36ipHUK HayKkoBHX nmpanb. ['any3eBe MalIuHOOy1yBaHHS, OyTiBHUIITBO
Academic journal. Industrial Machine Building, Civil Engineering
http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2021.57.2588

UDC 624.154: 624.138.2

The results of modeling the strain state of soil base reinforced
by soil-cement elements under strip foundations of the building

Vynnykov Yuriy!, Razdui Roman?”

! National University «Yuri Kondratyuk Poltava Polytechnic»  https://orcid.org/0000-0003-2164-9936
2 National University «Yuri Kondratyuk Poltava Polytechnic»  https://orcid.org/0000-0002-5819-6056

*Corresponding author E-mail: romanrazduy@gmail.com

The results of complex experimental and theoretical researches of the deformed state of the system "soil-in-situ — soil-cement
base — strip foundation — brick building" with layers of weak clay soils are given. By comparing the data of finite element
method (FEM) modeling in a three-dimension task using an elastic-plastic soil model of the deformed state of the natural (with
layers of weak clay deposits) and reinforced with vertical soil-cement elements (SCE) base of strip foundations of the five-
section 9-10-story building, as well as the results of long-term (over 10 years) geodetic observations of this real object proved
the correctness of using embedded beam pile elements to simulate SCE. The effectiveness of the SCE reinforcement method
for improving soil bases with a low deformation modulus has been confirmed.

Keywords: poor-bearing soil, vertical soil-cement element, strip foundation, system «soil base — foundation — buildingy, finite
element method, deformed state, settlement
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BiasnaueHo, 110 HaBITh 33 CKJIAJHHUX iH)KEHEPHO-TEOJIOTYHUX YMOB MaliIaHUMKIB OyAiBeIbHI HOPMH TIPH [IPOCKTYBAHHI BH-
MararoTh JOTPUMAHHS JKOPCTKUX BUMOT 1010 a0COIOTHHX i BIAHOCHUX OCiZiaHb OCHOB Oy[iBesib i ciopyn. HaBeneno pe3yinb-
TaTH KOMIUIEKCHUX €KCIIEPUMEHTAIBbHO-TEOPETHYHUX JOCIIDKEHb 1e)OPMOBAHOTO CTaHY CHCTEMH «IIPUPOAHUI MAacUB — IPy-
HTOLIEMEHTHA OCHOBA — CTPIuKOBHii QhyHIaMEHT — LierIsHa OyAiBiIs» 32 HAsIBHOCTI MIAPiB cnaOKuX rIMHUCTHX rpyHTIB. [TogaHo
iH(popMaliIo PO TOCTIJHMI MalIaH4YHK, 3TiTHO SKOi B HOTO reoJorivHiil OynoBi 1o rMMOMHE 7 M OepyTh ydacTh CydacHi
3aIUIaBHI Ta PYCJIOBI BIAKIAAH, a 10 HECIPHATINBHX (Pi3HKO-TE€OJOTIYHHUX IPOIECIB y HOTO MeKax BITHECEHi: IMiATOIUICHHS
TEpUTOPI; iICTOTHA HEOAHOPIHICTE IPYHTOBOTO MAacUBY SK 3a HOTO IUIOIIEIO, TaK 1 32 IIMOMHOIO; HAsIBHICTh CJIA0KUX IPYHTIB,
CHJIbHO3aTOP(OBAHOI IIIMHYU, HECTIPABXKHIX IUIMBYHIB 1 T. iH. [IOpIBHSIHHAM JaHUX MOJEIIOBAHHS METOAOM CKiHUCHHHX elle-
menTiB (MCE) y npoctopogiii (3D) nocraHoBui 3 BAKOPHCTAHHSM HPYKHO-IUIACTUYHOT MOJIEN IPYHTY Je()OPMOBAaHOT0 CTaHy
NPUPOJIHOI (3 MapaMu c1abKuX TIIMHUCTUX BiIKITaAiB) i apMOBaHOT BepTHKAIBHUMHE IpyHTOLeMeHTHIMU enemeHTamu (I'LIE)
OCHOBH CTPiYKOBHX (yHIAMEHTIB I’ saTHCceKuiiHoi 9-10-moBepxoBoi OyaiBIi, a TAKOXK 3 pe3yibTataMu TpuBaiux (moHan 10
POKiB) BUMIpiB OCiIaHb 1IOTO HATYPHOTO 00’ €KTY JIOBENEHO KOPEKTHICTH 3aCTOCYBaHHs 11s imitauii ILIE, Tak 3BaHKX, Najibo-
Bux eneMeHTiB embedded beam. OtpumMano 3ag0BuTBHY 30DKHICTS Mk fanuMmu 3D moxpemoBanas MCE 3a ynockoHaneHoro
METOMKOI pOpMYBaHHS PO3PAXyHKOBI CXEMH CHCTEMH Ta TPUBAINX HATYITHUX CIIOCTEPEKeHb 1i gedopmariii. Onucano oco-
OJIMBOCTI CKJIaIaHHS PO3PAXyHKOBOT CXEMH CHCTEMH «OCHOBA — (yHAAMEHT — OyiBIIs», IPUHIMIN IPU3HAYCHHS il TeoMeT-
PHUYHHX PO3MIPIB, BUXIIHHX JaHUX, IEPEIYMOBH Ta IAPaMETPH YUCEIIbHIX PO3PaxXyHKIB, HOCIiIOBHICTh €TalliB MOJICIIOBAHHS,
BHOIp Mozeni MoBemiHKH IpyHTY. [linTBepIKeHO eeKTHBHICTH MeTOdy apMyBaHHs ocHOBH [L[E st mOMiMIIeHHsST OCHOB,
CKJIQJICHUX 3 IPYHTIB 3 HU3bKUM MOAyJieM nedopmartii.

