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THEORETICAL SUBSTANTIATION OF THE MECHANISM
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GEOTECHNICAL SOLID”

Vladimir I. Travush ¢, Victor S. Fedorov 2, Oleg A. Makovetskiy 2

1 Urban Planning Institute of Residential and Public Buildings, Moscow, RUSSIA
2Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract. When building on weak water-saturated soils, manmade base in the form of a "structural geotechnical solid" are
increasingly used. The article provides a theoretical substantiation for the use of a model of a transversally isotropic material
with the given deformation characteristics for the design of such structures. The problem of determining the radius of a rigid
cylindrical element during its formation in an elastic-plastic porous medium under normal pressure of jet-grouting of soil is
considered. A method is proposed for determining the effective modulus of deformation of a "structural geotechnical solid"
with the allocation of a representative volume — a periodicity cell, within which the geometric averaging of deformation
characteristics is performed depending on the volume contribution of its components. Analysis of the results of modeling
the joint operation of the base-building system using the proposed base model showed the effectiveness of its application.
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TEOPETUYECKOE OBOCHOBAHUE 3AKOHOMEPHOCTEN
MNOBEJAEHNUSI HWCKYCCTBEHHOI'O OCHOBAHUSA
«CTPYKTYPHBI TEOTEXHUYECKUU MACCHB»

B.U. Tpasyw ', B.C. ®@eoopos ?, O.A. Makoseukuii

! Toposckoit IPOEKTHBIM MHCTUTYT KUJIBIX W OOIIECTBEHHBIX 3ManHuii, I. Mockea, POCCU S
2 Poccmiickuii yauBepeuteT Tpancnopra (PYT-MUUT), . Mockea, POCCHU A

AnHoTtanus. [Ipu cTpontenbscTBe Ha c1a0bIX BOJOHACKHIIICHHBIX TPYHTAaX BO3PACTAOIIEe MPUMEHEHHE HAXOIAT HC-
KyCCTBEHHBIC OCHOBAHUSI B BUJIE «CTPYKTYPHOTO FE€OTEXHUUECKOTO MacCuBay. B cTarbe MpUBOISTCS TEOpETHIECKOE
000CHOBaHME NUCIIONB30BAHUS ISl IPOEKTUPOBAHMUS TAKMX KOHCTPYKIMI MOZIEIN TPAHBEPCATbHO-N30TPOTHON CPEIBI
C IPUBEACHHBIMH JIe(hOPMATMOHHBIMI XapaKTepUCTHKaMu. PaccMaTpuBaeTcst 3a/1a4a OIpeeNIeHHs Pa/Iiyca )KECTKOTO
LWIMHAPUYECKOTO 3IEMEHTA MPH (POPMHUPOBAHUH €TO B YIIPYTO-TIACTUYECKON MOPUCTOM Cpezie MOl HOPMaJIbHBIM
JIaBIICHUEM CTPYHHOM IleMeHTaImu rpyHTa. [Ipemnaraercst MeTonmka orpeneneHust 3pGEeKTHBHOTO MOyIIst iehopMarii
«CTPYKTYPHOTO T€OTEXHNUECKOTO MACCHUBA» C BBIJICIICHHEM IPEICTABUTEILHOTO 00beMa — sSTMEHKH MEPHOANIHOCTH,
B IIpeziesiax KOTOPOTO BBITIOHSACTCSI TEOMETPHUYECKOE yCpeTHEeHHE Ae(OPMAIIIOHHBIX XapaKTEPUCTHK B 3aBHCHMO-
CTH OT 00BEMHOTO BKJIJIa €T0 COCTABIIIONINX. AHAIN3 PE3YyJIbTaTOB MOJICITMPOBAHIS COBMECTHOH PaOOTHI CHCTEMBI
OCHOBaHHE-3/JaHUE C UCTIONB30BAaHNEM MpeUIaraéMoii MOJIEIM OCHOBAaHUsI ITOKa3all 3(p(HhEeKTUBHOCTH €€ MPUMEHEHHSI.

KoaroueBble ciioBa: ci1a0blii BOOHACHIIIEHHBIN TPYHT; CTPYKTYPHBIH T€OTEXHUIECKUI MacCUB

INTRODUCTION

Artificial bases are used in cases where compliance
with regulatory requirements for limiting the
difference in the settlement of foundations of
buildings and structures is not ensured, or this is
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technically difficult and economically ineffective
[1-4]. In weak water-saturated soils, artificial bases
are increasingly used in the form of a structural
geotechnical solid [5, 6]. The study of the state of
the art has shown that the choice of design methods
and the technology of artificially improved bases
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in most cases is carried out experimentally on
the construction site and the obtained solution
was not always optimal [7]. In this regard, the
development, on the basis of experimental and
theoretical studies, of the calculation and design
methodology for one of the types of artificial
bases with specified physical and mechanical
characteristics — "structural geotechnical solid"
is an urgent problem.

