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FEATURES OF THE MATHEMATICAL MODELING
OF FOUNDATIONS INTERACTION WITH COMPACTING SOILS,
WITH ANISOTROPIC PROPERTIES

Features of the mathematical modeling of foundations interaction with compaction soils
with anisotropic properties, by ultimate elements method in the physically and geometrically
non-linear presentation are confirmed. To prove this fact it was obtained henomenological
soil model that describes its state during building, work of compacted subsoil. Famous
physical correlations of orthotropic medium were used in model. Modeling of cast work -in-
situ pile with leading borehole and enlarged base for isotropic basic and for transversely-
isotropic medium were compared. Reality of decisions obtained by modeling are provided by
properties of ultimate elements, by sizes of calculated field, by choice of design schemes of
soil compaction, by conformity of model state soil parameters.

Keywords: soil natural and directed anisotropy, foundation, soil compaction zone,
orthotropic medium, method of ultimate elements, axis-symmetrical problem.
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OCOBJINBOCTI MATEMATHYHOTI'O MOJAEJIIOBAHHA
B3AEMO/III ®YHIAMEHTIB 3 YIIIVIbHEHUMMU IPYHTAMM,
IO MAIOTH AHI3OTPOIIHI BJJACTUBOCTI

Buknaoeno ocobausocmi mooentoeanHs Memooom CKiHUeHHUX eleMeHmie y Qizuuno u
2eOMEMPUUHO HENIHIUHIL NOCMAHOBYI 83A€MO0II PYHOAMEHMIE 3 YWINbHEHUMU I[DYHMAMU,
wo Mmaroms aHizomponHi enacmueocmi. /s ybo2o po3pobIeHO (HeHOMEHON02IUHY MOOelb
IDYHMY, WO ONUCYE 1020 CMAH NpU GIAUMYSAHHI ma pobOOmMi YWiNbHEHUX OCHOS.
Y mooeni suxopucmano 6i0omi Qizuuni CniGGIOHOUIEHHSI OPMOMPONHO20 CePeOOsULa.
Haseoeno nopisnsanusa pezyiomamie Mooenro8anHs pobomu HAOUBHOI nani 3 IOUPYIOY0I0
CBEPONIOBUHOIO Ul  POSUWUPEHHAM OJIsl  I30MPONHOI OCHOBU ma 011 MPAHCEEPCANbHO-
i3omponnoco  cepedosuwia. JlocmosipHicmv  piulenb,  OMPUMAHUX — MOOENI0B8AHHAM,
3abe3neueHo 61acmu8oCmAMU CKIHUEHHUX elleMeHmi8, pO3MIpamMu po3paxyHKoeoi obnacmi,
BUOOPOM  PO3PAXYHKOBUX CXeM YUWLIbHEeHHS IPYHMY, GIONO0GIOHICMIO napamempis Mooeni
cmamuy IpyHmy.

Knrouosi crosa: npupoona ma nasedena amizomponis IipyHmy, (hyHoamenm, YujiibHeHa
30Ha, OpMOmMpOnHe cepeoosunye, Memoo CKIHUeHHUX eleMeHmis, gicecumMempuyna 3a0a4a.
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Introduction. Classic calculation methods are tested for common foundations with
compacted subsoil. They are not universal because of soil conditions difference and new
structural and technologic solutions, which during designing often leads to necessity of
additional natural tests. In the same time current level of soft allows to use methods of bases
and foundations stress-strain state (SSS) modeling on solution of practical geotechnical
problems. Current practice [1] recommends to use tested program complex of finite elements
method (FEM), especially in the physically and geometrically non-linear presentation.

Analysis of recent sources of research and publications. O. Bugrov, F. Gabibov,
N. Zotsenko, V. Lushnikov, Yu. Osipov, E. Sergeev, L. Timofeeva, G. Cherny, O. Shkola,
B. Amadei, A. Bishop, I. Duncan, G. Gazetas, H. Kulatilake, K. Lo, J. Magnan, M. Oda,
H. Seed and other [1 — 7] investigated anisotropy of mechanical soil properties. 1. Boyko,
G. Geniyv, M. Goldshteyn, S. Klovanych, O. Korobova, V. Kovtun, O. Petrakov, S. Thimbal,
P. Allahverdizadeh and other [8 — 11] developed the advantages of anisotropic model over
isotropic.

Because of specificity for clay deposits with aqueous origin, loess, strip clays primary
(natural) mechanical (deformation, strength) anisotropy are caused by their natural structure
(ordered structure with priority parallel orientation of particles or pores in certain direction),
its origin, formation condition, (including the process of sedimentation), etc., and secondary
anisotropy, the nature and the laws depending on the natural structure of the soil and on the
particular technologies of foundations (the direction of displacement of soil working body
piles, blocks of sizes between Base Area) [2 — 7 11] — it allows to use physical models in their
relations anisotropic, and firstly orthotropic environment.

