 

defines the values related to very low values of settlement due to short panels and good soil 

conditions. The middle bound related to the larger panel length and relatively poor ground 

conditions. The lower bound showed high settlement values that could have happened due to a 

problem during trenching such as weak soil layer at some levels.  

The values of the soil horizontal displacement were collected from different articles. The 

maximum values were located at different depths according to soil condition and groundwater 

level. Two bounds were chosen for dividing the data. The upper bound was used to define the 

low values which related to the small panel length, high slurry level and good soil conditions, 

while some of these values were found far from the trench. The lower bound was the limit of 

values under the normal conditions. The values that were higher than those of the lower bound 

were due to lowering the slurry level. The negative values of horizontal displacement were 

found due to the high values of slurry level.                           
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7.2 EFFECT OF TRENCHING ON THE EARTH PRESSURE COEFFECIENT           

The slurry trenching process affects the horizontal earth pressure of the soil and the earth 

pressure coefficient. Several researchers monitored the change in horizontal earth pressure 

during trenching. The available data from six different articles showed that the coefficient of 

earth pressure reduced due to trenching with a percentage varying between 10% and 30%.    

7.3 NUMERICAL MODELING OF THE TRENCHING PROCESS NEAR PILED 

FOUNDATION           

The numerical simulation of the trenching process in general and near piled foundation in 

specific was done using FLAC 3D for several cases. The simulations were made for one field 

panel test and two different projects and one laboratory test with different sets.  

The horizontal displacement shape and value from the numerical analysis were in a good 

agreement with those from the field tests but the settlement values did not show such an 

agreement. However, the settlement values and shapes predicted from the numerical analysis 

were quite close to those from the two case histories and laboratory works.  

The results of pile deflection, bending moment and shaft friction from the laboratory were not 

in a good contrast with those from the numerical analysis. The results from the laboratory were 

affected by the pile eccentric loading. 

Generally, it is not possible to find a perfect match between the numerical analysis results and 

those from field or laboratory. The output data from the field or laboratory are subjected to 

several conditions and they did not have a constant trend, while the results from the numerical 

analysis depend on mathematical equations, which provide a systematical trend. Accordingly, 

the verification was made for field test, two case histories and one laboratory test to achieve a 

wide comparison between numerical analysis and the filed or laboratory results. Generally, the 

comparison showed that the numerical analysis is a reliable tool that can be used for simulating 

such a problem with acceptable accuracy.         

7.4 PARAMETRIC STUDY            

The effect of trenching process on the ground surface and hence nearby piled foundation is 

affected by several parameters. The verified numerical analysis method and software were 

used to study the effect of some of these parameters on pile deflection, bending moment and 

shaft friction. The studied parameters included trench dimension, groundwater level, soil 

strength parameters, slurry level, pile group location, slurry pressure reduction at some levels, 

pile length and pile diameter. In addition, the effect of multiple panels on connected pile groups 

and piled raft foundation was studied as well. The effect of each parameter combined with 
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some other parameters was presented through 21 parameter combinations. The effect of the 

different parameters on the pile deflection bending moment and shaft friction is presented in 

the following sections.         

7.4.1 DEFLECTION OF THE PILE           

The soil deformation due to trenching causes the pile to deflect towards the trench. The shape 

and value of this deflection vary according to several variables. The soil horizontal movement 

due to trenching and the pile position within the pile group are the main factors that control the 

pile deflection shape. The piles within the group and nearest to the trench tend to move with the 

soil. In this way, its maximum deflection could be found within the middle or lower third of 

them, while the maximum deflection of the rear piles within the group is normally found at the 

top. The rear piles are normally affected by the drag force from the front piles more than the 

soil deformation itself. However, the deflection values of the piles are affected by their 

stiffness, length, location from the trench and position within the group as well as the soil 

deformation. The deformation of the soil is affected by the trench dimension, groundwater 

level, soil properties, slurry level and continuity of the slurry pressure.               

The panel length has a greater effect on the pile deflection than the other two dimensions. The 

slurry level and groundwater level have a great effect on the pile deflection as well. In general, 

the reduction of the slurry pressure at some levels causes an increase in pile deflection. The 

greatest increase was found when the slurry pressure reduced near the pile tip. The larger the 

pile diameter the lower its deflection. The deflection shape of the pile is affected by its length 

and the deflection values for the longer piles are lower than for the shorter ones, because the 

fixation depth is longer.  

