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ABSTRACT 

Negative Skin Friction on Single Piles in Clay Subjected to Direct and Indirect 

Loading 

Ali Sharif 

A numerical model ernploying the finite element technique is developed to analyze 

the negative skin fiction induced in single floating piles subjected to direct and indirect 

loading. The pile is embedded in saturated clay. The clay is subjected to surcharge 

pressure for generating indirect loading on the pile. The soil is assumed to behave as a 

linearly elastic perfectly plastic material with a yield function defined by the Mohr- 

Coulomb equation. The results of the numerical model compared well with the field data. 

A parametric study is presented to show the influence of various parameters on the 

location of neutral plane. It has been found that the level of direct Ioading introduced in 

terms of factor of safety has a major effect in Iocating the neutral plane. Based on the 

results of the present investigation, a design formula together with design charts are given 

for detemiining the allowable bearing capacity of coated and uncoated single piles. 
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CHAPTER 1 

INTRODUCTION 

1.1 PREFACE 

The need for deep foundations has grown with the growth of civilization. Piled 

foundation, a subdivision of deep foundation, has k e n  used and universally accepted as 

the traditional form of foundation in bad subsoil conditions. According to the rnanner 

they transmit loads to the resisting subsoil Iayers, piles can be classified into two broad 

categories. end-bearing and floating piles. An end-bearing pile usuaily rests on a 

relatively incompressible soi1 layer because of which the applied load is transmitted 

predomuiantly through the pile tip to the bearing layer. On the other hand, a floating pile 

is usually instalied in a compressible soit layer beyond the reach of any incompressible 

bearing strata at its tip, thus it transmits the loads to the surrounding soil mainly through 

the pile shaft. 

The bearing capacity detexmination of piles in normal soil conditions is based on 

the assumption that the pile penetrates downward while the surrounding soil remains in 

location to resist the pile movement. According to this assumption, the shaft resistance is 

induced by generating shear stresses, positive in sign, dong the pile shaft, and the tip 

resistance is induced by generating normal stresses at the pile tip, as shown in Figure (1- 

1). In many circumstances settlement of the surrounding soil might take place, thus it 

wiil provide no support to the pile. As a matter of a fact, it WU act in the reverse sense, 

in terms of resistance. by cornparison with the normal situation. Further, if the downward 

movement of the surrounding soil exceeds the pile settlement, the pile will resist the soi1 



movernent and hence an extra load will be transferred to it in addition to the extemal 

axial load. It has been found that the downdrag load due to surcharge loadiog (indirect 

loading) on the surrounding soi1 can exceed the ultimate capacity of a pile (Johanessen 

and Bjerrum, 1965). Moreover, the excessive settlement associated with the downdrag 

c m  cause vital darnages to the superstructure of a building (Brand and Luangdilok, 

1975). The shear stresses generated on the pile shaft by virtue of the soi1 settlement will 

be negative in sign, and accordingly the terms "negative skin friction" and "downdrag 

Ioad" are used. 



The problem of negative skin friction is usudly associated with normally 

consolidated or lightly overconsolidated deposites of clay. Therefore, the mode of 

settlement expected to cause negative skin fiiction will be norrnally of a long term one, 

which is known as the consolidation settlement . Consolidation of clay deposits may 

occur due to one or more of the following causes: 

(a) under the soil own weight for recent filled deposites (Clement, 1984). 

(b) direct loading on the soil surroundhg the pile, such as, ernbankments and 

surcharge fills, 

(c) direct loading on the soil adjacent to the pile, such as, shallow foundations of 

a new building and abutments of bridges (Bozozuk, 1970 and Garlanger, 

1 974). 

(d) the fluctuation of groundwater table (Auvinet and Hanell, 198 l), and 

(e) the installation of driven piles in highly sensitive soils (Fellenius, 1972). 

The negative skin fiiction is a function of the relative displacement between the 

pile and the surounding soil. Therefore, the negative skin Wction distribution dong the 

pile shafi of an end-bearing pile is different fkom that in the floating pile. For an end- 

bearing pile resting on a rigid stratum, the negative skin friction will lx generated al1 over 

the entire shaft fiom the pile head to its tip. Whereas, for floating piles, the negative skin 

friction will be mobilized in the upper portion starting fiom the pile head to a neutrai 

depth der  which positive skin fnction is mobilized in the  lower portion. The neutral 

depth can also be defined as the depth at which the relative displacement between the pile 

and the ambient soi1 is zero. 



1.2 RESEARCH OB JECTnTES 

The objectives of this research program are as foilows: 

(a) to conduct a literature survey on negative skin friction focusing on the 

determination of the downdrag load and the location of the neutral plane, 

(b) to develop a numerical model utilking the finite element technique, for the 

case of a single piIe embedded in clay and subjected to both axial and 

surcharge 10 ading, 

(c) to compare the resulting values obtained fkom the numerical model with those 

O btained fiorn the existing theories and available field data, 

(d) to conduct a parametric study on the effect of the pile size, the applied axial 

Ioad on the pile, the surcharge loading on the surrounding soil, and the soil 

strength parameters on the location of the neutral plane, and 

(e) to develop a design procedure and recomendations for future research for the 

determination of the location of the neutrai depth. 

1.3 THESIS OUTLINE 

A literature review on negative skin friction is provided in chapter 2. In chapter 

3, a description of the numerical model along with the types of loading applied in the 

study is presented. The results and discussion are given in chapter 4. Finally the 

conclusion and recornmendations for fûture work on the subject are presented in chapter 

5. 



CHAPTER 2 

LITERATURE REVIEW 

Since the recognition of negative skin friction phenomenon in pile foundations, a 

considerable amount of research has been published on the subject. The majonty of these 

publications were experimentd work carried out either in the field andlor in the laboratory 

to investigate the negative skin fiction induced by different causes on a single pile, such 

as, consolidation of highly sensitive soils due to pile installation (Felienius, 1972), recent 

embankment n11 (Bozozuk, 1972), or water table fluctuation (Auvinet and Haneil, 1981), 

and relating the developed downdrag load to either the initial overburden pressure or the 

initial undrained shear strength. 

This chapter is therefore devoted to report the recent development of the 

determination of negative skin fiction magnitude and area of application on piles in clay. 

These methods categorized under (a) semi-empirical methods, (b) computationd 

procedures, (c ) numerical techniques. 

2.2 REWEW OF PREVIOUS WORK 

Zeevaert (1959) suggested a theoretical approach to evduate the load capacity of 

end bearing piles subjected to negative skin fiction. In his proposed theory, Zeevaert did 

not just take the irnposed load due to downdrag into account , but he also included the 

reduction of the confinuig pressure at the bearing stratum which was attributed to the 

hang-up tendency of the settling soil. 



w here 

The reduced effective stress was defined in terrns of the initial effective stress by 

means of the limiting equiiibrium equation which c m  be expressed, for a single piie, by the 

follo wing equation: 

P, = (y'lm) (1 - e'" + S e*= 

P, = the reduced effective stress at depth z 

y' = the effective unit weight of soi1 

S = the surcharge pressure 

m=xDp ;P=K.tan$ 

The downdrag force acting on the pile shaft was represented by: 

integration of equation (2.2), after substituting for P,, will lead to: 

...... F. = (y'L + S ) P ~ L  (2-3) 

The assumption of the reduction in overburden pressure implicitly implies that the 

siippage between the piie and the soi1 will not occur. Thus, there is no cornpehg physical 

bais  for this assumption. 

Poorooshasb and Bozozuk (I967) introduced a closed f o m  solution to an 

incompressible pile resting on bedrock, and embedded in a clay layer which acted upon by 

a surcharge loading and king permitted to drain from both upper and lower surfaces of 

the layer. 1 is further assumed that the presence of the pile has no effect on the 

dissipation of the pore water pressure. 



The solution was based on an upper bound plastic analysis which utilizes a 

kinematicalfy admissible displacement field t hat satisfies the overall equilibrium of the 

systern The displacement field considered was a product of two funciions so the 

separation of variables is possible. In addition, the soil was rnodeIed with constitutive 

equation that indicates an increase in stiffriess with depth. Although ngorous, the solution 

is cornplex, involving infinite senes and modified Bessel functions of the second kind, 

which d e s  it difficult to be utilized in practice. 

Poulos and Mottes (1969) proposed an analytical rnethod to predict the effects 

of negative skin friction on a single compressible pile of circular cross-section. The tip of 

the pile was assumed to rest on a perfectly rigid base, and the sumunding soil was 

assumed to be a homogeneous isotropie elastic material By employing MïndlUi equation 

for the vertical displacements of a point within a semi-innnite mass, solutions were 

obtained for the relationship between the surface settlement of t he  soil and the downdrag 

force induced in the pile. The influence, on this relationship, of relative stiffhess of the 

pile, the length to diameter ratio, and Poisson's ratio of the soil was investigated. 

The problem was solved by dividing the pile into equal cylindricd elements. Each 

element was acted upon by a uniform vertical shear stress on a mid point at the shaft. 

Furthemore, at each mid point, the displacement of the soil layer adjacent to the pile was 

equated to that of the piie itself. It is &O assurned that the consolidation settlement of the 

soil remote from the piie varies linearly with depth fiom S, at the surface to zero at the 

bottom, as shown in figure (2-1). A mirror-image technique was utilized in conjunction 

with Mindlin equation to enforce zero vertical displacement at the pile base, as to sirnulate 



w here 

a rigid bearing stratum since Mindiin's solutions is strictly valid for a homogenous 

isotropie half-space. The expression presented to determine the maximum downdrag 

force is as foilows: 

Fnm = E . So. L . . . . . . (2.4) 

F," = the maximum downdrag load 

IN = the downdrag influence factor 

Es = the elastic rnodulus of the soil 

S, = the surface settlement of the soil 

L =the  length of the pile 

Slippage between the püe and the su~~ounding soil was considered in the approach by 

modQing the anaiysis to take into account for the local yielding at the pile-soil interface 

defined by Coulomb equation. 

