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INTERACTION OF LARGE PILES WITH A MULTILAYER
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Abstract: This article discusses the formulation and solution of the problem of the interaction of a long pile with the
surrounding multilayer and underlying soils, taking into account the rheological properties of the surrounding soil mass.
The creep process is considered taking into account hardening and softening. The problem was considered in a linear
setting. The solution is presented by analytical method. To describe the creep process, the rheological parameters of
hardening and softening were used. An expression is obtained for finding the reduced shear modulus for a multilayer soil
mass. A dependence is obtained for determining the force on the pile heel on time, taking into account the rheological
parameters of hardening and softening. Analytical solutions in the article are supported by a graphical part. The graphs of
the dependence of the settlement of the pile, the force on the heel of the pile cutting through alternating layers, on time
for various parameters of viscosity, as well as for variable parameters of hardening and softening are given. The solutions
obtained can be used for preliminary determination of the movement of long piles with the surrounding multilayer and
underlying soils.

Keywords: pile interaction, multilayer and underlying soils, analytical method, reduced modulus, rheological
properties, settlement rate, hardening factor, softening factor.

B3AUMOJIEMCTBUE CBAHU BOJIbBIIIOHA JJIUHBI C MHOI'O-
CJIOMHBIM MACCHUBOM I'PYHTA C YYETOM YIIPOUHEHUSI
U PABYIIPOUHEHUS

3.1. Tep-Mapmupocan, A.3. Tep-Mapmupocan A.C. Akyreukuii

HarmmonaneHe1i ncciiegoBaTenbckuii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTENBHBIN YHUBepcHUTET, T. Mocksa, POCCHUA

AHHoTauus: B maHHOi! cTaThe paccMOTpPEeHA MOCTAHOBKA U PEIICHUE 3aJaYH O B3aUMOICHCTBHH CBaX OOJBIION AITHHEI C
OKPYKArOIIAM MHOTOCIIOWHBIM U TIOJICTHIIAIOIINAM IPYHTAMHU C YIETOM PEOJIOTHIECKUX CBOWCTB OKPY’KAIOIIETO MacCHBa
rpyHTa. [Iporecc moa3y4yecTn paccMaTpUBAETCs ¢ YIETOM YIIPOYHEHHS M pa3ylpodHeHMs. 3afada paccMaTpHuBajiach B
JIMHENHOM IOCTaHOBKE. PellieHne n3n0keHo aHaIMTHYECKUM METO0M. JIJ1st onrcaHus mpouecca noa3yyeCcTH UCII0JIb30Ba-
JIUCH PEOJOTHYECKHUE TTAPaMETPHI YIIPOIHEHHS B pa3ynpouHeHns. [1oaydeHo BrIpakeHne T HaXOKISHHS IPHBEICHHOTO
MOJYIISI CIBUTA TSI MHOTOCJIOHOTO MaccuBa IpyHTa. [lomydena 3aBUCUMOCTD IS OTIPENIENICHUS YCWIHS Ha MATY CBan
OT BPEMEHH C yUETOM PEOJOTHYECKUX IMapaMeTPOB YIIPOUHEHUS M Pa3ylNpOYHEHUs. AHATUTHICCKHIE PEIICHHS B CTaThE
MTOJKPETUICHBI rpadnaeckoit yacTeto. [IpuBeneHs! rpadukn 3aBUCUMOCTH OCAIKU CBAaW, yCHWJIHS Ha ATy CBaH, Ipope3a-
OIIEeH YepeayIonIrecs IO, OT BPEMEHH IIPH PA3INYHBIX ITapaMeTpax BA3KOCTH, a TaKKe P ITePEeMEHHBIX TapaMeTpax
YIOPOYHEHUS U pa3ynpodHeHus. [lomydeHHbIe pereHns MOTyT OBITh HCIIOJIE30BAHEI IS IPEABAPUTEIHHOTO OIIPEICTICHIUS
TIepeMeIIeHHUs CBar OOIBIION JUTMHBI C OKPYKAIOIIMM MHOTOCIIOMHBIM U TIOACTHIIAIONIAM TPYHTaMH.

