Research Article ISSN 2658-5553
Received: March 17, 2025 Accepted: April 6, 2025 Published: April 29, 2025

Multi screw type elements for weak soil reinforcement

Nurmukhametov, Renat Rustamovich! https://orcid.org/0000-0001-9542-2430

1 Peter the Great St. Petersburg Polytechnic University, 195251, Saint Petersburg, Russia;
nrenatkazan@gmail.com (R.R.N.);

+79817198862, nrenatkazan@gmail.com

Keywords:

Weak soil, vertical reinforcement, soil reinforcement, FRP piles, micropiles, helical piles, screw piles,
fiber reinforced plastic pipes

Abstract:

Research aims to develop a method for weak soils reinforcement by using multi helical vertical elements.
Model of settlements forecast is required. Article represents the results of investigation held during several
years. Structure of vertical reinforcement is designed by using fiber reinforced pipe and helical screws those
have differentiated from bottom to top diameters. Reinforcement elements are located within weak soil with
certain step. Reinforced soil is considered as a composite structure where vertical elements and surrounding
weak soil have joint and simultaneous settlements. These settlements’ calculation model was developed.
Calculation equation is based on newly proposed reinforcement factor. Reinforcement factor is appointed
considering existing researches and depends on vertical reinforcing element’s structure. Developed model
needs to be confirmed by site full scale axial loading tests. Five sets of site load tests were performed before
and after reinforcement of a weak soil. Test samples varied by structure of reinforcing elements. A comparative
analysis of the calculated vertical deflections and the results of site loads test proofed possibility of settlements
calculation method use.

1 Introduction

Weak soils are widely distributed in the world. Mainly they are located in a water saturated areas. Weak
soils have low deformability module limited by 10 MPa. Construction on this type of soil is risky not only due
to high settlements but due to unpredictable settlements in different points of landplot those can lead to
superstructures inclination.

Use of regular settlements calculation methods those summarize vertical deflections at each elementary
part by predicting the compaction depth lead to underestimation. Sometimes difference between results
reaches several times. It leads to unacceptable mistakes during design of foundation. It happens because
intermolecular structure of weak soils is not considered. Settlements happened due to soil's decompaction
toward horizontal plane are not considered either.

Construction on this type of soils without specific measures is complicate or even impossible. Specific
measures can be divided on improvement of ground parameters and structures modification in order to avoid
influence of settlements. Structures modification can be made by increase of structures rigidity (belts, box
foundations etc.), buildings division into independently settled rigid blocks and parts. Soil modification is mainly
performed by increase of water flow out of the soil, strengthening and hardening by creating new structural
connections (chemical, physical etc.) between soil grains, incorporation of new elements. Newly incorporated
elements do not influence on intermolecular connections between soil parts but increase deflection module. It
can be installation of piles, strengthening elements, reinforcement.

Reinforcement term assumes creation of composite structure by incorporation into the soil of more rigid
elements those create connection at the boundary of surfaces. Initially reinforcement was mainly used for road
and hydraulic engineering construction. It was mainly horizontally oriented structures. Horizontal reinforcement
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is mainly made with fabrics, nets, bars 11, [2], [3], [4],

37 aGoldin,-A.L.,-Dzung, N.F.-Plotting-the-stress-path-for-unsaturated-soil-during-consolidated-undrained tests-in-
stahilometer.-Magazine-of-Civil Engineering.-2012.35(9).-Pp.-35—40.D0I:-Pp.10 5862 /mce. 355 9

3B .Badanin,-A.N.,-Kolosoy,-E.5.-Determining-the-bearing-capacity-of-soil- foundation-reinforced-by-gepgrid.-Magazine-of-
Civil-Engineering.-2012_-30(04) -Pp_-25-32 -DOI:-Pp. 10 5862 /mce 304 .9

Recent researches [5] study the work of reinforcement mat made with bamboo, wood or straw. Researcher
underlies low cost of this type of reinforcement and absence of negative effect on environment.

Reinforcement classification by Mustakimov V.R. [6] beside horizontal presents vertical, inclined, cross-
shaped, horizontal intermittent etc. Initially reinforcement of weak soils was performed with sand and lime piles
used for increase of soil deflection module.