Figure (2- 1) Stresses and displacements in soil-pile system, 

after Poulos and Mattes (1969). 



It should be pointed out that this analysis is limited to end bearing piles. 

Furthemore, the th-dependent nature of the problem was not included in the analysis. 

For a more rigorous solution, a realistic profile of consolidation settlement should be 

adopted instead of the linear distribution of settlement assumed in the analysis. 

Walker and Darvall (1970) postulated a finite eIement Çarnework for 

determining the magnitude and distribution of negative skin friction The pile was 

assumed rigid, cylindrical, and end-bearing on a rigid base surrounded by a homogenous 

soiL Consolidation was caused by placing surcharge at the ground surface or Iowering of 

the ground water table. Therefore, an axisymrnetrical boundary value problem was 

adopted for the analysis where the vertical boundary was placed at the pile tip and the 

horizontal boundary was placed at a remote distance fiom the pile surface. There was no 

information provided about the magnitude of this remote distance. To duplicate the field 

conditions, the shear stresses were considered to be zero at the remote boundary. Further, 

the settlement profile at the remote boundary was obtained according to the conventional 

consolidation theory, whereas the vertical displacement was assumed zero at the base 

boundary. 

The sunounding soil was modeled to behave as nonlinear elastic material based on 

secant shear rnodulus (G) expressed by: 



Further, the soii constitutive relationship was defmed by : 

T = CI P ( 1 - ë C 2 y )  

w here, 7 = the shear stress, 

- 
P = the mean effective pressure, 

y = the shear strain, 

and Ci , C2 = soil constants that can be determined in laboratory. 

Unfortunately, there was no information provided regarding type and number of 

elements used in the analysis. Slippage was accounted for at the pile-soi1 interface when 

the limiting shear stress of the soil is reached. If the condition was not satisfied, the soii 

displacement at the interface will be set to zero. This assumption is a drawback in the 

analysis procedure, since the shear stresses due to eIastic deformations were not incIuded 

in the analysis. Therefore, a joint (slip) element should be considered to assure the 

continuity of the displacement dong the pile-soil interface. 

Bozozuk (1972) presented a semi-empirical method to deterrnine the do wndrag 

load for piles subjected to highway embankment surcharge. The negative skin fkiction was 

related to the horizontal effective stress acting on the pile. For such cases, the horizontal 

effective stress would consist of the in-situ horizontal stress, the horizontal stress due to 

embankrnent loading, the horizontal stress generated at the top of the fill by virtue of 

differential settlement as shown in Figure (2-2, b), and horizontal forces due to 

displacement of soi1 caused by driving closed-ended piles. The later can be neglected for 

non-displacernent piles. 



Em ban kmen t Ioading 
A' \Y 

i 
f 
1 
1 

Horizontal stress due to 
emban kmen t loading. 

In-situ horizontal stress. h 
Horizontal stress 
due to differential 
settlernent 

Figure (2-2) Generation of horizontal stresses under a centerline of embankment 

on compressible clay, after Bozozuk (1972). 

To determine the downdrag load due to in-situ effective stresses, the foliowing 

formula was presented 

where, $' = the effective angle of the intemal fiction 

1/ = submerged unit weight of the soi1 

K,, = coefficient of earth pressure at rest 

M = friction factor for the soil acting on the pile suface, where O < M I 1 

C = circumference of the pile 

LNP = depth of neutral plane 



The integration of equation (2.7) wiU yield 

w here, Bi = Mnegative % */ tan$' 

The negative fiction load will be resisted by positive load induced in the pile fkom LNP to 

the pile length, L, c m  be expressed as 

Neglecting the carried Ioad by the pile tip for open-ended floating piles, then for 

equilibrium requirements 

w here, 

For the determination of negative fiction due to horizontal stresses generated by 

the embankrnent, the same previous procedure was foilowed, hence 

F, = MC tan@' AL, AG,, 



w here, A m  = average horizontal effective stress due to the ernbankment load 

acting o n  AL 

T5e method was appiied to predict the downdrag load of  pipe pile floating in 

marine clay. A good agreement was achieved with the observed downdrag load. The 

distribution of the positive skin friction, however, was not in good agreement with the 

observed one. Bozozuk attributed t h  to the lack of excess pore water dissipation. 

Fellenius (1972) reported that negative skh  fiction is a settlement problem and 

not a failure problern It was further noticed that by applying temporary load to the pile 

head the downdrag load WU reduce by a magnitude equal to the applied load. As the load 

becanie permanent, however, the negative skin friction will develop again with the 

conthued regional settlement. It was also reported that the settlement observed to cause 

a fûll rnobilization of negative skin friction was of order 2-3 XML 

Based on these observations, a generai design approach was proposed to be 

adopted for piles subjected to downdrag loads. The approach suggests that if the transient 

Ioad on the pile head is less than the downdrag load, P, c 2Fn, then the permanent load on 

the pile will be considered, thus 

Pp Qt+Qs-Fn . . . . . . (2.14) 

where, P, = the permanent load on the pile head 

Fn = the downdrag load due to negative skin friction 

Q, = the ultirnate tip resistance 

Qs = the ultirnate positive skin resistance acting below the neutral plane 



Due to the different nature ofeach load in the above equation. a method of partial factors 

of safety was adopted, hence equation (2.14) became 

w here, f, = the factor of safety on the permanent load 

fa = the factor of safety on the ultimate bearing capacity 

f, = the factor of safety on the downdrag load 

Eqcation (2.15) is valid if f p  Pt < 2P,. It was recomrnended that f, 5 1 and f, = 2. If the 

transient load was larger than twice the downdrag load, the positive skin friction WU 

generate dong the entire length of the pile. Therefore, the bearing capacity of the pile 

must be checked for the total load that acting on the pile, hence equation (2.15) becornes 

For end-bearing piles, either long or embedded in a settling layer thicker than 40 m., the 

safety factors with respect to negative skin friction should be checked by the foiiowing 

condition: 

where, Qsm = the ultimate shaft resistance acting on the full pile length 

f~ < f ~  

When the downdrag load is too large to be accepted or very srnall pile settlement is 

aiiowed, the negative skin fiction was suggested to be reduced by coating the pile with 

bitumen. 



Poulos and Davis (1972) extended the work of Poulos and Mattes (1969) to 

include the effect of the rate of development of downdrag load with t h e  in an 

impermeable pile. The soil was assurned to be fully saturated and to be consoiidated under 

the action of surcharge loading. In this analysis, possibilities of local yield between pile- 

soil interface and limited crushing of the pile due to overloading were considered. 

The problem was solved in the same manner as Poulos and Mattes (1969) except 

that the soil settlement considered in this analysis was due to consolidation whkh was 

obtained fiom a simple one-dimensional analysis. Thus, at a mid point in elernent i (see 

Fig. 2- 1), the consolidation settlement was expressed as  foilows: 

Sr = C m, Fk (UO - ut ) Lh 

where = coefficient of volume decrease 

uo,u, = excess pore pressures at the point k in the soii at t h e  of 

installation of the pile, and tirne t after installation respectively. 

F k = l f o r k > i  and 0 .5 fo rk= i  

The solution for the maximum downdrag load in a pile was given by: 

F , , ~  = iN s LI ...... (2.19) 
w here IN = the influence factor 

S = the surcharge pressure 

L = the pile length 

To obtaùi the final downdrag force, the maximum downdrag load (Fnm) rnust be corrected 

by multiplying it by number of factors, namely: correc <ion factor for cases in which fuii slip 

does not occur, for effects of delayed installation afier consolidation has been pemiitted, 

and for soil Poisson's ratio greater than zero. 



Although the solution provided by the authors was M t e d  to end-bearing piles, 

the analysis could be extended to d o w  for finite base cornpressibility, and for the case of 

consolidation under own weight. provided that large strains do not occur. 

Feda (1976) advocated the use of the initial undrained shear strength to evaluate 

skin fiiction for single piles embedded in both clays and sands. The method is also 

applicable for piles subjected to residual stress due to either loading history and/or method 

of installation. The fundamentai assumption of the rnethod was that the soi1 around the 

middle part of the piie shaft WU experience no volume change during Ioading. This is 

analogous to the undrained condition in a sense that both possess no volume change. 

Thus the pile-soi1 interaction was modeled by a direct shear test where the volume of the 

sarnple was kept constant. It was Uustrated by the resuits of the constant volume shear 

test that the shear resistance under confined conditions is independent of the initial normal 

stress and depends only on the initial porosity. 

Negative skin friction was introduced as a cause of reridual stresses. It was shown 

that the skin friction is negative at the upper part and positive at the lower part of the pile, 

as Uustrated in Figure (2-3). The relative displacement between the piie and the ambient 

soii was attnbuted to two components. The fist is due to the elastic rebound of the soii at 

the pile base displacing the pile upward. The second component is the elastic elongation 

of the pile itseif which attains its maximum near the pile head and decreases downwards. 

Expressions to determine the neutral depth, the average negative skin fiction. and the 

average positive skin fiiction were presented as follows: 



and in case of isotropic skin kiction (i.e. T,, = Tpr ) 

where, Lm = depth of neutrd point 

L = length of the pile 

D = diameter of the pile 

T, = positive residual skin fiction 

T, = negative residual skin friction 

Pm = maximum load previously applied on the pile head 

< = !L ; where P, = residual load at the pile tip 
P m  

for average negative skin friction: 

and for the average positive 

- 
5,  = z,m + 

skin  fiction: 

where, and rpm = the maximum negative and positive skio kiction respectively. 

