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AHHOTANUA

Hegopmayuu pynoamenmogs 30anuti Ha 2IUHUCHIBIX 2PYHIMAX MO2YHL PA3GUBAMbCS 8 MEUeHUe ONIUMENbHbIX NPOMEICYMKOS
BPeMEHU, UBMEPSEMbIX CIOIEMUSIMU, Gbl3bl8Asi 0CAOKY 30anusi. CKOpoCmb NpOmMeKaHusi 0Ca00K OKA3bleaem GlusiHUe HA 603-
HUKHOBEHIe NAAcCmu4eckux oeghopmayuti mamepuana cmet u kapkaca. Ilosmomy pazeumue memoouk pacuéma depopmayuii
OCHOBAHULL 80 8PEeMEHU ABNAEMC AKMYalbHOU 3adayell. M36ecmHo, umo meopus urbmpayuoHHol KOHCOIUOAYUU 0Aém cXo-
JHCUe ¢ NPAKMUYECKUMU HADIIOOEHUSMU Pe3YTbMamsl IUllb 0151 CIAObIX B0OOHACHIUEHHBIX 2IUHUCMbIX SDYHINOE MeKyYel U
meKy4e niacmuyHol KOHCUCIMEHYUU, KOMOpble 3a4acmylo mpeoylom ycuienus. B makux ciyuasx npumensiiom mexHoio2uio
CMpYUHOU YeMenmayuy Uiy nPONUmMo4HoOU uHvekyuu. /s 9mo2o nPUMeHsIIOmcst UHbEKYUOHHbIE CMeCU HA OCHOBe MUKPOYe-
Menmog. B pabome npednazaromesi cocmagul UnbeKYUOHHBIX cMeceli C UCNONb308aAHUEM KepamM3umosou noiau. Ilokazano, umo
Kepam3umogasi Nolib MOJICEM UCHONIb308AMbCS 8 KAYeCmae aKmueHOU MUHEPAIbHOU 000A6KY 6 UHbEKYUOHHBIX KOMNOZUYUSX
Ha OCHOBE MUKPOYEMEHMO8. YCmanosneno, 4mo uHbeKyuoHHble COCMAaBbl HA OCHOB8E MUKPOYEMeHMA, MOOUDUYUPOBAHHble
Kepam3umogoul nulibio UMeIom ayHuyio dQhexmueHocmes npu 3aKpenieHuu 2IUHUCIbIX SPYHIMOS, MAK KAK pasmepbl Ux Ya-
CIMuY COROCMABUMbL C PAZMEPAMU YACMUY MUKPOYEMEHMOS8 U KEPAM3IUMOBOU NbLIU.

KJIFOUEBBIE CJIOBA: ¢unsmpayuonnas koncoauoayus, HauydabHulll 2paouenm Hanopa, 3aKkpeniienue 2pyHmos, Kkepam-
3UMOBAS NbITb, MUKPOYEMEHM

JUIAA HUTUPOBAHUA: Kusizea C.A., Skosiues I'.U., Jlucun B.A., I'mnsiue U.B., BypbsinoB A.®. Pacuér nedopmannii riMHUCTHIX
OCHOBAHHUI U BO3MOXHOCTh MX CTAOMJIM3AIM{ EMEHTHO-CHIMKATHON KOMIO3UIHEH, MOau(UIpOBaHHON KepaM3UTOBOW mbuUIbIO // Tex-
HHKa U TEXHOJOrHs cuiaukaroB. —2025. — T. 32, Ne 2. — C. 106-114. DOI 10.62980/2076-0655-2025-106-114, EDN dbmiob

Type of article - scientific article
OECD 2.01 Civil engineering EDN dbmiob
FA CONSTRUCTION & BUILDING TECHNOLOGY DOI 10.62980/2076-0655-2025-106-114
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ABSTRACT

The deformations of building foundations on clay soils can develop over long periods of time, measured in centuries, caus-
ing building settlement. The rate of settlement influences the occurrence of plastic deformations of wall and frame material.
Therefore, the development of methods for calculation of foundation deformations in time is an urgent task. It is known that the
theory of filtration consolidation gives similar results to practical observations only for weak water-saturated clayey soils of
fluid and fluid-plastic consistency, which often require reinforcement. In such cases, jet grouting or impregnation injection
technology is used. Injection mixtures based on microcements are used for this purpose. The paper proposes compositions of
injection mixtures using expanded clay dust. It is shown that expanded clay dust can be used as an active mineral additive in
the injection compositions based on the microcements. It is established that the injection compositions on the basis of the
microcement modified with the expanded clay dust have the best efficiency at fixing clay soils, as the sizes of their particles are
comparable with the sizes of the particles of the microcements and the expanded clay dust.
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BBEJIEHUE

[Tpn npon3BoCTBE KEPAM3UTOBOTO IPaBHsI HA KPYITHBIX
3aBOJlaxX €XECyTOYHO oOpasyercsi 10 7-8 T OCHOBHOTO OT-
X012 - KepaM3UTOBOM TIBUTH, YAAISIEMOH B OTBAJIBI, KOTOPBIE
3aHUMAIOT OTPOMHBIE IJIOMIAIN Ha TOIUTOHAX XpaHeHus [ 1,
2]. MuHepaoru4eckuii aHalTu3 KepaM3UTOBOM TTBUTH ITOKa-
31 NPUCYTCTBHE B HEW JAETUAPATUPOBAHHON TJIMHBI,
KpeMHe3éMa aMOpP(HOH CTPYKTYpBI, OKCHAAa W KapOoHarta
kaneius [3]. TpaguimoHHO, OTXOABI, B COCTaBE KOTOPBIX
MPUCYTCTBYET OOJNbILOE KOJMYECTBO KpeMHe3éMa amopd-
HOH CTPYKTYPBI U IETUAPATUPOBAHHON [IMHBI, UCIIOJIb3YIOT
B KaUCCTBC aKTHBHBIX MUHEPAJIbHBIX z[o6a1301< B IICMCHTbBI
JUISL MOITU(HUKAIIIH MX CBOWCTB M B KOMITO3HIIHSIX HA OCHOBE
MHKPOLIEMEHTOB, UCITOIb3YEMBbIX ISl CTA0MIM3aLuH 1eop-
MaIHii TPYHTOBBIX OCHOBAaHHUH U YCHJICHHUS OCHOBaHUH (PyH-
JTAMEHTOB.