Pe3ynbratbl CpaBHUTENBHOINO aHanuaa, onucaHHble B pabotax [puwwuHon A.C. [7], mokasanu, 4to
CYLLIECTBYIOT pasnuyHble Cnocobbl, UCMOMb3yeMble A7 YBENMYEHUSA XXECTKOCTU FPYHTOBOIO OCHOBaHWUSI.
Cabpn M.M.C. [8] oTMeyvaeT, 4TO y Kaxkgoro cnocoba ecTb CBOs 00fnacTb MPMMEHEHMUS, OCHOBaHHas Ha
onpeeneHun LenecoobpasHOCTU eé UCNONb30BaHWSA B YCIOBUSIX TOFO UMM MHOTO NPOEKTa, 3aBuUCALLas OT
TEXHUKO-3KOHOMUNYECKOrO 060CHOBaHMS, OT Pe3ynbTaToB UHXEHEPHO-FEONOTMYECKUX U3bICKAHWIA, a TaKkKe B
COOTBETCTBUU CO CTEMEHbLIO TPEBYEMOro ycuneHus.

_Nowadays ~~ jet injections are widely applied
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Reinforcement is made by selfhardening mortars penetrated into weak soils. Soil icompacted by penetrated
mortar creats reinforcement. In addition to penetrated mortar vertical oriented reinforcing element is created.
Similar reinforcement method is investigated by Sabri M.M.S. [9], [10]. He proposed a method of strength and
deformabillty of the soil reinforced by penetrated into soil of selfexpanded polyurethane rubber.

Thermally reinforced soil is considered by

is calculated in a separate part of geotechnic
class (horizontal or vertical).

Existing methods of reinforced soil settlements’ calculations presented within open source scientific
literature is limited to few methods. Thus Zhang D.J.Y. and Polischuk A.l. use “cylindrical shear surface” term
for description of joint work performed by shear screw shaped extensions and surrounding them soil. They
explain the process of increased shear force involvement due to soil locked between screw shaped extensions.

Mirsayapov I.T. and Popov A.O. [97] propose to calculate the settlements by calculation equivalent
deflection module of reinforced soil. Their equivalent module considers length and density of reinforcement as
per soil volume.
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Bartolomey A.A. developed and systemized alternative factors of vertical structures’ shear and bottom
surfaces contacting the soil.

Popsuenko K.I. notices that current reinforced soil mass is considered within actual codes as
transversely isotropic. Settlements calculation formulas are based on reinforcement volume to soil volume
ratio. Hence they do not consider behavior of reinforcement elements’ surface contact with surrounding soil.
This approach leads to conservative reserve and materials overconsumption.

Zahmatkesh A. also proposes to calculate vertical deflection by considering equivalent elasticity
modulus comparing with results of Poorooshasb and Meyerhof [11] investigations.

However existing methods are not enough for calculation of settlements in case weak soils are
reinforced with multi helical vertical reinforcing elements. Current research aims to develop a method for weak
soils reinforcement by using multi helical vertical elements. Model of settlements forecast is required.
Developed model needs to be confirmed by laboratory scaled and site full scale axial loading tests.

Investigated weak soils are limited by deflection module 5-10MPa.
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Kak onucaHo B Tpyaax CadumHa [.P. n Hypmyxametosa P.P. [104], [105],
paccmatpmBasa gedopmMaumn apMMpOBAHHOIO FPYHTOBOrO 3fieMeHTa BUOHO,
YTO apMuUpylOLLMEe JneMeHTbl CTaHOBATCS CBS3blO, MPEnsiTCTBYHOLLEN
cesoboagHon pedopmupyemoctn. Onmpasicb Ha Tpyabl Kpytosa B.H. [106],
noaTBepXAawLWmMe CHUXKEeHVe aOedopmMaTMBHOCTM apMUPOBAHHOIO rPYHTa,
npeanosiaraeTcd CoOBMeCTHoe [AedopMmpoBaHME 3a CYET YCTpOMCTBaA
pedbpncTon MNOBEPXHOCTWN, BUHTOBLIX YLUMPEHUA WA YMEHbLUAKLINXCS
XXECTKOCTHbIX XapaKTEPUCTUK OT LIeHTparibHOM OCU apMO3SIEMEHTOB K MX
Kpasam, conpukacaroLmmcsa HENOCPEACTBEHHO C FPYHTOM.

