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FRICTION PILE BEARING CAPACITY BASED ON THE PARABOLIC
DISTRIBUTION OF SKIN FRICTION

Abstract. The article describes the approach to evaluation of a friction pile bearing capacity
based on the parabolic distribution of a skin friction in multi-layer soil bases. The design equationsare
obtained for evaluated the ultimate load on an axial loaded pile in multi-layer soil using the new design
scheme. The advantage of the proposed approach is to obtain some experimental parameters that take
into account the actual interaction of the pile and soil on the construction site. Negative friction forces
(from the reaction force under the pile end) negatively affect the pile bearing capacity. The numerical
example is given for a friction pile in the soil base with two layers. The proposed equation also allows
calculating various parameters: the soil stress under the piletoe, the pile effective length, relative
deformations along the pile, etc.
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PACYET HECYIEN CIIOCOBHOCTHU BUCSYEA CBAU ITPU
ITAPABOJIMYECKOM PACITPEAEJIEHNU CUJ TPEHUSA

Annomayun. B cmamve onucan nooxo0 K oyeHke Hecywjeu CnocoOHOCMuU eucauell ceau,
OCHOBAHHYINL HA NAPABGOIUNECKOM pacnpedeneHuu Cui mpenuss no 0OOKOB0U NOBEPXHOCMU C6aU 6
MHOZOCTIONUHBIX SPYHMOBbIX OcHosanusax. Tlonyyenvl pacuemuvle ypagHeHus OnsA OYeHKU NPedenbHou
HASPY3KU HA YEHMPATLHO HASPYHCEHHYIO C8AI0 6 MHOL0CIOUHOM ZPYHME C UCNONb308AHUEM HOB0U
pacyemmnoil cxemvl. I[Ipeumywecmeom npeonazaemozo nooxo0a AGIAEMCA NOAYUeHUe OMOenTbHbIX
IKCNEPUMEHMATLHBIX RAPAMEMPOS, YHUTNBIBAIOWUX PaKMUuecKoe 83aumooelicmsue céau u epynma Ha
cmpoumenvroll niowadxke. Ompuyamenvruvie CUIbl MPeHUs, BOHUKAIOWUE OM YCUIUA 6 8Ude PeaKyuu
ROO HUICHUM KOHYOM C8AU,HE2AMUBHO BNIUAIOM HA HeCYuyr0 cnocobHocmy ceéau. [Ipuseden uucnenmulil
npumep pacuema Hecyweli CHOCOOHOCMU 05l BUCAYel C8AU 6 08YXCLOUHOM 2PYHMOBOM OCHOBAHUU.
IIpeonooicennoe ypasHeHue no3gonaen makdice paccuumans pasiuyHble Napamempul: HANPpINCceHue 8
2PYHMe NOO HUJICHUM KOHYOM C8au, 3heKmusHyo OIuny céau, OmMHOCUmenlbHble 0epopmayuu 80016
ceau u op.

Knrwueesvle cnosa: sucsauas ceas, npede/zbmm Haepys3ka, Cujivbl mpeHus, boxosoe
conpomueijieHue, boxosas noeepxHocnio, Hecywias cnocooHoCb.

Introduction

Pilesarecommonstructural elementinfoundations of many buildings and structures. As noted
in [1], pile foundations are often used for important structures, and thus, reliability evaluation is an
important aspect of the design of such structures. It is important to develop reliable mathematical
models of pile behavior in multi- layer soils for a subsequent pile reliability analysis.

Friction piles develop most of the pile-bearing capacity by shear stresses along the sides of
the pile, and are suitable where harder layers are too deep to reach economically. The pile transmits
the load to surrounding soil by adhesion or friction between the surface of the pile and soil.
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The paper [2] presents the experimental research of the pile skin friction distribution at the
different load levels (Figure 1). The skin friction distribution of a pile is close to the parabolic form.
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Figurel —The skin friction (shaft resistance) distributions by experimental researches [2]

The paper [3] also describes the study of piles effective length based on parabolic frictional
resistance. The comparison of results by using the approach [3] and results based on the hypothesis
that the pile shaft resistance distribution was triangular-shaped with the experimental data suggest
that the [3]approach is closer to the experimental data and more accurate.In order to satisfy the
requirements of design and calculation of piles subjected to laterally parabolic distributed loads,the
finite difference method and the pole system finite element method of elastic foundation are
presented and discussed in the article [4] in order to compute the displacements and internal forces
by adopting bi-parameter method of lateral subgrade reaction.The finite difference computing and
figure processing of displacements and internal forces of piles are also programmed in [4].The
experimental studies [5-8] also confirm the validity of using the parabolic distribution function of a
skin friction of piles.