Habmronenus 3a nedopmarmsivu pyHIAMEHTOB 3TaHUH
HA TNIMHUCTHIX TPYHTAX MOKA3BIBAIOT, YTO B HEKOTOPHIX CITy-
YasX OHHM Pa3BHUBAIOTCS B TCUCHUE IITUTCIBHBIX POMEKYT-
KOB BPEMEHH, H3MEPSIEMBIX cToNeTHsMU. Kak n3BecTHO, i
3/IaHUI U COOPYKEHUH BaKHA HE CTOJHKO abCOIOTHAs Be-
JIMYMHA OCAJIKH, CKOJILKO CKOPOCTh €€ MPOTEeKaHusl, HepaB-
HOMCPHOCTh B OTACJIBHBIX TOYKaxX COOPYXCHHA, a TAKKE
Bpemsi e€ crabmnm3anuu. CKOpoCTh MPOTEKAHHUS OCaIOK
OKa3bIBAC€T BJIMAHHNC HAa BO3ZHHKHOBCHHEC IINIACTUYCCKUX [1€-
dbopmanmii Marepuana creH W Kapkaca. [Ipu 3ToM, mmo-
CKOJIbKY KOHCTPYKLIMHU 3JaHUU 00JaNaroT Pa3IudHOM CIIO-
COOHOCTBIO IIepepacipeiesIeHHs yCUIINH, TPH OOJIBIINX CKO-
POCTSX Pa3BUTHs HEPABHOMEPHBIX OCAIOK OHH MOTYT IIPH-
BECTH K Pa3BUTHIO TPEIIMH B cTeHaxX (puc. 1).

PUCYHOK 1

OBPA3OBAHHUE TPEIIMH 11O OKOH-
HBIMH TPOEMAMW BCJEJICTBUE HEPAB-
HOMEPHBIX OCAJOK KUPIIMYHOI'O 3]A-
HUs1

Figure 1

Cracks under window openings due to uneven set-
tlement of brick building

B Hacrosmee BpeMs B HOPMaTHBHBIX JOKYMEHTax Mpo-
E€KTUPOBAaHMsI OCHOBAHUH 3/1aHUN U COOPYKEHHUU NJIs1 Ompe-
JIeJIEHUs] UX KOHEYHBIX OCAJOK HCIOJB3YETCs JOCTAaTOYHO
YHUBEPCAIBHBIM METOJ MOCIOWHOTO CYMMHUPOBAHHUS, OCHO-
BaHHBIN Ha JIMHEHHO-1e(OPMUPYEMON MOJIENTH TPYHTOBOTO
ocHOBaHHMA. [[aHHBIN MeTox pacuéra TpeOyeT ompenereHus
C)KMMaeMOM TOJIIIHA OCHOBAaHMS, HUKHSS TPaHUIAa KOTOPOMH
MMPUHUMACTCA UCXOAA U3 COOTHOIICHUSA HaHpﬂ)KeHI/Iﬁ oT
BHEITHEH JOMOJIHUTEILHON Harpy3KH U COOCTBEHHOTO Beca
rpyHTa. OIHAaKO 3TOT CHOCO0 MTO3BOJISIET MOTYYHUTh JIUIIB KO-
HEYHbIe OCAJKU OCHOBAHUS, COOTBETCTBYIOILUX CTaJAUU UX
CTa0MIM3alMy W HE YYUTHIBACT HEKOTOpBIC (H3MUYECKHE
0COOCHHOCTH TPYHTA, TaKHE KaK CTPYKTYPHYIO MPOYHOCTH,
HayYalbHbIA FPaJWEHT HALIOPA U T.[.

Pacuér nedopmaruii ocHoBaHHMIT BO BpeMEHH HAYaJICs CO
CTaHOBJICHUS TEOPUHM (QUIBTPAMOHHOW KOHCOJIMAAIINH,
npennoxxenHoi K. Teprarm (1925r.), KOTOpBI BHEpBBIS
c(OpPMYIHPOBAII U PELINIT OTHOMEPHYIO 33/1a4y YIUIOTHEHUS

INTRODUCTION

During the production of expanded clay gravel at large
plants, up to 7-8 tons of the main waste - expanded clay dust
- are generated daily, which is removed to dumps that occupy
huge areas at storage sites [1, 2]. Mineralogical analysis of
expanded clay dust showed the presence of dehydrated clay,
amorphous silica, calcium oxide and carbonate [3]. Tradi-
tionally, waste containing a large amount of amorphous sil-
ica and dehydrated clay is used as active mineral additives in
cements to modify their properties and in microcement-
based compositions used to stabilize soil deformations and
strengthen foundation bases.

Observations of deformations of building foundations on
clay soils show that in some cases they develop over long
periods of time, measured in centuries. As is known, for
buildings and structures, it is not so much the absolute value
of settlement that is important, but the speed of its occur-
rence, unevenness at individual points of the structure, as
well as the time of its stabilization. The rate of sediment flow
affects the occurrence of plastic deformations of the wall and
frame material. Moreover, since building structures have dif-
ferent capacities for redistributing forces, at high rates of de-
velopment of uneven settlements they can lead to the devel-
opment of cracks in the walls (Fig. 1).