Taknum obpasom, npegnaraemas cxema no3BonseT YBENMYNTb HECYLLYIO
CNOCOBHOCTb OCHOBAHUSA 3a cYeT andpdepeHumaunm anameTpoB YLLIMPEHUNA.
Hanbonee rapMOHUYHBbIM KOHCTPYKTUBHbLIM pelleHnem 6yaeT COOTHOLLEHMe
AnameTpoB nonacrew, yBESIMYMBAIOLLNXCS K BEPXY obpaTHOo
NponopunoHanbHO  Hecyuwlem  CnocobHOCTM  OCHOBaHusA.  Hecyuwyto
CMOCOBHOCTb OCHOBaHWA MNpPU  MPaKTUY4ECKOM MPUMEHEHUU [OMycKaeTca
onpeaensaTb MeTO4OM CTaTMyeckoro 3oHamnpoaHusa ro [107] nmbo no dusunko-
MexaHundeckum xapaktepuctnkam no [108]. Mo pesynbTtatam onpeneneHus
Hecyllen CcnocobHOCTM OCHOBaHUA noabuparTca AnamMeTpbl YLIMPEHWUN.
Ob6ecneunBas ogMHaKoBoe COOTHOLLEHME OaBreHus K Moayno gedopmavmm
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CNnosi rpyHTa, Ha KOTOPLIA OMNUPAaEeTCs BUHTOOOpA3HOE YLUMPEHME, Takum
obpasom, 4TobblI nonyyanuce gedopmaumm eauHON BENUYUHBLI NOA KaXaow
nonacTblo U Mo ANMMHE BCEro apMUpYHLLIEro anemeHTa.

2 Materials and Methods
2.1. Model

Investigated method assumes installation of vertical reinforcing elements into the weak soil. Aim is to
increase a soil’'s deformation module. It can be achieved when reinforcing elements and weak soil become
joint material with unified deformation parameters. Hence reinforcement installation depth is not as deep as
depth of sub laying strong soil with higher bearing strength.

Depth of the soil reinforcement depends on load applied to the weak soils’ surface and the depth of
compacted soil Hne (figure 1).

Proposed method assumes using a number of vertical elements. Vertical elements are installed into the
weak soil field with the step calculated based on a method described herein.
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Fig. 1 — Soil reinforcement scheme. As — shear surface of reinforcing element, Ar; — bottom bearing
surface of reinforcing screw, d — vertical pipe’s diameter, Di — diameter of i screw, A, — area of surrounding soil
working mutually with reinforcing element.

Installation of vertical reinforcing elements aims to achieve joint resistance of the soil and vertical
elements. Joint reaction of the vertical reinforcement and surrounding soil takes place in case both components
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have equal and simultaneous deflections. Based on review of existing approaches for vertically reinforced
weak soil settlements calculations following predesign conditions are designated:

o specific geometry of shear helical screws;

o allocation of vertical elements with certain step between each other;

o reinforcing elements’ elasticity module higher than soil’s elasticity module;

o shear extensions’ materials harder than soil.

Shadunts K.Sh. [12] notices importance of taking into account the sticking load required for joint
deflection of weak soil and vertical reinforced elements. Referring to Deryagin B.V. [13] and Terzaghi K. [14]
he considers the sticking load as an influence between molecules of both materials.

Ag; = % Arp,j AFIJJ"'J- N Arp,m
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=

Fig. 2 — Reinforcing elements loading scheme.

2.2. Reinforcing element structure

Reinforcing elements produced with fiber reinforced plastic (FRP) pipes and cast iron screws fixed to
the pipe. FRP pipes are produced by pultrusion method. Screws are fixed to the pipe by using glue or rivets.
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Screws diameters are increased from the bottom to the toe. Distance between screws is equal to two screws
diameters.