But presented environmental variables in the formation of its foundations and bases of
determining soil compaction simulation of the transient processes include soil compaction by
different technologies, with FEM physically and geometrically nonlinear statement [10 — 15].

Identification of general problem parts unsolved before. Today, even with help of
modern program complex of FEM in the physically and geometrically non-linear presentation
fair evaluation of SSS of soil foundations arranged with soil compaction with anisotropic
properties, were not investigated.

That is why the goal of this article is to improve the methodic of modeling in the
condition of axis-symmetrical problem of FEM in the physically and geometrically non-linear
presentation of foundations (or piles) interaction with compaction soils, which have
anisotropic properties.

Basic material and results. The authors investigated the mechanical anisotropic soil
properties by taking soil samples by cutting rings, oriented in different angles (&= 0; 45; 90°)
to horizontal plane (it’s taken as isotropic plane), with tests in the odometers, direct shear
apparatuses, penetrometers. Penetration was performed directly within the array by
penetrometers PD-2M and MV-2 perpendicular to the sites cleaned in different directions to
the plane of isotropy. In array of points for all research areas at the plane isotropy has
coefficient of variation values of soil mechanical properties submitted in the form of
quadrants or travel time, which is graphical representation of the behavior of the soil
mechanical characteristics from the angle « [5 — 7].

The coefficients of mechanical anisotropic properties were defined:

ng,=E,/E_ . (1

o

n.,=c,/c_ . (2)

b
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Nyo =180, /10 : (3)

ne,=R,/R. )

where E_— modulus of soil deformation in isotropic plane from impact of stresses in the
same plane (orientation of rings under angle &= 0° relatively to horizontal plane);

E,— the same, respectively for plane, inclined to isotropic plane on angle ¢, c_, co, @ ;

@, — unit cohesion and angle of internal soil friction in plane of shift respectively is
parallel (= 0°) and inclined to isotropic plane on angle a,

R _and R, — unit penetration resistance according to &= 0° and a# 0° to isotropic plane.

In massif of loessial loam (W, =0,29-0,33; Wp=0,18-0,20; e =0,83-0,99;
w = 0,13 — 0,23) established that the highest values of mechanical properties are character for
the samples, which are taken for angle = 0° to horizontal plane, the smallest — for angle
=45 (ng=0,6 — 0,9). With depths soil anisotropy increased: in depth 1 m from surface
Ng=90 = 0,85 — 0,9 and in depth 4,0 — 4,5 m — ng-99 = 0,7 — 0,8. Under water saturation and
silicatization loess has isotropic properties (n, —1,0).

Bulk loams for 10 — 40 years of compaction under own weight gained anisotropic
properties (ng-99 = 0,65 — 0,95). Its options of anisotropy depend on time of own weight
compaction. After soil compaction priority directions of locus answered to displacement
directions of the soil by pile working body or prefabricated elements (n,= 0,5 — 2,0) [6, 7].

For conditions, when coefficients of soil anisotropy differ significantly from n,= 1,0,
calculation accuracy of the soil base SSS could be increased by its using in the model
of physical correlations of orthotropic or transversely-isotropic medium. Parameters
describing these bodies (in the cylindrical coordinate system — which scheme is presented in
Figure 1)are: modulus of deformation in isotropic plane E, and Eg and also transverse
direction E;; respectively Poisson’s ratios v,g, Vv.;, Ve In the case of model of transversely-
isotropic medium using in calculation shows that Eg= E,.

Figure 1 — The cylindrical coordinate system: 1 — isotropic plane

According to classification of compaction methods and phenomenological elastoplastic
soil model were created program complex «PRIZ-Pile». It is realized in form of
axis-symmetrical problem solution by FEM in physically and geometrically non-linear
form [10, 11]. Geotechnic modelling:

1) different by geometry, scheme of soil displacement, character and speed of pressure
transition processes of foundations arrangement with compacted subsoils, which result is SSS
of massif and presented values of soil properties;

2) further work of such soil basis and foundations under load. Eight-nodal isoparametric
FE can change its shape and volume, which allows using rectangular and curved mesh.
In presenting of the soil isotropic medium physical correlations of SS in matrix form with
form:
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where 0,, 0, 0;, T, — normal and tangential stresses in UE y cylindrical coordinates;

E — modulus of soil deformation those FE;

v — Poisson’s soil ratio of FE;

&, €0 &, ). — axial and angle components of strains in FE.