An important conclusion can be drawn from the above skin fiiction relationships is 

- - 
that for an: (i) isotropie skin fiction ( T ~ ~  = zpm ), T,, s r, in case of ùored piles (C z O), 

and 7. « < in case of driven or jacked piles ( < > 0). (ii) anisotropic skin fnction by 



virtue of deformation anisotropy caused by the method of installation of piles (s.%q,m) 

- - 
, %, > T, in case of bored piles with driven casing (< s O), and in case of dnven or jacked 

(a) 
Skin friction distribution 

neutral point 

Axial Ioad distribution 

Figure (2-3) A schernatic diagram of the residual skin friction and tip load of a pile, 

after Feda (1976). 

Janbu (1976) presented a theoretical method for determining the bearing 

capacity of friction piles. For piles subjected to puil out or embedded in setthg soil to 

rock, the negative skin friction can be estimated by 

2, = Sn ( E + a )  



w here, S, = negative skin fnction number 

Pz = effective stress at depth z 

a = c cet@ (soil attraction) 

c = cohesion 

@ = angle of shearing resistance 

An expression for the negative skin fiction number was developed which can be  written 

as: SA ml p~~ . .. . . . (2.25) 

where, r, = the roughness number 

p = f tan$ , mobilized skin fiction, where f i s  the degree of mobihation 

K, = the earth pressure coefficient 

The only available solution provided for & was limited to plane strain condition, which 

reads: 

The roughness number was considered as a product of two factors: (a) the mechanical 

roughness of the pile surface and @) the relative movement between the pile and the 

adjacent s o l  Thus for very long piles, the roughness number wiii decrease dramaticaily 

with pile's depth as cm be seen fiom Table (2.1). 

Table (2.1) presents the recornrnended values for (rn) with corresponding depth. 



Fleming et. aL (1985) extended the work of Randolph and Wroth ( 1978) to 

include the determination of the distribution of negative skin fiction on the pile's shaft. 

The method is basically a load transfer approach which involves the hypothesis of 

consideMg the pile to be surrounded by concentric soil cylinden having shear stresses 

induced on each with magnitudes decreasing inversely with surface area of the cylinders. 

Thus the shear stress at distance (r) £kom the pile center can be expressed by the foilowing: 

w here, 2, = the shear stress at radius r 

2, = the shear stress on the pile shaft 

r, = the radius of the pile. 

Since the main deformation in the soii will be vertical, the shear strain rnay be written, in 

polar cylindrical coordinates, approximately as: 

d*, YS- , where w, = the verticai soii displacement 
dr 

then, by introducing the shear strain, equation (2.27) c m  be written as: 

where, w, = the deflection of the pile 

r, = the maximum radius at which the deformation c m  be ignored 

G = the shear modulus of soil 

= In(rJro), varies between 3 to 5 with an average value of 4. 



Having introduced the foregoing, and knowing that negative skin friction is 

generated by the relative displacernent between the pile and the surrounding mil, the local 

shear stress on the pile shaft for srnail relative movements cm be written as follows: 

tY 
7, = -(w0 - w,) 

T =O 

w here, w, = the settlement of the surroundkg soil 

w, = thelocalsettlernent ofthe pile 

the pile settiement was given by: 

w here, wb = the settlement of the pile tip 

L = the pile length 

A = the cross-sectiond area of the pile 

E = the pile modulus of elasticity 

P = the axial load transferred to the pile, which can be estirnated fiorn: 

where, Ph = the applied load on the pile head. 

Considering the pile base as a rigid punch acting on a surface of soil medium, the base 

settlerrient cm be obtained from 

where, Pb = the load carried by the pile tip 

v, = Poisson's ratio of the soi1 



For the relative movements equal to or greater than the one that is necessary to 

cause slip, the fûily mobiiized shear stress rnay be estimated by: 

0, = K,O' tan$' . (2.33) 

where, I = coefficient of earth pressure at rest, which may be taken as (1 - sin$') 

d, = the vertical effective stress 

@' = the effective angle of the internai friction 

thus if 1 w, - w, 1 2 wdi, then (r, ) in equation (2.29) wiil be equal to (7,). where 

It is obvious that the mthod requires some iteration in order to assess the distribution of 

the negative skin fkiction. It further requires information on the soi1 settlement profile due 

to consolidation. 

Van Der Veen (1986) Cited the importance of considering the pile settlement as 

a relevant design aspect for piles subjected to negative skin friction. The effect of the 

aiiowable settlernent on the aiiowable bearing capacity was dernonstrated by discussing 

three cases of piles driven into a ctay layer, (a) end-bearing piles, (b) floating piles, and 

pües resting on a less compressible layer (such as a loose sand layer). The h s t  two cases 

were considered as extreme cases as compared to the third one to which rnost of the 

discussion was devoted. 

A general design formula was proposed to determine the allowable bearing 

capacity in which the settlement effect was accounted for. This forrnula reads as follows, 



w here, P, = the diowable bearing capacity 

Q, = the ultùnate bearing capacity of the pile tip including the positive skin 

friction generated in the less compressible layer in which the pile tip is 

rest hg 

f, = the factor of safety related to the aiiowable settlement 

Fnm = the maximum negative kiction load in case of end-bearing piles 

assuming that the negative skin friction is fuiiy mobiljzed dong the pile 

shaft 

h = negative skin fkiction coefficient 

The negative skin fiiction coefficient, X, is a multiplication component of two factors, the 

reduction number,q, and the condition number, c. The reduction number, q, varies 

between 0.7 and 0.9. It reflects the effect of the reduction of the effective overburden 

pressure in the vicinity of the pile shaft, which was expressed by 

1 

where, K,, = the coefficient of earth pressure at rest, and can be taken as (1-sin$') 

@' = the effective angle of shearing resistance. 

On the other hand, the condition number. 6 ,  depends on the pile settlement relative to the 

compressible soiL For piles extended through compressible layers into moderate to very 

b sand, 6 varies between 0.5 and 1 .G: 



The allowable bearing capacity computed korn equation (2.35) should be 

compared with the one determined fkom the following expression 

where, Qsm = the ultimate shaft resistance acting dong the full pile length 

FS = the factor of safety in ternis of the ultimate bearing capacity 

The lower of the two values, obtained from equations (2.35) and (2.37), is finally the 

aIIowable bearing capacity of the pile. 

FellenUrs (1989) pointed out that not only those embedded in compressible soils, 

but ail piles expenence negative skin friction. This conclusion was based on the fact that a 

movement of as small as 1-2 mm. is sufficiently enough for full rnobilization of skin 

fiction, bearing in mind the considerable deference in rigidity between a pile and soi1 in 

which such a srnall relative movement may occur. 

A unified design approach was therefore proposed in which bearing capacity, pile's 

structural capacity, and pile settlement were all taken in consideration. The neutrai point 

must first be Iocated. Then the structural capacity of the pile is checked. The settlement is 

next determined by applying the concept of an equivalent footing placed at the neutral 

plane. Fmally the bearing capacity is veriflecl. 

Each design step has a combination of loads that should be used in its 

computation. The pile structural capacity at the pile cap level is checked by a combination 

of dead and iive loads, whereas at the neutrai point level dead and downdrag loads are 



considered, but the live load is excluded. For bearing capacity computation, dead and live 

loads are considered, but the downdrag load is ornitted. Neither live nor downdrag loads, 

only dead load should be considered in settiernent calculation. 

The neutral plane was suggested to be deterrnined by constmcting two load 

distribution curves. The e s t ,  combining both the dead and downdrag loads, is drawn 

starting fkom the pile head and king considered as acting dong the entire length of the 

pile. Then starting fiom the pile tip, the second cuve is drawn with the values of the tip 

resistance and the positive skin fiction. Thus the neutral point is located at the 

intersection of the two curves. 

Lim et al (1993) described a simple discrete element approach utilizing the  

subgrade reaction method to analyze negative skui fiction on singIe piles. The pile was 

assumed to be embedded in a two-layer soil where the upper soil layer undergoes 

consolidation white the lower layer performs as a stiffbearing straturn. The anaiysis takes 

into account the effect of socketed piles in the bearing layer. Galerkin rnethod was applied 

to transform the following governing equation into discrete efement formulation 

w here, Ep = the elastic modulus of the pile material 

A = the cross-sectionai area of the pile 

w, = the axial deformation of the pile 

w, = the soi1 consolidation settlement of soil 

k = the soil stifiess per unit pile length 



The soi1 stiffness, k, was deterrnined based on the assumption that the deformation modes 

of the soi1 dong the pile shaft and at the pile tip are uncoupled. The deforrnation modes 

were estimated accordhg to the solution provided by Randolph and Wroth (1978), see 

equations (2.28) and (2.32). Thus, the expression adopted for the soil stiffness at the pile 

shaft, k, and at the pile tip, kb, were as follows 

and 

w here, G, Gb = the sheai: 

layer respectivelj 

...... (2.40) 

modulus of the compressible layer and the bearing 

v b  = Poisson's ratio of the soil at the base 

r, = the pile radius 

r, = the maximum radius of influence at which shear stresses becorne 

negligible. 

The influence radius, r,,, . was considered to Vary linearly with depth as shown in 

Figure (2-4). Based on a cornparison study with other ngorous methods, empirical 

solutions were developed for r, , in which socketed piles were taken into account, to be 

adopted in the analysis. For practical purposes, r,,, was recommended to be taken as a 

stepwise constant. It should be pointed out that the analysis described here provides 

basically an elastic solution; therefore, this rnethod should be used with caution when 

excessive consolidation settlement is expected. 
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Figure (2-4) The variation of rm with depth for a pile embedded in a two-layer 

soil, after Lirn et al (1993). 

Maîyas and Santamarina (1994) developed two closed-form solutions for 

determinhg the downdrag Ioad and the neutral point location. The e s t  solution was 

based on modehg the soi-pile interface as a simple rigid-plastic rnaterial. whereas in the 

second solution the interface was modeled as elastic-plastic rnaterial. The pile was 

assumed to be rigid and ernbedded h a  medium with linearly increasing shaft resistance. 