Currently, in regulatory documents for the design of
foundations of buildings and structures, a fairly universal
method of layer-by-layer summation based on a linearly
deformable model of the soil foundation is used to determine
their final settlements. This calculation method requires
determining the compressible thickness of the foundation,
the lower limit of which is taken based on the ratio of stresses
from the external additional load and the soil's own weight.
This calculation method requires determining the
compressible thickness of the foundation, the lower limit of
which is taken based on the ratio of stresses from the external
additional load and the soil's own weight. However, this
method allows obtaining only the final foundation
settlements corresponding to the stage of their stabilization
and does not take into account some physical characteristics
of the soil, such as structural strength, initial pressure
gradient, etc.

The calculation of foundation deformations over time
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BOJIOHACHIIIIEHHOTO INIMHUCTOTO IPYHTA B BUJE CJI0S KOHEU-
HOM TONIIUHBI.

B nmanpHeiiniem Teopus (QHIBTPAIMOHHON KOHCONIUAA-
nuu Obia pa3BuTa B padorax H.M. I'epceBanoBa (1934),
H.A. LprroBuua (1934), B.A. ®nopuna (1948-1951), I.E.
[Monpmmna (1948), C.A. Poza (1950), Penmynuxa (1935-
1937), Kapumio (1942), M. buo (1941- 1956), T. Mennens
(1953) u mpyrux.

CnoXHBIN XapaKkTep MPOILECCOB MPH YIUIOTHEHHUH, 3aBHU-
CSAMUN HE TONBKO OT BHEUIHHX (PaKTOPOB, HO M MPHPOIHI
MPOYHOCTH U Ae(POPMUPYEMOCTH TPYHTOB, BBI3BaJl HEOOXO-
JUMOCTH BBEICHUS JOMIOTHUTEIBHBIX TApaMETPOB B TEOPHIO
(dbunpTpannonHoi konconumanuu. Tak B 1935 r. K.II. Jlyn-
JIUH CTOJIKHYJICS C SIBJICHHEM HadaJibHOTO I'pajiueHTa Haropa
npu QUWIBTPALUN Yepe3 YIUIOTHEHHBIC TOP(BI U TUIOTHHIC
mIMHBL (OMYTBEPION M TBEPIOW KOHCHCTEHIMHU). B naib-
HelfmeM noJo0Hoe sSBJICHUE OBLIO OOHAPYIKEHO B UCCIIEIIO-
BaHusax C.A. Posa, b.®. PeneroBa, M.1O. AbGenera, b.B. Jle-
psruna, H.®. bonnapenxo, P.C. 3uanruposa u np.

CoBpeMeHHbIE PemIeHHs OJHOMEPHON 3a1a4un (GUIIbTpa-
IMHOHHOW KOHCOJNMIANNN C YIETOM HAa4aJbHOTO TPaTUcHTa
HaTIOpa BBITOJHSIOTCS aHATUTHYSCKIM W YUCICHHBIMHA Me-
Tomamu [4, 5]. B kadecTBe YMCIIEHHBIX METOJIOB PEIICHHUS 3a-
JIa4d MCTIONB3YIOTCSI METOJI KOHEUHBIX Pa3HOCTEH W MEeTOx
KOHEUYHBIX 31eMeHTOB. CyTh POCTEHIIIET0 aHATUTHYECKOTO
METOZA 3aKJII0YaeTcs B ONPENEIeHUH MaKCHMAaJIbHOHM TITy-
OMHBI 30HBI (QUIBTPALMK U3 YCIOBHS PaBEHCTBA (haKTHYe-
CKOT0O M HAyaJIbHOTO TpaaueHTOB Hamopa. KoHeuHyro
0CaJIKy ONpENeNsIOT, IPUHUMas TPEYTOJIbHYIO WM Tpare-
IUCBUIHYIO SIIOPBI pacmpernencHus 3Q(QeKTUBHBIX Harpsi-
>keHu#. OcaZKy B MOMEHT BPEMEHH f ONPEIENSIOT KaK JI0JI0
OT KOHCYHOW OCaJKH, WCIONB3Yys CTENCHb KOHCOIHIAINU
TpyHTA.

B pabore [6] mpuBOIMTCS METOAMKA PEUICHHS 3adadi
(OUIPTPAIMOHHOW KOHCONMHMIAIMKA C YYETOM HA4YaIbHOTO
TpaIleHTa Hamopa, KOTOPHIH IO3BOJSET ONpPENCTUTh HE
TOJIBKO CKOPOCTH Pa3BUTHA OCAIKH OCHOBAHUS BO BPEMEHH,
HO W OIPEJeNIUTh BpeMsi OKOHUYaHUs JedopMaluii, yuecTh
M3MEHEHHE CKMMAEeMOM TOJIIN 110 TITyOHHe.

IIpu pewenuu 3a1a4u, COrNIaCHO AAHHOM METOUKE, BBO-
JIATCS T€ ’Ke JOMYIICHHUS, YTO U TIPU «KJIACCUYECKOM) pelie-
HUY 3a]1a94 (PHIIHTPAITHIOHHON KOHCOJIH AT

1) paccMaTpuBaeTCS TOJHOCTBIO BOJOHACHIIICHHBIN
TPYHT CO CBOOOTHON HECXKMMAEMOH BOJION B TIOPaX TPYHTA;

2) He yYUTHIBACTCS MON3YyUECTh TPYHTA, B KAYECTBE YPaB-
HEHUSI CBS3U MEXAY HAPSHKCHUAMHU U AehopMarisiMi mc-
MOJIB3YETCs IMHEHHAsT KOMITPECCHOHHAS 3aBUCUMOCTH;

3) rpyHT He 00JIagaeT CTPYKTYpPHOH IPOIHOCTBHIO;

4) K TOBEPXHOCTH TPyHTa MPHUKIIAIBIBAETCS MTHOBEHHO-
MOCTOSIHHAS  CIUIOIIHAS PAaBHOMEPHO pacHpeiesieHHas
Harpys3ka;

5) GubTpaIUs BObI MPOUCXOINT JIAIIH B 30HE, B KOTO-
PO¥ IeHCTBYIOIIMI IpaIMeHT Harnopa 0oJIblie Ha4aJbHOTO;

6) M3MEHYMBOCTBIO BOJONPOHHUIIAEMOCTH B IIpoOLecce
YILUTOTHEHHSI MOKHO TIpeHeOpeyb.