In presenting soil by anisotropic (orthotropic) medium physical equations of SS in
matrix form with form:

o, E(l1-vyv,) E(V,+V.V,) E(V_ +Vv,,) 0 £,
0-19 _ 1 EG(V&"+VUV01 ) EG(l_Verzr ) EH(V&+VVZVHV ) 0 89
O-z - 2 Ez(vzr +V0zvz9 ) Ez(Vzﬁ +Vr6vzr ) Ez(l_vrzvlg, ) 0 gz (7)
TVZ O 0 O QGVZ rz .
‘Q = 1 - 2V€rvrzvzt9 - VrBVHr - Vﬁzvzﬁ - Vrzvzr (8)
where E,, E, E, — modulus of soil deformation for relevant directions;
V@ Viz Ve, — respective Poisson’s ratios, which are calculated as follow:
14 —E’-V ; 14 —E’-V ; 14 —&-V 9)
Or EB ré zr EZ rz z0 EZ &
For transversely-isotropic medium Ep = E,.
G,. — shear modulus, according to formula of S. Lekhnitcky:
EE,
(10)

Grz = :
E +E(1+2v, )

For each layer of the soil (stiffness) is defined:

— initial stiffness — depending on the characteristics consideration of anisotropy.
In the case of soil presentation by isotropic medium the stiffness characteristics presented in
the form of entry modulus of deformation and Poisson’s ratio v. In presenting of the soil by
orthotropic medium as stiffness characteristics modulus of deformation E, Eg E,
and respective Poisson’s ratios v,@, v,; ve, are considered Acceptance of the hypothesis of
transversely-isotropic medium [2] is possible. Then: Eg= E,; v, = vz}

—correlations of deformation modulus from volume (or porosity) of soil
E;/E, = f(V;/V,) in the form of analytical expression [11] or table. For the first phase of this

dependence, it is considered the rate of applied load, corresponding to foundation
arrangement technology, and the second - static load;

— correlations of soil resistance shift from normal stress 7 = f{(0);

— soil unit weight .
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Except geometric dimensions, which are result of the first stage, as initial parameters of
foundations on the second stage physical and mechanical properties of materials (unit weight,
angle of internal soil friction, unit cohesion, modulus of deformation) and lateral earth
pressure coefficients A and the impact of sliding side surface foundation on modulus of soil
deformation are considered (from O to 1). When the foundation has several components, these
parameters are determined for each foundation component.

Calculation in complex is performed in two stages. On the first stage is simulating the
formation of cavity under foundation (pile, artificial base). The cavity axis coincides with a
symmetry axis of the designed field. External influence is given in a form of forced vertical
and horizontal displacements of unit of FE net, which lay on axis of rotation on the highest
limit of designed field or occupy in it another position, which simulates the process of
pressing out the soil by pile (rammer). These displacements lead to decreasing FE value
and thus to reduction of soil porosity and the increase of its deformation modulus and
strength though the process of soil boiling is possible. Because the forced displacements
coincide with FE sizes of calculated scheme it is corrected on each stage by correction unit
coordinates accounting displacements of previous step. With the change of coordinates,
the FE values change and it gives the possibility to correct sol modulus of deformation in each
FE for speed of loading, which corresponds to technology of the foundation arrangement.
Soil void ratio in each FE is

e, =e —(1+e)1-V,/V.). (11)

The result of the first stage (and its steps) are new coordinates of FE units, the given soil
characteristics, displacements of units of FE net, strength in the massif which are given in a
form of tables, charts, isolines. Considering the fact that calculation on first stage are
connected with step by step solution of the problem of defined moving and are deformed by
the scheme at every step, then, as a rule, here is significant change in the shape of FE, which
can lead to degeneration of the FE. Therefore, it should be considered moving the nodes less
than the magnitude of product size element and soil void in this FE or appropriately select the
size of FE.

Calculated soil characteristics and SSS massif enable to pass to the second stage —
simulation of behavior of pile (foundation) under load. The hollow received by pressing out
the soil is filled in by construction material, its characteristics are designed and new FE
simulating foundation is introduced. So in contrast to models with fixed value of deformation
modulus, this model describes its changes in volumetric strains especially in compaction,
according to the change of soil porosity and transmission speed of pressure on it.

