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Surface Subsidence Ground During Tunnel Construction

The cross-sectional area of the tunnel, fortified with a rim, is always smaller than the excavation area in
the ground. Exact methods are still very arbitrary and need to be improved. The article presents the results of
calculating the internal force factors of a monolithic reinforced concrete frame of a vaulted tunnel. The data
obtained in the calculation of the PC "PLAXIS-8".
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Oca)nca MOBEPXHOCTHU 3€MJIH B IIpOoIECCE CTPOUTE/ILCTBA TOHHeJIeH

[Tnomange momepedHoro CeYeHUs] TOHHENS, MOJKPEIICHHOTO OIPAaBOW, BCETJAa MEHBIIE ILIONIaIU
BbIEMKHM B TMO4YBe. TOYHBIE METOIbl HOCAT TII0Ka BECbMa YCIOBHBI XapakTep M HYXKAAIOTCI B
COBEpILICHCTBOBAHNH. B cTaThe MpuBeIEHBI pe3ybTaThl pacyeTa BHYTPCHHUX CHIIOBBIX (PAKTOPOB MOHOJHTHOU
JKesre300€TOHHOW OTIpaBBI cBOAYATOro ToHHENS. JlanHbIe nomydens! npu pacuere [TK « PLAXIS-8».
CBOYATHIN TYHHENIb, KAPKAC, 00IIHE U IONOJHUTEIbHbIE 0CAJIKH 3€MHOI TOBEPXHOCTH, MaTEMATHYECKHe
MOIeJ T

Statement of the problem. When constructing an underground structure - a tunnel of
deep location in the soils of medium strength, excavation of the soil is carried out by a
throughput combine and the device, thereafter, the rim of the tunnel. experience shows that
the cross-sectional area of the tunnel supported by the rim is always less than the area of the
excavation in the ground. Although measures are being taken by the builders to fill these
gaps, it is still impossible to avoid the redistribution of stresses and deformations of the soil
during its construction. In order to avoid negative consequences, damage to existing buildings
and foundations on the surface of the earth, it is necessary, on the one hand, to determine the
natural, additional and general precipitation of its individual points, to predict these effects
and to determine the internal forces in the tunnel frames, and on the other hand, to take the
appropriate effective measures [1]. Such an analysis can be performed both analytically and
numerically, including using the PLAXIS-8 software package [2 - 4]. Exact methods are
rather conditional in nature and need to be refined.

Statement of the objective. Numerical experiments to study the interaction of soil
foundations of pile foundations and the foundation slab of a building with vaulted rims of
tunnels (Fig. 1) were performed using the mathematical theory of experiment planning. It
makes it possible to theoretically justify the minimum required number and composition of
numerical experiments to obtain sufficiently complete information on the qualitative and
quantitative influence of the research factors on the output parameters, both in particular and
in their interaction.
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The main material. Based on the analysis of available a priori information from
literary sources [5] and taking into account the actual soil layers of the base of the southern
region of Ukraine [6, 7], the following factors were selected as research (Table 1): nominal
flow of the tunnel rim (X;), groundwater level (origin of coordinates (Fig. 1) from the soil
surface along the Y axis, factor X»), the type of soil conditions typical for the southern region
of Ukraine is layered (X3), which integrally takes into account the influence of the soil
specific gravity (Yunsat 800 Ysat), the coefficients of horizontal (k) and vertical (k,) filtration
(permeability), Young's modulus (deformations, E,.s), Poisson's coefficient (v), coupling (c,e),
internal friction angle (¢) and dilatancy y of the soil, as well as its elastic resistance
coefficient (K) by the formula:

Tred,j = Zl (7/sat,ikx,iky,iEref,ivicref,i@‘//iKi)hi /Zl hi’ , (1)

where y,,.; - 1s the specific gravity of the water-saturated i-th layer of soil, varies
within 18,0 ... 21,5kN / m’;

ky,i - coefficient of horizontal permeability (filtration) of the i-th layer of soil, varies in
the range from 0.01 to 1.60 m per day.;

