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Graphs of settlements of stamp experiment in the modeling of the tray experiment with variable reinforcement parameters to
determine the effect of reinforcement with vertical soil-cement elements (SCE) of weak clay bases of strip foundations of
buildings are shown. The simulation results of the experiment using the Mohr-Coulomb ideal elastoplastic model of soil be-
havior and the Hardening soil model isotropic compaction model of soil behavior by the finite element method for estimating
the stress-strain state of the "soil-cement base — rigid strip stamp" system when using different models of the SCE assignment
are presented. A comparison of the methods of modeling the stress-strain state with the capabilities of the Plaxis 3D software
package is carried out. The most optimal models of soil behavior for the simulation of SCE under existing soil conditions have
been determined
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HagerneHo rpadiku 3a1eKHOCTI «THCK Ha OCHOBY — OCIIaHHS )KOPCTKOT'O CTPIYKOBOrO IUTAMILY» 32 Pe3yJIbTaTaMUd MaTeMaTH4-
HOT'0 MOJICIIOBAHHS Ta JIOTKOBOTO E€KCIICPUMEHTY IIPH BapiaTUBHUX MapaMeTpax apMyBaHHS [JIMHHUCTOI OCHOBH JUISl BH3HA-
YeHHsI BIUTHBY apMyBaHHs BEPTUKATbHUMH TpyHTOIeMeHTHUMH enementamu ([L[E) cnabKux TIIMHUCTHX TPYHTIB B OCHOBI
CTpIUKOBUX (yHIaMeHTIB OyniBenb i criopya. [IopiBHSIHO pe3ynbTaTH MOAEIIOBAHHS JIOTKOBHX BHIIPOOYBaHb 3 BUKOPUCTaH-
HSIM JIBOX paHillie B)Ke anpoOOBaHUX MOJIENICH MOBEIIHKH TPYHTY: ieallbHOI PYXHO-IUTacTHYHOI Mozeni Mopa-Kynona Ta
Moz i30TponHoro yuiiasHeHHs (3MinuenHs) Hardening soil model, - metogom ckinuennux enementis (MCE) y npocTtopoBiit
(3D) nocranoBui 41 OLIiHIOBaHHS HanpyxeHo-aedopmosanoro crany (HJIC) cuctemn «rpyHTOBHUIT MacHB — IPYHTOLIEMEHTHA
OCHOBA — JKOPCTKHMii CTPIYKOBHMIi [ITaMI» IIPY BUKOPMCTaHHi pisHux moaenei imitauii ITIE, 30kpema, 06'eMHMMHU IPYHTOBUMH
eJieMeHTaMu 3a MOJEJUIIO MmoBeAiHKH linear elastic Ta manboBUME enemMeHTamu, Tak 3BannMu embedded beam. OuiHeHo pi3Hi
crioco6u monemosanns [1E Binmosinso 10 moxnusocreit nporpamuoro kommiekey (I1K) Plaxis 3D Foundation. Busnaueno
HalfionTUMAaNIbHINI MO MOBEMIHKU IPYHTY juis MozemoBanus poboru ILE 3a ymoB cnabkux ramHucTHX IpyHTIB. [Ipn
IbOMY B SIKOCTI BUXITHUX IapaMeTpiB BUKOPHCTAHO HACTYIIHI XapaKTePUCTUKH IPHTY: MIUIBHICTE; MOIYIb AedopMmanii; KyT
BHYTPIIIHBOTO TEPTS; MUTOME 34eIUIeHHs; KoedinieHT [Tyacona. loBeneHo kopektHicTh pe3ynbsTatiB [1K Plaxis 3D npu 3a-
CTOCYBaHHI HPYXKHO-IUTaCTH4HOI Mozeni Mopa-Kymnona Ta Mozeni i30TpONHOTO yUIIBHEHHS Ul aHalizy aedopMoBaHOTroO
CTaHy CHCTEMH «TPYHTOBHUII MAaCHB — IPYHTOLIEMEHTHA OCHOBA — )KOPCTKHI CTPIYKOBUIA [ITaMII». PEKOMEHIOBAHO IS 1MOJa-
JIBLIOTO MPAaKTUYHOTO BUKOPUCTAHHS B reoTexiuHiil mpaktuii Moxens Hardening soil model, sik Ginbur KOpekTHY B JiHIHHIN
crazii poGoTu rpyHry, a s Mozaemosanns [TIE BUKOpHCTOBYBaTH 00’ €MHI eJIeMEHTH, sIK Oibin 10ocToBipHi. ITixTBEpmKEHO
e()eKTUBHICTH METO/ly apMyBaHHs OCHOB BepTHKaIbHUMU [TIE 1711 MOJINIIEHHS. OCHOB, CKJIAJEHUX 3 IPYHTIB 3 HU3bKUM MO-
IyneM aedopmartii