VYpaBHeHHEe KOHCOIUAALMU B OJHOMEPHOH MOCTaHOBKE
3amaun umeeT Bu (1):

0H

ot
rne H — ¢yHkuus Hanopa; ¢ — Bpemst; ¢ — Kod(pQHUIUEHT
KOHCOJIMJALIMY TPYHTa, ¢ = k/(myy), m, — KO3QPUIHEHT
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a

began with the development of the theory of filtration
consolidation proposed by K. Terzaghi (1925), who first
formulated and solved the one-dimensional problem of
compaction of water-saturated clay soil in the form of a layer
of finite thickness.

Later, the theory of filtration consolidation was
developed in the works of N.M. Gersevanov (1934), N.A.
Tsytovich (1934), V.A. Florin (1948-1951), D.E. Polshin
(1948), S.A. Roza (1950), Rendulik (1935-1937), Carillo
(1942), M. Biot (1941-1956), T. Mendel (1953) and others.

The complex nature of compaction processes, which
depends not only on external factors but also on the nature of
the strength and deformability of soils, necessitated the
introduction of additional parameters into the theory of
filtration consolidation. Thus, in 1935, K.P. Lundin
encountered the phenomenon of the initial pressure gradient
during filtration through compacted peat and dense clays (of
semi-solid and solid consistency). Later, a similar
phenomenon was discovered in the studies of S.A. Roza,
B.F. Reltova, M.Yu. Abeleva, B.V. Deryagin, N.F.
Bondarenko, R.S. Ziangirova, and others.

Modern solutions to the one-dimensional problem of
filtration consolidation taking into account the initial
pressure gradient are performed using analytical and
numerical methods [4, 5]. The finite difference method and
the finite element method are used as numerical methods for
solving the problem. The essence of the simplest analytical
method is to determine the maximum depth of the filtration
zone from the condition of equality of the actual and initial
pressure gradients. The final settlement is determined by
taking a triangular or trapezoidal diagram of the distribution
of effective stresses. The settlement at time ¢ is determined
as a proportion of the final settlement using the degree of soil
consolidation.

The work [6] presents a method for solving the problem
of filtration consolidation taking into account the initial
pressure gradient, which allows us to determine not only the
rate of development of foundation settlement over time, but
also to determine the end time of deformations and to take
into account the change in compressible thickness by depth.

When solving the problem according to this method, the
same assumptions are introduced as in the “classical”
solution of the filtration consolidation problem:

Dfully water-saturated soil with free incompressible
water in the soil pores is considered;

2)soil creep is not taken into account; a linear
compression relationship is used as the equation for the
relationship between stresses and deformations;

3)the soil does not have structural strength;

4)an instantaneous, continuous, uniformly distributed
load is applied to the soil surface;

S)water filtration occurs only in the zone in which the
current pressure gradient is greater than the initial one;

6)the variability of water permeability during the
compaction process can be neglected.

The consolidation equation in a one-dimensional
formulation of the problem has the form (1):

0%H 1)

d9z2
where H is the head function; ¢ is time; ¢ is the soil
consolidation coefficient, ¢ = k/(m.y.), m, is the relative
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OTHOCUTEJIBHOM CKUMAEMOCTH, ), — YICIIBbHBII BEC BOJBL; Z
— KOOpJIMHATa TOYKH.

AHanutuveckoe perieHue ypapaenus (1) mis ciayvas oj-
HOMEPHOTO YIUIOTHEHHUSI CJIOSl TPYHTA C HUKHEH BOJOHEIIPO-
HULIAEMOM U BEpXHEHW BOJIOMPOHHUIIAEMON TPaHUYHOU IO-
BEPXHOCTBIO O] IEHCTBUEM MOCTOSIHHOM MTHOBEHHO IpPHU-
JIO)KEHHOM HarpysKu IOJIy4eHO B BHUJE Pa3JIOKEHHUS B P
®ypre. Ha mpakTrke OOBIYHO OTPaHUYHMBAIOTCS IICPBBIM
4qieHoM psaga (2):

compressibility coefficient, y, is the specific gravity of
water; z is the point coordinate.

The analytical solution of equation (1) for the case of one-
dimensional compaction of a soil layer with a lower
impermeable and upper permeable boundary surface under
the action of a constant instantly applied load is obtained in
the form of a Fourier series expansion. In practice, we
usually limit ourselves to the first member of the series (2):

= 2P in™E N
H = —sin__e 2)

Ha puc. 2 nokasana smiopa pacipenesieHus Haropa Io
riyOHMHE B pa3n4HbIe MOMEHTHI BPEMEHH, IOCTPOCHHAS CO-
ri1acHoO (opmyJie (2), U3 KOTOPOTro BUIHO, YTO HAIIOP YMEHb-
IIaeTCsl CO BPEMEHEM M yBEIMYHMBACTCS C TITyONHOH.