During staged construction of multiple panels, the deflection values and shape of the piles are 

subjected to change. The amount of change is depending on the pile location from the initial 

panel and within the piled foundation. The deflection of the pile nearest to the initial panel 

decreases with advancing on trenching the other panels. 

Generally, the amount of deflection is considered to be low for the normal cases but it is very 

high and could be critical in case of a very low slurry pressure, high groundwater table or 

decrease of slurry pressure.                 

7.4.2 BENDING MOMENT OF THE PILE          

The trenching process causes a passive load on the pile. This passive load is a lateral load that 

causes a bending moment on the pile. The bending moment value and shape are affected by the 

relative movement between the pile and the soil. The maximum bending moment value is 

found at the pile top and it decreases gradually until it reaches a minimum value at its tip. For 
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this reason, the pile within the group considered fixed from its top and it moves with the soil at 

its tip.  

The different values of trench depth and thickness cause a very low change in the bending 

moment values, while the change in panel length greatly affects the binding moment values. 

The pile bending moment values were slightly affected by the pile position within the group but 

they were greatly affected by its location from the trench. The change in pile length did not 

show a great effect on the bending moment, while the change in diameter causes a great effect. 

The slurry level and the reduction of the slurry pressure affects the bending moment values. 

The greatest effect was due to the slurry pressure reduction near the pile tip. The values and 

signs of the bending moment of a pile within a piled foundation changed during different stages 

of panels construction. This change was greater in case of piled raft foundation and it was less 

in case of connected pile group, because the connection between the piles in case of piled raft 

foundation is higher.            

7.4.3 PILE SHAFT FRICTION   

During the trenching process, the shaft friction of the pile is affected by the change in the soil 

effective horizontal stress. The relative vertical movement between the pile and the soil affect 

the shaft friction. The piles within the pile group tend to balance the load carried by the pile 

cap. Accordingly, the shaft friction reduces from the origin value for the piles closest to the 

trench while it could increase for the other piles. However, it was not greatly affected by the 

location of the pile from the trench. The different in trench depth and thickness did not show a 

great effect on the shaft friction as well as the difference values of slurry levels and soil 

properties. The different values of groundwater levels, panel length and pile diameter are 

corresponding to a big difference of shaft friction values. The reduction of slurry pressure at 

some locations causes a great decrease in pile shaft friction.         

7.5 EFFECT OF PILE ON TRENCH STABILITY             

The stability of the trench is affected by the existence of the piled foundation. A wedge of 

failure was assumed and analyzed in two and three dimensions in order to predict the factor of 

safety equations for slurry trench near piled foundation. If the pile is located in the failure 

wedge its vertical force will be totally transferred to the wedge as an active force. In addition, a 

horizontal force from the pile end bearing is assumed to be applied on the trench wall if the pile 

is located at a distance less than 1.5D from the trench. A horizontal passive force is assumed to 

be created if the pile intersects the failure surface.         

A comparative study was made to understand the effect of the different locations of the pile or 

pile row on safety factor. The pile located inside the failure wedge reduces the safety factor, but 
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if the pile is located at very close distance from the trench (<1.5D) its horizontal force that 

created on the trench wall has very low effect. The pile that intersects the failure surface will 

not necessarily increase the factor of safety and it depends on the horizontal passive force. The 

pile group effect on the slurry trench stability is depend on the number of piles located inside 

the failure wedge and the other intersects the failure surface.  

The factor of safety was calculated using numerical analysis. The numerical analysis provides a 

slightly higher safety factor than the proposed analytical solution.  

7.6 RECOMMENDATION FOR FURTHER WORK              

This research focused on studying the trenching process on nearby piled foundation. As 

recommended by Choy (2004), this research took into consideration the effect of the 

groundwater table. It also considered the trenching effect on the pile group, the connected pile 

groups and the piled raft foundation. However, this research did not study the problem in 

cohesive and layered soils.  

The following is recommended for future research  

- Includes the soil cohesion and considers the layered soils in the parametric study.  

- Model the pile using solid or shell element. 

- Use the silo shaped failure wedge in the analytical approach instead of the planer 

failure wedge. 

