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Abstract
Introduction. Currently in Russia, innovations in urban subsoil facilities construction are among the
key factors of economic development. To improve the efficiency of holding a pit wall in restraint urban
conditions and prevent soil loosening around the pit, it is proposed to optimize the pre-tension forces of
the bottom-up anchors. It has been determined that the pre-tension forces of the active anchors create
extra retention forces in the sliding wedge and, in some specified sense, reinforce the walled soil.
Research methodology. When modeling the complex calculation of a pit wall, 4 main stages of the pit
excavation and 3 stages of preliminary level tensions of anchor ties were preset. The numerical solution
of the beam bending problem is the basic method of calculating the walling strength, the beam laying
on the elastoplastic base and retained by the anchors as bonds. The bottom-up anchor structure is
modeled in the operating environment of GeoWall software. The values of bottom-up anchors
pre-tension are set following the ordinates of forces in the anchors, obtained from the walling stability
calculation by the deterministic approach. Experimental research was carried out of the impact made
by pit opening stages on the walling stress strained state.
Results. Analysis and discussion. The efficiency of bottom-up anchors optimal pre-tension, according to the
research results, is obtained by constructing the diagrams reflecting the correlation dependence between
the anchors loading and the walling displacement. An obvious advantage of the software is the opportunity to
calculate walling and retaining structures stage by stage ignoring their construction technologies.
Experimental calculation in GeoWall has shown a high bearing capacity of the bottom-up anchor support.
Summary. The nature of the obtained dependence between the anchor longitudinal forces and the pit
walling horizontal displacement reflects the actual situation. Thus, for a quiet expectable value of
horizontal displacement, it is required to correct the optimal value of pre-tension using the empirical-
formula dependences.

Keywords: anchor support; bottom-up anchor structure; active anchors; walling displacement;
retaining structures.

Introduction. On the scale of urban underground excavation, subsoil structures
built by the opencast method account for a rather significant share. The successful
construction of such facilities is greatly determined by retaining structures’ reliability
and rational engineering decisions.

To hold a pit wall in restraint urban conditions, reduce the material intensity, labor
intensity, and cost of the ground anchor works, as well as to improve their bearing
capacity and reliability, it is considered to optimally load the bottom-up anchor
structures.

For pits walling, two types of anchors are used [1], distinguished by the load
intensity: active, prestressed with tension as much as 30% of design load, and passive,
i.e. having some tension that ensures anchor centering and weakness selection.
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Relying upon the typical designs of pit retaining structure [2—5], it should be noted
that anchors are connected with walls by a girt and are considered as elastic bonds,
the reaction values of which are directly proportional to anchors deformation or
displacement [6, 7]. Anchor’s on-load operation is characterized by its stiffness K
which bonds the value of the linear force N in anchor and anchor displacement U [8]:

k=2
U

The calculation model reflecting the change in the bottom-up anchor forces under
the staged pit excavation is shown in fig. 1.
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Fig. 1. Calculation model determining the longitudinal forces
of the bottom-up anchors
Puc. 1. PacueTHas cxema MO ONpeNENEHHIO MPOJOIBHBIX YCHIIUI
BOCXOJSIINX aHKEPOB

During the staged development of a pit, the flexible retaining wall deformations
increase. Besides, the hazard of its displacement increases with the growth of the pit’s
depth. Due to the pre-tension of anchors, soil loosening around the pit is prevented. But
the action of pre-tension is limited by the finite stiffness of anchors. Moreover, the
value of pre-tension, not having a strict bond with active earth pressure, results in
the development of plastic deformations which are measured in dozens of millimeters.

A benchmark of efficient anchor tension is a total absence of plastic deformation
increase in the calculation period.

Research methodology. An example of integrated calculation of a pit walling in the
layers of plastic loam, gruss, and gabbro-diorite of low or medium strength using
GeoWall software is considered as an object of geotechnnological analysis. Pit
parameters are 30 x 20 m. For pit wall stability, a walling is provided made of a row of
steel discrete I-type legs retained by the bottom-up anchor structures. After the pit is
uncovered, the adjoining surface of the soil is loaded by an active load of 30 kN/m?.
Seismic activity in the region is less than 7 scores.

