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Abstract

In a number of cases during construction and operation of engineering facilities, development of mineral
deposits it is necessary to improve the properties of sandy soils by strengthening them with polymer compounds.
Analysis of current research shows that the effect of flow rate and method of treatment with polyurethanes on
the acquired properties of loose rocks is poorly understood. The paper presents the results of laboratory research
of chemical strengthening of sandy soil with polyurethane compounds. Geomaterials typically produced by
strengthening loose rock with highly elastic polymers have low strength properties and are stable under only
minor loads. To improve the strength, a two-binder sandy soil treatment process is proposed, which includes
sequential mixing of the soil with a two-component highly elastic slow-reacting compound and a small volume
of a fast-curing one-component resin. The aim of the work is to experimentally investigate the dependence of
strain and strength properties of sandy soil on the method of mixing with polyurethane compounds and the
polymer volume flow rate. A standard one-component method of mixing samples with highly elastic resin at the
resin-to-sand volume ratio from 0.05 to 0.4 and a two-component method including additional treatment with
fast-curing one-component resin in the volume of 5% of the strengthened soil were experimentally tested. The
effect of polyurethane resins on rock properties was evaluated by triaxial compression strength tests. Electron
scanning microscopy was used to determine the content and distribution of cured polymers in the loose rock
structure. It was found that the addition of a fast-curing polyurethane compound in the two-component mixing
method leads to the formation of aggregates of cured polymer, binding mineral grains without continuous
filling of intergranular voids. The presence of such aggregates improves the strength characteristics of sand up
to 5 times that is 1.3-3 times more than at the standard one-component mixing with highly elastic resin at a
resin-to-rock to be strengthened volume ratio up to 0.3. It was found that under triaxial compression conditions,
the geomaterial obtained by the two-component mixing method withstands higher axial stresses. In case the
volume ratio of resin to rock is more than 0.3, the strength of the produced geomaterial does not depend on
the addition of the fast-curing compound. The study findings practical significance consists in increasing the
strength of a sandy soil due to its low-volume strengthening with highly elastic polyurethanes.

Keywords
soil, sand, properties, strength, strengthening, technology, treatment, polyurethane, resin, geomaterial,
testing, triaxial compression, failure, strain

Acknowledgments
This research was conducted as part of a state-funded research project (State Registration No. 121052500138-4,
Research Topic Code FWNZ-2021-0001). The equipment of the RAS SB MAC GGGM was used in the work.

For citation

Shilova T.V., Serdyukov S.V., Drobchik A.N. Experimental research of stress-strain properties of sandy soil
when strengthened with polyurethane compounds. Mining Science and Technology (Russia). 2025;10(1):15-24.
https://doi.org/10.17073/2500-0632-2024-08-303

CBOWUCTBA NOPHbIX NOPOJ,. FTEOMEXAHUKA U TEO®U3UKA
Hay4Has cTaTbs

3KCﬂepMMeHTaﬂbele ncenepoeaHmsa Aed)OpMaI.I,MOHHO-I'IpO‘-IHOCTHbIX CBOMCTB
nec4yaHoro rpyHTa npu ero ykpernsjieHum nosiimyperaHoebiMu coctaBamMmm

T.B. llunosa(» >4, C.B. CepaiokoB , A.H. Ipo6umk
Hucmumym zopHozo dena um. H. A. Yunakana CO PAH, 2. Hosocubupck, Poccuiickas ®@edepauus
< shilovatanya@yandex.ru
AHHOTaUuA
[Tpu BO3BeAEHNUM U SKCIUTyaTallMM MHKEHEPHBIX 00bEKTOB, pa3paboTKe MECTOPOKIEHMI TBEPABIX MOIE3HbIX

MCKOIIaEMbBIX B psaae CydaeB HeOﬁXO,ZLI/IMO yJay4diiaTb CBOJCTBA MeCYaHbIX TPYHTOB 3a CUET MX apMMpPOBa-
HMS TIOJIMMEPHBIMU COCTaBaMM. Ananus COBPEMEHHDBIX MCCIe0BaHMI TIOKA3bIBAET, UTO BAUSHME pacxoma n

