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The Analysis of Pile’s Bearing Capability for ad’Hield of Short Grid Pitch
in Hydrocompactive Soil of Type Il: Theoretical Basof Method

A.l. Rusakov

Abstract. The deformation hypotheses about the work of hyalrgEactive soil at the space
between piles have been suggested and based, ahdiobasis the equilibrium equation of
watered hydrocompactive strata loaded with pilenftation has been obtained. The main as-
sumptions in development of this equation are #svis: 1) In the middle of the row’s adja-
cent piles the soil vertical displacement aftemidation settlement but before watering is li-
near function of depth; 2) The vertical deformati@riation caused by watering is defined
only by the relative hydrocompaction subsidenceTl® tangent surface forces applied from
a soil to a pile are established for linear-elastid with account of the friction force upper-
limits. The obtained equation for the hydrocompacstrata’s state contains unknown para-
meter which is the minimum settlement of no-watesed within the boundaries of a pile
row. To determine the latter, the finite elememiation technique is grounded. The algo-
rithm for solving the equation for hydrocompactsteata’s state has been elaborated to derive
the safe design load on a pile in hydrocompactoiedf type Il. The results of pile design
load analysis, which is based on this solver, &sented and comparison with standard analy-
sis technique is given. It is established thatsike bearing load of a pile is higher then one
being calculated by actual standards, that is chbgeelief of hydrocompactive strata due to

forces counteracting against negative friction.

In analysis of the safe bearing load on a pile, Wu8P 24.13330.2011 “SNP

2.02.03-85 Pile Foundations” there is no differemcevork of single pile and a
pile in a pile field (PF). Nevertheless, in theseaf hydrocompactive soil of
type Il and a PF of short enough grid pitch, a ifiggnt difference in altitude

distribution of vertical pressure is possible intevad collapsible soil between
piles of field, relative to the same soil with age pile. In the upper part of hy-
drocompactive stratum (HS) the soil being collapsaalgs on the piles after wa-
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tering, and the soil pressure decreases, that @sdtlee decrease of subsidence
relative to the case of single pile and, as a apnesgce, the reducing of negative
friction force. There exists experimental confirroatof this effect [1] and theo-
retical substantiation of its usage, the lettengpdounded on solving the equa-
tion of equilibrium of the HS and realized in T5BD-306-2005, sec. 6. Due to
the named TSN, the vertical pressure in HS betweiafiorcing members of the

strengthened basement can be evaluated by theléormu

o, = Yu — Gy (1—8_0( p&2tgd, ) (1)
a pEtgq)Il

Herea, = ps/Syil is the ratio of the reinforcing member perimetefield ps to

the area of inter-pile space in plan vi&y;; vi, ci, ¢, are the specific gravity,
adhesion factor, and angle of internal frictiorsof; € is the conjugate ratio (si-
delong pressure factor;is the distance between a pit bottom and givessero
section of reinforcing member.

The formula (1) is the solution of the equationeqguilibrium of the wa-
tered HS’s layer of thicknesiz in the case of a PF with infinite extension on
rectangular grid. This equation is presented betbw ;solution (1) is obtained in
supposition of no external exertion of pressuréhensoil, whero,(z) = 0 forz =
0, and supposition of the Coulomb’s sliding of sailthe surface of reinforcing
member, when distributed load of negative friciemetermined by the expres-

sion:

T=Cy +&0,tgd. (2)