In GeoWall the wall pressure is calculated in accordance with the rules and regulations [§].
Soil stability around the wall digging-in is assessed by the limit state of soil in the area
of anchorage. Passive wall pressure from the direction of backfilling is taken into account.
Wall elastic bending is modeled by the finite element method with Lagrange variational
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formulation, taking into account Bernoulli’s hypothesis of flat cross-sections. GeoWall
program package makes it possible to account for the inhomogeneity

Table 1. Physical and mechanical characteristics of soils
Tabauna 1. ®U3uK0-MeXaHHYECKUE XAPAKTEPUCTUKH TPYHTOB

: (¥ Psatls Cr, P ks, E,
EGE Soil type h,m glem® | g/em? kPa | degrees | kN/m? R MPa v
Semi-hard loam 2.7 1.79 2.19 | 37.0 24.0 995 | 0.54 | 19.0 | 0.35
Crushed stone 1.5 1.92 227 | 272 27.9 1665 | 0.43 | 32.0 | 0.30

Gabbro-diorite
of low strength 7.0 2.24 2.33 37.0 28.0 4000 | 0.33 | 40.0 | 0.25

4 Granodiorite-

porphyry of
medium strength | 10.0 2.54 2.70 24.0 36.0 5000 | 0.25 | 50.0 | 0.20

h — the thickness of the engineering geological element (EGE); p; — soil density in natural state for the first group
of limit states; py.s — soil density under the total water saturation for the first group of limit states; ¢, — specific
cohesion for the first group of limit states; ¢; — angle of shear resistance for the first group of limit states, degrees;
ks — coefficient of subgrade resistance; Ay — coefficient of passive earth pressure at a standstill; £ — modulus
of deformation; v — Poisson’s ratio.

of base soil, soil layers inclination, and the presence of groundwater and impermeable
barrier [§—10]. An obvious advantage of the software is the opportunity to calculate
walling and retaining structures stage by stage ignoring their construction technologies.

Table 2. Anchor bond parameters
Ta0auna 2. [TapameTpbl aHKepPHBIX CBsA3eil

. Rigidity of Setting .
Stage | Bond type Setting depth, bond, Spacing, m angle, fTenSI%I\I
m kN/mm degrees orce,
Anchor 3.0 12.6 3.0 -15.0 150
Anchor 6.0 10.5 3.0 -27.0 240
Anchor 9.0 8.7 3.0 -35.0 270

Physical-mechanical characteristics of soil are presented in table 1.

Anchors bearing capacity calculation was carried out by the method of VSN 506-88
(Minmontazhspetsstroi). Anchor bond parameters and design parameters of the bottom-
up anchors are presented in tables 2 and 3.

Table 3. Design parameters of the bottom-up anchors
Tabuuna 3. PacueTHble napaMeTpbl BOCXOASILIUX AHKEPOB

Parameters Level 1 Level 2 Level 3
Anchor type Strand Strand Strand
Unbonded length, m 10.0 12.0 14.5
Bond length, m 1.0 1.0 1.0
Anchor overall length, m 11.0 13.0 15.5
Bond diameter, mm 1000 1000 1000
Anchor cross-sectional area, mm?> 600.0 600.0 600.0
Tie ultimate strength, MPa 1550 1550 1550

The calculation model of the fender reinforced by three layers of bottom-up anchors
[11, 12] is presented in fig. 2.
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Fig. 2 Calculation model of the pit walling, including the outline of the bendlng moments, kN - m/m,

and possible wedge of soil movement for the 4th stage of soil excavation

Puc. 2. PacuerHast cxema orpax/JeHusi KOTIIOBaHa, BKJIIOYAst OYEPTAHHS SITIOPHI M3THOAIOMNX MOMEHTOB,
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Fig. 3. Diagrams of maximum wall pressure, kPa (on the left), and horizontal displacement,
cm (on the right), for the 4th stage of walling design
Puc. 3. Dmropsl npenenbHOTO 1aBlIeHUS Ha orpakaeHue, klla (cieBa), 1 TOPH30HTAIBHBIX IePEeMEIICHHH,
cM (crpasa), 1715 4-To 3Tama pacyeTa OrpakJaroleil KOHCTPYKIUH
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Results. Analysis and discussion. When modeling a pit wall integrated calculation,
7 basic stages of pit construction were preset, including 3 stages of active anchors level
installation.

At the first stage, single end-bearing piles were sunk to the theoretical height.
The soil was excavated to the level of the drilling rig station, i.e. half a meter lower than
the first girt. Until the installation of the first level of active anchors, stress strained state
of the pile row upper overhanging area is recorded, maximum horizontal displacement
of which is 1.7 cm. The maximum bending moment reaches 31 kN - m/m, the shearing
force is 19 kN/m. The safety factor for the steel of the I-bar is Ks = 6.3.