- Verify the analytical approach and main results from the parametric study using 

laboratory experiments.  

- Study the effect of deep excavation and trenching process together on the nearby 

piled foundations.        
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APPENDIX A: TYPICAL CODE USED FOR MODELING WITH FLAC3D  

;------------------------------------------------------ 
; soil and geometry layers 
;------------------------------------------------------ 
new project 
set fish autocreate off 
title 'Tested panel' 
def setup 
global fri_fill = 30. 
global fri_ssilt = 15. 
global fri_coral = 40. 
global fri_medsand = 30 
global fri_densand = 40. 
global fri_granite = 40 
local eoed_fill = 38.4e6 ; 59.411e6 
local eur_fill = 115e6 ; 178.25e6 
local eoed_ssilt = 12.4e6 
local eur_ssilt = 37e6 
local eoed_coral = 128e6 
local eur_coral = 380e6 
local eoed_medsand = 27.7e6 
local eur_medsand = 83.2e6 
local eoed_densand = 10.5e6 
local eur_densand = 31.75e6 
local eoed_granite = 32.7e6 
local eur_granite = 98e6 
local _nu = 0.2 
global m_fill = 0.9 
global m_ssilt = 0.9 
global m_coral = 0.9 
global m_medsand = 0.9 
global m_densand = 0.9 
global m_granite = 0.9 
global _beta= 1.0 
global _rf = 0.9 
global _pa = 100e3 
global _k0 = 0.5 ; this value was just used for tryal 
global _pmax = 1e7 
global mul_fill = 5 ;eur_fill/(3.*(1.-2.*_nu)*eoed_fill)-1 
global mul_ssilt = 5 ;eur_marine/(3.*(1.-2.*_nu)*eoed_marine)-1 
global mul_coral = 5 
global mul_medsand = 5 ; eur_allu1/(3.*(1.-2.*_nu)*eoed_allu1)-1 
global mul_densand = 5 ; eur_allu2/(3.*(1.-2.*_nu)*eoed_allu2)-1 
global mul_granite = 5 ; eur_allu2/(3.*(1.-2.*_nu)*eoed_allu2)-1 
global gr_fill = eur_fill/(2.*(1.+_nu)) 
global gr_ssilt = eur_ssilt/(2.*(1.+_nu)) 
global gr_coral = eur_coral/(2.*(1.+_nu)) 
global gr_medsand = eur_medsand/(2.*(1.+_nu)) 
global gr_densand = eur_densand/(2.*(1.+_nu)) 
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global gr_granite = eur_granite/(2.*(1.+_nu)) 
global _coek = 2.*(1.+_nu)/(3.*(1.-2.*_nu)) 
global _al = 3.*sqrt(0.5*(1.-_k0)/(1.+2.*_k0)) 
global ki_fill = eoed_fill 
global ki_ssilt = eoed_ssilt 
global ki_coral = eoed_coral 
global ki_medsand = eoed_medsand 
global ki_densand = eoed_densand 
global ki_granite = eoed_granite 
global m_fill = min(m_fill,0.9) 
global m_ssilt = min(m_ssilt,0.9) 
global m_coral = min(m_coral,0.9) 
global m_medsand = min(m_medsand,0.9) 
global m_densand = min(m_densand,0.9) 
global m_granite = min(m_densand,0.9) 
global _num = 200 
global _nt = 1 
global _gr = gr_densand 
global _fri = fri_densand 
global _em = m_densand 
global _mul = mul_densand 
global _ki=ki_densand 
end 
@setup 
gen zone radtunnel ... 
p0 (0,0,0) p1 (2,0,0) p2 (0,0,-50) p3 (0,5,0) ... 
size 4 50 10 6 ... 
rat 1. 1.025 1.0 1.2 ... ;1.0114 
dim 0.6 3.1 fill 
gen zone brick p0 (2.0, 0, 0) P1 (20.0, 0, 0) P2 ( 2.0, 0, -50) P3 (2.0, 5.0 ,0) ... 
size 18 50 10 ... 
rat 1. 1.025 1. ;1.0114 
gen zone brick P0 (0, 5.0, 0) P1 (2, 5, 0) P2 ( 0, 5.0, -50) P3 (0, 20 ,0) ... 
size 4 50 15 ... 
rat 1. 1.025 1. ;1.0114 
gen zone brick p0 (2, 5, 0) P1 ( 20, 5, 0) P2 (2, 5, -50) P3 (2.0 , 20 , 0)... 
size 18 50 15 ... 
rat 1. 1.025 1. ; 1.0114 
gen zone reflect dip 270 dd 90 
gen zone reflect dip 90 dd 00 origin (7.5 0 0) ;range y 6.2 15 
model mech strainsoft 
group zone fill range z 0 -3 ;x 0.8 20 y 0 30  
prop density=1750.0 bulk=5.56E6 shear=4.17E6 friction= @fri_fill & 
dilation=0.0 coh = 500 range group fill 
group zone ssilt range z -3 -5 
prop density=1800.0 bulk=5.56E6 shear= 4.17E6 friction= @fri_ssilt & 
dilation=0.0 coh = 25000 range group ssilt 
group zone Coral range z -5 -6 
prop density=1850.0 bulk=5.56E7 shear= 4.17E7 friction= @fri_coral & 
dilation=10.0 coh = 5000 range group Coral 
group zone medsand range z -6 -15 
prop density=1850.0 bulk= 2.78E7 shear= 2.08E7 friction= @fri_medsand & 
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dilation=0 range group medsand 
group zone densand range z -15 -36 