By cornparing the two solutions, it was found that the rigid-plastic solution rnay 

overestimates the downdrag load by as much as 50% or more. and overpredicts the 

Iocation of neutrd depth by about 30%. 



In the rigid-plas tic model, the negative skin fiiction, the positive shafi resist ance, 

and the tip resistance were assumed fuUy mobilized. It was further assumed that the unit 

negative skùi fiction. q,, is equal to the unit positive skin fiiction, r,. To preserve 

Q generality, two dimensiodess ratios were introduced: a =-" and FS=- Qu , where Qu 
Q s  Qci 

is the ultimate bearing capacity, Qs is the ultimate shaft resistance, and Qd is the ailowable 

(dead) load- Thus for equilibrium requirements: 

where, As = the area of the shaft surface 

L = the length of pile 

LNP = the depth of neutral plane 

Q, = the ultimate resistance of the pile tip 

By integrating and rearranging equation (2.41), the following expressions can be reached: 

w here, QNP = the total Ioad at the wutral plane depth 

For elastic-plastic method, the relative displacement profile was assumed linear, 

with maximum value at the ground surface and decreasing with depth, as shown in 

6 ,  as, Figure(2-5). Three additionai dimensionless ratios were introduced: Y =- , a=- 
s , s, ' 



6 h  and A=-, where 6, is the relative displacement between the pile and the soil required 
s t 

for yielding the shaft resistance, 6, is the relative displacement that yields the tip 

resistance, 6, is the settlement of the püe head, and Si is the total relative settlement. 

Senlement ts7--- 
I 

Transition 
Zone 

Figure (2-5) Elastic-plastic model. (a) The relative displacements. @) Mabilization 

of shaft resistance. (c) Mobilization of tip resistance. 

After Matyas and Santamarina (1994) 

Sirnilarly, by equating the forces above the neutral point with those which are below, the  

following expressions were reached: 



the cornparison of the two solutions, the elastic-plastic method estimated 

neutral depth values for ngid and deformable end-bearing layers that contradict with the 

physical evidence. It gave identical vaiues of neutrai plane depths for the two cases. 

These equations, therefore, are not recommended to be used for practical purposes. 

Wong and Teh (1995) proposed a numerical procedure for the anaiysis of the 

negative skin fiction on piles in layered soil deposit. The pile-soii interface was modeled 

by a series of nonlinear soil springs. The soil sprhg was governed by the folIowing 

hyperboiic equation 

w here, Pi = the nodal force 

k, = the initial tangent of the hyperbolic curve 

wi = the relative pile-soïi settlemeat 

P, = the maximum nodal load given by, P, = fp . A, 

where, fo is the Lunithg unit shaft fkiction and AY is the sh& area 

associated with the node i 



For the pile shaft, the initial spMg stiffness, b. adopted was based on the relationship 

denved by Randolph and Wroth (1978) given by 

where, Gî = the soil shear modulus 

1i = the piie segment Iength 

r, = the radius of the influence zone 

r, = the piie radius 

For Gibson's soil in which the stiffness increases with depth, the expression for r, 

proposed by Lee (1993) was adopted 

vJS = the soi1 Poisson's ratio 

L = the pile Iength 

G, = the soil shear modulus at depth z 

Gb = the soil shear modulus at the pile tip 

The initial tangent for the s p ~ g  at the pile tip, hi, was based on the solution of a rigid 

punch on a semi-inhite elastic 

A hybrid increment al-iterative 

half-space, given by 

...... (2.49) 

procedure was employed to a h w  for large incremental 

steps without comprornising on the accuracy of the solution. A consistent procedure was 

estabikhed to estimate the input parameters h m  conventional soil test data. 



This procedure was used in back-analysis of seven weU-docurnented test piles in 

different soil deposits. The results of the analysis showed that the numerical approach is 

capable of predicting the downdrag loads with reasonable accuracy. 

Esmail (1996) conducted a pararnetnc study on single piles subjected to negative 

skin friction due to surcharge loading. The nurnerical modeling was based on finite 

element technique utilizing two soil constitutive models, Modifed Cam-Clay model and 

elastic-plastic model with Mohr-Coulomb yielding criterion. The soil was allowed to 

consolidate under the effect of surcharge loading. In the Mohr-Coulomb model, the 

strength parameter was introduced in terms of the undrained condition. Based on the 

pararrietric study, design charts for the Modified Cam-Clay and Mohr-Coulomb rnodels 

were developed to deterrnine the neutral depth. 

Poorooshasb et al (1996) presented a numerical scheme that can be used to 

evaluate the magnitude and distribution of t h e  cegative skin fiction. It also can handle 

material non-linearity, tirne dependenc y, and both end- bearing and fioating piles. The 

nurnerical anaiysis starts with developing an integro-differential equation which can be 

solved numerically by introducing it in a f i t e  clifference forrn suitable for compter  

coding. The integro-diftèrentid equation (230) was constructed by substituting the stress 

components in the incremental equilibrium equation in terms of the vertical displacement 

('4. 



w here f (2) = a soi1 parameter sirnilar to the inverse of modulus of elasticity 

g ( 2 )  = a soil pararneter sirnilar to the shear nodulus. 

It should be noted that the equilibrium is satisfied only globaily, and hence the analysis 

yields an upper bound solution. 

As a demonstration to the capability of the nurnericai procedure, a study on the 

behavior of the negative skin fnction for both floating and end bearing piles was 

conducted. The study showed that the neutrai depth was not prominently infiuenced by 

the height of the £il as suggested by the equation proposed by Bowles (1982) to 

determine the neutral depth, but the presence of a strong layer at the pile tip would have 

the major effect. 

2.3 DISCUSSION 

The above work cm be categorized into three broad categories, namely, serni- 

empincai and closed f o m  solutions, general design formulae and procedures, and 

numerical methods. 

In the first category, the semi-ernpirical solutions determine the downdrag load by 

integrating the negative skin friction above an assurneci neutral plane depth or above a 

rigid bearing stratum. The negative skin fiiction is calculated based on empiricai factors 

that relates the unit negative skin fnction to either the initial effective overburden pressure 

or to the initial undrained strength The neutral plane depth is Iocated according to 



practicd judgment or fkom an equation which is based on equilibrium that excludes the 

settlement eEect. Most of the closed fonn solutions are limited to end bearing piles. The 

rest were developed to be used as a mean of a cornparison study to emphasize the 

importance of an assurnption over another without king verifîed with field data or further 

investigation. 

The general design approaches involve a lot of debatable opinions in particular 

those related to the estimation of bearing capacity. Some suggests t hat the downdrag Ioad 

should not be included in the determination of bearing capacity. The O thers include the 

downdrag load in the bearing capacity computation, but the downdrag load used is 

reduced either by a factor of safety or by a friction number. They all agree, however, on 

the involvement of settlement as a relevant design aspect. 

The numerical methods were developed essentially for the need to overcorne the 

limitations involved in the empiricai methods, such as the inability in estimating the exact 

location of neutrai point, the pile settlement, and the rate of downdrag development during 

consolidation. The design charts and equations produced by some of the analytical 

methods are lùnited to end-bearing piles. Most of the analytical methods require further 

study and refinement especidly toward the input parameters. 

It is obvious nom the above that further research is required on this subject. 

Furthemore, the solution desired for practical purposes should preserve sirnplicity, but 

compromises with realistic assumptions. This can be achieved by developing design charts 

easy to use, and requires Iess number of input parameters that can be deterrnined from 

conventional soi1 testing. It further can be inferred fiom the above that the determination 

of neutral depth is very important for computing bearing capacity and settlement of piles. 



CHAPTER 3 

NUMERICAL MODELING 

3.1 GENERAL 
The b i t e  element rnethod is the most popular method in engineering science. It 

has been successfully applied to a large number of problems in widely different fields. It 

started with stnictural applications where the applied loads were related to the 

displacements, through which the physical meaning of the method steps were presented 

to solve classical load-deformation problems. 

The basis of the method involves representation of a continuum by an assemblage 

of subdivisions of arbitrary shapes called ffi te elements. These elements are held 

together by joints known as nodes. The displacements within each element c m  be 

calculated by introducing a set of functions called shape functions or interpolation 

function provided that the nodal displacements are known. 

The principle of virtual work is usually used to derive the element stiffness matrix 

and the element nodal forces vector. Taking into account the overall equilibrium of the 

interna1 and extemal work done, a fmite element equation of the assemblage is 

fomulated to be solved for displacements at every element nodes in the continuum. 

Then, by introducing a suitable constitutive law, the stress and strain components can be 

computed at any location within an element by using the solved nodal displacements. 



3.2 THE: NUMERICAL MODEL 

3.2.1 Type and Size of the Finite Element Mesh 

Since both geometry and loading is syrnmetrical about the pile's vertical axis, the 

problem is reduced to a two dimensional one. Therefore, an axisymmetrical analysis was 

adopted throughout this investigation. 

The mesh size is usually determined by the pile size and the amount of 

defornation expected during the analysis. For a mesh to be of sufficient accuracy, 

Trochanis et al. (1988) suggested that the mesh bottom should be placed at a distance of 

0.6 to 0.7 tirnes the pile length (L) fiom the pile tip, and placing the lateral boundary at a 

distance of 0.6L from the pile's center axis. Whereas, Randolph (1975), based on a 

cornparison with boundary element method, proposed that the lateral boundary should be 

placed at a distance of 25 times the pile diameter (D) frorn the pile's center a i s ,  and 

placing the mesh bottom at a distance of 1.SL fiom the pile's tip. 

Making use of the foregoing two suggestions, the mesh size adopted herein is as 

shown in Figure (3-1). The lateral bouder is placed at a distance of either 0.6L or 25D, 

what ever is farther, fiom the pile shaft. The mes h bottom is placed at a distance of 0.7L. 