Peculiarity of the model on second stage is that in complicated SSS (compression with
shear) general strains include linear (elastic) and plastic parts, thus plastic part of strain
appears after SSS reach of strength limit according to Mises-Shleikher-Botkin.
The compaction of soil is considered, its transfer into plastic stage with the reach of strength
limit according to condition of strength, the possibility of sliding of side surface of foundation
relatively the soil. The latter is realized by controlling tangential stresses in FE soil which are
in contact «pile — soil». The task is checked by

T, <(0,+mAhgp+c , (12)

where o, — radial normal stresses;

h — distance from surface;

A —lateral earth pressure coefficient;
@ — angle of internal friction;

¢ — unit cohesion.
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With further loading on the surface of the FE, adjacent to soil, it was applied uniformly
distributed load by friction forces on the foundation by soil p = Y1 4 tg¢@. Results of stage are:
dependence of foundation settlement on load; displacements of each FE node; stresses in
massif; soil transition in the fluid state in some FE; there soil properties are presented.

Examples of initial design scheme area division of the FE after the formation of leading
borehole with diameter 0.5 m and depth 5.0 m for modeling SSS of cast-in-situ pile with
enlarged base with crushed stone are presented in Figure 2 (borehole limited by nodes 865,
867 and 1186). The scheme has 369 FE with dimensions from 0,25x0,25 up to 0,8%x1,0 m and
1204 nodes (150 fixed). Calculated region — cylinder with diameter 9,1 m and height 15 m.
To depth 1.5 m is laying loam heavy silty, stiff (o, = 1,41 g/cm’), the range 1,5 — 3,5 m —
loam light silty, stiff (p;=149 g/em’; E=58MPa), lower — clay light silty, stiff
(pa = 1,54 g/cm’; E = 14 MPa). The enlarged base is created by soil compaction with crushed
stone V.. =1,5 m’ (Ver1=0,25 m’ ) by the rammer with diameter 430 mm. The enlarged base
has form of ellipsoid with half-axes: horizontal r,, = 0,65 m and vertical A= 0,70 m [16].
Its formation is modeled by applying forced horizontal and vertical displacements the 8 nodes
(from 865 to 983) located on a path lower part of the borehole. The fragment of scheme
deformation basis for constructing the enlarged base is presented in Figure 3.

The higher level of soil compaction is near and under the enlarged base. On the distance
0,15 m from the lateral surface of the enlarged base the value pq increased from 1.54 g/cm’ to
2,07 g/cm3. Radius of a sufficient compaction zone, where p,; = 1,60 g/cm3, according to
modeling is r; = 1,00 m, and from [16] r; = 0,96 m. Modulus of soil deformation in borders of
the sufficient compaction zone increased by 2,3 times its size in the middle of the zone —
in 3.5 times. The above parameters around the pile soil are used for modeling of pile work
under the loading. The cavity, obtained by drilling and compacted, «fill» by construction
materials (crushed stone and concrete) also additional FE and nodes are inserted (there are
respectively
13 and 43), they are modelling pile body and the enlarged base. The load is applied by steps
(firstly — 300 kN, and after — steps by 100 xN) in the form of concentrated force to axial node
upper side of pile.

As output data of this task for soil base SSS modeling, which could be presented as
transversely-isotropic medium, correlations of soil deformation modulus values according to
previous investigations were taken [6, 7, 11] on the areas which are composed by loess soils
with natural humidity, ngge9=0,8: for loam, placed over the enlarged base,
Eo=FE,=4,65MPa; E,=58MPa ; for clay, placed under the enlarged base,
Eo=E,=11,2 MPa; E, =14,0 MPa. Comparison of the «load — settlement» behavior S = f(P)
of cast-in-situ pile for isotropic soil base (position 2) and for the transversely-isotropic
medium (position 3) is presented in Figure 4.

Figure four presents that settlement according to modeling is on 15 — 20% exceeded
results of static tests, but with increasing of the load this difference significantly reduce.
The value of pile settlement in the 2 case, if Ey,=E, <E,, is about for 10% bigger when
Eo=E,=E,.

So the result doesn’t deny famous patterns of soil mechanics and conclusions of other
researchers [2, 3, 8]. Also it should be noted that according to modeling as for isotropic
medium and for anisotropic soil in any FE don’t reach its ultimate limit state.

zZ0
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Figure 2 — Examples of initial design scheme area division of the FE
after the formation of leading borehole and before the expansion placement
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Figure 3 — The fragment of scheme of first stage modeling of pile soil base
deformation with leading borehole after arrangement of an enlarged base
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Figure 4 — Graphs of depending the settlement on loading onto cast-in-situ pile with
leading borehole and enlarged base:

1 — static tests; 2 — modeling; 3 — modeling for transversely-isotropic soil n,. =0,8
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=90°

Conclusions. For values of the soil deformation in isotropic plane E, and E, in
transverse plane E, for axis-symmetrical problem of FEM in the physically and

geometrically non-linear presentation it is possible to estimate SSS of orthotropic soil base of
foundation, which are arranged or work with soil compaction.
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