The pressure determined by (1) is essentially Essisual, then the pressure in
non-reinforced thickness of soil, and with a slsbefp of members it is possible
to fulfill the inequality:o, < pg for all the depth of the H${ is the initial pres-
sure of hydrocompaction subsidence). If this indéuss fulfilled, the authors
of method conclude that negative friction is neiglg, and the soil evokes the

resistance over all lateral surface of reinforaimgmber [2].
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Formula (1) can be restrictedly used for a soupper part of the HS, but
it wouldn’t be employed in over the all height bist thickness, not least because
from the definite depth, about on subsidensg(z) = 5 cm, the load at the later-
al surface of pile changes the sign. The statemitself about absence of neg-
ative friction, inspired through evaluation by faria (1), is contradictive, be-
cause just the negative friction enabled inferesfcis formula. Therefore, the
analysis of reinforcing member’s field due to TSOF¥E6-2005 is not reliable.
Nevertheless, the approach to collapse analysedbas solving the equation of
HS equilibrium in inter-pile space with further iesation of pile bearing capa-
bility we would consider as correct. In the papersented we suggest deforma-
tion hypotheses giving the way to develop such eguahave elaborated the
solver for it, and founded the technique of firelement simulation, enabled us

to establish the necessary parameter of equaticlaack adequacy of results.

Generalized Form of the Equation of HS State. Let us consider an infi-
nite field of rigid piles of lengtl on the square grid of pitch,. The PF is
loaded to the settlemegtwith plane upper bound of soil, and next the watgr
and subsidence occur. Let us introduce the depatatior next quantities as
functions of the depth

1(2) is the friction force over the pile surface paitwof area (so called
mantle friction), the sign “+” corresponds to doware direction;

042) is vertical pressure in inter-pile bulk of sdilex watering;

s¢(2) is additional vertical displacement of soil afteatering (the hydro-
compaction subsidence).

We assume these functions being definite in segffehly], whereHy is height
of the HS.

Denote:G, — operator of transformatior(z) — 0/2); § — operator of
transformationo(z) — s4(2). The operator§y and g, are obtained below. Al-
so, the following dependence is establishea {6f0, Hy]:

1=1,(2,0,,5), (3)
3
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which enables to develop the equation of HS state:
T(Z) = TO(Z1 6-2-[(2,)1 §Sla-z-[(zl)) (4)

(in right-hand sidex(z) is the function, exerted by corresponding opejaiy

solving this equation one can determine the ss&s# state (SSS) of the hy-

drocompactive stratum and tangent forces at tleedbsurface of pile.

Estimation of Mutual Displacement of Soil and Piles. The construction
of function (3) is based on estimations of mutuaplhcement of soil and pile’s
cross-section at the same depth. The displacemesilds taken at the vertical
in the middle between adjacent piles in a row. \Waatle the values of mutual
displacement of soil and piles dss(z) — before wateringAsy(2) — after wa-
tering. The deformed planes of soil and the quastiis, Asy are depicted in
Fig. 1 (the section A—A is constructed along a aiwiles, see the plan in Fig.

2). The named quantities are shown in Fig. 1 ferdase where there is no pile

A—A Plain surface
(see Fig. 2)
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Fig. 1. Plots of mutual displacement of soil anepi
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sliding in the soil stratum. We take the quantidss Asy positive if the settle-
ment of pile is less then displacement of soil given depth.

Hypothesis 1. The soil in stable state can beiden=d as elastic medium.
The change in the solil structure due to waterinukes the change in its elastic
properties.

Hypothesis 2. At the vertical in the middle betweaeljacent piles in a row
the vertical displacement of the soil after founmd@s settlement, but before wa-
tering and collapse, is defined by the formula:

Scil =I_|kzsu’ (5)

wherek = 1 —ky, k; is the factor defining the bottom ordinate of theplace-
ment diagram ak,s,, see Fig. 1.

Let us establish additional displacement of themoduced by watering.
The change of the compression strain in a giveizbiotal section of the soil
bulk we shall take for the change of the straitestc component caused by the
pressure variation on watering plus the relativérbgompaction subsidence:
1-v -2v°

1
— 6
E. 1-v (©)

Aesl = l-I-Je(o-z _021) T &y, l-IJe =

Hereo, is vertical pressure before collapgg;js the soil deformation modulus;

v is the Poison’s ratiolp, — the soil compliance characteristic on tightened

compression (i.e., compression with no transvexsension) [3];e4 = €4(z, 0y)
is the relative hydrocompaction subsidence, aléerned as the collapse strain,
which is determined by tabulated function from expental data.