The structure of the structural geotechnical solid
(Fig. 1) consists of a weak initial soil (2), rigid
reinforcing soil-concrete elements (1) and a
flexible distribution grillage (3) [8].

Figure 1. Construction of an artificial
oundation "structural geotechnical solid"
&
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In the course of modeling the joint operation of
the building-foundation-base system, the required
diameter (D) and the spacing of the reinforcing
elements (L) are determined.

In this paper, an artificial base is considered,
reinforced with vertical rigid cylindrical elements,
performed using the technology of jet grouting of
the soil [9.10].

1. MODEL OF VERTICALLY
REINFORCED SOIL BASE -
STRUCTURAL GEOTECHNICAL SOLID

The base model should be adequate for the
accuracy of the initial data and the required
accuracy of the final results of the calculation
of the "building-foundation-base" system [11].
Due to the large variety of types of base soils,
conditions for the addition of solids, etc., none of
the existing models is universal and is used only
for certain specific types of soils.

To construct a mechanical model of "structural
geotechnical solid", we apply the approach used
in geomechanics to describe the behavior of a rigid
body with a structure [12].

“Structural geotechnical solid” is represented as
an ideal continuous medium, the deformations of
which are linear with respect to external forces, if
only the internal stresses in the soil do not exceed
the limiting values. At the same time, in a solid
body, heterogeneities (soil-concrete reinforcing
elements) are evenly scattered over the volume,
and the distance between them is much larger
than their own size. These inhomogeneities are
responsible for irreversible deformations: stresses
are concentrated on them and they relax in time.
Let us accept this mechanism of energy dissipation
as the only one.

Taking into account that inhomogeneities occupy
a small fraction of the volume, the deformations
of the structural geotechnical solid have been
characterized only by the values averaged
over space. The uneven distribution of stresses
within the geotechnical solid qualitatively
distinguishes the proposed model: they consist
of two components — general stresses caused by
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a change in volume or distortion of the shape and
local stresses on inhomogeneities.

At high rates of deformation, stresses on
inhomogeneities lead to an increase in the rigidity
of the structural geotechnical solid, and under
dynamic influences, to an increase in effective
strength ("dynamic strength"). The proposed
mechanical model of "structural geotechnical
solid" allows us to consider classical problems
of determining stresses and deformations arising
under the influence of external forces, but not
limited to finding equilibrium parameters, since
after the application of a load in the soil mass,
irreversible deformations and stress relaxation on
inhomogeneities continue.

In this case, to describe the behavior of the
"structural geotechnical solid", one can use the

Figure 2. Design diagram of the problem of
forming a cylindrical element
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models of the linear theory of elasticity and the
creep model, and also consider the process of
attenuation of elastic seismic waves.

2. CYLINDRICAL ELEMENT SIZE IN
ELASTIC MEDIUM

One of the main theoretical problems is to determine
the required radius of a soil-concrete element in an
elastic-plastic porous medium under the action
of normal pressure of jet cementation (g,). In the
papers [13, 14], analytical solutions to the problem
of the development of a cylindrical well are given
taking into account the elasticity and plasticity of
materials. The problem was considered when a hard
core penetrated into a soil environment. Let us apply
the development of these solutions to the problem
of the formation of a soil-concrete element in a soil
environment during jet grouting. Let us determine
the size of the expansion zone taking into account
the final deformations and the dependence of the
yield point on pressure.

Figure 2 shows the calculation scheme of the
problem. The soil medium is characterized by
an initial density — p; internal friction angle
— ¢; specific adhesion — with and modulus of
deformation £,

In order to find the boundary between the area of
plastic yield and the area of elastic compression of
the porous medium under the action of jet grouting
pressure, the motion of a material particle of a
cement solution in a soil medium is considered,
described by the following equation:

dv do, 0x
purazx?+(0}—%)$ (D

Joint solution of the system of physical equations
of state of the medium:

- for an elastic area

ot ot  3p ot @
- for a plastic area
0 — 0g = —To + p(0, + gy);
To = 2C - coS@; | = sing. 3
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and the closing equation of the soil medium:

Po
:K(
—Inp — 3¢, 1-p

Inp, —Inp
p=3Keplnp0

)@

allows you to obtain the equation of the separation
boundary of the plastic and elastic zones from the
relation

a_x _r 3£pp(x)
ar x p(x)+3Kep

&)

By integrating the equation over a unit volume,
we obtain the dependence of the radius on the
volumetric modulus of deformation and the
reduced strength of the original soil:

R =< :where: C =1,497 7% (6)
K 0

Analysis of the solution shows that with an increase
in the volumetric modulus of deformation, the size
of the expanded cavity decreases (Fig. 3).
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Figure 3. Graph of the change in the radius
of the expandable cavity depending on the
volumetric deformation modulus (K) and the
reduced resistivity (t,)

This behavior can be explained by different values
of soil porosity; in more porous soil, the expansion
of the cavity occurs due to the elimination of pores
in the plastic region, which leads to a rapid drop
in the effective pressure with an increase in the
cavity radius and the formation of a small zone
of plastic deformation.
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The obtained solution to the problem of static
expansion of a cylindrical cavity in an elastoplastic
compressible medium, taking into account the
nonlinear compressibility, makes it possible to
calculate the theoretical diameter of a soil-concrete
element depending on the physical and mechanical
properties of soils.