KuiroueBsble cJjioBa: B3aMMOAEHCTBHE CBAW, MHOT'OCIOMHBIN U MOACTHIIAIOLIUI TPYHThI, aHAIUTUYECKUNA METO/,

HPUBEICHHBII MOJYIIb, PEOJIOTHYECKHE CBOHCTBA, CKOPOCTh 0CAAKU, KOA(D(MHULIUEHT YIPOIHEHHS,
k03 (HUIHEHT pa3ypOIHEHUS.
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INTRODUCTION

Construction sites are characterized mainly by
difficult engineering and geological conditions,
represented by the presence of several layers at
the base, including weak clayey water-saturated
soils. Under these conditions, as a rule, it is used:
soil consolidation [1-5], soil reinforcement [6—
71, significant deepening of the underground part
of buildings, etc. But the pile foundation is
considered as the main type of foundation on
such sites [8—14]. When the basement of weak
clayey soils occurs, the settlement of the building
can continue for a long period of time. There are
cases when the settlements of buildings and
structures did not subside for several decades.
The most famous example of the Leaning Tower
of Pisa, the slope of which developed over
several centuries. In the design of foundations on
such soils, the forecast of settlement over time is
of great importance. The strength and stability of
structures will depend both on the rate of
development of the settlement over time and on
the final settlement of the structure. Therefore,
the approach to the description of the process of
foundation settlement should be considered as
rheological [15-22]. It is known that when a long
pile interacts with the surrounding multilayer and
underlying soils, a complex inhomogeneous
stress-strain state arises. In this paper, we
consider the problem of the interaction of a long
pile with a multilayer soil massif in a linear
formulation, which has rheological properties, as
well as the problem of determining the reduced
shear modulus for a soil massif.

Studies of the operation of a long pile show that
the effect of the length of the pile on the
surrounding soil mass extends to a distance of no
more than 6-7 pile diameters, and of the same
order in depth under its lower end [23]. The
distance between the piles less than six diameters
ensures the displacement of the pile and the soil
in the inter-pile space at the same time. These
studies allow us to consider the displacement of
the pile foundation and soil as a single massif,
and also allow the problem of the interaction of a
long pile with a soil massif to be considered as
the problem of the interaction of a pile with a soil

massif of limited dimensions in the form of a
cylinder with a diameter 25 and height L > 7/,
where 7 is the length of the pile (Fig. 1).
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Figure 1. Design model of interaction of pile
with multilayer soil column.

MATERIALS AND METHODS

Analysis of the stress-strain state of soils around
the pile and under its end showed that shear
deformations prevail when the pile interacts with
the soil, volumetric deformations can be ignored
[24]. The solution to the problem will be
considered for a round pile. We also assume that
the stiffness of the pile significantly exceeds the
stiffness of the soil.

Ec(i. >> Ezp. °

Let us write down the equilibrium equation for
the considered case (Fig. 1):
N=T+R, (1)

where

N=m’p, , 2
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T =2mlt ,
R=m’p,.

3)
4

Substituting equations (2), (3), (4) into equation
(1), we obtain expressions for 7 :

T:(p1_p2)%' Q)

Since £, >> E, the settlement of the pile of

each layer under consideration is equal, i.e.
(6)

where S; is a pile settlement for i-for layer; S is —
a total pile settlement.
Shear deformation of the elementary soil layer
around the pile can be determined by the
following relationship:

)
v, (r)= <

1

()

where G; is shear modulus for i -th layer; i = I,
2, ..., nis layer number.

Based on condition (6), we can write an
expression for the tangential stresses of the i-th
layer:

G, (8)

where G is a reduced shear modulus for
multilayer soil mass.
Based on the condition for the distribution of
shear stresses along the length of the pile, we
obtain:

d=1l +7,l,+7.l,, 9)
Considering (9) and (8) together, we obtain an
expression for determining the reduced shear
modulus for a multilayer soil mass:
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G 1,G, +1,G, +1,G,

; (10)

where [/ is a pile length; i = 1, 2, ..., n is layer
number.