Hypothesis 3. The change of the soil vertical defttton due to watering
is defined by the relative hydrocompaction substéeonly.

Substantiation: The change of the vertical stedse, =0, —0,, in for-

mula (6) is the orders of magnitude no greater ttien change of vertical
stresses in unwatered soil after settlement of dation, because both these

quantities are defined by the friction forces oa fes, which are approximate-

5
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ly similar (but, may be, of opposite signs). Thtiee component of elastic de-
formation in formula (6) also is the orders of mitgge not greater then the

strain of unwatered soil within the bounds of pilg, = -dsg; /dz— even if
we take the soil complianag, as the same in both cases. Having in mind that
on collapsibility of type Il the strais_; is much lesser then the collapse strain

after watering, we have already to expect that adige formula (6) is much less

in order of magnitude then addend. But in reatty, soil compliance in formula

(6) is much less then compliance of soil being sgad during foundation set-

tlement. Really, the soil in HS get unloaded dunvafering, and, besides, the
soil deformation modulus during relief is essehigreater then deformation

modulus on the branch of initial loading — for exde) in accordance to i.5.5

of SP 50-101-2004 we can takg = 5E. Thus, the component of elastic defor-
mation in formula (6) is negligible in comparisanthe collapse straity.

Farther, in calculation of hydrocompaction subsaewe do the substitu-
tion: g4 — Kg&gq, Whereky is the value over the rangel1l25 with meaning of the
reliability coefficient (see SP 22.13330.2011 “SNI®2.01-83 The Bases of
Buildings and Constructions”, i.6.1.13). From exgsien (6), accounting all the

said, we get additional displacement of the sbi# Gubsidence):
Hy
sy = [kegg(z,0,)dz+s,. (7)

Heres, is the displacement of HS foot, which is condiédrby variation of the
pressure acting on the footing plane during sulbsideFormula (7) defines the

operatorSy in the set of continues functioog2).

Hypothesis 4. It is allowable to taleg = 0 in hydrocompaction subsi-
dence calculation.

Substantiation: The HS’s unloading after waterirgpmns thasy < 0. The
displacemens; < 0 diminishes the subsidence (7), i.e., redueggmtive fric-

tion and increases resistance over the pile’sdamirface outside of negative
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friction domain. Therefore, the negligence of qugns, gives overdesign in
bearing capability of a pile.
Denotes; = k;s,. Before watering, the mutual displacement of and ab-

solute rigid piles is obtained from expressiong$Yollows:

AS:SsoiI(Z)_Su:_kIZSu:(klsul_SU)Z:(Sl_Su)lz- (8)

After watering we have the mutual displacementzioHy:

Asy = sy +As. 9)

The Analysis of Friction over Lateral Surface of a Pile. The calculation
formulas for function (3) determination we develo® stages: evaluate the tan-
gent distributed forces in assumption of elastitwith given shear modulug,
and then correct them taking into account inelgstaperties of a soil. We cal-

culate the shear modulus in the form:

G- Ew
2(L+V)

whereE,s is the deformation modulus of completely wateusated soil.

Let us cut off the soil ring of diameteg and height 1 m around a pile of
round cross-section of diameferat the wanted depth (Fig. 2). We assume sim-
plistically the SSS of the ring as two-dimensiomabk-symmetric, the possibility
of sliding the soil along a pile is not accountdt displacement of side surface
of the ring relative to the pile we set equalA®. This displacement is resulted
by shear stresses in two-dimensional axis-symmptdblem. From equilibrium

condition of any internal ring of radiusand height 1 m we derive as follows:

T(r)2nr =t,nD

D T(r
TUFHEJ y=é‘); ds=vdr,
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A | , A(Fig. 1)
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Fig. 2

wheret; is the sought friction loading over the pile sadgay is the shear angle
(Fig. 2);ds is the increment of vertical displacement of thig ralong the dis-
tancedr. Thus it holds:

Lp
T]-D /Zdr = Elni

ds= P g = Asy =[ds=2= | N
2rG 2G o, r 2G D
2
2GA
=S (10)
DIn-—*
D

In the case of drilled pighe friction force over the pile surface is equal

the force of soil internal friction, which can’t lgeeater then Coulomb’s friction.