Fig. 3 — Multi screw type reinforcing element. 1 — fiber reinforced plastic pipe, 2 — spiral extra roving, 3 —

SCrews.

CTeknonsacTuk CBOMMWU KOHKYPEHTHBIMU MPeEnMyLLECTBaMN B CPaBHEHNN
C OpyruMmn  mMmaTepuanamu  [oKasbiBaeT nNpaBO Ha rocreayrowme
uccnepgoBaHna  mn - npomssoacteo  [15]. Creknonnactuk  dBnsdeTcs
ANanekTpukom, obecneymsasi NPenMyLLECTBO NMPU NPUMEHEHUN B KavecTBe
OCHOBaHUA NS 34aHUN U COOPYXXEHUN U3 NErkux CTanbHbIX TOHKOCTEHHbIX
npodunen [16]. OTCyTCTBME 3MEKTPOHHOW CBSA3M C FPYHTOM onpenensier
OTCYTCTBME OJIEKTPOXUMUYECKON KOPPO3UN Kapkaca W3 TOHKOCTEHHbIX
npodunen.

Closest structure was developed earlier by Svetlov L.P. [17]. It was a micro pile fabricated with FRP
pipe with single screw located at the pile’s bottom. Structure was earlier described by Nurmukhametov R.R.
and Mirsayapov |.T. [18]. Disadvantage of proposed structure was a necessity to install micro piles deeper till
the layer of strong soil. It led to increase of FRP pipe consumption and complexity of installation. Installation
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was more complicate due to necessity of extra torque moment application. Increase of rotation moment
required increase of pipe’s stiffness since thin pipe’s wall led to material delamination (figure 4).

)

Fig. 4 — FRP delamination after overdesigned torque moment application.

Closest structure was also investigated by Boyarintcev A.V. [19]. It has similar structure but with smaller
screw’s diameter that is required to be applied within permanent frozen soils. Specific structure for permafrost
regions is not applicable for weak soils due to small bottom bearing strength.

Proposed soil reinforcing method can be applied for construction of low rise buildings and dismountable
structures due to fast track installation method.

Due to low weight designed structure is applicable in North regions and in the areas where delivery is
complicate. Especially method is applicable for roads infrastructure and power supply construction.

2.3. Calculation method

Terzhagi’s K. theory of soil compaction and results of Gersevanov’s N.M. researches were used as a
base. They assumed soil as an elastic porous material and considered plastic deflections through factor of
elastic plastic deflections u.

Created method considers uniaxial loading due to simultaneous combined deflections of reinforcing
elements and surrounding soil. Therefore stress appeared within reinforced soil during external load

application can be defined as per following formula:
(% 1
Uaa(a) = &pkgy = E,_:;Eaa = arp“;: ™

E
where o =—" is a deformability factor defined as a ratio of reinforcement deformability module to soil
p
deformability module,
u — is a factor of elastic-plastic deflections defined as a ratio of elastic deflections to sum of elastic and plastic
deflections.

Considering static equations external load is balanced by internal stresses in the loaded element.
Balance equation will look as follows:

N = O-rpArp + O-aaAa:-) = Arp (O-rp + ZAO-aa) = Arp (O-rp + (Ao-rp %), (2)

N = UrpArp (1 + (A %) ’ (3)

where {4 is a reinforcement factor that defines equivalent area of reinforced volume as per following equation:

{A — YErn*Af+YRrn*ARcp (4)

’
AFP‘CP
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where Ar — shear surface of reinforcing element,

Arcp — average area of reinforcing screw’s bearing surface,

Arp.cp — area of surrounding soil working mutually with reinforcing element,

yem and yrm — factors of shear and bottom surfaces reaction those are taken as per nomograms (figures 5,
6). These nomograms were developed as a rule-of-thumb based on Bartolomey A.A. and Antonov V.M.
investigations. These factors depend on ratio of reinforcements’ step to length, soil’s type (clay particles
ratio) and soil’s porosity factor.
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Fig. 5 — shear surface reaction factor.
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Fig. 6 — bottom surface reaction factor.

Compression strength that appears in the soil can be defined as per following equation:
N (5)
a )
Arp,cp (1 + CA U)

Orp (Ga) =
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where N is a force vertically applied to reinforced sail,
Am.cp is an average area of surrounding soil.