Let us write the dependence for the rate of change
in shear deformation around the pile, taking into

account the rheological properties of the
surrounding soil mass:
T T
j=—oyle, (11)
G n@)

where 7, is shear stress rate; 7, =7 /2mal,

n(r) —weighted average viscosity index.
Because the forces transferred to the pile are
constant ( p, =const), the pressure rate at the

pile head does not change ( p, =0). Based on

this, we determine the rate of change in shear
stresses:

i o=—p, 2 (12)
« =Py

221
The rate of settlement of the pile from the action
of shear stresses on the lateral surface, taking into
account the elastic-viscous characteristics of the

surrounding soil mass:

VT =% ln[éj+ at, ln(é), (13)
n() \a G a

where G was obtained from (10).
Let us determine the rate of settlement of the pile
due to the deformation of the soil under the lower
end of the pile, assuming that the pile acts as a
flat round stamp. The equation is:

m(l-v,)K

VRsz 4G
0

; (14)

where p, is pressure rate under the pile heel; v,

and G, is deformation parameters of the soil
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under the lower end of the pile; K<1 —
coefficient taking into account the depth of
application of the load on the pile heel.

Based on the fact that £, >> E_ the rate of

settlement from forces on the lateral surface is
equal to the rate of settlement from the action of
forces at the level of the lower end of the pile.
Equating (13) and (14), as well as taking into
account (5) and (12), we obtain:

s 2] )
P2 \a) 7226 \a

(p,

After performing certain transformations, we get
the following differential equation:

) 1 )2
+ =—), 16
Pr TP, (A ()4 (16)
rme
_ z(l-v,)KI +l. (17)

2G,a ln(b)
a

The general solution of the differential equation
(16) is found by the formula [25]:

_ o
p,()=e { ()4

dt
P ef”(’”dtJrC]. (18)

To describe the creep process, we use the
rheological parameters of hardening and
softening. Let us consider the solution of Eq. (18)
taking into account hardening, when
n(t) =n,e” . In this case:

*J. dt J' dt
pa=e M [ | (19)
nee” 4

where 7, is initial coefficient of soil viscosity; a
is soil hardening factor.

tzem Le_mdﬂr(? =
P, (1) (J‘?]Oeml‘l

(20)

= M4 {ple @y C} = p, +Ce®™"
Integration constant C is determined from the

initial condition at = 0. Then:

1

C=(p,(0)-p, )/ e’

@2y
Finally, we obtain:

e ]

p, () =p, +(p2 0)-p, )e o

(22)

The settlement of the pile at a certain point in
time t can be determined by the formula:

m(l-v,)K
V.t)=p,t) ————, 23
&) =p,(0) 4G, (23)
where p, (f) we find by the formula (22).
Consider the solution to Egs. (22) and (23) with

the initial condition p,(0)=0 with variable
values n, =1-10"11, n,=5-10"11,
n,=1-1021, n,=5-10"1, a

a=005; [=30m; a=05m; b=65-a; E; =
30 MPa, E; = 10 MPa, E; = 25 MPa, Ey = 50
MPa; v, =v, =v, =v,=035;K=0.7

TAaKXE

70 International Journal for Computational Civil and Structural Engineering



Zaven G. Ter-Martirosyan, Armen Z. Ter-Martirosyan, Aleksandr S. Akuletsky

m=1-10411 7y =1-10010
™ p=110"P 7, =1.10%P

7, =5-10"17 Ny =5-104010
—— i == "

7, =5-104P 7, =5-108P

1000

0 5 10 15 20 25 30 35 40 45
Bepwms t. gac
Time t. hour
po=1.10"1 ny=1-10%11
™ p=110%P 7, =1.10%P
n, =510t ne=510%m1
—— = n —— 12
7, =5-10"P ns=5.10"P

Ocajika CBaH, MM

)
B xs
5 W
0 5 10 15 20 25 30 35 40 45
Bepwms t. gac
Time t. hour

Figure 2. Dependency graphs p,(t) (up) and
V. (t) (down) at various parameters of the
viscosity of the surrounding soil.

