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The characteristics and parameters for modeling the soil base under the strip stamp with variable parameters of the vertical soil
base reinforcement are given. Variants of soil-cement element placement with varying reinforcement ratio are presented.
Differences in graphical results are shown on the example of longitudinal and transversal cross. Graphs of dependences of pressures
on the soil base according to numerical modeling using HSM model and volumetric soil elements on the reinforcement ratio for
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under the considered soil conditions for each of the options for placement of SCE have been identified
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BruiuB po3MilieHHs B IVIAHI BEPTHKAJIbHHUX
IPYHTOLIEMECHTHHUX €JIEMEHTIiB apMYBaHHA OCHOBH
HA IX CHiJIbHY Po00TY 3i CTPiYKOBUM LITAMIIOM

Bunnuxos 10.J1.!, Pasayii P.B.>

12 HanionansHui yHiBepcHuTeT «IlonTaBchka momitexnika imeni IOpis KongpaTioka»

*Anpeca mis muctyBaHHs E-mail: romanrazduy@gmail.com

HaBenieHo XapaKTepUCTHKU Ta TapaMeTpPH JUIs MOJISIIIOBaHHS HanpyxeHo-aepopmosanoro crany (HJIC) ocHoBu, apMoBaHoOl
BEPTHUKAIBLHUMHE IpyHTOIIEMeHTHUMH eneMenTamu ([1E), mix cTpiukoBUM MITAMIIOM NPH BapiaTHBHHUX MapaMeTpax BEPTHUKa-
JIBHOTO apMyBaHHs OCHOBH. J[i1s1 MoJieTroBaHHs MeTo/ioM ckiHueHHHX enemeHTiB (MCE) y npocropogiii nocranosui (2D) Bu-
KOPHMCTaHO BXKe J00pe anpoOoBaHy MOJENb IPyHTY i3oTponHoro yiinsHenHs (Hardening soil model) i croci6 3amanns [TIE
00’€eMHIMH €JEMEHTAaMH 3 BiIMOBITHUMH XapaKTEPUCTUKAMH 32 MOJIEIUTIO JIIHIHO-eMacTHYHO1 MoBeAiHKA. CTBOPEHO CITKY
CKIHYEHMX €JIEMEHTIB, JUIS IKOi MPUHHATHH JOICTUMHM piBeHb IIinbHOCTI. IIpencrapneno Bapiantu posmimenns I1IE B
TUTaHI IPY BapilOBaHHI BicOTKy apMyBaHHS Bix 0% 10 39,7%. [lokazaHo BiAMIHHOCTI y TpadiyHHX pe3ynbTaTax Ha MPHKIal
MOB3IOBXKHIX Ta MOMEPEUHHUX MEPEePi3iB MPH BiACOTKY apmyBanHs 7,1%; 10,8%; 16,4%. [TokazaHo rpadiku 3a1eKHOCTI THCKIB
Ha OCHOBY IPH YHCEIFHOMY MOJETIOBAHHI i3 BAKOPHCTAHHSM MOJIENI 130TPOITHOTO YIIIBHEHHS IPYHTY Ta 00’ €MHHUX €eMeH-
TiB Bijl BIICOTKY apMyBaHHs [PH pi3HUX BapianTax posmiutienns [1[E B miani npyu pi3HUX 3HAYEHHSAX OCITAHHS LEHTPY IUTa-
miy. BuokpemieHo eekTHBHI 30HU pOOOTH CTPIYKOBHX (yHIAMEHTIB (IITAMIIIB) MPH PO3TISHYTUX IPYHTOBHUX yMOBaX IJIs
KOXHOTO i3 BapianTiB posmimenns [1IE sk y niniiinii, Tak i B HemiHIMHINA (MPYKHO-TUIACTUYHIN) CTamisX poGOTH OCHOBH.
Busznaueno, 1o 10 7% apmyBaHHs e(peKTUBHO apMyBaHHsI, IpH AKOMY Bincranb Bin uentpy [LIE mo rpani mrammy ckianae
1,5 ix miamerpw, B niana3oHi 7...40% — BapiaHT apMyBaHHS i3 CIIBITa/[IHHSAM 30BHIIIHIX TpaHel eleMeHTy apMyBaHHS Ta (y-
HAaMeHTY (IITaMITy), a IPH OLTBIIOMY BiJICOTKY apMyBaHHS — MOKJIMBHI BHXI1JI 30HH apMyBaHHS 32 MEXi pO3MileHHs QyH-
nIaMmeHTy (mramity). BuHeceHHs eleMeHTiB apMyBaHHS B IDIaHI 3a Oi4HY TpaHb IITaMITy (TPETiil IX BapiaHT pO3MIIICHHS) HE
J1a€ CyTTEBOTO e(eKTy, OCKIIbKU OiNIbIly YaCTHHY HABAaHTaXKCHHs CIIpUiiMae came LeHTpanbHuii psg ILE