PUCYHOK 2

SIIOPA ®YHKIHUU HAIIOPA B PA3JIMYHBIE
MOMEHTbBI BPEMEHU

Figure 2

Diagram of the pressure function at different moments
in time

Ecmu mpon3BoiibHO BEIOPATh ABE TOPHU3OHTATBHEIC TIITOC-
KOCTH Ha rpad)uke, MOJKHO 3aMETUTh, YTO pa3HOCTH HATIOPOB
Mexay HuMmH HertoctostHHa (AH; # AH # ... # AH,), cneno-
BaTENIFHO, ¥ TPAJUCHT HAllOpa MEKAY HUMH TaKXe HETTOCTO-
sHeH. Tak Kak ¢ (PU3MYCCKOH TOYKHM 3pPCHHS IPAgUCHT
Haropa — 3TO MPUpPALICHHE HAropa K TOJIIUHE CIIOs, TO B
000 MOMEHT BPEMEHHU B JIFO0OM TOYKE CIIOSI €r0 MOXHO
Haiiti, npoauddepenHunpoaB ypaBHeHHe (2) 10 KOOPAH-
HaTe z, IOIy4HuM ypaBHeHue (3):

2p

Fig. 2 shows a diagram of the distribution of pressure by
depth at different moments in time, constructed according to
formula (2), from which it is evident that the pressure
decreases with time and increases with depth.

piw H

1/4h L
1/2h 4

3/4hd — — —
A

h

If we arbitrarily select two horizontal planes on the graph,
we can see that the difference in pressure between them is
not constant (AH1 # AH2 # ... # AHn), and therefore the
pressure gradient between them is also not constant. Since
from a physical point of view the pressure gradient is an in-
crement of pressure to the thickness of the layer, then at any
moment in time at any point in the layer it can be found by
differentiating equation (2) with respect to the z coordinate,
we obtain equation (3):

: __ <P E —N
i=- cos_-e 3)

Ha puc. 3 moka3aHa 3aBUCHMOCTh TPaiHEHTa HAaropa oT
KOOPJMHATHI B Pa3IMIHbIE MOMEHTHI BpeMeHH. 13 rpadgukoB
BUJIHO, YTO JCHCTBYIOIIMH TPAAMEHT HAMOPA YMEHBIIACTCS
KaK BO BPEMEHH, Tak U 110 riryoune. ITo aTum 3aBucHMOCTIM
MOXKHO TpaHUuyecKH ONPEACTUTh TONIIMHY CXHUMaeMON
TOJIIHU B MOMCHT BPEMCHU fn, TMOJIYYHB TOUKY IEPECCUCHU A
(yHKIMM IpajiMeHTa Hanopa U npsaMoii ip. OpauHaTa TOUKU
paBHa CXKMMaeMOH TOJIIE.

OpauHaTa TOYKM NepecedeHHs rpadukoB B pa3iHyHbIC
MOMEHTBI BPEMEHH NPUHUMACT Pa3IMYHbIe 3HAUCHHUS, CIIe-
JIOBaTEJIbHO, TIOBEPXHOCTD paszesa, pa3/iesiomas 00IacTH,
B KOTOPBIX JICHCTBYIOIINI TPailieHT OONbIIE WIM MEHBIIE
HavaJIbHOTO, CMEIIAETCs BO BPEMEHH, U COKMMaeMas TOJIIIa
SIBJISIETCS. BEJMUMHOMN IEPEMEHHOM.

s Toro 9TOOB! OMPEAETNTh BpeMsI 3aBEpIICHUS (HHITb-
TPAIMOHHON KOHCONHMJIAIMU, HEOOXOAUMO HAWTH TaKylo
(hyHKIMIO TpaJleHTa HAaIopa U3 BCETO CEeMEHCTBA KPUBBIX,
KOTOpas MepecekaeT NpsMyIo i = iy B TOUKE C KOOPAUHATOU
z=0 (puc. 4). ns 31010 B BBIpaXkeHue (3) moJcTaBUM BMECTO

Fig. 3 shows the dependence of the pressure gradient on
the coordinate at different moments in time. From the graphs
it is clear that the effective pressure gradient decreases both
with time and with depth. Using these dependencies, it is
possible to graphically determine the thickness of the com-
pressible layer at time #,,, obtaining the intersection point of
the pressure gradient function and the straight line iy. The or-
dinate of the point is equal to the compressible thickness.

The ordinate of the intersection point of the graphs takes
on different values at different moments in time; therefore,
the interface separating the regions in which the current gra-
dient is greater or less than the initial one shifts in time, and
the compressible thickness is a variable quantity.

In order to determine the completion time of filtration
consolidation, it is necessary to find such a pressure gradient
function from the entire family of curves that intersects the
line i = iy at a point with coordinate z=0 (Fig. 4). To do this,
we substitute the initial gradient iy into expression (3) instead
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IpaJueHTa Haopa i Ha4ajlbHbIM IPAJUEHT iy U IPUPABHAEM
KOOPJAMHATY Z K HYJIO, HOJTY4YUM BeIpakeHue (4):

te=—
K n2c

PUCYHOK 3

I'PA®UKHN 3ABUCHMOCTHU TIPAJUEHTA
HAIIOPA OT KOOPAUHATBI Z B PA3JINYHBIE
MOMEHTbBI BPEMEHM ¢

Figure 3

The graphs of dependence of the head gradient on the
coordinate 7 at different moments of time 7

PUCYHOK 4

ONPEAEJEHUE BPEMEHHM OKOHYAHMs
OUJIBTPAIIMOHHOU KOHCOJIMJAITNN

Figure 4

Filtration consolidation end time determination

Teopust GUIBTPAMOHHON KOHCOIUIAINH TAET CXOXKHUE C
MPaKTHYECKUMH HAOIIOACHUSMH PE3yIbTaThl JIUIIb IS CIa-
OBIX BOIOHACHIICHHBIX TIIMHUCTBIX TPYHTOB TEKyUeH U Te-
Kyde IJIaCTUIHON KOHCUCTEHINH [7]. CTpOUTENBCTBO H DKC-
IUTyaTalnus 30aHAN U COOPYKEHHI B TaKHUX YCJIOBHUAX MPEN-
CTaBIISAET OOJIBIIYIO CIOXKHOCTD.

3a4acTyio Mpu CTPOUTEIHCTBE 31aHUN U COOPYKEHUH Ha
TaKUX IPyHTax MPUOEraroT K YCHJICHUIO OCHOBAaHH, TpUMe-
HsI TEXHOJIOTUIO CTPYHMHOM LIEMEHTAlUU UK IIPOIIUTOYHOU
UHBEKIIUU B pEXHUME YIPABISEMOI0 KOMIIPECCHOHHOIO
MUKPOTHIPOPa3phiBa ¢ IPUMEHEHHEM UHBEKIIMOHHBIX CME-
cell Ha OCHOBE MUKpOILIeMeHTOB [8-10].