The mesh is designed to be denser in the vicinity of the pile, where the deformations and 

the stresses expected to Vary very quickly. This zone is subdivided in a way that degree 

of accuracy is compromised with computational cost. Hence. its boundary starts from the 

pile shaft to the higher of either 0.24L or 10D horizontally, and 0.2L from the pile tip 

vert icall y. 



Figure (3-1) Size and boundary conditions of the finite element mesh 



6 divisions 4 divisions 

Figure (3-2) The elements' distribution in the finite element mesh 



It should be noted that accuracy can be obtained with coarser meshes when the tip 

load is not expected to be a controlling factor in the analysis (Trochanis et al, 1988). 

Thus, a mesh division of 329 elements and 370 nodes was found sufficiently enough for 

the current analysis as shown in Figure (3-2). 

3.2.2 Type of Elements 

The pile is modeled by an eight nodded h e a r  strain quadrilateral element, 

whereas the soil is modeled by the previous element but with linearly varying excess pore 

pressure. A thin layer element (slip element ) is also used to mode1 the soi1 - pile 

interface; a further discussion on this elernent will take place later herein. Figure (3-3) 

shows a schematic diagram of the used elements. 

O - unknown displacements ( u, v, w)  

- unknown pore pressure 

Figure (3-3) Types of elernents used in the analysis. (a) Element type used for pile. 

(b) Element type used for soil. (c) The slip element. 

3.2.3 Boundary Conditions 

It is well known that one of the rnajor drawbacks of finite element modeling is 

when it deals with infinite domain problems. Thus in such cases, boundary conditions 



should be chosen and placed carefuuy to represent the entire domain in terms of in-situ 

stresses and displacements. 

The boundaries, therefore, are placed as fa. as possible, as specified in section 

3.2.1, at which stresses and straùls have no effects in the restrained directions. Moreover, 

the Iateral boucdaries were restrained only in the (x) direction so consolidation can be 

permitted to take place. The bottom of the mesh, where no major displacements expected 

to take place, was restrained in both (x) and (y) directions, as shown in Figure (3-1). 

3.2.4 The Pile Model 

The pile elements were considered to behave as linearly elastic material 

throughout the analysis. The pile properties and their values that were used in the current 

study are as foliows: 

Ep = 20,000,000 kPa. 

V, = 0.33 

y, = 24 kN/rn3 

Four different pile lengths were considered in the analysis; namely, 15, 30,45, and 60 m 

and four sknderness ratios (UD) were &O used, which are: 25, 50, 75, 100. 

3.2.5 The Soi1 Model 

The soi1 was modeled to behave as a linear elastic-perfect plastic material, and its yield 

function is defined by Mohr-Coulomb criterion. 

This mode1 was selected because of its reasonable accuracy, sirnplicity, and widely used 

in practice. The cnterion of Mohr is defuied by the following relationship: 



z = f(a) . . . . . . . (3.1) 

where the limiting shear stress, z. in a plane depends only on the normal stress, q acting 

in the same plane. Furthermore, the normai stress function. f(o), represents the failure 

envelope for the corresponding Mohr' s circles, as shown in Figure (34). 

Shear 
stress, T 

The failure envelope, 

1 f(=) 
'L Mohr's 

(33 stress, O 

Figure (3-4) Mohr-Coulomb failure envelope 

Coulomb, much eariier, introduced his well known equation, 

T = c +a tan($) . . . . . . . (3.2) 
which is considered to be the simplest form of Mohr Failure envelope, where (c) and ($1 

are the strength parameters of the material; (c) represents the soii cohesion and (Q) 

represents the angle of soi1 shearing resistance. The Mohr Failure criterion associated 

with Coulomb equation is referred to as the Mohr - Coulomb criterion. Figure (3-5) 



shows the Mohr - Coulomb failure trace in a deviatoric plane. The failure surface can be 

expressed in terms of principle stresses as follows: 

(1 - sin @) (l+sin@) 
6 1  - 0 3  = 1  2c  cos$ 2c cos$ 

where oi and q are the major and minor principal stresses respectively. 

The deviatoric 

n i e  trace of 
Mohr-CouIomb 

Figure (3-5) The trace of Mohr-Coulomb fbi1ure criterion on the deviatoric plane. 

3.2.6 The Pile-Soi1 Interface EIement 

Since negative skin friction is a function of the relative movement between the 

pile and the soil, a slip eiement, therefore, was employed to sirnulate the interaction 

behavior at soil-pile interface. The slip element that was used in the analysis, similar to 



the one proposed by Desai et al. (I984), was treated as one dimensional element with six 

distinct nodes; each three are in the longitudinal direction of the elernent, as shown in 

Figure (3-3, c). It is also formulated to behave as a linear elastic-perfect plastic Mohr- 

Coulomb material w hich is govemed by the following parameters: 

- the soii cohesion, c 

- the interface angle, 6 

~ ( 1 -  V) - the stiffness in normal direction, K, = 
(1 + v)(l - 2v) ' 

E = soil modulus of elasticity, 

v = soil Poisson's ratio 

-the shear modulus, K, = G 

- the residual shear modulus, &, (usually 0.0 lK, 2 QS 2 0.00 1 K, ), 

- the elernent thickness, t (usually O. II, > t > 0.01&, where 1, = the element 

length). 

According to the foregohg constitutive relationship. the siip element behaves elastically 

tili the shear stress reaches the limiting shear stress defrned by the Mohr-Coulomb 

equation, 

z = c + a , ,  tan6 . . . . (3.4) 

If the shear stress exceeds the Iimiting shear stress, the shear modulus, K, , is replaced by 

the residual shear modulus, K, , because of which the relative siip between the soil and 

the pile is permitted. 

Throughout this investigation, the following values were assigned to the 

parameters representing the material properties: 

c = O , since the soil is assurned normally consolidated clay 

6 = 0.90 , where @ = the shearing resistance angle of the surrounding soi1 

&, = 0.0 1 G, E = 10,000 kPa, v=0.2,and t = 3 c m  



3.2.7 Types of Loading 

Two types of loading were taken into account in the analysis. The first type is the 

surcharge loading, which acts on the ground level from the pile shafi to the end of the 

rnesh, as shown in Figure (3-6). Different values of surcharging were used, and 

detennined according to a dirnensionIess parameter N, defmed by the following 

relations hip: 

Ns = L$S . - . - o .  (3-5) 

where L = pilz length 

, 
y = effective unit weight of soil 

S = surcharge pressure 

Ns represents the ratio between the stress level at the pile tip and the surcharge pressure. 

The values assigned to Ns are: 5, 10, and 15. 

The vertical load, which is the second loading type, was considered as an 

allowable load calculated as follows: 

Pa = QU/FS . . . . . . (3.6) 

w here Q, = the allowable vertical load on a single pile 

Qu = the ultimate vertical load on a singIe pile 

FS = factor of safety 

Three factors of safety, FS = 2, 4, and - (i.e. no loading was applied on the pile) were 

used to deterrnine each allowable load. The effective stress method (fi - Method) was 

used to determine the ultimate load, Qu, through the following relationship: 



The Pile 

The 
compressibIe 

soi1 

-- 

Figure (3-6) Types of loading applied on the pile and the soi1 



w here D = the pile diameter 

= effective unit weight of soi1 

L = the pile length 

$ = angle of s hearing resistance 

& = coefficient of earth pressure at rest, and can be approximated to 

K , = 1 - s i n $  . . . . .. (3.8) 

Integrating (3.7) will give 

Qu = 1 nD I(. (fi2) tane . - . . . . (3.9) 

Equation (3.9) provides an approximate estimation of the ultimate capacity of a single 

pile. Further, it might overestimate the shaft capacity of long piles (L > 50 m). 

Nevertheless, it is only intended herein to emphasize the influence of t h e  level of loading 

or the factor of safety on the location of the neutral depth. Thus equation (3.9) is 

believed to serve the need of this purpose. 

Based on the information presented by Pouios and Davis (1972) that for soft soils 

local slippage between the pile and the soil cancels the effect of delayed pile installation 

specially if one-way drainage condition exists, hence no consideration of delayed 

installation of a pile was made throughout the study. In perfomiing the  analysis, 

therefore, the surcharge loading was applied first in five increments for duration of 10 

minutes. Sirnilarly, the vertical load was then appiied in five increments for duration of 

10 minutes. Finally, the soil was permitted to consolidate for a period of time, divided 

into twenty increments, suficient to complete the consolidation process. 



3.2.8 The program CRISP 

The numerical model described in this work was carried out by the program 

CRISP (CRItical State Prograxn) 1994 version. This program is a finite elernent code 

which was developed by the Cambridge Soi1 Mechanics Group. It is provided with the 

fol10 wing main features: 

ci )  Types of analysis: 

Undrained, drained and coupled consolidation analysis can be handled by the package 

either for two dimensional plane strain or axisyrnmetric, or three dimensional plain strain 

solid bodies. 

(ii) Soil models: 

The following models are available in CRISP 94: 

(a) aniso tropic linear elas tic 

(b) inhomogeneo us linear elastic (properties Vary hea r ly  wit h depth) 

(c) elastic-perfectly plastic with Von Mises, Tresca, Drccker-Peager, or Mohr- 

Coulomb yield criteria 

(d) critical state soil models, both Cam-clay and modifed Cam-clay models 

(e) Schofield's three part yield surface soiI mode1 

(iii) Elernent types: 

The program offers the following element types: 

(a) linear strain bar element with quadratic shape function, 

(b) two types of linear strain triangle elements with quadratic shape functions; 

one is for drained and undrained analyses, the other includes excess pore pressure 

unknowns at its vertex for consolidation analysis, 



(c) two linear strain quadrilateral elements; the one for consolidation 

anaiysis is provided with linearly varying excess pore pressure, 

(d) two cubic strain triangle elements; for consolidation purposes, one of the 

elernents includes cubic variation of excess pore pressures, 

(e) two linear strain brick elements; the one used for consolidation is 

provided with iinearly varying excess pore pressures, 

(f) h e a r  strain beam element with quadratic displacement function, 

(g) and, linear strain slip element with quadratic displacement function. 