KirouoBi ci1oBa: BEPTHUKAJIbHE apMyBaHHS OCHOBH, BepTHKaJILHHﬁ rpyHTOIIeMCHTHI/Iﬁ CJIICMCHT, Bi[{COTOK apMyBaHHS OCHOBH,
TPYHTOLICMCHTHA OCHOBA, JIOTKOBC ,HOCJ'Ii,I{)KeHHSI, METO CKIHYEHHMX eIIeMeHTiB, OCiZ[aHHSI, crabka OCHOBA, CTpi‘{KOBI/Iﬁ
mTaMIl, YUCCIbHC MOJCITFOBAaHHA

Academic journal. Industrial Machine Building, Civil Engineering. — 2 (61)' 2023 47


http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2023.60.3186
https://orcid.org/0000-0003-2164-9936
https://orcid.org/0000-0002-5819-6056
mailto:romanrazduy@gmail.com
mailto:romanrazduy@gmail.com

Introduction

The need to improve the natural soil base under con-
ditions of weak soils is quite obvious because with low
characteristics the probability of the development of su-
pernormal deformations of the soil base of buildings in-
creases, which may cause the need to calculate the set-
tlements of the soil base with methods of nonlinear soil
mechanics, including, with usage of software com-
plexes [1, 3, 4]. One of the methods of ground improve-
ment is the reinforcement of the soil massif with verti-
cal soil-cement elements (SCE) which are used for a
whole range of needs, in particular, the reinforcement
of foundations under strip foundations.

Review of the research sources and publications
The following materials are a continuation of a series
of studies [7, 8, 9] on determining the effectiveness of
using SCE for reinforcing the bases of strip founda-
tions. In previous works the results of tray [7] and field
studies [8] were presented and the optimal method of
determining SCE and soil base for calculation by the
finite element method (FEM) [9] was determined for
the soil conditions specified in the study.

Definition of unsolved aspects of the problem
The effectiveness of reinforcing the soil bases of strip
foundations with a low modulus of soil deformation us-
ing SCE has already been repeatedly proven [9]. How-
ever, the issues of effectiveness of SCE reinforcement
and the dependences of foundation settlements on foun-
dation pressure [2], including depending on the rein-
forcement ratio, as well as the influence of the arrange-
ment scheme of SCE under the strip foundation on their
work as a system have not yet been sufficiently studied.

Problem statement

A reliable method of solving such problem is to com-
pare the settlements of a natural experiment with its nu-
merical simulation. Therefore, based on the results of
past works [7, 9], the goal is the FEM simulation of the
soil-cement base under variable reinforcement parame-
ters while preserving the dimensions of the tray, stamp,
diameter and depth of the SCE for evaluating the effect
of placing elements in the plan under the stamp, ana-
lyzing the results and determining the best option for
their placement.

Basic material and results
The hardening soil model was used to FEM modelling
in a spatial setting. To perform numerical simulations
of stamp studies in the tray, the same characteristics of
the tray, soil base, soil-cement, and reinforcement ratio
as in the tray study [7, 8] were chosen (Table 1). The
dimensions of the calculation area in the plan were
580x530 mm, the depth — 560 mm. The depth of the
reinforcement from the base surface was 100 mm, the
diameter of the elements was 6 mm. A rectangular steel
stamp with a plan size of 420%35 mm is modeled by a
plate element. The selected hardening soil model be-
havior and the determination of SCE by volume ele-
ments was chosen as the most correct according to the
results of previous studies [5, 6, 8]. At the same time,

the reinforcement ratio varied from 0 to 39.7% (that is,
from the unreinforced base to the filling of the massif
area by SCE under stamp in a staggered order with a
step of two SCE diameters between the centers of the
elements in each of the directions). SCEs were modeled
by volumetric elements. Excavation of soil for the in-
stallation of a buffer crushed stone cushion, SCE instal-
lation, filling of wells with soil-cement, installation of
a cushion, stamp and gradual loading were gradually
taken into account. SCE were modeled as a volumetric
soil bodies with appropriate characteristics with a /in-
ear elastic behavior model.

The following assumptions and parameters are used
in the calculations. The iterative procedure provided
for: a relative error equal to 0.05; the maximum number
of iterations does not exceed 60; the maximum number
of steps in each phase is 250. The density level fine was
set for created mesh.

Table 1 —Characteristics set for the soil model with mod-
eling the stress-strain state system '"'soil-cement soil base
- rigid strip stamp"

p) Eoed, EUU (p9 C)
Element | /15 | MPa | MPa | * | kPa |
Soil 1y ¢5 | 07 | 35 | 0| 158035
paste
Crushed | 50 | 40 | - |40 1.0 | 025
stone
Soil-ce- 2.00 300 i ) ) )
ment

Three variants of modelling based on the arrangement
scheme of SCE under strip stamp are presented.

The first variant was performed similarly to the tray
experiments, when a gap of one diameter of the SCE
remained between the side faces of the SCE and the
stamp. The maximum reinforcement ratio was 16.4%,
which corresponds to two diameters between the cen-
ters of the elements in the plan (Fig. 1).