© Shilova T. V,, Serdyukov S. V., Drobchik AN., 2025


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2024-08-303
https://orcid.org/0000-0001-5056-9279
https://orcid.org/0000-0002-1295-4122
https://www.scopus.com/authid/detail.uri?authorId=7003986765
https://orcid.org/0009-0002-7567-6497
https://orcid.org/0000-0001-5056-9279
https://orcid.org/0000-0002-1295-4122
https://www.scopus.com/authid/detail.uri?authorId=7003986765
https://orcid.org/0009-0002-7567-6497

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2025;10(1):15-24

elSSN 2500-0632

https://mst.misis.ru/

Shilova T. V. et al. Experimental research of stress-strain properties of sandy soil when strengthened...

crioco6a 06paboTKY MOMMypeTaHaMy Ha IPUOOGPeTEHHbIE CBOVICTBA PHIXJIBIX IOPOJ, c1abo u3ydyeHo. B pabo-
Te MpeCTaBIeHbl Pe3yabTaThl TA60PATOPHBIX MCCIENOBAHNI XMMUUECKOTO 3aKPEIIEHNs] TIeCYaHOTO IPYH-
Ta MOMYPETAHOBBIMM COCTaBaMMu. eomMmaTepuasbl, OObIYHO TIOITyYaeMble MPU APMUPOBAHUM PBIXJIBIX TIOPOL
BBICOKO3/TACTUYHBIMY TIOMMMEpPAMM, UMEIOT HU3KME MPOYHOCTHBIE CBOVICTBA M CTaGMIIbHBI JINIIb ITPY HE3HA-
YUTENbHBIX HATpy3KaxX. /sl MOBBIMIEHYS] IPOYHOCTY MPEIJIOKEHA TEXHOIOIMS ABYXPACTBOPHON 06paboTKM
TeCYaHOro IPYHTA, BK/IIOUAIONIAs ITOC/IeIOBATE/IbHOE CMEeIIeHMEe TTOPOABI C ABYXKOMITOHEHTHBIM BbICOKO3JIa-
CTUYHBIM MeJ[/IEHHO PearnpymoluM COCTaBOM U MaJIbiM 06beMOM GbICTPOTBEP/IEIOIIEN i OHOKOMITOHEHTHOIA
cMorbl. 1lenb paboThl — IKCIIEPUMEHTAIBHOE MCC/IeNOBaHMe 3aBUCUMOCTU JedOpMalIOHHO-TIPOYHOCTHBIX
CBOJCTB TIECYAHOTrO TPYHTA OT CIIOCO6A CMEIeHMs C MOMMYPETAHOBbIMYU COCTaBaMM ¥ 0GbEMHOrO pacxona
MoMMepa. DKCIIePUMEHTATbHO IIPOTECTMPOBAHbI CTAHJAPTHBIN OJHOPACTBOPHbIN CITOCO6 cMelIeHus 06pas-
IIOB C BBICOKO3JIACTUYHOI CMOJIO B COOTHOIIeHUM 06beMOB ¢ neckom ot 0,05 mo 0,4 u ABYXpacTBOPHBIIL,
BKJTIOUAIOIINIA TOTIOTHUTEIbHYIO 00paboTKy OBICTPOTBEPAEIONIEN OMHOKOMITOHEHTHOI CMOJION B 00beMe 5 %
OT YKPEIUISIEMOT0 IPYHTa. BiusHMe MonypeTaHOBbIX CMOJI Ha CBOJMCTBA IMOPObI OLIEHMBAJIY 10 pe3y/IbTaTaM
MIPOYHOCTHBIX UCIIBITAHMIT METOOM TPEXOCHOTO CKaTus. [IJist oTipe/ie/ieHusI COMePXKaHms U pacIpeaeneHust
OTBEPKIEHHBIX NIOMMEDPOB B CTPYKTYPE PHIXJION MOPOIbI UCIIOIb30BAJICS METOZ, 3/IEKTPOHHO-CKAaHMPYIOIIEi
MMKPOCKOTMK. YCTAaHOBJIEHO, UTO T06aB/ieHNe OBICTPOTBEPAEIONIEro MOIMYPETAHOBOTO COCTaBa B IByXpac-
TBOPHOM CII0CO0€e CMeNIeHVs] TPUBOAUT K GOPMUPOBAHNIO arperaToB OTBEPXKIEHHOTO MOIMMEpPA, CBSA3bIBA-
IOIIYX MUHEepaibHble 3epHa 0e3 CIUIOIIHOIO 3aIllOJIHEHUST MEX3ePHOBBIX MyCTOT. Hajimume TakmMx arperaToB
TTOBBINIAET TPOYHOCTHBIE XaPAKTEPVUCTUKM MTeCKa 10 5 pas, uto B 1,3—3 pasa Gosblile, yeM IIpU CTAHIAPTHOM
OIHOPACTBOPHOM CMEINIEHUM C BbICOKOIIACTUYHOM CMOJIOI B 06beMHOM COOTHOIIEHUY C YKPEILIsIeMOii IMo-
popoit 1o 0,3. YCTaHOB/IEHO, UTO B YCJIOBMSIX TPEXOCHOTO CKATMSI TeoMaTepuall, MoJydeHHbli Py JByXpac-
TBOPHOM CITOCOGe CMeIIeHMs], BhIIePKUBaeT 60jiee 3HAUUTENbHbBIE OCeBbIe AedopMaluu. B ciryuae 06beMHO-
T'O COOTHOILIEHUS CMOJIbI U TOPOAbI 6ostee 0,3 MPOYHOCTH MTOTYYaeMOT0 reoMaTepuaia He 3aBUCUT OT T0OABKU
OBICTPOAEICTBYIONIEro coctaBa. [IpakTHueckast 3HaUMMOCTb ITOTYUYE€HHBIX PE3Y/IbTATOB COCTOUT B MTOBBIIIEHUN
MIPOYHOCTH [T€CYAHOTO TPYHTA MPU €r0 MaJ006eMHOM YKPEILJIEHMM BbICOKO3IACTUYHBIMY ITOJIMYyPEeTaHAMMA.
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Introduction