( iv)  Boundary Conditions: 

Element sides can be given prescribed incremental values of displacements or excess 

pore pressure. Loading could be applied as nodal loads or surface traction along the 

element edges. Automatic cdculations of loads due to added or removed elernents 

simulating the process of construction or excavation. 

It is worth rnentioning that the program uses a tangent stiffness solution scheme in which 

the  global stiffness matrix is updated in each increment. For elas tic-perfectly plastic 

rnodels, the stress state is corrected back to the yield surface at each incrernent. 

Therefore, a limited increment size is required in order to achieve a reasonable 

convergence. 

3.2.9 Variables Considered 

Table (3.1) surnrnarizes the range of the parameters that were considered in this 

study. The range of the interna1 friction angle (@) that represents a norrnally consolidated 

clay was taken from Clayton et. al. (1 986). 



Table 3.1 Summary of the range of parameters used in the present investigation. 

Angle of shearing resistance, $ (degrees) 

S urcharging parameter, NS 

Factor of safet y, FS 

Because of their insensitivity to the  location of the neutral depth, soil elastic 

parameters v, and Es were excluded from the study. The ranges of the preliminary 

parameters are shown in Table (3.2). The shear stress distribution and the location of 

neutral depth are shown in Figures (3-7) through (3-9). 

18 to 30 

5 to 15 

2 to 4, and - 
slenderness ratio, IJD 

Length of pile, L (m) 

Table (3.2) Summary of the range used in the preliminary investigation of the 

effect of soil elastic parameters. 

25 to 100 

15 to 60 

1 Poisson's ratio, V S  I 0.15 to 0.25 I 
Elastic modulus of soil, E, @Pa) 

It was further noticed in the prelirninary investigation that the change of the neutral point 

location during the consolidation process was infinitesimally srnall. Figures (3- 10) to 

(3- 12) show that the variation of neutral plane depth with time is negligible. This is 

consistent with the experimental data provided by Leung et al (199 1). 

5,000 to 10,000 
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Figure (3-7) Shear stress distribution along pile length for dwerent soi1 moduli of 

elasticity (Surcharge pressure = 5 kPa and v = 0.15) 



Shear Stress, Kpa 

O 

-2 

-4 

-6 
E 

-8 d 
al - 
is 

-1 O 

-1 2 

-1 4 

-1 6 

-2 O 2 4 6 8 10 
- 

- 

Figure (3-8) Shear stress distribution along pile length for different soi1 moduli of 

elasticity (Surcharge pressure = 10 kPa and v = 0.2) 
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Figure (3-9) Shear stress distribution dong pile length for different soi1 moduli of 

elasticity (Surcharge pressure = 15 kPa and v = 0.25) 



Figure (3-10) Long and short term distribution of skin friction along the pile 

Iength (Surcharge pressure = 5 kPa and v = 0.15) 
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Figure (3-11) Long and short term distribution of skin friction along the pile 

Iength (Surcharge pressure = 10 kPa and v = 0.20) 
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Figure (3-12) Long and short term distribution of skin friction along the pile 

length (Surcharge pressure = 15 kPa and v = 0.25) 



CHAPTER 4 

RESULTS AND ANALYSIS 

In this chapter details of the test procedure and a cornparison with field data are 

given. Explanation of the test program and the numencal results of the finite element 

analysis involving both the axial load and the surcharge load are presented. The factors 

affecting the location of the neutral plane are examined by means of a parametric study. 

Furthemore, a design approach including a design formula and design procedure are 

presented. 

4.2 TEST PROCEDURI3 

The test procedure WU be demonstrated by considering a fioating pile embedded in 

a homogeneous saturated clay with an angle of shearing resistance,$ = 26 O. The pile 

dimensions are 15 m in length and 0.3 rn in diameter, and the surcharge pressure. S, 

applied on the surrounding soü is equal to 12 kPa. 

First, the mesh size should be detennined according to the given pile dimensions. 

Therefore, from section 3.2.1, the width of the mesh, W, is equal to the bigger of r + 0.6L 

or r + 25D, where r is the pile radius. Thus, W = 0.15 + 0.6(15) = 9.15 m (since O.6(15) 

> 25(0.3)). Similady, the mesh height, B, is equal to 1.7L. Hence, B = 1.7(15) = 25.5 rn 

Figure (3-2) provides the necessary information needed to subdivide and distribute the 

h i t e  elements in the mesh. 



Then, the applied axial load are computed by detemiining the ultimate capacity of 

the pile from equation (3.9), thus Qu = 230 W, and the aiiowable (axial) Ioads 

corresponduig to factors of safety, FS = 2 and 4 are Pa!= 115 KN and Pd = 57.5 kN 

respectively. The surcharge factor, Ns, can be calculated fiom equation (3.5). Hence, for 

S-= 12, Ns = 10. 

Finally, performing the analysis by dividing it into 30 incrernents. These 

increments are grouped into three increment blocks. The hrst block, which represents the 

axial load applied on the pile, is divided into five increments of two minutes in each so no 

consolidation will take place during loading. For the same reason, the surcharge pressure 

is applied in the second block and divided into five increments of two minutes in each. 

The third block is divided into 20 increments of equal duration to ailow for consolidation. 

The total duration of this block is ten years in which the consolidation process is believed 

to be compIeted. The consolidation considered herein is of singIe drainage that takes 

place at the ground level. 

The summary of the input data of the pile, the soil, and the interface elernent 

required for the analysis are presented in the tables shown below. The result of this test is 

shown in Figure (4-1). It shows the skin friction distniution dong the pile and the 

location of the neutrai plane for three dxerent loading conditions. 

Table (4.1) The pile input data 

Length, L 
(m) 

15 

Diameter, D 
(m) 

O. 3 

S hear 
Modulus, G 

(GPa) 
7.5 

Modulus of 
Elasticity, Ep 

(GPa) 
20 

i 

Unit Weight, 

YC 
(kN/m3) 

23 

Poisson's 
Ratio, v, 

0.33 



Table (4.2) The soi1 input data 

Table (4.3) The interface elernent input data 

Modulus of 
Elasticity, Es 

P a )  
~0.000 

Poisson's 
Ratio, v, 

0.2 

The Interface Angle 
of Shearing 

Resistance, 6 
23 -4 

Shear 
Modulus, Gs 

(km 
4 

The Stifhess of 
Nomial Direction, 

% ( k W  
11,100 

The Angle of 
Shearing 

Resistance, @ 
26 

~ h e &  Modulus, 
G 

( k W  
4,160 

Submerged 
Unit Weight, 

y' (kN/m3) 
8 

- -  - - 

Residual Shear 
Modulus, & 

( k W  
4 1 .O 

Coefficient of 
Permeability, 
k, & k, (mis) 
1.0 x IO-' 

Thick- 
ness, t 
(cm) , 

3 



Skin Friction, KPa 

Figure (4-1) Skin friction distribution along the pile for different axial loads 



4.3 COMPARISON WITH FlELD DATA 

Indraratna et al. (1992) reported a field study of negative skin friction on a driven 

pile. The pile was a hoUow prestressed concrete of 27 rn in length and 0.4 external 

diameter. The equivalent elastic rnodulus of the pile is determined to be 29.4 GPa. The 

pile was driven through fill and soft clay into a stiff clay stratum The surrounding soil 

was loaded by an embankment of 2 rn in height to induce negative skin fiction on the 

pile. Piezorneter readings indicated ihat the primary consolidation was cornpleted after 

265 days of placing the ernbankment. 

The input data representing the pile material and the pile-soil interface elements 

used in the comparison was taken from those reported by Indraratna et al. The soil 

strength parameters, however, were extracted from the information provided for the 

interface elernents. Tables (4.4) to (4.5) summarize the input data used in the comparison 

for the soil, the pile, and the interface elements. 

Table (4.4) The soil input properties 

Table (4.5) The pile input data 

1 

Depth 
(ml 

-2 to 4 
4 to 10 
10 to 20 
20 to 24 
24 to 28 

Ës 
( M W  

4.9 
4.9 
4.9 
6.37 

i 27.44 i 

V S  

0.2 
0.2 
0.2 
0.2 

0.33 i 

GS 
W a )  

2.0 
2.0 
2.0 

2.65 
10.3 

Yt 
0cN/m3) 

16.8 
16.8 
16.8 
16.8 

i 16.8 

c' 
(Wa) 

3 
5.9 
14.7 
5.9 

i - 

@ 

26 
25 
25 
23 

I - 

kx, ky 
(mW 

7 . 8 ~  10"' 
6.4~ 10-~ 
3 . 0 ~  10" 
4 . 3 ~  IO-' 

i 4.3~10-' 



Table (4.6) The interface elements input data 

Figure (4-2) shows that the cornputed and rneasured negative skin fiction 

distribution dong the pile are in good agreement. The différence in the location of the 

neutrai plane of the two curves is about 1.1 m In terms of norrnalized neutral plane 

depth, LN&, the computed one showed a value of (0.69), whereas the measured value is 

about (0.73). Thus, the difference in the two values is appreciably srna. 



SWn Friction, KPa 
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Figure (4-2) The cornparison between the field data and numerical analysis 

4.4 TEST PROGIUM AND RESULTS 

From the iiterature survey conducted in chapter 2, a general understanding of the 

nature of negatîve skin fiction has been gained. Thus, number of factors were beiieved to 

have influences on the depth of neutral plane, which can summarized in the following: 

(a) the pile length, L, and diameter, D, 



(b) the surcharge pressure, S, 

(c) the magnitude of the axial load, Pa, applied on the pile head, and 

(d) the strength (+) and deformation (Es, vJ properties of the surroundhg soil. 