The second option is to place the outer edge of the
SCE on the outer edge of the stamp. At the same time,
the reinforcement ratio ranged from 0 to 39.7% (Fig. 2).

The third variant is to place the inner face of the SCE
behind the outer face of the stamp (that is, when the
SCE protrude beyond the dimensions of the stamp in
plan on each side). The reinforcement ratio ranged from
7.1 to 39.7%, since at a lower percentage of reinforce-
ment, each row of SCE placement along the stamp had
less than three elements, that is, the condition was ac-
cepted that at least one SCE in the row was under the
stamp (Fig. 3).

According to the results of FEM modeling in fig. 4—
6, a—b shows the longitudinal and transversal cross-sec-
tions of the settlements of the base at the value of the
settlements of the center of the stamp of 4 mm at the
reinforcement ratio of 7.1%, respectively in fig. 4-6, c—
d at 10.8%, in fig. 4-6, d—e at 16.4%.
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Figure 1 — The first variant of the arrangement scheme of SCE under strip stamp:
a—2,1%;b-4,4%;¢-7,1%;d-10,8%; e —16,4%
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Figure 2 — The second variant of the arrangement scheme of SCE under strip stamp:
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Figure 3 — The third variant of the arrangement scheme of SCE under strip stamp
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Figure 4 — Vertical longitudinal and transversal cross-sections of soil base settlements according

to the results of FEM simulation (with a 4 mm settlement in the center of the stamp)

a,b-7,1%;c¢c,d-10,8%; e, f—16,4%

for the first variant of the arrangement scheme of SCE at
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for the second variant of the arrangement scheme of SCE at: a, b —7,1%; ¢, d—10,8%; e, f — 16,4%
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These cross-sections demonstrate that under these
conditions with reinforcement up to 16.4% the soil base
can be considered as reinforced by individual SCEs,
while at 16.4% and more it can be considered as a con-
tinuous reinforced array. Carrying out the reinforce-
ment elements in the plan beyond the side face of the
stamp (the third variant of their placement) is not effec-
tive, since most of the load is perceived by the central
row of the SCE.

In order to compare the effectiveness of the place-
ment of elements in the plan under the stamp, graphs
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are given that demonstrate what pressure was trans-
mitted to the soil base for all options for placement of
SCE depending on the reinforcement ratio with the
same settlements of the stamp (Fig. 7).

The graphs are given for different values of soil base
settlements: 4 mm; 6 mm; 8 mm; 10 mm. The listed
values of settlements were chosen in such a way that
for all percentages of reinforcement of the experimental
foundation, settlements were analyzed for both linear
and non-linear stages of soil work.
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Figure 7 — The graph of dependences of pressures on the soil base according to FEM modeling using
hardening soil model and volumetric soil elements on the reinforcement ratio for different variants
of the arrangement scheme of SCE in the plan at values of settlement of the center of the stamp:
a—4mm;b—-6mm;c—8mm;d-10 mm

Therefore, analyzing the obtained cross-sections and
curves on the graphs of the dependences of the pres-
sures on the base from the reinforcement ratio of SCE

with the parameters of the soil base, strip stamp and
constant depth of base reinforcement specified in the
study, the following generalizations are possible.
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1. When placing 2 elements in each row of reinforce-
ment (up to the reinforcement ratio of 7.1%), the first
arrangement scheme is the most effective, when all el-
ements are placed under the stamp, and the distance
from the center of the SCE to the edge of the stamp is
1.5 their diameters.

2. When placing more than two elements in each row
of reinforcement (7.1% reinforcement ratio and more),
the second arrangement scheme is the most effective,
when all elements are located under the stamp, and the
distance from the center of the SCE to the edge of the
stamp is 0.5 of their diameters.

3. With high reinforcement ratio of the soil base
(39.7%), when the elements are located closer than 1.5
of their diameters from each other, the placement of el-
ements becomes effective, in which the base is also re-
inforced behind the side faces of the stamp (in the con-
ducted studies, the distance from the center of the SCE
to the outer face of the stamp is 0.5 diameters).

4. We also note that the generalizations formulated
above generally correspond to different pressures on

the soil base, both in linear and non-linear (elastic-plas-
tic) stages of the base's work.

Conclusions

Thus, we can summarize the following from the re-
sults obtained in this work.

1. The effective zones of work of strip stamps are
identified under the considered soil conditions both in
linear and non-linear (elastic-plastic) stages of opera-
tion of the base

2. It was determined that up to 7% of reinforcement
is effective when the distance from the center of the
SCE to the edge of the stamp is 1.5 their diameters, in
the range of 7...40% - the reinforcement option with the
coincidence of the outer faces of the reinforcing ele-
ment and the foundation (stamp) and with a greater re-
inforcement ratio — possible placement of the reinforce-
ment zone outside the foundation placement (stamp).

3. The obtained statements based on the graphs of the
dependences of the pressures under the strip stamps on
the soil base from the reinforcement ratio have a satis-
factory convergence with the graphic cross-sections of
the soil base settlements.
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