The design, construction, and operation of engi-
neering facilities, drifting and the sinking for miner-
al deposit development depend on the properties of
soils and the surrounding loose rocks. The most prob-
lematic soils include sandy soils with loose structure,
high hydraulic conductivity, and poor grading. These
features contribute to the intensive manifestation of
various negative physical processes, such as lique-
faction, subsidence, and soil erosion. In complicated
geotechnical conditions, strengthening with polymer
compounds, chemical reagents interacting with each
other and/or with groundwater is used to improve
the properties of loose rocks [1-3]. Such methods
are widely used in tunnel construction, underground
space development, design of footings and founda-
tions of structures! [4]. Various methods of injection

ISP 22.13330.2016. Footings of Buildings and Structures.
Updated version of SNiP 2.02.01-83. URL: https://lentisiz.
ru/wp-content/uploads/2019/01/11_SP-22.133330.2016-
Osnovaniya-zdanij-i-sooruzhenij.pdf
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strengthening, mixing and tamping with cements,
polymer resins are used [5—7]. Technical requirements
and regulatory documents, GOST R 59706-2022, have
been developed for a number of technologies, such as
soil consolidation with cement and sodium silicate
based mortars used in construction, reconstruction,
and repair of engineering facilities

The advantage of polymer resins is their ability
to diffuse into rocks and strengthen them during the
polymerization process. This increases the stability
of loose soils by binding the individual particles into
a single matrix. One type of such compounds is polyu-
rethane resins, which are used not only to strengthen
loose rocks, but also to reduce their permeability and
prevent fluid filtration [8-10]. Depending on a ge-
otechnical problem to be solved, one-component or
two-component polyurethane systems are used. In
one-component systems, polymerization occurs by
interaction with stratal water. As a rule, such a com-
pound intensively foams, its volume increases seve-
ral times. An additional advantage is relatively simple
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pumping equipment for injection into rocks, while the
disadvantages are limited storage time, difficulty in
controlling the duration of polymerization, high sen-
sitivity to water saturation of rocks and atmospheric
moisture.