_ ZT(Arp,j + Arp,j+1) (6)

rp,cp — m .

A

After use of (6) in the equation of stress definition (5) following was gotten:

S

a-N (7)
Opy = Opp— = ————— .
Py AL+ a)

Formula (7) was applied in the law of layer by layer settlements calculation. Hence equation for
settlements calculation became following:

He Hc Hc h (8)
iMyi N
SG) =y [ 0@z = Y hittaiiGa) = ) -
0 i=0 i=0 Arp,cp (1 +a ;)

In the equation (8) m,, corresponds to the compaction factor, Hc presents settlement depth, o.,; stress
in the soil that appears in the i layer of the soil.

As a result of performed investigation formula of settlements calculation depending on reinforcing
elements structure, their number, their step and shear screws’ diameter.

2.4. \Verification by site tests

Site tests were performed in order to verify the method of settlements calculation proposed by the
authors. Reinforcement was developed based on structural calculations of the FRP pipe. Five types of
reinforcement elements were developed (figure 7). First reinforcing element was produced from steel pipe.
Second element was produced from FRP pipe. Pipes’ diameter was unified and equal to 100 mm, length was
800 mm. Reinforcing elements #3 and 4 were developed from pipes with diameter 75 mm and length 2000
mm. Reinforcing elements #3 differ from elements #4 by additional screw of same diameter 300mm located
1200mm higher after bottom’s screw. Reinforcement element #5 has the same pipe as used for elements #3
and 4 but screw’s arrangement is made as per figure 1. Hence for element #5 three screws were used.
Diameters of three screws are 150, 225 and 300 mm. Fiberglass and steel pipes’ thickness was taken 4 mm.

Reinforcement was installed into the soil till the surface level. Pipes were cut. Sand bed was installed
above reinforcing soil surface in order to perform stamp tests. Sand’s bed’s thickness was 200 mm. Stamp
tests were performed as per GOST 20276.1-2020. Loading of reinforced by vertical elements soil was
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performed by hydraulic jack by 0,6 kN steps. Load was controlled by manometer’s gauge measurements those
were converted into force created by the jack.

Reinforcement plan
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Fig. 7 — Scheme of performed site tests. 1 — reinforcement elements made with steel, {a = 0.23, 2 —
reinforcement elements made with fiberglass diameter 100 mm, {a = 0.27. 3 — reinforcement elements made with
fiberglass diameter 75 mm, {a = 0.33, 4 — reinforcement elements made with fiberglass diameter 75 mm with two

screws, {a = 0.51, 5 — reinforcement elements made with fiberglass diameter 75 mm with three different screws,

{a=0.72.

Load was applied through concrete slab installed on sand bedding. Concrete slab’s thickness was 200
mm. Slab was acting as a rigid stamp. Rigid stamp allowed involving soil between reinforcing elements to
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evaluate the work of reinforced soil as a solid element. In addition slab allowed providing additional loading till
ultimate condition is achieved.

3 Results and Discussion

Settlements measurements were verified during full scale tests. Results of described above test are
presented within figure 8.
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Fig. 8 — Load - settlement graphs of the tested samples before and after reinforcement.

Comparison of test results reflects reduction of vertical settlements with increase of reinforcement factor
{a. It is visible that samples under the applied pressure below 400 kPa with low reinforcement rate ({4 is equal
0,23 and 0,27) has reduced settlements on 26-32% compared to non-reinforced samples.

Comparison of samples differentiated by installation depth shows the difference 37%. Compared
samples had reinforcement factor {s equal 0,33 and 0,27. Pressure applied to the samples was 400 kPa.
Distance between samples (step) was constant. Hence test results confirm hypotize of reinforcement
elements’length influence on reinforcement factor and increase of rigidity of reinforced soil.

Use of second and third screw in the reinforcing element’s middle part ({» is equal 0,51 and 0,72)
reduced settlements on 41% and 55% compared to the samples with single screw (reinforcement factor s =
0,33). Applied pressure for compared settlements is constant 400 kPa. Disproportionate increase of reinforced
soil’s rigidity while reinforcement is used with different diameters of reinforcement confirms soil’s involvement
that surrounds reinforced soil. In addition differentiated screws’ diameters reduce influence of soil's
decompaction by screws.