E,eri - Young's modulus (deformation) of the i-th layer of soil, varies in the range from
1000 to 5000 kN / m?;

v; - is the Poisson's coefficient of the ith layer of soil, varies within 0.26 ... 0.38;

Creri - adhesion of the i-th layer of soil, varies in the range from 0.2 to 1400kN / m2;

The soil massif characteristic of the southern region of Ukraine indicates the presence
of four different layers. The top layer with a capacity of 13m consists of loess loam.
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Figure 1 — Geometry of the cryptic part of the tunnel with a nominal span of 15 m, found by the Earth
and the waters of the underground for the Odessa region in a numerical experiment
Sourse: obtained by authors

Below it lies a layer of fine-grained sand with a capacity of 2.0 m, in which, piles of
an old building - a monument of architecture and town-planning are buried. The displacement
and precipitation of these piles can cause damage to the monument building, which is highly
undesirable. Below the sand layer is a layer of red-brown loams and clays with a capacity of
5.0, respectively; 7.5 and 10.0 m. This is one of the layers in which the tunnel is constructed.
The other part of the tunnel is located in the limestone-shell layer of the Pontic tier with the
inclusions of recrystallized limestone shell in the roof.

This lower depth layer is rigid enough. Therefore, only 5 m of this layer is included in
the finite element model. And the lower part of the base of the tunnel is regarded as absolutely
rigid and is modeled by the corresponding boundary conditions.

Distribution of pore water pressure. is assumed to be hydrostatic. The groundwater
level can be located 3.9 and 15 m below the surface of the earth (at the notation zero: y=0).
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Since the tunnel rim and soil layers are more or less symmetrical with respect to the
vertical axis of the tunnel, in this model of flat deformation we consider only one (right) half
of the rim and soil of the base. From the center of the tunnel, the model extends 30, 35 and 40
m horizontally.

Table 1 — Experimental factors and levels of their change

Factors Equal changes Change
Natural look The .coded «1» «0» «+1» interval
view
Flying the tunnel, L, m Xy 5 10 15 Sm
Groundwater level (the origin of (;15 ) +9 +3
coordinates from the daily surface X5 Plflpéi (Top,2; (Top,3; 6m
of the soil), 7, M 3) PIIB-2) | PIIB-1)
The type of soil conditions is 296000 | 435000 | 644000 209000
given, Treq; , X3 (Tooa)) | (Treas) (Tred) KH4rpan2/
[KH4rpa£[2/(M7z[06y2)] red, ] red,2 red,3 (M7H06y2)

Sourse: obtained by authors

Analysis of mathematical models of extreme bending moments, transverse and
longitudinal forces in the rims of vaulted tunnels in order to minimize them

According to the adopted plan, the PLAXIS-8 software package implemented a
numerical experiment in 15 basic experiments (points) and one additional, 16th, with a 4-fold
increased load from the building located on the surface with the replacement of wooden piles
in it with reinforced concrete without changes in their step.

As a result of processing the data obtained in a numerical experiment, extracting
insignificant and recalculating those coefficients that remained with the help of the effective
COMPREX computer program developed under the guidance of prof. Voznesensky V.A.,
obtained adequate mathematical models of initial, general and additional sediment (shifts) of
the earth's surface above a mine working (2, 6), under the building - an architectural
monument (3, 4, 7, 8) and at a distance of 10 m from it . In particular, the general subsidence
of the earth's surface at these points can be characterized using the following expressions:

Y(Ay,)=101+36X,+10X, —5X, —30X7),mm,  v=12%; (2)
Y(Ay,) =94 +4TX,+ 21X, —9X, +TX2 —12X2 +8X2 +11X, X, -6 X, X,),mM,  v=12%; 3)
V(Aye) =21+ 41X+ 21X, —8X, +19X2 +9X2 +5X2 +18X, X, —6X, X;),mm,  v=26%; (4)
V(Ay,)=22+35X +12X, - 7X, +28X2 —3X2 -TX2 +9X, X, -5X, X,),mm,  v=21%; (5)