This paper presents the experimental-analytical solution for evaluation the bearing capacity
of a friction pile based on the parabolic distribution of skin friction.

Models and methods

Figure 3 shows the design scheme of a friction pile in a single-layer soil base in accordance
with the accepted design scheme in the researches [9, 10]. Thepapers [9, 10] established that
thedesign loadon a pile F, is determined in a homogeneous soil primarily by the soil base bearing

capacity according to the equation:
h H
Fp =0soitA+uf f(x)dx—u [ freq (x)dx, 1)
0 h

where o, is a soil stress under the pile; A is a cross section area of the pile; u is a perimeter of the
pile cross section; f(x) is the function of a pile skin friction; f., is a function of a pile negative

skin friction.
Askinfrictionfunction f (x) onapilelateralsurface can be represented bythe equation:

F(x) =&(x)a(x)e, ()
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where ¢ =

EA is dimensionless coefficient which takes into account the soil stress state in
uy&ohg
contact with the pile, the soil properties, the pile surface quality and other factors; hyis a length of
the skin friction distribution f(Xx) on the pile length, which is evaluated by the pile test results; y is
a soil density; is a coefficient of a lateral pressure [11].
The diagrams of arelative deformatione(x) and a lateralsoil pressure q(x)distribution are
shown in Figure 2.

&(x) qx)
Emax
q(x)=pCpx
h-x
Emax h
— z e=0
Emax,neg q"zux:}{()H

Figure 2 — The design scheme of a frictionpile in a single layer soil base with the design load Fp and the
diagrams of deformations and lateral soil pressure of the soil

Thehvalueisset [9] based on the pile test results and the results of relative deformations £(x)
measurements along the pile length in at least two pile cross-sections by the strain gauges [12]
under the assumption of a linear description of the function &(X).

The linear distribution of relative deformations £(X), adopted in the researches [9, 13, 14]
h—X

for friction piles, is also used for the design scheme in Figure 1. Asaresult: 5(X)=5maxT
Thenegativeskinfriction f ., (x) bytheforce o,; A is proposed to determine by the same equation
as (2) in the form: f,,.5 (X) = &neq (X)A(X).

In practice, soil base often is composed of several layers of a soil with different geological
and mechanical properties. For multi-layer soilbase, the designequation (1) will take the form:

n h n+m N
I:p =0gilA+UY jfi(x)dx—u > in,soil(x)dxa
i:thl n+l h;

wherenisa number of soil layers with "positive™ skin friction; misa number of soil layers with
"negative" skin friction.

Firstly , let's consider the calculation of the pile bearing capacity in a two-layer soil base for
all ratios h,uh; according to the design scheme shown in Figure3 which built by analogy with the
design scheme by Figure2.
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Figure 3 — Design scheme of a friction pile in a two- layer soil base
For the design scheme in Figure 2:

hy hy H
o = OsoitA+U[ f()dx +u [ fo(x)dx —u [ fgqp(x)dx,

0 hy hy+h,
where f,(X) = £ ()0, (X, f2(X) = £,(X)0, (X) 9, , qy(X) =718, xat0< x <h, and
Uz (X) = 71&01hy + 7280, (x—hy)ath, <x<h,, where y;and y,aresoil densities. At the pile top (in

F

max —

F
the cross-section where the pile intersects with the ground surface) ¢ ——E, whereE is a pile

modulus of elasticity.
Resultsandanalysis
Asnotedabove: &(X) is linear onall sections of a pile [9, 10]; at the pile top: &, = F, / EA.
At the end of the section hstherelativedeformationis £(h,) which can be measured in an arbitrary
cross section of the pile xat length h; or determined based on test results as
hl
Force perceived by the first layer of a soil is:

81(X) =& +(8max —&

" h, — X
F1=Uj|:81+(8max—{:‘l) :
0 1
Avalue ¢, is determined on the first layer of asoil base by pile test results [9, 10] withforce
F, <F, distributed at the height hy,asshownonFig. 4. Thefollowingequationused [9, 10]:

6F .. . o .
Q) = L , Wherehy, <hjandh,,isapile length with skinfrictionf(x) as shown in
U&o max?1$01N01

Figure 4; &, .cisamaximum deformation of the pile at the pile intersection with the ground surface.