In two-component polyurethane systems, foamed
polyurethane formation occurs as a result of interac-
tion between isocyanate (component B) and polyester
compound (component A), a mixture of polyfunctio-
nal hydroxyl-containing polyols with a foaming agent
and a catalyst [11, 12]. Curing of such resins strong-
ly depends on the uniformity of mixing and distribu-
tion of reagent molecules in the volume of the fin-
ished compound. The heterogeneity of the mixture
impairs the interaction of substances, especially for
fast-curing systems. Only resins with low viscosity
and long curing time penetrate well into a rock pores.
After diffusion and curing of a resin, the particles are
“glued” together by the polymer with lesser residu-
al porosity remained [13, 14]. In practice, the use of
fast-curing compounds for rock and soil strengthe-
ning is complicated by the increase in viscosity due
to the short reaction time. This limits the injection
volume of a compound, depth and uniformity of its
penetration into a rock [15-17]. The use of two-com-
ponent slow-reacting, highly elastic polyurethane
resins solves this problem. They are effective in the
construction of cutoff curtains, waterproofing of soils,
provide the level of permeability of sandy soil after
strengthening corresponding to the values of practi-
cally impermeable rocks, about 10#-107° uym?[18, 19].
At the same time, geomaterials obtained by strength-
ening rocks with highly elastic polyurethanes have
low mechanical strength and are stable only under
minor loads [20, 21].

Laboratory testing on rock strengthening with
subsequent determination of physical-mechanical, fil-
tration properties of the produced geomaterials allow
predicting the results of corresponding field works?
[22, 23]. The analysis of known studies shows poor
understanding of the effect of flow rate and method
of polymer treatment on the acquired strength pro-
perties of loose and fractured rocks. The present work
deals with a two-component method for increasing
the mechanical strength of the produced geomate-
rials, involving sequential mixing of sandy soil spe-
cimens with a two-component highly elastic polyure-
thane compound and a small volume of a fast-acting
one-component resin. The aim of the work is to de-
termine the peculiarities of changes in the strength
properties of sandy soil depending on the mixing
method and polymer volume flow rate based on the

2 Ortiz R.C. Mechanical behavior of grouted sands. [Mas-
ter’s dissertation]. Kentucky: University of Kentucky; 2015. 117 p.
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results of laboratory testing. The following tasks were
set: to investigate the structure, strain and strength
properties of geomaterials produced by the one-com-
ponent and two-component methods of mixing sandy
soil with polyurethane compounds and their different
volume flow rates; to determine the relationship be-
tween the internal structure and strength characte-
ristics of geomaterials, the effect of adding fast-acting
polyurethane compound on the mechanical strength
of the sand to be strengthened.

Research Materials and Methods

Materials

In the tests, a two-component slow-reacting
highly elastic polyurethane resin (hereinafter SR
compound) was used, which was designed for conso-
lidation and waterproofing of soils, creation of cut-
off curtains. The SR compound is produced by mix-
ing components A and B in a volume ratio of 1:1 to
a homogeneous consistency. Component A is a mix-
ture of castor oil (40-41 vol. %), phenoxypropanol
(20 vol. %), and low molecular weight polypropylene
glycol (40-41 vol. %). Component B is a mixture of
methylene diphenyl di-isocyanate (66-67 vol. %),
polypropylene glycol (10 vol. %), propylene carbonate
(21-23 vol. %). After mixing components A and B, the
viscosity of the SR compound is about 95-120 MPa-s
and remains low for a long time (tens of minutes). This
promotes penetration of the ready-made compound
into thin joints, fine-porous soils, increases the effect
on a rock, reduces its filtration properties. Full curing
time is about 3 h. Meanwhile, the mixture foams and
increases in volume. When cured, the SR compound
is an impermeable, elastic material, stable at small
strains. Technical characteristics are given in Table 1.

To increase the rock strength, in the tests,
a one-component fast-acting polyurethane resin (here-
inafter, FR compound) was used to strengthen loose,
unstable rocks in the course of the construction of un-
derground structures, filling microcracks in concrete
and stone structures. The polymerization reaction oc-
curs when the polyurethane compound is mixed with
water to a homogeneous consistency in a ratio of 1:1
to 9:1 (resin : water). A 5:1 ratio was used in the tests.
Curing time is 90—180 s at a temperature of 25°C. At the
same time foaming occurs due to the release of carbon
dioxide, which is a product of the interaction between
isocyanate and water. In cured form, the FR compound
is a fine-porous foam capable of withstanding signifi-
cant dynamic and static loads. High viscosity of the
compound, 800-1,000 MPa.s at 20°C, reduces the zone
of impregnation of rocks, especially in low-permeable
soils, rocks containing thin cracks, etc. Technical cha-
racteristics of the FR resin are given in Table 1.
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Table 1

Properties of two-component polyurethane compounds

Indicator

SR compound

FR compound

Purpose Waterproofing, creation of cutoff Strengthening of loose, unstable
curtains, etc. rocks, etc.