prop density=2000.0 bulk= 4.05E7 shear=3.7E7 friction= @fri_densand & 
dilation=6.0 range group densand 
group zone granite range z -36 -50 
prop density=2200.0 bulk=4.76E7 shear=4.35E7 friction= @fri_granite & 
dilation=10.0 range group granite 
def fric_table 
local _Gi = _beta*(_gr/_pa) 
local ii 
global _num 
loop ii (1,_num+1) 
local _phic = (_fri/float(_num))*float(ii-1) 
local sval = sin(_phic*degrad) 
local _coe = sin(_fri*degrad)/_rf 
local xval = (_coe/(1.-sval/_coe)-_coe)/_Gi 
ytable(_nt,ii) = _phic ; draw the table  
xtable(_nt,ii) = xval 
end_loop 
ytable(_nt,_num+2) = _phic 
xtable(_nt,_num+2) = 0.2 
end 
set @_nt=1 @_num=200 @_gr=@gr_fill @_beta=@_beta @_fri=@fri_fill 
@fric_table 
prop ftable 1 range z 0 -3 ;x 0 20 y 0 30 
set @_nt=2 @_num=200 @_gr=@gr_ssilt @_beta=@_beta @_fri=@fri_ssilt 
@fric_table 
prop ftable 2 range z -3 -5 ;x 0 20 y 0 30 
set @_nt=3 @_num=200 @_gr=@gr_coral @_beta=@_beta @_fri=@fri_coral 
@fric_table 
prop ftable 3 range z -5 -6 ;x 0 20 y 0 30 
set @_nt=4 @_num=200 @_gr=@gr_medsand @_beta=@_beta @_fri=@fri_medsand 
@fric_table 
prop ftable 4 range z -6 -15 
set @_nt=5 @_num=200 @_gr=@gr_densand @_beta=@_beta @_fri=@fri_densand 
@fric_table 
prop ftable 5 range z -15 -36  
set @_nt=6 @_num=200 @_gr=@gr_granite @_beta=@_beta @_fri=@fri_granite 
@fric_table 
prop ftable 6 range z -36 -50 
fix x y z range z -50.1 -49.9 
fix x range x 19.9 20.1 
fix x range x -19.9 -20.1 
fix y range y 19.9 20.1 
fix y range y -19.9 -20.1 
set gravity 0,0,-10.0 
into considereation in the add Sxx  
ini szz 0.0 grad 0 0 17500.0 range z -3 0 
ini szz 1500.0 grad 0 0 18000.0 range z -5 -3 
ini szz -4000.0 grad 0 0 18500.0 range z -15 -5 
ini szz -26500.0 grad 0 0 20000.0 range z -36 -15 
ini szz -198500.0 grad 0 0 22000.0 range z -50 -36 
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ini sxx 0.0 grad 0 0 4375.0 range z -3 0 
ini sxx 375.0 grad 0 0 4500.0 range z -5 -3 
ini sxx -1000.0 grad 0 0 4625.0 range z -15 -5 
ini sxx -4676.5 grad 0 0 3529.4 range z -36 -15 
ini sxx -35029.4 grad 0 0 3882.4 range z -50 -36 
ini sxx add 22500.0 grad 0 0 7500.0 range z -5 -3 
ini sxx add 15000.0 grad 0 0 7500.0 range z -15 -5 
ini sxx add 82352.9 grad 0 0 8235.3 range z -36 -15 
ini sxx add 172941.2 grad 0 0 8235.3 range z -50 -36 
ini syy 0.0 grad 0 0 4375.0 range z -3 0 
ini syy 375.0 grad 0 0 4500.0 range z -5 -3 
ini syy -1000.0 grad 0 0 4625.0 range z -15 -5 
ini syy -4676.5 grad 0 0 3529.4 range z -36 -15 
ini syy -35029.4 grad 0 0 3882.4 range z -50 -36 
ini syy add 22500.0 grad 0 0 7500.0 range z -5 -3 
ini syy add 15000.0 grad 0 0 7500.0 range z -15 -5 
ini syy add 82352.9 grad 0 0 8235.3 range z -36 -15 
ini syy add 172941.2 grad 0 0 8235.3 range z -50 -36 
water density 1000 
water table origin 0 0 -2.13 normal 0 0 -1 
hist add unbala 
solve  
save ini 
;------------------------------------------------------ 
; Trenching of the first panel  
;------------------------------------------------------ 
ini xdisp 0 ydisp 0 zdisp 0 
ini xvel 0 yvel 0 zvel 0 
;Guide wall 
group zone guidewall range x 0.6 1.649 y -4.13 4.13 z 0 -2.13 
model mech elastic range group guidewall 
prop density= 1900.0 bulk=118.6E8 shear=108.6E8 range group guidewall ; bulk 11.86GPa 
shear 10.86GPa according to the conc E = 25GPa 
group zone guidewall range x -0.6 -1.649 y -4.13 4.13 z 0 -2.13 
model mech elastic range group guidewall 
prop density= 1900.0 bulk=118.6E8 shear=108.6E8 range group guidewall ; bulk 11.86GPa 
shear 10.86GPa according to the conc E = 25GPa 
group zone guidewall range x -0.6 0.6 y 3.1 3.52 z 0 -2.13 
model mech elastic range group guidewall 
prop density= 1900.0 bulk=118.6E8 shear=108.6E8 range group guidewall ; bulk 11.86GPa 
shear 10.86GPa according to the conc E = 25GPa 
group zone guidewall range x -0.6 0.6 y 0.31 0.0 z 0 -2.13 
model mech elastic range group guidewall 
prop density= 1900.0 bulk=118.6E8 shear=108.6E8 range group guidewall ; bulk 11.86GPa 