Knrouosi cioBa: cnabkuii IpyHT, BepTUKAJIbHUI I'PYHTOLIEMEHTHHH €JIEMEHT, CTPIUKOBUH (PyHIAaMEHT, CHCTEMa «OCHOBA —
¢byHnameHT — OyiBIIsL», METO CKIHYCHHUX €JIEMEHTIB, 1e(OpPMOBaHUIA CTaH, OCiJaHHS
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Introduction

About 80% of the territory of Ukraine is characterized
by difficult engineering and geological conditions for
the construction of buildings and structures: loess sub-
sidence, weak soils (including silt, peat, and peaty sed-
iments), swelling, filled and alluvial soils, flooded ar-
eas, as well as areas with dense construction, etc.

However, at the same time, both European [1] and
Ukrainian [2] modern building regulations quite rea-
sonably require strict compliance with strict require-
ments for absolute and relative settlements of similar
foundations of buildings and structures during design.

Review of the research sources and publications

Therefore, under the above-described conditions in
modern geotechnics [3—7] the concept of analyzing the
deformations of the foundations of buildings or struc-
tures not separately, but rather the assessment of the
stress-strain state (SSS) of the “soil base — foundation
— building” system is usually tested, after which the
characteristics of its components are improved.

Also, geotechnical practice [8—16] has proven that
one of the most effective methods of creating reliable
artificial foundations is the method of reinforcing weak
soil-in-situ with soil-cement (most often vertical) ele-
ments (SCE), which are created using drilling technol-
ogy. As a result, the bearing capacity increases and the
deformability of natural bases decreases. Soil-cement
bases of buildings and structures are effective even in
the presence of weak soils (floodplain, loess, man-
made, etc.) with a thickness of up to 30 m.

It is appropriate to note the results of parallel field ex-
periments and numerical modeling by the finite ele-
ment method (FEM) in a spatial (3D) and flat (2D) set-
tings, which confirmed a significant improvement in
the mechanical properties of weak clay foundations af-
ter their reinforcement with vertical SCE [13, 14].

In the development of these researches, the authors of
[16] also conducted tray punch tests and determined
new empirical dependences of strength and deformabil-
ity of the base on the density of the soil skeleton, depth
of GCE, percentage of reinforcement, etc.

For the correct evaluation of the SSS of the systems
"soil-in-situ — soil-cement base — foundation — build-
ing" created in this way, it is advisable to use modern
geotechnical software products of 2D or 3D simulation
of FEM with an elastic-plastic soil model [17-19].
These software complexes (SCs) have enough func-
tions that allow specialists to perform such calculations
of buildings on foundations strengthened by SCE.

However, as proven by geotechnical practice, the
most reliable criterion for the reliability of structural
and technological solutions and the correctness of their
calculation methods are long-term geodetic observa-
tions of deformations (settlement, tilting) of buildings
and structures [20, 21].