Measured vertical deflections proof the assumption about dependence of reinforcement factor from the
ratio of screws’ diameters and distance between them to the distance between reinforcing elements.

Secant deflection modules E were calculated for certain pressure figures (table 1). Calculation formulas
were taken from GOST 20276.1-2020.

Table 1. Influence of reinforcement factor on deflection module.

Reinforcement factor, {a
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0

0,23

0,27

0,33

0,51

0,72

Deflection module E, MPa 3,69

5,79

6,80

11,59

16,27

21,69

Deflection module gotten during performed site tests (figure 9) corresponds to the approach of soil's
rigidity increase. Deformability of reinforced samples reduced compared to reference unreinforced sample.
Measured difference was 3%, 12%, 37%, 63% and 72% for the samples with reinforcement factor {4 equal
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0,23; 0,27; 0,33; 0,51 and 0,72 accordingly. Comparison is made for constant applied external pressure 300
kPa.
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Fig. 9 — Graphs for deformation modules definition compared to reinforcement factor {a.
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Fig. 10 — Tests results compared to calculated results.

Earlier tests results performed by Mirsayapov I.T., Safin D.R. and Nurmukhametov R.R. [22], [23], [24],
[25] has already presented the way when reinforcing elements become the boundary that limits the deflections
of weak soil.
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4 Conclusion

Revised scheme of weak soil reinforcement was developed. Method proposed to use vertical elements
with screws of different diameters. Diameter is increased from the bottom to the top what allows to involve
bigger volume of weak soil without disturbing the soil structure.

Settlements calculation method was developed. Formula for calculation of reinforcement factors
depending on geometry and elements’ structure was proposed. Soil’s settlements calculation method was
revised considering geometry of FRP reinforcing elements with steel screws.

Site tests of weak soil’s reinforcement by vertical elements were held. Results of withheld tests are
following:

- Developed calculation method was proofed. It is confirmed the possibility to define settlements

values by applying proposed method.

- Designed structure of reinforcing elements is developed. Reduction of settlements was verified.

results presented

Settlements reduction is reflected

Measured values were within .... ... what proofs....