Volume ratio of components A to B 1:1 -

Resin : water volume ratio - 1:1-9:1

Density (components A/B), g/cm?

1,01/1,21 at 23°C

1,614 at 20°C

Viscosity (components A/B/mixture), MPa-s

115/40/80 at 23°C

800-1,000 at 20°C

Curing time, s

about 10,800

90-180

Surface tension at 23°C, mN/m

35.7

Laboratory studies were carried out with sand
samples taken from a quarry in the Novosibirsk district
of the Novosibirsk region. For the tests we used fine
sand, in which 90% by mass belonged to 0.2-0.25 mm
particle size fraction. The rock was pre-dried to con-
stant weight, the density of mineral particles and bulk
density were determined, and the porosity factor was
estimated from the obtained values. The particle and
skeletal densities of the dry soil averaged 2.64 g/cm3
and 1.66 g/cm3, respectively, and the estimated poros-
ity coefficient was 0.65.

Techniques

The effect of polymer resins on the properties
of fine sand was investigated under laboratory con-
ditions. The experiments included several stages:
preparation of rock specimens mixed with polymers
(geomaterial); strain-strength tests (triaxial com-
pression strength tests); analysis of microstructure
and porosity by scanning electron microscopy. Two
methods of mixing sand with polyurethane resins
were used in the experiments: one-component with
ready mixture of components A and B (SR com-
pound); two-component, sequentially with ready SR
and FR compounds. In the case of the one-component
method, the prepared mixture of components A and
B (SR compound) was added to sand and mixed until
a homogeneous mass was formed. In the case of the
two-component method, sand was sequentially mixed
with the prepared SR and FR compounds. Specimens
(Fig. 1) were formed at the ratios of volumes of li-
quid resin and being strengthened loose rock of 0.05,
0.1, 0.2, 0.3 and 0.4 (Table 2). The produced mixture
of sand with the reagents was placed into a steel cy-
lindrical mold 50 mm in diameter and 120 mm high,
compacted and aged for 24 h until complete curing of
the polymers. The specimens were then extracted and
machined at a stone-cutting machine, reducing the
height to 100 mm.

18

Polyurethane resin content in geomaterial speciTmale)::es2
SPecimen ying method | torodk | torodk
volume ratio | volume ratio
1.1 One-component 0.4 0
1.2 The same 0.3 0
1.3 The same 0.2 0
14 The same 0.1 0
1.5 The same 0.05 0
2.1 Two-component 0.4 0.05
2.2 The same 0.3 0.05
2.3 The same 0.2 0.05
2.4 The same 0.1 0.05
2.5 The same 0.05 0.05

The produced specimens of geomaterials were
tested by triaxial compression testing method using
GT 1.3.5 instrument®. Strength and strain charac-
teristics were determined in accordance with GOST
12248.3-2020. The tests were performed at a lateral
pressure of 100 kPa, axial strain rate of 0.5 mm/min
with a vertical load limit of 5,000 kPa. Based on the
tests results, the peculiarities of strain of the speci-
mens and ultimate loads were identified, and the va-
lues of strain modulus were determined according to
the technique recommended by GOST 12248.3-2020.
Data recording and processing were carried out using
the specialized software program Geotek Studio of
SPE Geotek LLC.

5 Automated triaxial compression instrument GT 1.3.5.
URL: https://npp-geotek.com/upload/iblock/3d5/3d5b19682b34
abeeelc6ee34f00e5d9d.pdf [[laTa focTyna: mait 2024].
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Fig. 1. Geomaterial specimens for triaxial compression strength tests

The produced geomaterials were examined by
scanning electron microscopy (SEM). Mineral grains,
aggregates of cured polymer were identified from
the obtained SEM images, and their content in the
volume of strengthened rock was quantitatively es-
timated [24]. The spatial distribution of heterogenei-
ties and voids, structural features of the geomaterials
in accordance with the classification of [25] were de-
termined. The samples for the study were taken along
the axis, from the top, middle, bottom of the cylin-
drical specimens. Data analysis and processing were
performed using a Mineral S7 automated analyzer of
solids microstructure fragments of SIAMS Company.