Definition of unsolved aspects of the problem

At the same time, in order to improve the regulatory
framework for the project engineering of soil-cement
bases of buildings and structures under conditions of

weak soils, a sufficient volume of complex experi-
mental and theoretical soil bases research of SSS of
strip foundations reinforced with vertical SCE has not
yet been formed.

Problem statement

Therefore, the purpose of this work is comprehensive
experimental and theoretical research of the deformed
state of the system "soil-in-situ — soil-cement base —
strip foundation — brick building" in the presence of
layers of weak clay soils.

Basic material and results

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

— investigate the development of deformations in the
case of construction of the building on a natural (unre-
inforced) soil base with the presence of layers of weak
clay soils by FEM 3D modeling using an elastic-plastic
soil model;

— assess the development of deformations of the soil
base reinforced with vertical SCE by FEM 3D model-
ing using an elastic-plastic soil model;

— compare the SSS of the reinforced and natural soil
base of the strip foundations of the building according
to the FEM calculation with the data of long-term geo-
detic observations of the same object.

An experimental five-section residential building
(Fig. 1) with built-in premises on the first floor is lo-
cated in the city of Poltava on the street Panianka, 65B.
The building is complex in plan, 9-10 stories high, with
longitudinal and transverse load-bearing brick walls,
ceilings made of round hollow panels with monolithic
sections.

Figure 1 — General view of the experimental object
at the end of the construction of the last section, 2012

In fact, this building is located on two parts of the site
with different layers of soils. Particularly difficult engi-
neering and geological conditions are characteristic of
the massif under sections IV and V, where clay is
heavy, flowable, heavily peated.

Previously, the site was partially built up with one-
story outbuildings. The surrounding old buildings have
clearly visible cracks, the cause of which, in most cases,
are uneven deformations of the bases of their founda-
tions.
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The geological structure of the site up to a depth of 7 m
includes a modern floodplain and channel sediments of
the river Vorskla. In particular, the site is composed of
sandy and clay deposits of the Quaternary age, which are
overlain by bulk soils with a thickness of up to 2.7 m.

The relief of the building site is flat, significantly
changed by human activity. The difference in ground
surface markings within the site does not exceed 0.5 m.
At the time of the search, the groundwater level was
2.3-2.5 m from the ground surface of the site.

Adverse physical and geological processes and phe-
nomena within the area include are following:

— the site is flooded;

— significant thickness of bulk soils (up to 2.7 m);

— significant heterogeneity of the soil massif both in
terms of its area and depth (for example, there are nu-
merous lenses and layers of dusty sand and plastic sand);

— clays (soil layers 2-4) belong to the weak (the de-
formation modulus is less than 5 MPa);

— heavy, flowable clay (soil layer 3) contains more
than 40% of organic substances, i.e. it belongs to
strongly peated clay;

— dusty sand, with organic impurities (soil layer 5) be-
longs to non-genuine floating sand.

The foundations of the building are strips, made of
monolithic reinforced concrete. The height of the foun-
dation tape is 0.5 m.

The base is reinforced with vertical SCE using drill-
ing technology with a diameter of 500 mm and a length
0f2300 mm. A buffer layer of crushed stone is created
on top of this soil-cement base.

In Fig. 2 shows several stages of construction of SCE,
foundation and building structures: fig. 2a — arrange-
ment of the SCE in pits for sections I and II; fig. 2b —
drilling rig in pits for sections III — V; fig. 2c — arrange-
ment of crushed stone buffer layer and strip reinforced
concrete foundations for sections I1I — V; fig. 2d — floor
construction of sections I and II. By the way, the first
section of the building was commissioned in 2012 and
the last in 2013.

Table 1 shows the values of the physical and mechan-
ical characteristics of the soil layers of the massif of the
experimental object.

SC Plaxis 3D Foundation, which has been sufficiently
tested for solving a number of geotechnical problems,
was used to simulate FEM in a three-dimensional prob-
lem using the elastic-plastic soil model of the SSS sys-
tem "soil-in-situ — soil-cement base — strip foundation
—brick building" in the engineering and geological con-
ditions of the construction site.

The three-dimensional model of the experimental ob-
ject (its building structures) is presented in fig. 3. The
geometric model is a composition of boreholes that are
created according to the engineering and geological
sections according to the technical report before the
start of construction.