Ki1i04oBi cJjioBa: BepTUKATIBHUI IPYHTOLICMEHTHHUH EJIECMEHT, IPYHTOBA OCHOBA, OCIIAHHSI, TOPiBHAHHS MO/ICNICH PO3PaxyHKY,
METO/]] CKIHUEHHHUX €JIEMEHTIB, JJOTKOBE JOCIIIHKEHHS
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Introduction

More than three-quarters of the territory of Ukraine,
including Poltava Region, has difficult engineering and
geological conditions for the construction of buildings
and structures (for example, subsidence and weak soils,
layers of anthropogenic sediments, flooded areas, areas
under which there are underground workings and siting
of karst etc.).

The central parts of cities are usually also character-
ized by dense buildings. Of course, the listed factors
significantly complicate the process of designing, ar-
ranging and operating soil bases and foundations of
buildings and structures [1, 2].

Review of the research sources and publications

Therefore, under such conditions, geotechnicians
have to use a whole set of already tested measures in
order to comply with sufficiently strict limits of abso-
lute and relative settlements of foundations of buildings
and structures [1-5]. Some of these measures are: cut-
ting through a layer of soil with special properties; com-
plete or partial elimination of such properties (for ex-
ample, through compaction or strengthening of soils);
justification of the relevant constructive measures (in
particular, increasing the rigidity of the structure or,
conversely, its flexibility); application of certain water
protection measures, etc.

And when designing [1-5], it is necessary to evaluate
the stress-strain state (SSS) of the entire system "soil
base — foundation — building" not only its parts, after
which the parameters of its components are changed
(improved) accordingly.

Thus, to reduce the settlements of highly compressi-
ble massifs in geotechnics the method of their rein-
forcement with vertical soil-cement elements (SCE), in
particular, by drilling-mixing technology, has already
been well tested. This method is technologically simple
and economical due to use of local soil as a material for
creating elements [6-10].

For visually obtaining SSS parameters while design-
ing the system "natural soil massif — base reinforced by
SCE - strip (or slab) foundation of the building"
was tested by the spatial (3D) version of the finite ele-
ment method (FEM) using an elastic-plastic soil model
[11-15].

Definition of unsolved aspects of the problem

However, further comparative research is needed to
develop the optimal method of calculating the soil ba-
ses of strip and slab foundations reinforced with soil
cement, and to improve the method of predicting their
settlements under conditions of weak, highly compres-
sive soils.

Problem statement

One of the reliable ways to solve this problem is to
compare the values of settlements of artificial soil
basese of buildings based on the results of field or tray
experiments and numerical modeling.

Therefore, the aim of the work is FEM simulation in
a 3D setting of the deformed state of a clay base with
variable parameters of reinforcement in a tray under a

rigid strip stamp, the analysis of the obtained values of
deformations of this base, the comparison of the results
of the FEM calculation when simulating soil cement
with so-called pile elements and soil volumetric ele-
ments with the data of the tray experiment performed
by the authors earlier [9], as well as the substantiation
of the most reliable methodology for predicting settle-
ments of bases reinforced with SCE of strip founda-
tions.

Basic material and results

So, in order to achieve the set goal, the following
tasks were solved:

— by FEM simulation in a 3D setting using an ideal
elastic-plastic soil model with the Mohr-Coulomb
strength criterion to investigate the development of de-
formations of a rigid strip stamp on an unreinforced
base and a base reinforced with vertical SCE;

— by FEM simulation in a 3D setting using the Hard-
ening soil model to evaluate the development of defor-
mations of a rigid strip stamp on an unreinforced base
and a base reinforced with vertical SCE;

— to compare the deformed state of the reinforced and
natural bases of the rigid strip stamp according to the
FEM calculation with the data [9] of the tray experi-
ment.