shear 10.86GPa according to the conc E = 25GPa 
solve 
;excavate the panel in 5 m stage 
ini xdisp 0 ydisp 0 zdisp 0 
ini xvel 0 yvel 0 zvel 0 
model mech null range x -0.3 0.3 y 7.875 14 z 0 -5.0 
apply nstress 0 grad 0 0 11e3 range x 0.29 0.31 y 7.875 14 z -0.5 -5.0 
apply nstress 0 grad 0 0 11e3 range x -0.29 -0.31 y 7.875 14 z -0.5 -5.0 
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apply nstress 0 grad 0 0 11e3 range x -0.3 0.3 y 7.7 8.0 z -0.5 -5.0 
apply nstress 0 grad 0 0 11e3 range x -0.3 0.3 y 13.9 14.1 z -0.5 -5.0 
apply nstress -4.95e4 range x -0.3 0.3 y 7.875 14 z -4.9 -5.1 
solve rat 1e-6 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -9.94 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -9.94 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -9.94 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -9.94 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -9.94 
apply nstress -10.6e4 range x -0.6 0.6 y 0.31 3.1 z -9.8 -10.1 ; -9.63e4 
solve ;rat 9e-6 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -15.68 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -15.68 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -15.68 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -15.68 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -15.68 
apply nstress -16.32e4 range x -0.6 0.6 y 0.31 3.1 z -15.5 -15.8 ; -14.98e4 
solve 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -20.444 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -20.444 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -20.444 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -20.444 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -20.444 
apply nstress -21.4e4 range x -0.6 0.6 y 0.31 3.1 z -20.4 -20.5 ; -20.3e4 
solve 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -25.8 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -25.8 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -25.8 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -25.8 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -25.8 
apply nstress -26.75e4 range x -0.6 0.6 y 0.31 3.1 z -25.7 -25.9 ;-25.68e4 
solve 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -30.63 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -30.63 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -30.63 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -30.63 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -30.63 
apply nstress -32.24e4 range x -0.6 0.6 y 0.31 3.1 z -30.5 -30.7 ; -37.45e4 
solve 
model mech null range x -0.6 0.6 y 0.31 3.1 z 0 -35.948 
apply nstress 5.457e3 grad 0 0 10.7e3 range x 0.59 0.61 y 0.31 3.1 z -0.51 -35.948 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.59 -0.61 y 0.31 3.1 z -0.51 -35.948 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 0.3 0.32 z -0.51 -35.948 
apply nstress 5.457e3 grad 0 0 10.7e3 range x -0.6 0.6 y 3.0 3.1 z -0.51 -35.948 
apply nstress -37.985e4 range x -0.6 0.6 y 0.31 3.1 z -35.8 -36.1 ; -37.45e4 
solve 
save Bite1 
;------------------------------------------------------ 
; settlement and horizontal displacement   
;------------------------------------------------------ 
def sett 
loop foreach local _g gp_list 
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if gp_xpos(_g) > 0 then 
if gp_ypos(_g) < 2.1 then ; trench 0.1 Bite 1&2 2.1  
if gp_ypos(_g) > 1.9 then ; trench -0.1 Bite 1&2 1.9 
if gp_zpos(_g) > -0.1 then 
local _x = gp_zdisp(_g) 
local _y = gp_xpos(_g) 
endif  
endif  
endif 
endif 
; horizontal displacement  
if gp_xpos(_g) > 2.9 then ; I2 ---1.6 I5 ---- 2.9 I3 ---- 5.9 
if gp_xpos(_g) < 3.1 then ; I2 ---1.7 I5 ---- 3.1 I3 ---- 6.1 
if gp_ypos(_g) < 0.1 then 
if gp_ypos(_g) > -0.1 then 
if gp_zpos(_g) < 0.0 then 
local _xx = gp_xdisp(_g) 
local _yy = gp_zpos(_g) 
endif  
endif  
endif 
endif 
endif 
table (7, _y) = _x 
table (8, _yy) = _xx 
endloop 
end  
@sett 
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APPENDIX B: PARAMETRIC STUDY FIGURES  