Table 4. The results of numerical modeling in GeoWall program. Comparison of the top-down
and bottom-up anchor support parameters
Ta6auna 4. Pe3yJbTaThl YMCIEHHOT0 MOJeJIHPOBAHNS B IPOrpaMMHOM KoMILiekce GeoWall.
CpaBHeHHUe IapaMeTPOB HUCXOAsALIEH U BOCXOs1Ieli aHKepHOH Kpenu

Studied parameters Top ;ail(r):vgez;:rcshors Bott;)g;rlrfl)e?:rzhors
Pit depth, m 12.0 12.0
The quantity of levels 3 3
Pile sinking depth 7, m 5.0 4.0
Piles spacing L, m 1.30 1.80
Calculated longitudinal force in anchors, kN 62; 98; 206 166; 263; 309
Tie load under the offset yield stress, kN 408.0; 408.0; 408.0 936.0; 936.0; 936.0
Maximum bending moment in a pile, kN - m/m 65 53
Maximum shearing force in a pile, kN 82 86
Maximum horizontal displacement, cm 2.6 1.2

Characteristics of piles’ cross-section

Pile profile and type I-beam 50 B1 I-beam 40 B1

Safety factors of calculation components for all levels (4th stage of excavation)

Minimum safety factor in the metal of the end-bearing

pile 2.7 2.1
Safety factor in piles anchorage 53 3.5
Anchor’s soil safety factor 1.0; 1.0; 2.0 38;24;22

The final fourth stage of walling deserves consideration. It perfectly characterizes
the stress-strained state of the whole pit wall system (fig. 3)

Longitudinal anchor forces from levels 1 to 3 made up 157 kN, 248 kN, and 295 kN
correspondingly, under the tension of 150 kN, 240 kN, and 270 kN. Longitudinal forces
increase in anchors is due to the process of soil excavation, in the course of which
the walling experiences elastic deformation. Wall displacements grow with the depth of
excavation, and the behavior of anchors as elastic bonds increase in proportion to their
displacements.

The values of the bottom-up anchors pre-tension were preset in accordance with the
ordinates of forces in anchors, obtained from the walling stability calculation using
the deterministic approach [11, 12].

However, further increase in anchor pre-tension does not contribute to the efficient
reduction of horizontal deformations. Moreover, the safety factor of the pile’s metal
decreases, the safety factor of material and soil drops sharply, and the stability of pit



10 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 3. 2021 ISSN 0536-1028

walling in general decreases significantly. Thus, experimental calculation in Geowall
program showed a high bearing capacity of the bottom-up anchor support. Comparative
analysis of the bottom-up and top-down anchor support is presented in table 4.

There is no doubt that the research results have proved the efficiency of the bottom-
up anchors optimal tension that is presented in the diagrams reflecting the dependence
between the anchors loading and the walling displacement (fig. 4). The nature of the
studied interrelation for the anchors active loading is conditioned by the attainment of
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Fig. 4. Dependence diagram N,,. = f(U,) of anchors active — a and passive — b load and walling
displacement
Puc. 4. Jlnarpammpl 3aBUCUMOCTH N, = f(U,) aKTHBHOTO — @ ¥ TTACCHBHOTO — b HArpy >KeHHUsI
AHKEPOB OT CMEICHHS OTPaKJAIONICi CHCTEMBI

optimal longitudinal forces of the bottom-up anchors. The dependency graph of the
anchor longitudinal forces and horizontal displacement of the walling elements
N,,.=f(U) represents a smooth curve with distinctive breaks in the moment of critical
load. The function graph of each level has an anchor loading extremum. Thus, for a
quiet expectable value of horizontal displacement, it is required to correct the optimal
value of pre-tension using the empirical-formula dependences. The character of the
studied dependence for anchors passive loading is conditioned by the development of
significant horizontal displacements. Besides, forces in anchors can’t be corrected in
the conditions of passive loading of the pile row and don’t ensure the safety of walling
service [1, 4]. It is the switch to the pile row active loading correction that makes it
possible to solve this problem.

Summary. Theoretical and experimental research analysis showed that the nature
of the obtained dependence reflects the real situation. The function graph for each level
of bottom-up anchors has its extremum indicating the efficient loading limit.
Consequently, not exceeding the extremum, it is possible to correct the optimal value
of pre-tension for a quite expectable value of horizontal displacement with sufficient
reliability, using the equations of dependences obtained from the results of the trend
analysis for each stage of pit excavation.

So, the improvement of the anchor structures bearing capacity and the reliable
prediction of the walling-anchor-soil system stress-strained state ensure more efficient,
safer, and more advanced industrial processes when constructing urban subsoil
structures by opencast method.
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Bausinne onTuMM3aluuu NPEeABAPUTEIBHOI0 HATH/KCHUA BOCXOAAIIINX aHKEPOB
Ha YIIPEKICHUE 00BaJIOONACHBIX l'[epeMEIHEHHﬁ orpameﬂm‘fl KOTJIOBAHOB

Bukyaos B. M.!, Boakos M. H.!
! Vpanbckuii rocyapcTBEeHHBINH TOpHBIN yHUBepeuTeT, ExatepunOypr, Poccus.