The well-known geotechnical software complex
Plaxis 3D Foundation [11-15] was chosen for the
stress-strain state FEM simulation in the 3D setting of
system "soil massif — soil-cement base — rigid strip
stamp".

The same parameters of the tray, soil base, soil ce-
ment and reinforcement percentages as in the tray ex-
periment [9] were selected for the simulation of tray
stamp investigations. The dimensions of the calculation
area in the plan were 580x530 mm, the depth —
560 mm. A rectangular steel stamp measuring
420%35 mm in plan was imitated by a plate element
with the characteristics of S245 steel.

For the mathematical modeling of the stamp tests in
the tray the same characteristics of the reinforcement
percentages as in the tray experiment were chosen.
Modeling of bases without SCE reinforcement and with
different percentages of reinforcement with element
depth of 100 mm and their diameter of 6 mm was car-
ried out. Variation of the value of the reinforcement
percentage at three levels of 2.1%; 4.4% and 7.1% are
accepted.

In the first version, the soil-cement elements were
modeled by volumetric elements (Fig. 1). Excavation
of soil for the installation of a buffer crushed stone
cushion, SCE, filling of wells with soil cement, instal-
lation of a cushion, stamp and gradual loading were
gradually considered. SCE was modeled as a volumet-
ric soil body with appropriate characteristics according
to the linear elastic behavior model.

In the second calculation, a certain simplification was
performed — the SCE was modeled as a pile with the
appropriate characteristics (Fig. 2), and the step-by-step
modeling was limited to the stages of pile installation
and load application. The SCE was modeled with pile
elements, the so-called embedded beam. The type of
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behavior is a pile, the connection with the foundation is
loose, the behavior of the material is linear elastic. The
parameters required to specify the element as pile axial
skin resistance and base resistance are calculated ac-
cording to norms [1], as for bored piles. The correctness
of this approach is described in the previous work of
the authors [14].

In each case, the pressure on the soil was applied in
accordance with that obtained in the tray experiment.
Also, for both variants of SCE modeling, calculation
was performed using different models of soil behavior:
ideal elastic-plastic model with Mohr-Coulomb
strength criterion and isotropic compaction model
(Hardening soil model). Tables 1 and 2 present the
characteristics of the materials (density p, modulus of
deformation E, angle of internal friction ¢, specific ad-
hesion ¢ and Poisson's ratio v), which were specified
during modeling according to both models of soil be-
havior, respectively.

A mesh of finite elements was created for which the
very fine density level was adopted due to the low den-
sity of the soil layers (actually, only soil clay paste ar-
tificially placed in the tray), the presence of insignifi-
cant amount of SCE, the simple rectangular shape of
the stamp, and, therefore, the relatively high speed of
the problem calculation. The mesh of volumetric finite
elements in the form of triangular prisms was automat-
ically generated by the program, their thickening was
also performed automatically at the piles and the base
of the stamp, additional thickening was not specified.

The number of FE varied depending on the complex-
ity of the calculation scheme: for the simulation of SCE
with embedded beam pile elements from
7819...22315 units and for modeling with volumetric
soil elements — from 55757 to 145947 units.

The following assumptions and parameters are used
in the calculations. The iterative procedure provided
for: arelative error equal to 0.05; the maximum number
of iterations does not exceed 60; the maximum number
of steps in each phase is 250.

Table 1 — Parameters of the Mohr-Coulomb soil model when modeling
the stress-strain stateof the "soil-cement base — rigid strip stamp" system

Element p, glem® | E', MPa 0,° ¢, kPa v
Soil paste 1,85 0,7 0 15,8 0,35
Crushed stone 2,00 40 40 1,0 0,25
Soil cement 2,00 300 - - -
Soil-cement elements 2,00 300 - - 0,25

Table 2 — Parameters of the Hardening soil model when modeling
the stress-strain state of the ""soil-cement base — rigid strip stamp" system

Element p, glem® | Eoea, MPa| Eur, MPa| ¢,° ¢, kPa v
Soil paste 1,85 0,7 3,5 0 15,8 0,35
Crushed stone 2,00 40 - 40 1,0 0,25

Soil base 2,00 300 - - - -
Soil-cement pile elements 2,00 300 - - - 0,25

%

Figure 1 — Soil-cement elements formed by volumetric soil elements
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Figure 2 — Soil-cement elements formed by pile elements “embedded beam”
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Figure 3 — Settlements of soil base with reinforcement percentage of 2,1% under a load of 1,5 kPa:
a, b — SCE formed by volumetric soil elements; ¢, d — SCE formed by pile elements