Findings and Discussion

The distribution features of cured polyurethane
resins in fine sand samples were determined by SEM
images. In the geomaterials produced by the one-com-
ponent method of mixing rock with resin, the cured SR
compound occupies a significant part of the void space.
Residual porosity is due to voids located near the sur-
face of mineral grains (Fig. 2). As the ratio of resin and
rock volumes increases from 0.05 to 0.4, the void space
filling with the cured SR compound increases from 43
to 75% or 1.7 times. The linear approximation of the
relationship between the above parameters has a coef-
ficient of determination R? = 0.83 Fig. 3).

In the specimens produced by the two-compo-
nent method of mixing sand with polyurethane com-
pounds, the aggregates of cured resins also occupy
the majority of the pore space. The fast-curing FR
compound occurs near the surface of mineral grains,
binding them and forming aggregates with isolated
pores in the polymer structure. In addition, residual
voiding is due to pores located in the intergranular
space (see Figure 2). Studies of samples from the mid-
dle and bottom parts of the specimens showed that

19

as the ratio of the volumes of SR resin and FR resin
to the being strengthened sand increased from 0.1 to
0.45, the filling of the void space with cured polymers
increased from 40 to 72 %, or 1.8 times (see Figs. 2, 3).
The formation of aggregates of FR compound with
closed pores near the surface of mineral grains can
prevent the penetration of low-viscosity SR resin into
unfilled voids. The structure of the produced geoma-
terial depends on the volume ratio of resins and sandy
soil. If this ratio is greater than 0.3, the filling of void
space with cured compounds is more than 60%, and
the geomaterial has a basal structure characterized by
a uniform distribution of mineral particles in the mass
of the binding material. As the volume ratio of resin
and rock decreases to 0.05-0.15, the void space filling
with cured compounds decreases to 40-50%, and the
produced geomaterial acquires a “contact” structure,
in which the binding material occurs mainly at the
contacts of grains (see Fig. 2)*.

The strain and strength properties of the pro-
duced geomaterials depend on the internal structure
formed as a result of mixing with the polyurethane
resins. The mechanical properties of sand strengthe-
ned with polyurethane compounds were determined
using the diagrams “axial stress o, — relative axial
strain ¢,”, when the specimens were deformed at arate
of 0.5 mm/min to the value of relative strain ¢, = 0.15
(15%). 1t was found that in case of the one-compo-
nent mixing method with resin-to-rock volume ra-
tios of 0.05, 0.1, 0.2, and 0.3, the produced geomate-
rial fails with a pronounced strength limit (maximum
stress), while at 0.4 it behaves as an elastomer. More-
over, its yield strength in the investigated range of
relative strains was not achieved (GOST 4651-2014).

4

Ortiz R.C. Mechanical behavior of grouted sands. [Mas-
ter’s dissertation]. Kentucky: University of Kentucky; 2015. 117 p.
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The value of the axial stress maximum depends on
the content of the highly elastic SR compound in the
rock and increases by more than 2.5 times when the
amount of the resin decreases 8 times. At ¢, = 0.15,
maximum strength was achieved at the resin-to-rock
volume ratios of 0.2, 0.3, and minimum strength was
achieved at 0.4. As the amount of the resin increa-
ses, the strain value corresponding to the ultimate
strength limit of the geomaterial increases (Fig. 4).
For the resin-to-rock volume ratios of 0.05, 0.1, 0.2,
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the ultimate strength limit of the geomaterial is
achieved at ¢, ~ 0.025, 0.04, and 0.08, respectively
(see Fig. 4).