Pecgpepam

Beeoenue. B cospemennvix ycnosusx ¢ Poccuu unnosayuu 6 cmpoumeibcmee 20pOOCKUX NOO3EMHBIX
COOpYIHCEHULl BbICHYNAION OOHUM U3 KIIOUEBbIX (PaKmMopos SKOHOMUIeCKo2o pazeumust. /s nosviuenus
appexmusnocmu  yoepoicanus 6opma KOMIOBAHA 6 YCIOBUAX NIOMHOLU 20POOCKOU 3ACMpOKU U
npe0omepauyeHls pazyniomHeHus. 2PYHma 60Kpy2 KOMA0SaHA npedidzaemcs: ONMuMU3Upo8ams YCuius
npedeapumenbHO20 HamsANCeHUsl BOCXOOAUUX AHKEPOS. YCmMaH061eHO, YUMo YCUNUS HAMSNCEHUS, AKIMUGHBIX
aHKEpPO8 hopMupyom OONOIHUMENbHBIE YOEePICUBAIOUUE CUTLLL 8 NPUMe 0OPYULEHUSL U 8 ONPEOETIeHHOM
CMbICIIE YIPOUHSIION 02PaAdICOAeMblll MACCUE 2PYHMA.

Memoouxa uccnedosanus. [Ipu modenuposanuu KOMRIEKCHO20 paciema 02pancoeHust Komiosana Oulio
3a0an0 4 0CHOBHBIX DMana ycmpoucmsea Komio8ana u 3 5mana npeosapumenbHbiX NOAPYCHbIX HAMSANCEHUL
ankepnvix msie. Memoouueckoli 0CHOBOU paciema Ha NPOHHOCHb 02PANCOAIOUUX KOHCIMPYKYULL CTLYHCUM
yucienHoe pewenue 3a0auu  uzeuba 6anku, Jaexcaujell Ha YNpy2o-nidcmudeckoM OCHOBAHUU U
VOepaHcusaemoi aHKepHuIMU KOHCMPYKYUAMU 8 Kauecmee céasell. Modenuposanue 6ocxoosuyeli ankepHoul
KOHCMPYKYuU peanuzyemcs 6 onepayuonnoli cpede npocpammusl GeoWall. Benuuunol npedsapumensHuix
HAMSAANCEHUL BOCXOOSUUX AHKEPO8 3A0AI0OMCsL 8 COOMEEMCMEUL ¢ OPOUHAMAMU YCUIUL 8 AHKepax,
NONYYEHHBIX U3 pacdema YCMOUHUGOCMU 02padicoaoujell CUCmemvl O0emepMUHUPOBAHHBIM MemOoOOM.
TIposedenvl sKcnepumMeHmanbHble UCCLe008AHUS GIUSHUSL IMANOE 6CKPLLMUSL KOMIOBAHA HA HANPSIHCEHHO-
0eqhopmMupo8anHoe COCMOosIHUE 0ZPANCOCHUSL.
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Pesynomamot. Ananus u oocysncoenue. p@ekmugHocms ONMUMAIbHO20 NPEOBAPUMENbHO20 HAMSINCEHUS]
B0CXO0SIUUX AHKEPOS NO Pe3VIbMAMAaM UCCLEO08AHULL 0OCMU2ACMcsl NpU NOCMPOEHUU OUAZPAMM,
0mMobPaAdNCAIOWUX KOPPETSYUOHHYIO 3ABUCUMOCMb HASPYICEHUS AHKEPO8 OM CMEUWeHlsl 02paxcoaiouyet
cucmemol. Be3ycnoenvim 0ocmouncmeom npoepammvl sGIsEmcst 603MONICHOCMb ROIMANHO20 paciemd
02padcoarowux U  YOepicUBalowux KOHCMPYKYULL APU  PA3IUYHBIX MEXHONO2UAX UX 6036€0CHUs.
Dxcnepumenmanvhuvlil pacyem 6 npoepammuo-gviyuciumenviom komniexce GeoWall noxazan evicoxyro
HeCyuyio cnocobHOCmb 60CX00sUell AHKEPHOU KPEnu.

Bb1600. Xapaxmep nonyuenHol 3a6UCUMOCMU NPOOOIbHBIX YCUIUL AHKepd Om  20PU30OHMALbHBIX
nepemeweHull INEeMEHMOo8 02PadicOeHUs. KONMI08aHa ompasicaem peaivhyio cumyayuio. Taxum obpasom,
051 6NOJIHE 0JICUOAEMO20 3HAYEHUS. 20PUBOHMAILHO20 NepeMeujeHus cledyem KoppeKmuposants
ONMUMANbHOE 3HAYEHUe NPedsapumensHo20 HAMANCEHUs, UCNONb3YSL  VPAGHEHUs. IMAUPUYECKOU
3a6UCUMOCTIU.

Knrouesvie cnosa: ankeprnas Kpenv, KOHCMPYKYUs B0CX00AU€20 AHKEPA; AKMUBHbBLE AHKEPbL, nepemMeuyeHue
ocpacoaroweli KOHCMPYKYu; NOONOPHbIE COOPYIHCEHU.
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