For the latter we have:

Tmax = Eoztgq)l + CI '

whereé =1V Is the sidelong pressure factr; ¢, are the soil strength charac-
-V

teristics for first limit state. For the mantlection force (3) we obtain:

Tl(ASsI )1 If ‘Tl‘ < Tmax;
TO(Z1 Gz’ Ssl) = Tmax1 if Tl 2 Tmax; (11)

~ Taxe if T = ~Thaxe
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Here 1,(Asy) is determined by (10); the positive surface farceorresponds to

negative frictionz < Hy.
In case of driven piléhe mantle friction is established by Table 7.356f
24.13330.2011. In this table the depth of a s@ittas in use instead of pressure

on the pile surface, which defines the frictioncis directly. To specify the
layer (sublayer) depth due to this table, let iooluce the congruent level mark
of pit bottom. The congruent level is defined as blottom’s level for such con-
ventional pitwith no PF, wherein under its bottom the vertical pressuigiven
layer (sublayer) is the same as in reahpiting PF with design settlement in the
state of watering and subsidence. For any soilegegblused in analysis, congru-
ent level is of its own value. Conventional pit hvliottom of congruent level is
utilized to determine the sublayer's depth beingdusn Table 7.3 of SP
24.13330.2011. The need of the congruent levelu&ation lies in the fact that
data of above mentioned table are established pgrament under conditions
where evaluation of the soil pressure is tolerat#ld no account of soil-pile in-
teraction, i.e., by the standard technique fron23R3330.2011, formula (5.23).
Note, that after having calculated congruent levek has to converse it into
conditional level of the pit bottom, g.v. Remarkf@ Table 7.2 from SP
24.13330.2011.

In the case of driven pile the formula (11) remamegffect, but now the

quantity 1, is the tabulated design strength of a soil.

The Analysis of Pressure g, in the Watered Hydrocompactive Soil.
Let us obtain the operatar,. Within the boundaries of a soil layer of thickses
dz the stress value augmentsdmy, as a result of the soil weight exertion, on one
hand, and the mantle friction forces on the pildasae, counteracting to this
augmentation (Fig. 3). The equilibrium equation Yertical forces in the layer

has the form:

Syil[do; = Y(2)[dZlSy —dF; dF = p;dz[1(2). (12)
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Fig. 3. Diagram of load action in the founda-

tion base layer of thicknesiz
HereF is the total force of negative mantle friction abdhe deptly, ps and
Suii are entered before in formula (32 is the normative specific weight of

soil'. After division of both parts in equation (12) 8y, we come to equation:
do, = ydz—adzi(2), (13)

whereas foz = 0 isg, = 0. Respectively:

0,(2)=0,1(Z) = f(y—apr(z'))dz’. (14)

0

The equation (13) with substitution (2) has analgblution (1).

The equation of the HS state (4) is defined byailed relationships. In
part 2 of the paper we substantiate an algorithmsa$olving and technique of
FEM-simulation of the hydrocompactive stratum’s S38e latter enables to
determine the equation’s paramedgrthat is the settlement of soil at the foot of
conventional foundation, see formula (8). Besidles,analysis is presented for
computational results of the safe bearing load pileaby new method in com-
parison to standard technique from SP 24.13330.2011

! Stability of the soil specific weight makes possito evade the usage of its confidence lim-
its in first limit state.
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1 SP — Set of Rules (Svod Pravil).
2 SNIP — Building Code and Regulations (StoitelniariNi i Pravila).
3 TSN — Regional Building Code (Territorialjnie Stelhie Normi).
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