The dimensions of the calculation area of the problem
are determined based on the following considerations:

— the lower horizontal limit is located in the last layer
of the engineering-geological section with a margin
(see Table 1);

— lateral vertical boundaries are accepted at a suffi-
cient distance from the zone of SSS determination in all
directions;

— the upper limit corresponds to the planning surface.

Thus, the dimensions of the calculated area in the plan
are 100x100 m. The depth of the specified area is ac-
cepted with a certain margin and is equal to 40 m. Soil
stratification is given according to the data of explora-
tory wells. The parameters of each layer of the calcula-
tion area were set according to the data in the table. 1.

Figure 2 — Characteristic stages
of building construction:
a — arrangement of SCE in pits for sections I and II;
b — drilling rig in pits for sections I1I-V;
¢ — arrangement of crushed stone buffer layer and strip
reinforced concrete foundations for sections III-V;
d — floor construction of sections I and I

76 Academic journal. Industrial Machine Building, Civil Engineering. — 2 (57)’ 2021



Table 1 — Geotechnical characteristics of site’s soils layers of the experimental object

. i < s «
Soil A brief description of the soil layer g ° o v % %
layer . [ - N o 5 N
2|l =l s B|a|l ol s & o] |
1 Loose soil 1,50 { >1 ]0,1510,38 [ - - - - - - -
2 | Clay, light dusty, rigid, with or- 1,81 (0,26 (0,22 {0,30 [{0,86 10,92 | 11 | 13 |23 |25 |15
ganic impurities
3 Clay is heavy, fluid, heavily peated | 1,31 | >1 |0,62 |1,55|1,00 |4,15| 3 4 3 5 10,5
4 | Clay, light dusty, soft-plastic, with 1,89 (0,53 (0,19 {0,31 [0,97 |0,86 | 13 | 15 |22 |33 |1,5
organic impurities
5 Sand with organic impurities, dusty, | 1,92 | - - 10,27 10,95 10,74 | 20 | 23 1 2 16,5
medium density, saturated with wa-
ter, with lenses and layers of sand
6 Shallow sand with numerous layers | 1,97 | - - 10,26 10,99 10,69 | 23 | 26 2 3 10
and lenses, medium density,
saturated with water
7 Shallow sand, heterogeneous, 2,00 | - - 10,22 {1,00 [0,69 | 24 | 26 2 3 33
dense, saturated with water
8 | Dusty, semi-hard, thin-layered, 1,85 (0,31 (0,16 0,25 0,84 10,79 |16,5| 19 | 15 | 23 [16,5
glauconite loam

i) i} i L
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Figure 3 — 3D model of the experimental object
(only structures without external finish)

A mesh of finite elements was created, for which the
accepted level of coarse density is set due to a signifi-
cant number of soil layers, the presence of SCE, the
complex shape of the building and, therefore, a large
number of generated finite elements, the calculation
scheme is shown in Fig. 4.

The SCE were modeled with pile elements called em-
bedded beams. The type of behavior is a pile, the con-
nection with the foundation is free, the behavior of the
material is linear elastic.

The selected element type and material behavior are
due to the fact that for problems of such a volume, the
use of volumetric elements in such a quantity leads to a
significant increase in calculation time, an increase in
the number of non-connections and, based on the
above, "calculation collapse".

The magnitude of the deformation modulus of soil-
cement is taken to be equal to 300 MPa based on previ-
ous studies of the scientific school of geotechnics of the
National University «Yuri Kondratyuk Poltava Poly-
technic» [10, 13, 15] since there is no information on
the selection of samples from SCE to determine the me-
chanical characteristics of soil-cement on this object.
The specific gravity of soil-cement is 20 kN/m?* and its
Poisson ratio is 0.25.

The parameters required to specify the element as pile
axial skin resistance and base resistance are calculated
according to regulatory documents [1] as for bored
piles for each section separately based on the location
of the boreholes.

The correctness of this approach is described in the
authors' materials [14, 16, 20]. The total number of SCE
for creating an artificial base in the project was 843
units.

All strip foundations (according to project data) and
basement walls from foundation blocks are also mod-
eled.

The above-ground part of the building was considered
as a load at the level of the top of the basement walls.

The values of the physical and mechanical character-
istics of reinforced concrete walls and foundations were
taken as for C20/25 class concrete.