Additional sediment(shift) of the earth's surface at these points, due to the excavation
of workings under vaulted tunnels and their finishing, can be represented by the following
relationships:

P(Ay,)=51+36X,+6X,-3X, X, MM,  v=6%; (6)
V(Ay,)=63+44X,+26X, —2X, +6 X7 —5X2 —2X2 +12X, X, - 5X, X)),mm,  v=12%; (7)
Y(Ay.)=41+35X,+26X, —3X, +20X, X, - 5X, X,),mv,  v=10%; (8)
P(Ay,) =26+22X,+14X, - 2X, +11X, X, —4X, X, =3X, X)) mm,  v=9%. 9)

A geometric interpretation of the presented models can be presented in Fig. 2, 3

With the average values of all research factors, the total subsidence of the earth’s
surface above the mine (t. A), near and near (t. C) facades from it, and also at a distance from
it (t. D) are respectively, 101lmm, 94mm, 21 and 22mm. Moreover, the sedimentof all points
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with respect to their average values increases (Fig. 3) along the entire front, respectively, by
71, 100, 390 and 318% with an increase in the span of the vaulted workings. A similar effect
on the general subsidence has a groundwater level. With its increase from 15 to 3 m to the
daytime surface of the land sediment, its points along the specified profile are 20, 45, 200 and
109 mm.

With the deterioration of the type of soil conditions from 644 ¢ 103 to 226 * 103, the
total subsidence of the earth's surface increases by 10, 19, 76 and 64%. Most research factors
have a nonlinear effect on the general subsidence of the earth's surface, and also interact with
each other.

The dependence of additional sediment(shifts) of the earth's surface (Fig. 2) on these
factors is more ordered. In particular, additional sedimentof the earth’s surface above points
A, B, C, D, caused by an increase in the spans of underground vaulted workings from 5 to 15
m, increases by 141, 140, 140 and 169%, respectively, with an increase in the level of
groundwater from 15 to 3 m to the surface of the earth by 24, 83, 127 by 108%, with the
deterioration of soil conditions from 644 ¢ 103 to 226 « 103 - from 6 to 15%, while increasing
the span of the arch and the level of groundwater to 90% while increasing the span of the arch
and deterioration of the type of soil conditions - by 12 - 24% throughout the profile.
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Figure 2 — Average natural and additional sediment(shift) of the earth's surface, taking into acc-ount
the formation of underground workings in a loaded base (experiment No. 15)
Sourse: obtained by authors

The above mathematical models (2) ... (9) are conveniently used to assess the
influence of one or another factor, in particular, and in interaction with each other on the total
and additional precipitation (shifts) of the earth's surface at characteristic points, as well as for
solving optimization problems in which sufficiently mathematically sound stochastic
dependencies of the parameters considered from the indicated research factors are used.

A four-fold increase in the level of the evenly distributed load from the building to the
right of the future tunnel (from w = 25 to 100 kNm / m), experience No. 16 will lead to a
significant increase in the total and additional (from 2 to 3 times) land surface precipitation
due to the construction of the vaulted the tunnel.

The proposed technique allows you to quickly determine the main and additional
precipitation of the earth's surface without performing cumbersome calculations in the ground
conditions of the southern region of Ukraine, as well as to predict possible negative
consequences in the process of arranging tunnels.
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Figure 3 — Influence of arch span, groundwater level and soil conditions on the magnitude of the extreme values
of bending moments (a, b), transverse forces (c, d) and compressive longitudinal forces (e)

Sourse: obtained by authors

Conclusions. The above mathematical models (2) ... (9) are conveniently used to assess
the influence of one or another factor, in particular, and in interaction with each other on the
total and additional precipitation (shifts) of the earth's surface at characteristic points, as well as
for solving optimization problems in which sufficiently mathematically sound stochastic
dependencies of the parameters considered from the indicated research factors are used.