This appendix contains some of the parametric study Figures and it divided into the main three 
parts. 

B.1 RESULTS OF PART I MODEL GROUPS 

  
Figure B-1: Pile deflection and bending moment for parameter combination (PI-MG1-C1) for pile 

offset distance (x) = 3.5 m 
 

  
Figure B-2: Pile deflection and bending moment for parameter combination (PI-MG1-C2) for pile 

offset distance (x) = 3.5 m 
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(a) x = 2.0 m 

  

(b) x = 5.5 m 
Figure B-3: Piles deflection and bending moment for parameter combination (PI-MG1-C3)  
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(b) x = 5.5 m (L =6.0m) (c) x = 7.5 m (L =6.0m) 

Figure B-4: Piles shaft friction for parameter combination (PI-MG1-C3)  
 

  
Figure B-5:  Pile deflection and bending moment for parameter combination (PI-MG1-C3) for panel 

length (L=3.0m) 
 

  
 

Figure B-6: Pile deflection and bending moment for parameter combination (PI-MG1-C5) for panel 
length (L=3.0m) 
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Figure B-7: Pile deflection and bending moment for parameter combination (PI-MG1-C6) for slurry 
level of 0.5m 

 

  

Figure B-8: Pile deflection and bending moment for parameter combination (PI-MG1-C7) for pile 
offset distance (x) = 3.5 m 

 

 
 

(a) x = 2.0 m (a) x = 3.5 m 

Figure B-9: Pile shaft friction at different slurry pressure reduction levels for parameter combination 
(PI-MG1-C7) at SL = 0.5 m 
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Figure B-10: Pile deflection and bending moment for at different values of pile impeded length for 

parameter combination (PI-MG1-C8) at trench depth 20m 
 

  
Figure B-11: Pile deflection and bending moment for at different values of piles diameter 