The initial data used in the calculations include:

— coordinates of nodes of the mesh of finite ele-
ments;

— description of loads (magnitude, direction, point
of application);

— description of finite elements (node numbers;
strength characteristics, deformation modulus, Pois-
son's ratio, etc.).
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Figure 4 — General view of the calculation model of the system
«natural soil base — reinforced soil-cement base — strip foundation — brick building»

The construction process of this object is modeled
in 4 phases:

— initial (calculation type — gravity loading), on which
the massif received certain deformations under its own
weight in accordance with the consequences of soil ex-
traction;

— the stage of soil excavation (setting up the pit);

— arrangement of the foundation tape and basement
walls below the first-floor mark;

— application of loads from the above-ground part of
the building.

In the calculations, the following prerequisites and
parameters are adopted. The iterative procedure pro-

vided for: relative error equal to 0.1; the maximum
number of iterations does not exceed 60; the maximum
number of steps in each phase is 100. After completing
the calculations of all phases, the predicted limit state
was reached.

The soil behavior model is the Mohr-Coulomb elas-
tic-plastic model. This easy-to-use nonlinear model re-
lies on soil parameters that are known in most practical
geotechnical problems. In particular, this model is well
tested in the calculations [17—19] of the real bearing ca-
pacity and destructive loads on the foundation along
with other problems where the behavior of the soil dur-
ing destruction has a decisive role. FEM modeling was

performed in a 3D task using an elastic-plastic soil
model of two different systems:

— «natural soil base — strip foundation — brick build-
ing»;

— «natural soil base — reinforced soil-cement base —
strip foundation — brick building».

In fig. 5 and fig. 6, respectively, we show the results
of modeling the settlements of the natural (unrein-
forced) and artificial (reinforced by vertical SCE) base
of strip foundations of the building.

To assess the reliability of the data obtained by 3D
modeling in fig. 7 shows the results of long-term geo-
detic observations of the wall marks of the building. In
particular, it was recorded that according to the current
state, the smallest subsidence of the I-II sections was
187 mm, the average was 210 mm and the largest was
226 mm. Similar results were obtained for site III, re-
spectively, 235 mm, 245 mm and 256 mm; for section
IV — 248 mm, 254 mm and 264 mm; for cross-section
V — 248 mm, 256 mm and 263 mm. In the table 2 com-
pares the amounts of subsidence of the foundations of

the sections according to modeling data and long-term
geodetic observations.

Table 2 — Comparison of data of 3D FEM
simulation and geodetic observations of settlements
of the strip foundations of the object

FEM modeling, mm Long-term
Section| Natural base | Reinforced Obfgfé‘?focns
base mm
I 183...285 185...286 187...215
II 230...321 236...324 215...256
I 253...328 255...327 235...251
v 273...368 272...358 248...264
v 315...430 268...377 249...260

Simulation results in table 2 correspond to the foun-
dations of the external walls (the actual location of the
wall marks). The measured settlements of the soil bases
of the building sections and obtained by FEM Plaxis 3D
simulation have a satisfactory convergence.

Cracks and other visible deformations have not been
recorded for almost 10 years of observations.
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Figure 5 — Results of 3D FEM modeling of the unreinforced base of the foundation strip (settlements in mm)
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Figure 6 — Results of 3D FEM modeling of the reinforced base of the foundation strip (settlements in mm)
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Figure 7 - The results of settlements according
to long-term geodetic observations of the object

Conclusions

Therefore, by comparing the data of 3D FEM model-
ing simulation using an elastic-plastic model of the soil
of the stress-strain state of the natural soil base (with
layers of weak clay deposits) and reinforced soil base
with vertical SCE of strip foundations of a five-section
9-10-story building as well as with the results of long-
term settlement measurements of this the object is set
as follows.

1. The correctness of the modeling results with soft-
ware Plaxis 3D when applying the Mohr-Coulomb
elastic-plastic model for the analysis of the deformed
state of the system «natural soil base — reinforced soil-
cement base — strip foundation — brick building» has
been proven, in particular, with the use of pile elements
«embedded beam» for modeling SCE.

2. Satisfactory convergence was obtained between
the data of 3D FEM simulation based on the improved
method of forming the calculation scheme of the sys-
tem and long-term geodetic observations of its defor-
mations.

3. The effectiveness of the vertical SCE soil bases re-
inforcement method for improving foundations on site
with soil layers that have low deformation modulus has
been confirmed.
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