To preserve generality, the above factors were wmialized to give the foIlowing 

dimensionless ratios: 

(a) The sIenderness ratio, UD, represents the pile dimensions. 

(b) The surcharge factor, Ns = fUS. besides its representation to the surcharge 

pressure, emphasizes the effect of the pile Iength and the associated increase in 

the overburden pressure at the piie tip leveL 

(c) The factor of safety, FS = QJP1, represents the level of loading applied on the 

pile head. 

Since the soil strength parameter, $, represents the angle of shearing resistance, it requires 

no normalization. For the reasons mentioned in section 3.2.9, the soil deformation 

properties (Es, va were excluded fkom the study. 

The parametric study presented in this chapter is based on 432 trial analysis 

employing the numerical mode1 developed in chapter 3. The input data and its results are 

listed and divided into 3 major groups of dinerent values of factor of safeties. Each group 

consists of four sub-groups of different angles of shearing resistance. Each sub-group is 

divided into four series of slenderness ratios, where the influence of each parameter is 

isolated and examinecl individudy, as presented in Tables (4.1) to (4.12). 



Table (4.7) Test Results for Group 1-1, FS =2 and $ = 18 

Test Series Pile Neutra1 
No. No. Length Ns UD Depth 

Neutral 
Depth 

8.68 



Table (4.8) Test Results for Group 1-2, FS =2 and Q = 22 

Test Series Pile Neutra1 
No. No. Length Ns UD Depth 

(ml (m) 



Table (4.9) Test Results for Group 1-3, FS =2 and = 26 

Test Sen'es 
No. No. 

Pile 
Length * 

15 

Neutral 
Depth 

(ml 
8.78 

Test Series Pile Neutra1 
No. 1 No. 1 Length 1 Ns 1 WD 1 Depth 



Table (4.10) Test Results for Croup 1-4, FS =2 and $ =30 

Test Series Pile Neu t ral 
No. No. Length Ns UD Depth 

(4 (ml 
145 13 15 5 25 8.75 

Test Series Pile Neutra1 
No. No. Length Ns WD Depth 



Table (4.11) Test Results for Group 11-1, FS =4 and 4 4 8  

Test Series Pile Neu tral 
No. No. Length Ns UD Dep th 

(ml (ml 
193 17 15 5 25 9.54 

Test Series Pile 
No. No. Length 

(ml 
217 19 45 
218 

Neutral 
Depth 
(ml 

28.97 



Table (4.12) Test Resulîs for Group 11-2, FS = 4 and @ = 22 

Test Series Pile Neutra1 
No. No. LRngth Ns Ln> Depth 



Table (4.13) Test Results for Croup 11-3, FS = 4 and 41 =26 

1 No. 1 No. 1 Length 1 Ns 
Neu t ral 

Ln> Depth 
(ml 

25 9.54 
50 9.38 

Test Se ries Pile Neutra1 
No. No. Length Ns LJD Depth 

(ml (m) 
313 17 45 5 25 28.56 
314 50 28.52 
315 75 28.14 



Table(4.14) Test Results for Group 11-4, FS =4and9=30 

Pile %Js:I k$th 1 Neu t ral 
Depth 

Test 
No. 

Series Pile Neutral 
No. Length Ns UD Depth 

(m) Im) 
3 1 45 5 25 28.63 

50 28.66 



Table (4.15) Test Results for Group 111-1, FS= m and Q I 8  Table (4.16) Test Results for Group 111.2, FS= - and $=22 

Test 
No. 

385 
386 
387 
388 

1 389 
390 
391 
392 
393 
394 
395 
396 

Test Series Pile 
No. 1 No. 1 LPngth 1 Ns 1 UD 1 Depth 

Series 
No. 

33 

Pile 
Length 

(ml 
45 

Ns 

5 

WD 

25 
50 
75 
100 

, 

 eu t & l  
Depth 
(ml 

3 1 .50 
30.45 
30.17 
30.03 

10 

15 

25 
50 
75 
100 
25 
50 
75 
100 

30.88 
3 1.38 
3 1.23 
3 1.38 
29.69 
30.72 
3 1.27 
3 1 -49 



Table (4.17) Test Results for Group 111-3, FS= 00 and $=26 Table (4.18) Test Results for Group 111-4, FS= - and 4=30 

Test Series Pile 1 Neutra1 

No. No. Length Ns L(D Dep t h - . (ni) . (ml 

Test 
No, 

409 
410 

Series 
No. 

35 

Pile 
Length 
(m) 
45 

Ns 

5 

WD 

25 
50 

Neutral 
Depth 
(m) 

3 1.26 
30.50 



4.5 PARAMETIUC STUDY 

4.5.1 The Effect of the angle of the shearing resistance (@): 

The effect of the angle of shearing resistance is illustrated by a graphical form in 

Figures (4-3) to (4-5). Each of the three Figures represents the tabulated values of the 

test results for Group 1, Group II, and Group III, respectively. Figure (4-3) shows that 

the angle of shearing resistance has no considerable effect on the location of the neutral 

plane. It shows that the neutrd plane depth reduces very slightly with the increased value 

of the angle of shearing resistance. It further can be noticed that this effect become more 

insignificant as the pile slenderness ratio, UD, increases and the surcharge factor, Ns, 

decreases. SUnilarly, these remarks c m  also be seen in Figures (4-4) and (4-5). 

The insignificant effect of the angle of shearing resistance cm be attributed to the 

foilowing two reasons. First, the low range in value of the angle of shearing resistance 

(18~ 41 < 30) used in the analysis, although consistent with those for n o d y  consolidated 

clay. Second, the constitutive mode1 (linearly elastic-rigid plastic) used to represent the 

soii behavior. In the upper zone of the pile, due to t h e  low overburden effective pressure 

and excessive settlement, the pile-soii interface reaches yielding regardless of the value of 

the angle of shearing resistance. 

Because it has no influence on the neutral plane, the angle of shearing resistance 

will be excluded fiom any consideration in the proceeding parametric study. 



4.5.2 The effect of the pile length to the pile diameter ratio (LJD): 

The data of the test results was used to study the influence of UD on the location 

of neutral plane. The variation of the normalized depth of neutrai plane, LN&, versus 

IID for each value of the factor of safety, FS, and the surcharge factor, Ns, is presented in 

Figure (4-6). It c m  be seen fiom this figure that the variation of L N ~ / L  shows a gradua1 

increase until L/D = 50. after which no significant increase is noticed. It is worth pointing 

out, however, that the variation of LWIL reaches its peak when the axial load is at its 

rnaxirnum and the surcharge pressure is at its minimum 

The explmation of the effect of L/D on the neutral plane is due to the 

compressibility of the pile material and the pile length. When negative skin fiction is 

induced in a short pile, most of the downdrag is transrnitted to the pile tip in form of 

penetration to the bearing layer. Whereas, for a long pile, the downdrag is rnainly taken 

by the pile compressibility, and very little is transmitted to the tip. Thus, it can be said that 

the long pile performs in a general sense as an end bearing one. 

Generally, LID considered to be of a minor effect on the location of neutral plane, 

and its effect could be ignored for UD > 50. 

4.5.3 The effect of the surcharge factor (Ns): 

The effect of Ns on foi different values of UD and FS, is illustrated in 

Figure (4-7). It can be observed, fkom Figure (4-7). that Ns is inversely proportional to 

the depth of neutral plane. It is further noticed that the effect of surcharge pressure 

becornes more pronounced in short piles subjected to low axial loads. This is attnbuted to 



the accelerated consolidation caused by the intensity of the surcharge pressure. An 

increase in the consolidation process will consequently hcrease the soil settlement, and 

thereby the relative movement between the piie and the soi1 increases in favor of the soil 

direction. This WU shift the neutrai plane to a deeper location. 

4.5.4 The effect of the factor of safety (FS): 

The variation of LN& versus FS for each value of Ns and UD is presented in 

Figure (4-8). This figure shows that the depth of neutral plane varies considerably with 

the increase of factor of safety, especiaily for FS I 4. Whereas, the variation of LN& 

drops significantly for FS > 4. 

This can be explained by the fact that the neutrd depth is governed by the relative 

displacement between the pile and the surroundhg soiL In other words, when the relative 

displacement increases, in favor of the soil movement, the depth of neutral plane moves 

downward. and vice versa. Therefore, if the level of Ioading applied on the pile is high (say 

FS=2) the piie settlement wiU increase due to the accelerated consolidation process, and 

consequently the relative displacement wiil reduce. This fact was also observed indirectly 

fiom field experiments conducted by researchers such as Feuenius (1972) and Bozozuk 

(1980). 
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4-55 Discussion 

Based on the above parametric study, it c m  be reported that the neutrd plane is 

greatly affected by the axial Ioad applied on the pile head, the surcharge pressure on the 

surrounding area of the pile, and the length of pile. 

It is of interest to note that the neutral plane vary with the loading condition on the 

pile. This means that, for a given surcharge pressure, an increase of the axial load will 

shift the neutrd plane upward. Accordingly, the shaft resistance will increase, and thereby 

the downdrag Ioad wiil decrease. In contrat, an increase of surcharge pressure will 

increase the downdrag load, by shifting the neutrai plane downward, and decrease the 

shaft resistance. 

The piie length has its effect on the neutral plane with a conjunction of the Ioading 

condition. Thus, for a given axial Ioad, the neutrd plane rnoves downward with the 

increase of the pile length and surcharge pressure. On the other hand, for a given 

surcharge pressure, the neutral plane rnoves upward with an increase in axial load and 

decrease in pile length. It shouid be noted that most of the length of piie effect is 

preserved in the range of L/D < 50. Furthemore, the effect of the loading condition on 

the effect of a long pile on neutral plane reduces for the ranges of Ns > 10 and FS > 4. 