(PI-MG1-C8) at trench depth 20m 
 

  
Figure B-12: Pile deflection and bending moment at different values of pile impeded length for 

parameter combination (PI-MG2-C1) at slurry level (SL = 1.5 m) 
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Figure B-13: Pile deflection and bending moment for different piles within the model group 

(PI-MG3-C1) at slurry level (SL = 1.5 m) 
 

  
Figure B-14: Pile deflection and bending moment for different piles within the model group 

(PI-MG4-C1) at slurry level (SL = 1.5 m) 
 

  
Figure B-15: Pile deflection and bending moment for different pile formations at slurry level  

(SL =1.50m) 
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(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure B-17: Pile shaft friction at different values of piles within model group (MG2) at  
slurry reduction position (SP = 13.0 to 14.0 m) and slurry level 
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(a) slurry level (SL = 0.5 m) 

  
  (b) slurry level (SL = 1.0 m) 

Figure B-16: Pile deflection and bending moment of piles within model group (MG2) at  slurry 
reduction position (SP = 13.0 to 14.0 m)  
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(a) slurry level (SL = 0.5 m) 

  
(b) slurry level (SL = 1.0 m) 

Figure B-18: Pile deflection and bending moment of piles within model group (MG3) at  slurry 
reduction position (SP = 13.0 to 14.0 m) and slurry level (SL = 1.0m) 

 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure B-19: Pile shaft friction at different values of piles within model group (MG3) at  slurry 
reduction position (SP = 13.0 to 14.0 m)  
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(a) slurry level (SL = 0.5 m) 

  
(b) slurry level (SL = 1.0 m) 

Figure B-20: Pile deflection and bending moment of piles within model group (MG4) at slurry 
reduction position (SP = 13.0 to 14.0 m)  

 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure B-21: Pile shaft friction at different values of piles within model group (MG4) at slurry 
reduction position (SP = 13.0 to 14.0 m) 
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(a) slurry level (SL = 0.5 m) 

  
(b) slurry level (SL = 1.0 m) 

Figure B-22: Pile deflection and bending moment at different formations and slurry reduction 
position (SP = 13.0 to 14.0 m)  

 

  
(a) Slurry level (SL = 0.5 m) (b) Slurry level (SL = 1.5 m) 

Figure B-23: Pile shaft friction at different formations and slurry reduction position  
(SP = 13.0 to 14.0 m) 
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Figure B-24: Pile deflection and bending moment near double panel or single panel with different 

lengths (SL =1.5) 
 

  
Figure B-25: Pile deflection and bending moment near double panel or single panel with different 

lengths (SP= 13.0 to 14.0m) and (SL =1.0) 
 

B.2 RESULTS OF PART II MODEL GROUPS 

 

  
(a) Pile group G1-1 
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(b) Pile group G1-9 

  
(c) Pile group G6-5 

Figure B-26: Pile deflection and bending moment for first pile in different pile groups  
 

  

Figure B-27: Pile deflection and bending moment for RowL3 
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Figure B-28: Pile deflection and bending moment for Rowp9 
 

  
Figure B-29: Pile deflection and bending moment for different groundwater levels for G6-1 

 

  
Figure B-30: Pile deflection and bending moment at different slurry pressure reduction positions and 

slurry levels G6-1 
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Figure B-31: Pile deflection and bending moment for different pile group models formation at RowL4 

B.3 RESULTS OF PART III MODEL GROUPS 

 

  
Figure B-32: Pile deflection and bending moment at different panels construction stages for pile P15-11 
 

  
Figure B-33: Pile deflection and bending moment for different piles within the middle row 

perpendicular to the trench (RowP11) 
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Figure B-34: Pile deflection and bending moment for different groundwater levels for pile P15-21 

 

 
 

Figure B-35: Pile deflection and bending moment for different model groups and piles in the middle 
row perpendicular to the trench (Rowp11) 

 

 
 

Figure B-36: Pile deflection and bending moment for some piles in Part II compared to corresponding 
piles in Part III at slurry level (SL =1.5 m) 
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