A four-fold increase in the level of the evenly distributed load from the building to the
right of the future tunnel (from w = 25 to 100 kNm / m), experience No. 16 will lead to a
significant increase in the total and additional (from 2 to 3 times) land surface precipitation
due to the construction of the vaulted the tunnel.
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The proposed technique allows you to quickly determine the main and additional
precipitation of the earth's surface without performing cumbersome calculations in the ground
conditions of the southern region of Ukraine, as well as to predict possible negative
consequences in the process of arranging tunnels.
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Ocanka nmoBepxHi 3emJ1i B mpoueci OyliBHUITBAa TyHeIiB

[Ipu OynmiBHUNTBI MiI3eMHOI CIOPYIH - TYHENIO TIIAOOKOTO pPO3TAIlyBaHHS B IPYHTaX CEPEIHBOT
MIIHOCT] 3IIMCHIOETHCS BHAMAHHS IPYHTY HPOXITHHIBKHM KOMOAWHOM Ta BJIAINTYBAaHHS, CJIiJIOM 3a IIHM,
ompaBH TyHeno. J[oCBix MmoKasye, 10 IUIONIa MOTIEPETIHOT0 Mepepi3y TyHENI0, IMiJKPIIICHOTO OMPaBOIo, 3aBXKIN
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€ MCHIIOI BiJ Iuionii 3po0ieHol BUIMKH B IpyHTI. | Xoda OymiBeNbHHKAMH MPUAMAIOTHCS 3aXOJH OO
3aMOBHEHHS [MX IIIAPHH, BCE ) HE BJAETHCS YHHKHYTH MEPEPO3MOILUTY HAMpyXeHb i Aedopmariii rpyHTy B
X0Hi Horo OyAiBHUIITBA. 3 METOK YHHKHEHHS HETaTHMBHHMX HACHIJKIB, TONIKOKEHbL ICHYIOUMX OymiBEeNb i
(yHIaMeHTIB Ha IMOBEPXHI 3eMJli HEOOXiJAHO, 3 OJHOTO OOKY, BHM3HA4YaTH NPUPOJIHI, JOMATKOBI 1 3arajbHi
OCiJTaHHA OKpeMHX 11 TOYOK, IPOTHO3YBAaTH Ili e(heKTH 1 BU3HAYATH BHYTPIIIHI 3yCHIISA B OIpaBax TyHENIB, a 3
IHIIIOTO OOKY, MPUIMATH BiAOBiAHI €(pEeKTHBHI 3aX0IH.

TouHi METOAM HOCATH MOKH IO TOCHTh YMOBHHH XapakTep i MoTpeOyroTh BAOCKOHAJCHHS. B craTi
HaBEJCHI pe3yJbTaTH PO3PAXyHKY BHYTPINIHIX CHJIOBHX (DAKTOPIB MOHOJITHOI 3aai300€TOHHOI ONMpaBU
CKJIEMIIHYACTOr0 TyHer0. Takuii aHami3 0y0 BUKOHAHO 3a JOIMOMOTO00 Iporpamuoro komriekcy PLAXIS-8.

UunciioBl eKCIEPUMEHTH 0 JOCIHIPKEHHIO B3a€MOAIl IPYHTIB OCHOBM HallbOBUX (yHIaMEHTIB Ta
(yHAaMEHTHOI IIMTH OyAIBIII 31 CKJICHIHYACTOIO OIPABOIO TYHENIB BUKOHAHI 13 3aCTOCYBaHHSM MaTeMaTHYHOI
Teopil IIIaHyBaHHSI EKCIICPUMEHTY .

Ha mincragi ananizy HassBHOI anpiopHoi iHPOpMAIIii 3 JTiTepaTypHHUX JPKEPE i 3 ypaxyBaHHIM PEaTbHUX
HalrapyBaHb I'PYHTIB OCHOBH ITIBICHHOTO PETiOHY YKpaiHH B SIKOCTI JOCTIIHUX 00paHi (hakTopHu: HOMiHAIEHUH
HPOJIT CKIICMIHYACTOT OMPABU TYHEIIO, PIBEHb Ii[3€MHUX BOJ, HABEICHUIN THII IPYHTOBHX YMOB XapaKTEpPHOTO
JUISl TIBACHHOTO PETiIOHY YKpaiHW HamapyBaHHS, SKHM 1HTETPajbHO YPaxoOBY€ BIUIMB MHUTOMOI Baru IPyHTY,
KOC(QII[IEHTIB TOPU3OHTAIBHOT Ta BepTHKaNbHOI (igbTpamii (mpoHHMKHOCTI), Momyis IOHra, koedimieHTa
Ilyaccona, 3uemnieHHsI, KyTa BHYTPIIIHBOTO TEPTA 1 AiNaTaHCii TPYHTY, @ TaKoX Koe(illieHTa HOTo MpPYy>KHOTO
BIATIOPY.