In case of the two-component method of mixing
sand with polyurethane resins with addition 5 vol. %
of fast-acting resin FR, the pronounced strength lim-
it of the geomaterials was observed when the SR+FR
resins-to-loose rock volume ratios were 0.1, 0.15,
0.25. When the volume ratio reaches 0.35, 0.45, the
geomaterial behaves similar to elastomers (Fig. 5).

f

Fig. 2. Fragments of SEM images of geomaterials produced by mixing sand with polyurethane resins. One-component mixing
method with a highly elastic SR compound at a volume ratio of resin to rock: a — 0.4; b — 0.3; c—0.2; d - 0.1; e - 0.05.
Two-component method of mixing with SR and FR compounds at the ratio of volumes of FR compound and strengthened
rock of 0.05, SR compound and the rock: f— 0.2; g — 0.3. Legend: I — mineral grains; 2 — cured polymer; 3 — intergranular
voids; 4 — closed pores in the structure of cured polymer

90
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Fig. 3. Cured polymer content in the void volume as a function of the polyurethane resin-to-being strengthened rock (sand)
volume ratio based on SEM image analysis. Black and gray circles are data of experimental studies of samples produced
by one-component method of mixing sand with SR compound and by two-component method of mixing sand
with SR and FR compounds, respectively. Black and gray lines are linear approximations of the experimental data
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When the content of the resin compounds decreases
4.5 times, the strength limit increases by more than
9 times. For g, = 0.15, the strength reaches peak at
a SR resin-to-rock volume ratio of 0.05, and is mini-
mum at that of 0.4. For the SR+FR compounds-to-rock
volume ratios of 0.1, 0.15, and 0.25, the strength limit
of the geomaterial is observed at ¢, ~ 0.03, 0.05 and
0.07, respectively (see Fig. 5, 6).

The specimens strain-strength tests data made
it possible to determine the values of strain modu-
lus of the geomaterials. The technique recommended
by GOST 12248.3-2020 was used. It was found that

o

Vertical stress o,, MPa

0.2
O T T T
0 0.05 0.10 0.15
Relative vertical strain g,
ol 02 3 4

Fig. 4. Axial stress — relative axial strain" graphs
of geomaterial specimens produced by the one-component
method of mixing sand with highly elastic polyurethane
resin SR. Resin-to-rock volume ratio (and cured polymer
content determined by the graphs in Fig. 3):
1-0.4(77%); 2-0.3(68%); 3-0.2 (60%);4 — 0.1 (52%);
5-0.05 (48%)
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when using the one-component mixing method, an
eightfold increase in the amount of SR resin reduces
the strain modulus of the produced geomaterials by
more than 10 times. The largest increase in the strain
modulus was achieved when the resin-to-rock volume
ratio decreased from 0.2 to 0.1.

The two-component mixing method with the ad-
dition of the fast-acting FR polyurethane compound
leads to an increase in the geomaterial strain modulus
when the SR resin-to-rock volume ratio is 0.05, 0.1,
0.2. If the value of this ratio is higher, the addition of
the FR compound has little effect (Table 3).

Vertical stress o,, MPa

0 0.05 0.10 0.15
Relative vertical strain g,
ol 02 3 4 e5

Fig. 5. Axial stress — relative axial strain" graphs
of geomaterial specimens produced by the two-component
method of mixing sand with highly elastic polyurethane
resins SR and FR. Resin-to-rock volume ratio (and cured
polymer content determined by the graphs in Fig. 3):
1-0.45(68%); 2-0.35 (60%); 3 — 0.25 (51%);
4-0.15(42%); 5-0.05 (37%)

50 mm

Fig. 6. Examples of broken down and deformed geomaterials after triaxial compression tests at SR+FR resin-to-rock volume
ratios of: a - 0.35,0.45; b - 0.1, 0.15, 0.25
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Table 3
Strain modulus of geomaterials as a function
of SR compound-to-rock volume ratio

Sample SR FR Strain
number compound-to-.rock compound-to-.rock modulus,
volume ratio volume ratio MPA
1.1 0.4 0 5.6
1.2 0.3 0 18.3
1.3 0.2 0 16.1
14 0.1 0 53.3
1.5 0.05 0 70.6
2.1 0.4 0.05 5.2
2.2 0.3 0.05 14.1
2.3 0.2 0.05 29.9
2.4 0.1 0.05 101.5
2.5 0.05 0.05 132.7