In fig. 3 shown vertical cross-sections according to
soil models with the results of vertical movements of
FE (soil settlements) under the same conditions (pres-
sure on the base, percentage of reinforcement, soil
models) under different parameters of SCE modeling.
Fig. 3a and 3b shows settlements according to model-
ing with volumetric soil elements and in Fig. 3¢ and 3d
— piled. On the vertical cross-section along the axis of

z

|

d

the SCE placement, it is clearly visible that when mod-
eling with piles, the soil under the stamp settles uni-
formly, regardless of the placement of the SCE, while
when modeling reinforcement elements with volumet-
ric bodies, the soil settlements is the smallest in the
middle between the piles, and the largest is in the center
of the SCE in the middle of the stamp , which is closer
to reality.
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Figure 7 — Results of the tray experiment and the FEM numerical modeling
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In fig. 4 — 7 compared graphs obtained experimen-
tally and numerical modeling according to the MC and
HSM models for unreinforced stamp base and rein-
forced bases with reinforcement percentages of 2.1%;
4.4%; 7.1%. For the possibility of evaluating the relia-
bility of the results obtained by FEM modeling in a 3D
setting in fig. 4 — 7 also shown the graphs of the exper-
imental tray research.

In particular, these graphs demonstrate a sufficiently
high correspondence between the tray and theoretical
dependences when using the values of soil specific ad-
hesion previously obtained by the authors [9] according
to formulas based on the known theoretical solution [1]
for the second critical pressure of the soil.

Comparing the work of the soil in the linear (elastic)
stage until the moment of reaching the first critical pres-
sure, it is clearly observed that for HSM the coinci-
dence is almost perfect both for modeling with volu-
metric elements and for pile elements. According to the
Mohr-Coulomb model in the same stage of soil work,
FEM modeling in 3D overestimates subsidence. At the
same time, the linear dependence for this model of soil
behavior is longer, as it should be theoretically.

Note that the Mohr-Coulomb models correspond to
the unlimited development of deformations even be-
yond the second critical pressure while the HSM mod-
els of isotropic compaction correspond to the exhaus-
tion of the bearing capacity of the soil when the second
critical pressure is reached, for which the strength char-
acteristics were actually determined.

If we compare the settlements results after the first
critical pressure is reached and the transition from elas-
tic to plastic behavior of the soil - FEM modeling in 3D
setting with pile elements slightly underestimates the
settlement of the base of rigid stamps.

In general, all four options sufficiently adequately de-
scribe the behavior of the soil during the tray static ex-
periment under rigid strip stamp. On the experimental
graph, there are areas that deviate from the ideal elastic-
plastic dependences of the tested soil behavior models.
These effects can be explained by the different duration
of action of the pressure levels during the tests, the dif-
ficulty of obtaining a homogeneous soil paste on the
entire height of the tray, etc.

Conclusions

Thus, analyzing the obtained dependences it is possi-
ble to conclude about the correctness of the application
of the considered soil models for predicting the settle-
ments of weak clay soil bases reinforced with vertical
SCE under strip foundations (in the tray experiment —
with rigid strip stamps).

So, by comparing the data of 3D FEM simulation us-
ing the Mohr-Coulomb and Hardening soil behavior
models of the deformed state of the unreinforced and
reinforced with vertical SCE clay bases of the rigid strip
stamp, as well as with the results of settlements of this
stamp during the tray experiment, the following was es-
tablished:

1. The correctness of the SC Plaxis 3D results of mod-
eling when applying the Mohr-Coulomb elasto-plastic
model and the isotropic compaction (hardening) model
for the analysis of the deformed state of the system "soil
massif — soil-cement base — rigid strip stamp" has been
proven.

2. It is recommended for further practical use in ge-
otechnical practice the Hardening soil model as more
correct in the linear stage of soil work, and for the mod-
eling of SCE to use volumetric elements as more relia-
ble.

3. The adequacy of the description of soil behavior
according to all models of soil behavior and SCE mod-
eling analyzed in this work, at least, when performing
approximate engineering calculations, was confirmed.

4. The effectiveness of the method of reinforcing
foundations with vertical SCE for improving bases
made of soils with a low deformation modulus has been
confirmed.
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