Consider the solution to Egs. (22) and (23) for
variable values «;, =0.10,, =0.15,;, =0.20
,a, =025, as well as 7, =1-10°I7; [ =30 m;
a=0.5m; b=6.5-a;E;=30MPa, E>= 10 MPa,
Es = 25 MPa, Ey = 50 MPa;
vi=v,=v,=v,=035K=0.7

Let us consider the solution of Eq. (18) taking
into account the softening, when 7(z) = n,e™” .

In this case:
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Figure 2. Dependency graphs p,(t) (up) and
V. (t) (down) at different values of the

hardening coefficient

dt dt
RE o I |

() =e nemAe”W“m+c,a®
0

where 77, is initial coefficient of soil viscosity;
is soil softening factor.

2" 28
- M4 704

b€

207

+C |=p, +Ce ™.

p()=e (25)

Integration constant C is determined from the
initial condition at. Then:
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C= (pz(O)—pJ/ e

Finally, we obtain:

PO =p, +(p,(0)—p)e "™

no=1.10"17
7, =1-10"P
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Figure 4. Dependency graphs p,(t) (up) and
V. (t) (down) at various parameters of the

viscosity of the surrounding soil
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Consider the solution to Egs. (27) and (23) with
the initial condition p,(0)=0 with variable
n,=1-10"11, n,=5-10"11,
n,=1-10211, n,=5-10"11, as well as
B=0.05;1=30m; a=0.5m; b=6.5-a; E1 =30
MPa, E> = 10 MPa, E3 = 25 MPa, Eg = 50 MPa;
vi,=v,=v,=v,=035K=0.7

Consider the solution to Egs. (27) and (23) for
variable values f, =0.10, 8, =0.15, 8, =0.20
, B, =0.25, as well as 77, =1-10"IT; [ =30 m;
a=0.5m; b=6.5-a;E; =30 MPa, E>= 10 MPa,

values

Es = 25 MPa Ey = 50 MPa;
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Figure 5. Dependency graphs p,(t) (up) and
V. (t) (down) at different values of the

hardening coefficient
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RESULTS

Analysis of the obtained dependences shows
that over time, the stress under the pile base and
the pile settlement change at different rates and
tend to a constant value (for 1 — oo, p(t) — p,,
= const, V (t) — V, = const). Therefore, based
on condition (5), the shear stresses on the lateral
surface of the pile decrease with time. The obtained
dependencies make it possible to predict the
development of precipitation in time. According to
the data obtained, with an increase in the viscosity
coefficient, a decrease in the rate of stress change
under the pile base, as well as pile settlement, is
observed. According to the obtained dependences
(Fig. 3, 5), with an increase in the hardening
coefficient, the final pressure under the pile base and
the pile settlement decreases. Taking into account
the rheological coefficient of softening, a complex
nature of the time redistribution of efforts between
the head and the fifth pile is observed.

CONCLUSION AND DISCUSSION

When the pile interacts with the surrounding
multilayer soil massif, which has elastic-viscous
characteristics, a complex stress-strain state
arises, in which the stress under the pile base
changes over time. According to the obtained
dependencies, over time, the stresses on the
heel of the pile increase, while the shear stresses
decrease. The obtained dependencies allow
predicting the development of pile settlement in
time. The rheological properties of a multilayer
soil massif have a significant impact on the nature
of the redistribution of forces on the pile between
the lateral surface and the lower end. The results
obtained indicate that the formation of stress-strain
state around the pile in time depends on the form of
the function of changing the viscosity parameters.
Analysis of the graphs obtained shows that the
time of stabilization of the sediment, as well as the
time of stabilization of the pressure under the heel
of'the pile, significantly depends on the rheological
coefficients of hardening and softening.
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