Comparing the results of the sand mechanical
tests before and after strengthening with polyure-
thane resins, it can be noted that the application of
the highly elastic resin at the resin-to-rock volume
ratio no more than 0.3 increases the strength of the
rock by 1.3-2.3 times. The addition of 5 vol. % of the
fast-acting FR resin leads to an additional 1.6—-2.2-fold
increase in the strength. In the case of the highly elas-
tic resin-to-rock volume ratios greater than 0.3, the
nature of the geomaterial strain changes significant-
ly. Compared to the loose rock not treated with the
polymers, the strength decreases 1.3—1.7 times and is
practically independent of the addition of the fast-act-
ing resin. Such a geomaterial exhibits the properties of
a composite elastomer. Its specimens deform without
apparent failure and recover to nearly their original
size after the load is removed (see Fig. 6).

The experimental studies have shown that under
triaxial compression conditions the geomaterials pro-
duced by the two-component method of mixing sand
with the SR and FR polyurethane compounds with-
stand higher mechanical loads than those produced
by the one-component method of mixing with only
one highly elastic resin. It is most pronounced at low
resins-to-loose rock volume ratio (0.05, 0.1). At the
volume ratios of 0.3, 0.4, the addition of the fast-act-
ing resin has an insignificant effect on the value of the
strain modulus of the produced geomaterial.

Conclusion
The method of mixing sand with polyurethane
compounds, the resin-to-loose rock to be streng-
thened volume ratio have a significant effect on the
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distribution of mineral grains and binder in the pro-
duced geomaterial and its strain and strength proper-
ties. At the resins-to-rock volume ratio of 0.05-0.15
the filling of its void space with cured polymer is
40-50%. The produced geomaterial has a contact type
of structure, in which a binding material is located in
the places of contact between mineral grains. Spe-
cimens of such geomaterial withstand greater loads
than the specimens with the highly elastic resin-to-
rock volume ratio greater than 0.3, for which the fil-
ling of the void space with the binding polymer rea-
ches 60% or more. As the geomaterial void space fil-
ling with cured highly elastic compound decreases
from 75 to 43%, their mechanical strength increases
more than 2.5 times. On the contrary, the strain value
corresponding to the geomaterial strength limit in-
creases with increasing the resin content.

Two-component method of sand mixing with
addition of 5 vol. % of fast-curing polyurethane
compound leads to intensive formation of aggre-
gates of cured polymer in a loose rock, binding mi-
neral grains without continuous filling of inter-grain
voids that significantly increases the strength of the
strengthened sand at relatively low consumption of
the chemical reagents. The strength of the produced
geomaterials increases 2-5 times in comparison
with the loose rock before the chemical treatment
and 1.3-2.3 times as compared to the one-compo-
nent method of mixing with highly elastic resin at
the resin-to-rock volume ratio less than 0.3. It was
found that under triaxial compression conditions,
the specimens produced by the two-component
method of mixing with the resin compound with-
stand more significant loads than those produced
by the one-component mixing with only one slow-
ly reacting highly elastic resin. If the highly elastic
resin-to-rock volume ratio was greater than 0.3,
the geomaterials withstanding only low loads were
formed, and the addition of the fast-acting com-
pound is ineffective in this case.

The study findings practical significance con-
sists in increasing the efficiency of using low-vis-
cosity highly elastic polyurethane resins in solving
problems of loose rock stabilization. The experimen-
tal studies have shown that the method of two-com-
ponent mixing with the addition of fast-acting
polyurethane resin significantly increases the rock
strength. The pronounced nonlinear dependence of
strain and strength properties of geomaterials on
the method of mixing and polyurethane resins-to-
rock volume ratio indicates the expediency of opti-
mizing the modes of chemical treatment taking into
account a geotechnical problem to be solved. This
allows, on the one hand, reducing the consumption
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of expensive polymers per unit volume of a rock, perties of loose rocks when using other types of po-
and, on the other hand, improving the mechanical  lymers, in particular, organomineral resins, to solve

properties of the produced geomaterials. In the fu-  the problems of stabilization of loose rocks under
ture it is planned to investigate the regularities of  conditions of rock pressure and filtration of under-
changes in physical-mechanical and filtration pro-  ground fluids.
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