3. DETERMINATION OF EFFECTIVE
DEFORMATION CHARACTERISTICS
OF A STRUCTURAL GEOTECHNICAL
MASSIVE

The base, reinforced with vertical elements at
axial distances of no more than three diameters,
is a composite system consisting of a soft and
pliable matrix (soil) and rigid reinforcing (soil-
concrete) elements. In this case, most of the
external load is absorbed by the soil matrix. To
describe the behavior, a continuum hypothesis
is introduced, which includes the averaging
procedure, through which the structure and
state of the material are idealized in such a way
that the material is considered homogeneous,
for which the characteristic properties inherent
in a homogeneous medium are the same at all
points. The main task is to use the averaging
procedure to predict the effective properties of
an idealized homogeneous medium in terms of
phase properties and geometric characteristics.
We consider the "structural geotechnical solid"
as a two-dimensional periodic medium - a
fibrous unidirectional composite, which is a
periodic system of parallel cylindrical fibers
immersed in a homogeneous matrix, the
characteristics of the physical and mechanical
characteristics of which are different from the
characteristics of the fibers (Fig. 4). Based
on the structure of a unidirectional composite
with hexagonal fiber packing and according
to the continuum hypothesis, the material can
be considered a homogeneous medium with an
axis of elastic symmetry coinciding with the
direction of the fibers, i.e., is a transversely
isotropic material [15].
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Figure 4. Two-dimensional periodic medium —
fibrous unidirectional composite

Thus, the elastic behavior of the composite is
characterized by five independent constants:
elastic moduli £, and E, corresponding to the
directions along and across the fibers, Poisson's
ratios v, and v,,, and the operator shear modulus
G,,-

We select a periodicity cell in it —a representative
volume with a characteristic size of inhomogeneity,
within which the properties can be averaged.
The scale of the representative volume should
be much larger than the characteristic size of
the inhomogeneity and small in comparison
with the characteristic size of the body (Fig. 5).
Under these conditions, a heterogeneous material
can be idealized, considering it as equivalent
to a homogeneous material with properties
averaged over a representative volume [16].
Within the boundaries of the periodicity cell, the
gradient of external influences (pressure) changes
insignificantly.

The condition for the correct selection of
the effective characteristics of the structural
geotechnical solid is the equality of the average
deformations of the selected heterogeneity cell
when simulating it with individual elements and
a single array.

We introduce two specific parameters

— the coefficient of reinforcement, characterizing
the volume fraction of reinforcing elements in the
soil mass:

23’

=V IV, (7)
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Figure 5. Allocation of the periodicity cell in the
structure of the structural geotechnical solid

where V is volume of soil reinforced; V' is volume
of reinforcing elements and ratio of deformation
moduli:

n=EJE. (8)

where £, E are calculated values of the modulus
of elasticity of reinforcing elements and the
modulus of soil deformation.

The reinforcement coefficient is a function of
the diameter of the soil-concrete elements (D)
(variation range 1.0 ... 1.2 m) and the distance
(L) between the element axes (variation range 2
... 3D).

The ratio of the deformation moduli is determined
for the most widely used initial range of the
deformation modulus of the fixed soil (5.0 ... 20.0
MPa).

In this case, the effective modulus of deformation
of the structural geotechnical solid (Esgs) along the
axis coinciding with the direction of reinforcement

107



can be determined by geometric averaging
according to Voigt [17]:

i

sgs — & E, + (1_°<)Es

®

CONCLUSIONS

The fundamental difference of the proposed
model lies in the use of a homogeneous medium
with effective characteristics, which replaces the
field of elements with interelement soil mass
and significantly reduces the time required for
calculating the mechanical behavior of a large
number of variants of foundation structures.
Comparative analysis of patterns of distribution
of vertical displacements of the base, determined
by this model, shows that the average absolute
values differ within 5 ... 10 percent from the
model with selected reinforcing elements, and are
within the accuracy of engineering calculations.
Consequently, the application of the “structural
geotechnical solid” model, taking into account
the reduced stiffness of the underground part of
the building, is quite sufficient to determine the
final stabilized settlement of the building and will
be further considered as the main design scheme.
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