Measured results proofed proposed method....
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	1 Introduction
	Weak soils are widely distributed in the world. Mainly they are located in a water saturated areas. Weak soils have low deformability module limited by 10 MPa. Construction on this type of soil is risky not only due to high settlements but due to unpr...
	Use of regular settlements calculation methods those summarize vertical deflections at each elementary part by predicting the compaction depth lead to underestimation. Sometimes difference between results reaches several times. It leads to unacceptabl...
	Construction on this type of soils without specific measures is complicate or even impossible. Specific measures can be divided on improvement of ground parameters and structures modification in order to avoid influence of settlements. Structures modi...
	Reinforcement term assumes creation of composite structure by incorporation into the soil of more rigid elements those create connection at the boundary of surfaces. Initially reinforcement was mainly used for road and hydraulic engineering constructi...
	Reinforcement classification by Mustakimov V.R. [6] beside horizontal presents vertical, inclined, cross-shaped, horizontal intermittent etc. Initially reinforcement of weak soils was performed with sand and lime piles used for increase of soil deflec...
	Nowadays jet injections are widely applied . Reinforcement is made by selfhardening mortars penetrated into weak soils. Soil icompacted by penetrated mortar creats reinforcement. In addition to penetrated mortar vertical oriented reinforcing element i...
	Thermally reinforced soil is considered by
	is calculated in a separate part of geotechnic
	class (horizontal or vertical).
	Existing methods of reinforced soil settlements’ calculations presented within open source scientific literature is limited to few methods. Thus Zhang D.J.Y. and Polischuk A.I. use “cylindrical shear surface” term for description of joint work perform...
	Mirsayapov I.T. and Popov A.O. [97] propose to calculate the settlements by calculation equivalent deflection module of reinforced soil. Their equivalent module considers length and density of reinforcement as per soil volume.
	Bartolomey A.A. developed and systemized alternative factors of vertical structures’ shear and bottom surfaces contacting the soil.
	Popsuenko K.I. notices that current reinforced soil mass is considered within actual codes as transversely isotropic. Settlements calculation formulas are based on reinforcement volume to soil volume ratio. Hence they do not consider behavior of reinf...
	Zahmatkesh A. also proposes to calculate vertical deflection by considering equivalent elasticity modulus comparing with results of Poorooshasb and Meyerhof [11] investigations.
	However existing methods are not enough for calculation of settlements in case weak soils are reinforced with multi helical vertical reinforcing elements. Current research aims to develop a method for weak soils reinforcement by using multi helical ve...
	Investigated weak soils are limited by deflection module 5-10MPa.
	2 Materials and Methods
	2.1. Model
	Investigated method assumes installation of vertical reinforcing elements into the weak soil. Aim is to increase a soil’s deformation module. It can be achieved when reinforcing elements and weak soil become joint material with unified deformation par...
	Depth of the soil reinforcement depends on load applied to the weak soils’ surface and the depth of compacted soil Hhc (figure 1).
	Proposed method assumes using a number of vertical elements. Vertical elements are installed into the weak soil field with the step calculated based on a method described herein.
	Installation of vertical reinforcing elements aims to achieve joint resistance of the soil and vertical elements. Joint reaction of the vertical reinforcement and surrounding soil takes place in case both components have equal and simultaneous deflect...
	o specific geometry of shear helical screws;
	o allocation of vertical elements with certain step between each other;
	o reinforcing elements’ elasticity module higher than soil’s elasticity module;
	o shear extensions’ materials harder than soil.
	Shadunts K.Sh. [12] notices importance of taking into account the sticking load required for joint deflection of weak soil and vertical reinforced elements. Referring to Deryagin B.V. [13] and Terzaghi K. [14] he considers the sticking load as an infl...
	Fig. 2 – Reinforcing elements loading scheme.
	2.2. Reinforcing element structure
	Reinforcing elements produced with fiber reinforced plastic (FRP) pipes and cast iron screws fixed to the pipe. FRP pipes are produced by pultrusion method. Screws are fixed to the pipe by using glue or rivets. Screws diameters are increased from the ...
	Fig. 3 – Multi screw type reinforcing element. 1 – fiber reinforced plastic pipe, 2 – spiral extra roving, 3 – screws.
	Closest structure was developed earlier by Svetlov L.P. [17]. It was a micro pile fabricated with FRP pipe with single screw located at the pile’s bottom. Structure was earlier described by Nurmukhametov R.R. and Mirsayapov I.T. [18]. Disadvantage of ...
	Fig. 4 – FRP delamination after overdesigned torque moment application.
	Closest structure was also investigated by Boyarintcev A.V. [19]. It has similar structure but with smaller screw’s diameter that is required to be applied within permanent frozen soils. Specific structure for permafrost regions is not applicable for ...
	Proposed soil reinforcing method can be applied for construction of low rise buildings and dismountable structures due to fast track installation method.
	Due to low weight designed structure is applicable in North regions and in the areas where delivery is complicate. Especially method is applicable for roads infrastructure and power supply construction.