Jns paBHOMEpPHOH OOBEMHOH IPOIMUTKH TPYHTOBOTO
MacCHBa HCHOIb3YIOTCSI TOHKOMOJIOTHIE BSDKYIIHE C pa3Me-
poM wactut He 6onee 10-15 mxm. Bomee kpymHBIE 3epHA BO
BpeMsI HHBEKLIUU IPYHTOBOI'O MAaCCHBA MOTYT 3aKyIOPUBATh
KaITWJLIAPBI ¥ MOPBL, YTO CO3AAET TEXHOJIOTUYECKUE TPYAHO-
CTH IPU 3aKpEIUIeHHH TPyHTOB. 1I03TOMY H3BICKMBArOTCA
BO3MOXKHOCTH MOAM(DUIMPOBAHUS CYLIECTBYIOIINX MHKPO-
I[EMEHTOB TOHKOJIMCIIEPCHBIMH MaTepUalaMi CXOAHBIMHU C
cocTaBaMM I'PYHTOB.

Heas nanHOIl HccnenoBaTeIbCKOH PadoOThI ABISETCS
MOM(UIMPOBAaHNE KEPAaM3UTOBOH IBIIBI0 WHBEKIIMOHHBIX
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of the pressure gradient i/ and equate the z coordinate to zero;
we obtain expression (4):
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The theory of filtration consolidation gives results similar
to practical observations only for weak water-saturated clay
soils of fluid and fluid-plastic consistency [7]. The construc-
tion and operation of buildings and structures in such condi-
tions is very difficult.

Often, when constructing buildings and structures on
such soils, they resort to strengthening the foundations using
jet cementation technology or impregnation injection in the
controlled compression micro-hydraulic fracturing mode us-
ing injection mixtures based on microcements [8-10].

For uniform volumetric impregnation of the soil mass,
finely ground binders with a particle size of no more than 10-
15 microns are used. Larger grains during soil injection can
clog capillaries and pores, which creates technological diffi-
culties in soil stabilization. Therefore, possibilities are being
sought for modifying existing microcements with finely dis-
persed materials similar to the composition of soils.

The purpose of this research work is to modify injec-
tion compositions based on microcement with expanded clay
dust for effective consolidation of clay soils.
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COCTaBOB Ha OCHOBE MHKpoOIeMeHTa i 3ddekTuBHOrO 3a-
KPETUICHHS TTMHUCTBIX TPYHTOB.

Marepuajbl 1 METOABI

B xadecTBe OCHOBHBIX KOMIIOHCHTOB KOMIIO3HIIUI UHB-
CKIIMOHHBIX CMECEH M 3aKpCIUICHHUS TPYHTOB HPUMCHSI-
JIUCh JIBa BHUJA MHKpoueMeHTOB - «Mukpoayp» u CEM I
42,5R (B xonmmgectBe 50% OT Macchl COCTaBa), THIPOCHITH-
kaT HaTpus (B kKonmuectBe 10% oT maccsl cocraBa), pocdat
HaTpus (B KonmndecTBe 2% OT Macchl COCTaBa), KEPaAM3NUTO-
Basi IBUTH (B KoJm4IecTBE 5% OT MacChl COCTaBa).

Kepam3urtoBas blIb MpeACTaBISAET COO0H CMECh YaCTHII
TJIMHUCTBIX MHHEPAIOB M MOJEBBIX MINAToB. [10 maHHBIM
PEHTICHOBCKOTO MHKpPOAHaIHM3a, Ha MOBEPXHOCTH YaCTHI]
TIIMHUCTBIX MUHEPAJIOB U mojeBbix mmaroB (Al, Si, O, Mg,
Fe, K), BXoasmux B cOCTaB KEPaM3UTOBOM IMBLTH, aJICOPOU-
poBan okcu kanbimst CaO (puc.S)

YacTuipl KepaM3UTOBON MBUIH UMEIOT HEMPAaBHIBHYIO
(hopMy H IMIEPOXOBATYIO TOBEPXHOCTH, YACTh YACTHI] UMEET

dhopmy rpanyn (puc.6).
PUCYHOK 5

PEHTIT'EHOBCKI/II?'I MHUKPOAHAJIN3 KEPAM3HU-
TOBOMU IIbLJIA

Figure 5

X-ray microanalysis of expanded clay dust

PUCYHOK 6

MHUKPOCTPYKTYPA KEPAM3UTOBOM MbLIA

Figure 6

Microstructure of expanded clay dust

AHanu3 MUKpPOCTPYKTYpPBI 3aTBEpJEBIIUX PACTBOPOB OCY-
HIECTBIISICS ¢ IPUMEHEHUEM IEKTPOHHOW MUKPOCKOIIUY.

OO0pa3upl 3aTBEpAEBIINX PACTBOPOB HCIBITHIBAINCH HA
npouyHocth cornacHo I'OCT 30744-2001.

JKCHepUMEHTHI U 00CyKIeHHe Pe3yIbTaToB

Komnozunust Ha 0OCHOBE BSKYILETO IMOBBIILIEHHOM AucIiepc-
HocTH («MUKpOomyp» Mapku X cO CpEIHHM pPa3MepOM HYacTHIT
dgs<6 mxm), momuduipoBannas 10% kepaM3UTOBO# MBUIBIO,
MOXKCT MMPUMEHATHCA B COCTaBax JJid HEMCHTAUU I'PYHTOB IIPU
YCUIICHUN OCHOBaHUM BCJICZACTBUC MOBBIIIIEHHON JAUCIIEPCHO-
CTH KepaM3UTOBOM MbBUIM (C AMAMETPOM dYacTHI[ 10 5
MKM).COBMECTHOE BEI€HUE KEpaM3UTOBOI IBUIM U THJPOCH-
JUKaTa HATpUsl B KOMIIO3MIIMM Ha OCHOBE MHKpPOIIEMEHTOB

Materials and methods

Two types of microcements were used as the main com-
ponents of the injection mixtures for soil stabilization:
“Mikrodur” and CEM 1 42.5R (in the amount of 50% of the
composition weight), sodium hydrosilicate (in the amount
of 10% of the composition weight), sodium phosphate (in
the amount of 2% of the composition weight), expanded
clay dust (in the amount of 5% of the composition weight).