Ha ocHOBI po3paxyHKiB, IIpe/ICTaBIEH] aIeKBaTHI MaTeMaTHYH1 MOJIEIII.

MateMaTHYHI MOJAEI 3pYyYHO BUKOPHUCTOBYBATH JUIs OIIHKHA BIUIMBY TOTO YH IHIIOTO YHHHHUKA,
30KpeMa 1 y B3aeMoJil OJMH 3 OJHHMM, Ha CyMapHi 1 JIOJATKOBi OcCiaHHs (3pYyLIEHHsS) 3eMHOI MOBEPXHI B
XapaKTEepPHUX TOYKAX, a TAKOXK JUIsl BUPIMICHHS 3aBJaHb ONTUMI3allil B SKi JOCUTh MAaTEMAaTUYHO OOTPYHTOBaHI
CTOXAaCTUYCCKUMHU 3aJIC)KHOCTSMH ITapaMeTpiB, PO3TIITHYTHUX 13 3a3HAYCHUX (DAKTOPIB JOCIIIKCHHS.

3anporoHOBaHa METOJWKA JIO3BOJISIE IIBHIKO BH3HAYaTH OCHOBHI 1 JOJATKOBI OCITaHHS 3eMHOI
MOBEPXHI 03 BUKOHAHHS TPOMI3IKUX PO3PaXyHKIB B TPYHTOBHX YMOBAaX IMIBICHHOTO PETiOHY YKpaiHH, a TAKOX
MIPOTHO3YBATH MO>KJIMBI HETATHBHI HACIIIKA B TIPOLIEC] BIIAIITYBAHHS TYHEIIIB.
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TerioB1 XapakTEpUCTUKY BY3JI1B IPUMHUKAHHS BIKOH J10
HETJISTHUX Ta 3a711300€TOHHUX CTIH [UBIJIBHUX Oy/11BEIIb
Ha TepuTopii KipoBorpaacekoi 00acTi

[IpoananizoBani TeMmmepaTypHi TMOJsS BY3JIiB OIYHOTO MPUMHUKAHHS METAIOIUIACTUKOBUX BIKOHHHX
OJIOKIB JIO CTiH JKUTJIOBUX 1 IPOMAJICKUX Oy[iBellb, SIKi 3BOJAWJINCS B JIPYTii MMOJOBUHI MUHYJIOIO CTOJITTS, a
TaKOX BHKOPUCTOBYIOTHCS B Cy4aCHOMY LHMBUIBHOMY OyIiBHMLTBI. MoOJENIOBaHHS 3a METOJOM CKIHYEHHHX
€JIEMEHTIB JI03BOJIMJIO BM3HAUYNTH HaWMEHII TEMIIEpaTypH NMOBEPXOHb BHYTPILIHIX BiJKOCIB B KIIMaTHYHUX
ymoBax KipoBorpaacekoi obmacti. [ KOKHOTO 3 pO3MIISTHYTHX BY3JIiB IIEpEBIpeHA MOXKIMBICTH yYTBOPEHHS
KOHJICHCATy Ha BHYTPIIIHIX TIOBEPXHSIX CTiH 3 YPaxXyBaHHSIM ITOJIOKEHHS BIKOHHUX OJIOKIB ITO TOBIIMHI CTiHH.
30BHIIIHI CTiHN, NPUMHKAHHSA BiKOH, TeMIepaTypa MoBepXHi, KOHJeHcaT
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