To demonstrate the effect of pile length, consider two piles, of 15 m and 30 m in 

length, are embedded in saturated clay. The clay has an effective unit weight of 8 w / m 3  

and = 0.27. Both piles are subjected to axial load, P, = 820 kN, and surcharge pressure. 

S = 24 kIV/m2. 

For the 15 rn pile, the neutral plane wiU be located at 8.78m below the ground surface. 

Hence, the downdrag load and the shaft resistance are detennined to be equal to, F,, = 264 



kN and Qs = 155 kN respectively, and the ratio of downdrag load to shaft resistance is 

equal to, FJQS = 1.7. 

Sirnilarly, for the 30 m. pile, the neutral plane will be located at 18.56 m. k l o w  the grcmd 

surface. Hence, the downdrag load and the shaft resistance are determined to be equai to, 

F, = 928 kN and Qs = 405 kN respectively, and the ratio of downdrag load to shaft 

resistance is equal to, FJQs = 2.3. 

This example shows that the longer pile has a downdrag load equai to 2.3 t h e s  its shaft 

resistance, whereas the shorter one has a downdrag load equal to 1.7 times its shafi 

resistance, although both piles are subjected to the sarne loading conditions. 

Therefore, it could be concluded that the location of neutral plane c m  be 

manipulated by the level of axial load, the intensity of the surcharge pressure, and the 

magnitude of L/D. As an example, consider a structure founded on piles that can tolerate 

settlement, then the piles should be designed with a low factor of safety and shon 

embedded length as possible. The low factor of safety ensures that the pile will be 

subjected to little negative skin fnction while settling with the consolidating s o l  

Whereas, the short length of pile ensures that the pile tip WU penetrate the bearing layer to 

reduce the negative skin fiction. On the other hand, if the structure c m  not tolerate any 

settlement, the pile should be designed with a high factor of safety and long pile length. In 

such cases, the downdrag load might be too high to be resisted by the pile, sa bitumen 

coating is needed to relieve the pile frorn negative skin fiction. An advantage of knowing 

the depth of neutral plane is to locate at what depth the pile should be coated. 



4.6 THE DESIGN APPROACH 

4.6.1 The design formula 

Based on the above discussion in section 4.5.5, a design formula can be developed 

to predict the dowable bearing capacity of a pile subjected to a given settlement . This c m  

be achieved by considering a floating pile k ing  subjected to negative skin fiction, as 

shown in Figure (4-9). The negative skin friction and positive skin fnction are assumed to 

be fuUy rnobilized. It is further assumed that the skin fiction coefficient, P, is equal for 

both, the negative skin fiction and the positive skui friction. To avoid any singularities, it 

is assurned that there is a discontinuity in the skin fnction distribution at the neutrd plane. 

Thus, the downdrag load, F,, at depth z can be expressed as 

where, p = K,. tan(& usuaily varies between 0.2-0.3 for clay deposits 

K, = the hteral earth pressure coefficient 

6 = the soil-pile interface friction angle 

= the submerged unit weight of soi1 

D = the pile diameter, 

LNP= the neutrd depth, 

S = the surcharge loading 

Similarly, the pile shaft resistance. Qs. at depth z>L~p iS equal to 



In Figure (4-9), the extended dashed line in the negative side represents the 

extreme case of an end-bearing pile (i-e. no movement at the pile tip), in which the 

negative skin friction is exerted aU over the pile shaft. Therefore, to account for 

settlement effect on the aiiowable bearing capacity. the downdrag load is better expressed 

as a ratio of the extreme end-bearing one. iience, 

w here, 

and 

Negative I Positive 
4 b 

Figure (4-9) Distribution of positive and negative skin friction 



It worth mentionhg here that the pile cannot fai i  in the sense of plunging due to 

the downdrag load F.. At failure due to bearing capacity, the pile WU abruptly penetrate 

the soil. because of which the negative skin friction WU be eliminated. Thus. F, WU not be 

inciuded in the determination of the aiLowable bearing capacity of the pile, P., expressed 

by the foilowing: 

where, Qr  = the ultimate tip resistance of the pile 

Q = the ultimate shafî resistance acting beiiow the neutrai plane 

FS = the factor of safety 

Equation (4.6) dose not account for any settlement restrictions, it on& detemiines the 

dowable due to bearing capacity perspective. Ho wever, the ultimate shaft resistance, Qs, 

can also be introduced in terms of the maximum ultimate shafi resistance, QF, and the 

downdrag load, F., by the following: 

where, 

Hence, by substituting for equation (4.7), equation (4.6)becomes: 

The downdrag load is excluded fiom king divided by the factor of safety, FS. to ensure 

the safety side in detemllning the dowable bearing capacity, P.. It should be pointed out 

herein that equation (4.9) is a generalized formula that is capable of estimating the 



aliowabIe load of piles resting on different bearing strata, and for different settkment 

conditions. Furthemore, it can also be used in situation where the pile is needed to be 

coated with bitumen to reduce the pile settlement. In this case, the reduction factor, RN, is 

modified to incorporate the effect of coating expressed as: 

where, pc = is the Beta-coefficient for bitumen coating conditions, which usuaiiy 

varies between 0.01 to 0.05 (Vesic, 1977) 

It has been reported in literature that bitumen coating of as thin as 1.5 mm is sufficient 

enough to elbinate nearly d negative skin friction (Walker and Darvall, 1973). This is 

tnie if proper caution was taken to ensure that the coating is not stripped off during 

installation. Two charts are provided in Figures (4- 10) and (4- 1 1) to determine RN for 

uncoated and coated piles respectively. These charts are limited to floating piles only. 

The curves provided for coated piles are determined by considering P, = 0.05 and P = 

0.25. 

4.7.2 Design procedure 

The foliowing examples iüustrate the design procedure in detennining the 

allowable bearing capacity of a single pile by using the suggested formula and charts. 

Consider a floating pile of 15 m. in length and 0.3 rn in diarneier embedded in 

saturated clay subjected to a surcharge loading, S = 10 kN/m2. Knowing that the soi1 

effective unit weight, f = 8 w/m3 and P = 0.25, for both positive and negative skin 

friction, and p, = 0.05 in case of bitumen or bentonite coating. Determine the aiiowable 



bearing capacity, (a) using FS = 2, (b) using FS = 4 for settlement considerations, and 

whether a bitumen coating is needed? 

To solve this problem, the maximum shaft resistance, Qsm, the maximum downdrag load, 

Fnm , and the tip resistance, QI , must first be detennined. Using equatians (4.4) and (4.8), 

t hen Fnm = 247 KN and Qsm = 247 KN 

For the determination of Qi. the foiiowing relationship can be used 

Q t = N ( i L + S )  A, 

w here, Nt = tip bearlig capacity coefficient, which is assurned to be 3. 

A, = the tip area of the pile 

Then, Qt=28 KN 

The second step in this problem is to determine the reduction number, RN- Since, FS = 2, 

LlD = 50, and Ns = (WS) = 12 are given, then from Figure (4- 1 O), RN = 0.27. 

Thus the allowable bearing capacity is equal to: 

In case of FS = 4, from Figure (4-IO), RN = 0.36, then the allowable karing capacity is 

equal to: 

the result of Pa = -20.2 implies that the pile requires a pull-up force equal to -20.2 to hold 

the pile in position. Thus bitumen coating is necessary for settlement and bearing capacity 

considerations. The bitumen should be coated in the pile upper portion starting fiom the 



pile head, and extended till the neutral plane. Because of coating RN = 0.075, from Figure 

(4-1 I), and hence, the allowable bearing capacity WU be equai to: 

It can be noticed fkom this example the  importance of the location of the neutral plane in 

estimating the allowable bearing capacity and the extent of the coating area. Furthermore, 

the role and influence of the factor of safety on both the bearing capacity and the neutral 

plane depth. 



- - - - - -  -- 

Figure (4-10) The values of the reduction number, RN, for uncoated piles 



Figure (4-11) The values of the reduction number, RN, for coated piles 



CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

5.1 CONCLUSION 

A nurnericai model was developed and used to determine the location of the 

neutral plane of a single pile subjected to both direct and indirect loading and embedded in 

clay. The foiiowhg c m  be concluded: 

The ffite elernent technique in conjunction with an elastic perfectly plastic model 

(with a yield function defked by the Mohr-Coulomb equation) have proved to be an 

acceptable numericd mode1 to analyze the negative skin fiction on piles. 

The location of neutral plane is insensitive to the duration of the consolidation process. 

The s&l elastic parameters, Es and v ,  have shown no influence on the location of 

neutral plane. 

Based on the parametric study the following have been observed: 

(a) The angle of shearing resistance, $, has no considerable effect on the location 

of neutrd plane, 

(b) The depth of neutral plane slightly increases due to the increase of the pile 

siendemess ratio, UD. This increase, however, can be ignored for UD > 50. 

(c) The depth of neutral,plane increases with increase of the indirect loading (due 

to  surcharge pressure), especially for short piles. 

(d) The depth of neutral plane increases considerably due to the increase of factor 

of safety, FS, until FS = 4. &ter which the increase drops signincantly. 



5. A design formula together with design charts are presented to predict the aliowable 

bearing capacity for coated and uncoated single piles. 

5.2 RECOMENDATIONS FOR FURTHER RESEARCH 

1. The present study should be extended to investigate the other causes of consolidation, 

such as, fluctuation of the groundwater table and the pile installation in sensitive clay. 

2. The present investigation should be extended to examine the effect of the 

compressibility of the bearing layer. 

3. The effect of the location and extension of the surcharge pressure on the depth of the 

neutral plane. 

4. Further numerical studies are required to examine the effect of negative skin fiction 

on battered piles. 

5. The effect of the direct Ioad variation with time on the location of neutral plane. 
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