Expanded clay dust is a mixture of clay mineral parti-
cles and feldspars. According to X-ray microanalysis data,
calcium oxide CaO is adsorbed on the surface of particles
of clay minerals and feldspars (Al, Si, O, Mg, Fe, K) that
are part of expanded clay dust (Fig. 5)

Expanded clay dust particles have an irregular shape
and a rough surface, some particles have the form of gran-
ules (Fig. 6).

The microstructure of hardened mortars was analyzed
using electron microscopy.

Samples of hardened mortars were tested for strength
according to GOST 30744-2001.

Experiments and discussion of results

A composition based on a binder with increased dis-
persion (Mikrodur brand X with an average particle size
of d95<6 pm), modified with 10% expanded clay dust, can
be used in compositions for cementing soils when
strengthening foundations due to the increased dispersion
of expanded clay dust (with a particle diameter of up to 5
pum). The combined use of expanded clay dust and sodium
hydrosilicate in a microcement-based composition
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YII4ILIAIOT PEOJIOTHIO CUCTEMBI M TI03BOJISIFOT HCIIOJIb30BATh €€
JUIsl YCUJICHUS] TPYHTOB OcHOBaHUs (pyHnamenToB. Kak panee
YCTaHOBJIEHO HAIIMMHU HccienoBaHusmu [3, 11], npu aktusa-
IIMM KePaM3UTOBOW MBUIM HATPHEBBIM PACTBOPHUMBIM CTEKIIOM
obecrieunBaeTcs TuaparTalys MHHEPAIIOB B COCTaBe Kepam3H-
TOBOH TBUTH ¢ (POPMUPOBAHNEM HOBOOOPA30BAaHMI Ha OCHOBE
THPOCHIIMKATOB ¥ THIPOATIOMOCHIINKATOB KaJIbIIU.

AHanu3 MUKPOCTPYKTYPHI 3aTBEPAEBIIETO pacTBOpa (pHC.
7), BKITFOUAIOMIETO KEPaM3UTOBYIO ITBUTH M BOMY, TTOKa3all 00-
pa3oBaHNE B CHCTEME TOHKUX BOJIOKHUCTBIX KPUCTAJIIOB - TH-
pocunukaros kanbims tHma CSH(B) u 6omee TONCTBIX BOJIO-
KOoH — ruzpara renenura 2Ca0-Al,Os3-Si0,-8H,0. O6paszosa-
HUE JAHHBIX COCIUHEHHH CBA3aHO C B3aMMOJACHCTBHEM TH-
pokcuna kanbius Ca(OH),, oOpa3syromierocs B pe3yyibraTe B3a-
uMoJieiicTBUs okcuaa Kaibims CaO ¢ BOIOW, U aMOopGhHOTro
KpeMHe3€Ma, coJiepxkKaluxcs B KepaM3UTOBOH MbLIH.

PUCYHOK 7

MHUKPOCTPYKTYPA OBPA3LIOB, THJIPATUPOBAHHOM
KEPAM3UTOBOU NbIJIN
npu 20000-KpaTHOM yBeIHYeHUH

Figure 7

The microstructure of samples of hydrated expanded clay dust
at 20000x magnification

IIpuBeneHHbIE Pe3yNbTaThl MOKA3bIBAIOT CYLIECTBEHHOE
BIIMSTHAC aKTHBHOW MUHEPAIbHON T00aBKU B BHJIE KEpaM3H-
TOBOH TIBUTH M BOJOPACTBOPUMOTO CTEKJIa Ha MOP(OIOTHIO
HOBOOOpPAa30BaHMIA B IIEMEHTHOH MaTpHIIE.

MuKpOCTpYKTypa 3aTBEpPAEBIIETO COCTaBa C IPUMEHE-
HHEM MHKpOLEeMeHTa «MHUKpOIyp» TMpencTaBieHa IOIya-
MOpGhHON KOJUTOMIHOW MacCoi, OOBOJIaKMBAKOIICH YaCTHITBI
necka (puc. 8a). Peonorusi HHbEKIIMOHHOTO COCTaBa MOXKET
obecreuuTh He00X0IMMOE Ka4eCTBO 3aKpEIJICHUS IPYHTOB.

PUCYHOK 8

MHUKPOCTPYKTYPA 3ATBEPAEBIIEI'O
COCTABA HHBEKIIMOHHOI'O CO-
CTABA

a — Ha 0CHOBe MUKpoLeMeHTa « MUKpoxyp»
npu 13800-kpaTHOM yBe1HYeHUH

0 — Ha ocHoBe Mukpouementa CEM I 42,5R
npu 41440-kpaTHOM yBeTHYCHUH

Figure 8

The microstructure of the cured injection com-
position

a - on the basis of Microdur microcement at
13800x magnification

b - on the basis of microcement CEM I 42.5R at
41440x magnification

MUKpOCTpYKTypa 3aTBEpPAEBIIETO COCTaBa C IPUMEHE-
nueM mukporiementa CEM 1 42,5R npejicraBneHa mioT-
HBIMHU OpUEHTUPOBAHHBIMU IUIACTUHKAMH,
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improves the rheology of the system and allows it to be
used to strengthen foundation soils. As previously estab-
lished by our studies [3, 11], when expanded clay dust is
activated by sodium soluble glass, hydration of minerals
in the expanded clay dust is ensured, with the formation of
new formations based on calcium hydrosilicates and hy-
droaluminosilicates.