71&01 X X
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Figure 4 - Design scheme of the friction pile behavior within the upper soil layer under test load Fl,t

Avalueofthetestload F, , is selected in such a way as to cause pile deformations only on the
length h;of the upper soil layer.

Let’s consider the pile statics on the second layer of the soil base at x>h as shown on
Figure 4.
hy +hy, —X

The skin friction function s f,(x) =&, (X)y,&q .0, X With £ (X) = €5 rax .
2

2 (X) = 0ay (M) + g (X —hy).
Force perceived by the second layer of a soil (Figure 5) is:

h, +h, —Xx
11 [7/150,1h1 + 72802 (X = hl)](PZXdX :

hy
F :ujgz,rrax h
] 2

e(x) q(x)
y](gv ]hl

€ Imax

Yo it y2Co o

Emaxneg gmax=yiCy 1+y2Lo (H-hy)

Figure 5 - Design scheme of the lower part of afriction pile in the second soil layer

72802
71$01

By Figure 4, the dimensionless coefficient ¢, is@, =¢;
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O soil and

The negativeskinfriction f,.,(x) can be found by next equations ey neq =

X—hy —h,
5neg(X)=8rmx,negm-

Tsoil X—My —hy
h, + X—h :
E H_h, —h, roats + 7202 (x =) ps

Force perceived by the third layer (“negative” layer) of a soil is:
H i X—h —h
Freg =u [ —2t — [7150,1h1 + 72802 (X~ hl)](”zdx-
i, E H-h—hy
2

In expanded form, the equation (1) for determining the friction pile bearing capacity can be
represented as:

In accordance with (2): ey (X) =

h, — x hy h, +h, — x
I:p :O'soiIA"'ujgmax 1h 7150,1X¢’1dx+uJ.52,nax L h2 72650,2(/72)(_
0 1 hy 2
H & Xx—h, —h
e — [1&oatn + 72802 (x— ) fpa0x. (3)
nth, E H—=h—h,
2

Asolution of (3) is more convenient to perform based on the results of numerical calculation
in computer programs. Astressog; to check asoil strength,a permissible load value Fg, the

maximum deformation &, , etc. are can be found by (3).

The ultimate load on a pile F4 can be evaluatedreplacing the soil stress o q;; under the pile

lower end to the pile design resistanceRin (3) and neglecting a slight change in the deformation of
the pile material under the pile lower end.
LetR=3.0 MPa;A=0.126 m?% u=1.256 m; h;=3 m; & =0.001; 3, =15kN/m*® (poorly

graded sand); &p;=0.2; E=15000MPa; hy, =2m; h,=3 m; &, 1n =0.0004; 7, —18kN/m®

(elastic silt); &, =0.4; H=7 m; ¢ =1.25-10°; @, =1.69-10°With £q ypy =0.00002; F1=0.050
MN.

By the numerical calculation of (3) in MathCAD:

Fy=0.377 + 0.707 + 0.753 — 0.690 = 0.993MN.
Let’s compare the result with result by the traditional approach:
Fq =RA+Uu) f;h;,
where the values of taken by SP 22.13330.2011 “Pile foundations”.
Fq =3-10°-0.126 +1.256-10°(2-35+1-38.5+ 233+ 2-42)=0.377 + 0.327 = 0.704 MN.,

The results are close enough. However, some of the values in the example are set
theoretically. Experimental researchesare required for a more objective comparison of the proposed
approach and the normative approach.

Conclusions

1. The article describes the behavior of afriction pile with the new design scheme.The

designequation is obtained for evaluated the ultimate load (bearing capacity) Fy ofanaxial loaded
pile.
2. Negativeskinfrictionforces adversely affectsonthe F4 value. Thenegativeskinfrictionis

more than greater the reaction RA at the pile lower end. To reduce this impact, the direct contact of
the pile at the length H —h; —h, can be partially or completely isolated from the soil;
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3. With a larger number of different layers of soil base, the equation (8) will retain its
appearancebut with increasing the number of members.
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