	2.3. Calculation method
	Terzhagi’s K. theory of soil compaction and results of Gersevanov’s N.M. researches were used as a base. They assumed soil as an elastic porous material and considered plastic deflections through factor of elastic plastic deflections υ.
	Created method considers uniaxial loading due to simultaneous combined deflections of reinforcing elements and surrounding soil. Therefore stress appeared within reinforced soil during external load application can be defined as per following formula:
	where  is a deformability factor defined as a ratio of reinforcement deformability module to soil deformability module,
	υ – is a factor of elastic-plastic deflections defined as a ratio of elastic deflections to sum of elastic and plastic deflections.
	Considering static equations external load is balanced by internal stresses in the loaded element. Balance equation will look as follows:
	where ζА is a reinforcement factor that defines equivalent area of reinforced volume as per following equation:
	Fig. 5 – shear surface reaction factor.
	Fig. 6 – bottom surface reaction factor.
	Compression strength that appears in the soil can be defined as per following equation:
	where N is a force vertically applied to reinforced soil,
	Arp,cp is an average area of surrounding soil.
	After use of (6) in the equation of stress definition (5) following was gotten:
	Formula (7) was applied in the law of layer by layer settlements calculation. Hence equation for settlements calculation became following:
	In the equation (8) ,𝒎-𝝊. corresponds to the compaction factor, Hc presents settlement depth, ,𝝈-гр𝒊. stress in the soil that appears in the i layer of the soil.
	As a result of performed investigation formula of settlements calculation depending on reinforcing elements structure, their number, their step and shear screws’ diameter.
	2.4. Verification by site tests
	Site tests were performed in order to verify the method of settlements calculation proposed by the authors. Reinforcement was developed based on structural calculations of the FRP pipe. Five types of reinforcement elements were developed (figure 7). F...
	Reinforcement was installed into the soil till the surface level. Pipes were cut. Sand bed was installed above reinforcing soil surface in order to perform stamp tests. Sand’s bed’s thickness was 200 mm. Stamp tests were performed as per GOST 20276.1-...
	Fig. 7 – Scheme of performed site tests. 1 – reinforcement elements made with steel, ζА = 0.23, 2 – reinforcement elements made with fiberglass diameter 100 mm, ζА = 0.27. 3 – reinforcement elements made with fiberglass diameter 75 mm, ζА = 0.33, 4 – ...
	Load was applied through concrete slab installed on sand bedding. Concrete slab’s thickness was 200 mm. Slab was acting as a rigid stamp. Rigid stamp allowed involving soil between reinforcing elements to evaluate the work of reinforced soil as a soli...
	3 Results and Discussion
	Settlements measurements were verified during full scale tests. Results of described above test are presented within figure 8.
	Fig. 8 – Load - settlement graphs of the tested samples before and after reinforcement.
	Comparison of test results reflects reduction of vertical settlements with increase of reinforcement factor ζА. It is visible that samples under the applied pressure below 400 kPa with low reinforcement rate (ζА is equal 0,23 and 0,27) has reduced set...
	Comparison of samples differentiated by installation depth shows the difference 37%. Compared samples had reinforcement factor ζА equal 0,33 and 0,27. Pressure applied to the samples was 400 kPa. Distance between samples (step) was constant. Hence tes...
	Use of second and third screw in the reinforcing element’s middle part (ζА is equal 0,51 and 0,72) reduced settlements on 41% and 55% compared to the samples with single screw (reinforcement factor ζА = 0,33). Applied pressure for compared settlements...
	Measured vertical deflections proof the assumption about dependence of reinforcement factor from the ratio of screws’ diameters and distance between them to the distance between reinforcing elements.
	Secant deflection modules E were calculated for certain pressure figures (table 1). Calculation formulas were taken from GOST 20276.1-2020.
	Deflection module gotten during performed site tests (figure 9) corresponds to the approach of soil’s rigidity increase. Deformability of reinforced samples reduced compared to reference unreinforced sample. Measured difference was 3%, 12%, 37%, 63% a...
	Fig. 9 – Graphs for deformation modules definition compared to reinforcement factor ζА.
	Fig. 10 – Tests results compared to calculated results.
	Earlier tests results performed by Mirsayapov I.T., Safin D.R. and Nurmukhametov R.R. [22], [23], [24], [25] has already presented the way when reinforcing elements become the boundary that limits the deflections of weak soil.
	4 Conclusion
	Revised scheme of weak soil reinforcement was developed. Method proposed to use vertical elements with screws of different diameters. Diameter is increased from the bottom to the top what allows to involve bigger volume of weak soil without disturbing...
	Settlements calculation method was developed. Formula for calculation of reinforcement factors depending on geometry and elements’ structure was proposed. Soil’s settlements calculation method was revised considering geometry of FRP reinforcing elemen...
	Site tests of weak soil’s reinforcement by vertical elements were held. Results of withheld tests are following:
	- Developed calculation method was proofed. It is confirmed the possibility to define settlements values by applying proposed method.
	- Designed structure of reinforcing elements is developed. Reduction of settlements was verified.
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