Analysis of the microstructure of the hardened solution
(Fig. 7), including expanded clay dust and water, showed
the formation in the system of thin fibrous crystals - cal-
cium hydrosilicates of the CSH(B) type and thicker fibers
- helenite hydrate 2CaO- Al,03-Si0-8H»0. The formation
of these compounds is associated with the interaction of
calcium hydroxide Ca(OH)2, which is formed as a result
of the interaction of calcium oxide CaO with water, and
amorphous silica contained in expanded clay dust.

The presented results show a significant influence of the
active mineral additive in the form of expanded clay dust and
water-soluble glass on the morphology of new formations in
the cement matrix.

The microstructure of the hardened composition using
the “Mikrodur” microcement is represented by a semi-amor-
phous colloidal mass enveloping sand particles (Fig. 8a). The
rheology of the injection composition can ensure the required
quality of soil stabilization.

The microstructure of the hardened composition using
microcement CEM 1 42.5R is represented by dense oriented
plates, which are calcium hydroaluminosilicate (Fig. 8b).
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NPEACTAaBISIIONIME COOOM THAPOATIOMOCHIIMKAT KaJIbLUs
(puc. 86). CBsi3p MeXIy IIACTHHKAMH THAPOATIOMOCHIIH-
KaTa KaJIbLIUs 00eCIeYBaETCs CITy TAHHBIMU BOJIOKHUCTBIMHU
HOBOOOPa30BaHUSIMH —HH3KOOCHOBHBIMH THIPOCHIINKATaMU
KaJIbIHsL.

HcnpiTanns Ha cxaThe UcClIeayeMbIX o0pasloB IOKa-
3aJIM MTOBBINIEHNE IIPOYHOCTHBIX XaPAKTEPUCTHUK, TI0 CpaBHE-
HHIO C KOHTPOJIBHBIMH cOCTaBaMy 03 J00aBIeHHs KepaM3H-
TOBO IIBIJIM M PACTBOPUMOIO HATPUEBOTO CTEKNIA. BBeaeHue
Io00aBKM KepaM3WTOBOH mbUIHM B KoimuectBe 10% u Bomo-
pacTBOpuMOro cTexiia B konnaectse 20% OT Macchl MHKpO-
[[EMEHTa TO03BOJIMIIO TOOUTHCS MOBBINICHHS Tpesielia mpoy-
HOCTH 00pa3loB Ha cxarue Ha 78% u 5,6 % Al COCTaBOB
Ha ocHOBe MuKpoueMeHnTa «Mukpoayp» u CEM 142,5R co-
OTBETCTBEHHO.

3akjaouenue

W3BecTHO, 4TO Teopus GMIBTPALOHHON KOHCOIHMIANT
JIaéT CXOXKHE C MTPAKTHUCCKUMH HAOIOAEHISIMH Pe3yIbTaThl
JMIIb JUIs CJIA0BIX BOJOHACHIICHHBIX TNIMHHUCTBIX TPYHTOB
TeKy4el U TeKyde IIaCTHYHON KOHCHCTEHIINH, KOTOPBIE 3a-
4acTyro TpeOyIOT yCHIIEHUSI OCHOBaHMH ()yHIAMEHTOB 3]1a-
HUI U COOpPYKEHUH.

MoaudunupoBaHHble KEPaM3UTOBOW MBUIBIO COCTABBI
Ha OCHOBE MHKPOIIEMEHTa BCIEJICTBHE 00JIee BEICOKOM JHC-
MEPCHOCTH I10 CPAaBHEHHIO C aHAJOTMYHBIMHU COCTaBAMH Ha
OCHOBE MOPTJIAH/ALIEMEHTA HMEIOT JIYUIIyIo 3P PEeKTUBHOCTD
MPU 3aKPEIUIEHUH TJIMHUCTBIX IPYHTOB. DTO 00YCIOBIIEHO
TEM, YTO pasMEpbl YaCTHUL IIMHUCTBIX I'PYHTOB COIIOCTa-
BHMBI C pa3MepaMH 4acTUI[ MUKPOLIEMEHTOB U KEPaM3UTO-
BOH MBLIH.

Hcnonp3oBaHre KepaM3WTOBOW IBUIM Ul MoJuduKa-
IIMM UHBEKIIMOHHBIX COCTABOB B KaueCTBE ITyIIIOJIAHOBOMH
JI00aBKY TI03BOJISIET YMEHBIINTH PAcX0/l IIEMEHTOB, a TAKXKe
YIIyUIIUTh 9KOJIOTHIECKYI0 00CTaHOBKY B MECTAX CKIIAIUPO-
BaHMS IaHHOTO TEXHOTEHHOI'0 MaTepHaa.
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The connection between the plates of calcium hydroalumi-
nosilicate is provided by tangled fibrous new formations —
low-basic calcium hydrosilicates.

Compression tests of the studied samples showed an in-
crease in strength characteristics, compared to control com-
positions without the addition of expanded clay dust and sol-
uble sodium glass. The introduction of expanded clay dust
additives in the amount of 10% and water-soluble glass in
the amount of 20% of the mass of microcement made it pos-
sible to increase the compressive strength of samples by 78%
and 5.6% for compositions based on Microdur microcement
and CEM 1 42.5R, respectively.

Conclusions

It is known that the theory of filtration consolidation
gives results similar to practical observations only for weak
water-saturated clay soils of fluid and fluid-plastic con-
sistency, which often require strengthening the foundations
of buildings and structures.

Microcement-based compositions modified with ex-
panded clay dust, due to their higher dispersion compared to
similar compositions based on Portland cement, have better
efficiency in stabilizing clay soils. This is due to the fact that
the particle sizes of clay soils are comparable to the particle
sizes of microcements and expanded clay dust.

The use of expanded clay dust for modification of injec-
tion compositions as a pozzolanic additive allows to reduce
the consumption of cements, as well as to improve the envi-
ronmental situation in places where this man-made material
is stored.
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