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In restrained urban conditions of Moscow, the accomplishment of complex urban
construction projects is complicated by the choice of construction sites, as well as by lack of
methods for computer modeling of the interaction of high-rise and unique buildings and
structures with the probable formation of karst cavities in the current regulatory documents.
The overall profitability of the project is under the great impact of it, therefore a reliable ac-
counting of karts-suffusion processes is a priority issue in designing buildings and structures,
especially if it concerns the unique and high-rise ones. The authors analyze the results of
the calculations of the forecast assessment of the impact of a karst cavity probable forma-
tion on the subsurface parts of building of the administrative and business center construc-
tion in flat and spatial formulation. In spatial formulation different positions of the potential
karst cavities are considered; their locations were chosen according to standard procedures
and were guided by the results of geological and geophysical research. It has been re-
viewed the formation of arch over a karst cavity in a 2D and 3D formulation in the condition
of different location of the karst cavities in plan and by depth of occurrence. It has been
made methodological recommendations for determining the predicted bore of the karst cav-
ity, for taking into account the frame stiffness of the aboveground part of the building, for
defining the principles of a karst cavity modeling, as well as for the choice of assessment
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criteria of stability of cover mass above the potential cavity. The discovered differences in
the results of 2D and 3D settings permit to make a conclusion that solving the problem in a
flat formulation contributes to the overestimation of karst processes danger and, therefore, to
the excess in anti-karst measures included in the project.
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B ycnoBunsx nrnoTHOW ropoAckon 3acTporiki B I. MockBe BOMpOC O peanu3aumm Criox-
HbIX rPafOCTPOUTENbHBIX MPOEKTOB OCMOXHAETCS BbIOOPOM NMOLWAAKM CTPOWUTENbLCTBA,
a TaKke OTCYTCTBMEM METOAMK YMCNEHHOTO MOAENUPOBaHWS B3aNMOAENCTBUS BbICOTHBLIX
W YHUKaNbHbIX 34aHWIA U COOPYXXEHUIA NPpU BEPOATHOM 06pa3oBaHUM KapCTOBbLIX MOMOCTew
B [AENCTBYIOLIEN HOPMAaTMBHOW AOKyMeHTauuu. [daHHoe 06CTOATENbLCTBO UMEET KOMoc-
canbHoe BnusiHME Ha oOLLyl0 peHTabernbHOCTb MPOeKTa, MO3TOMY KOPPEKTHOCTb yyeTa
KapCcToBO-Cy(O3MOHHBIX MPOLIECCOB SABMSETCA aKTyanbHOW U NMPUOPUTETHOW TEMOW Mpu
NPOEKTUPOBaHUM 30aHWUIN N COOPYXEHWUIN, OCOBEHHO YHWMKarbHbIX W BbICOTHBIX. ABTOpaMu
npvBeAeH aHanu3 pe3ynbTaToB pacveToB NMPOrHO3HOW OLIEHKN BNUSHWS BEPOATHOrO obpa-
30BaHVs KapCTOBOM MOMOCTU Ha MOA3EMHYI0 YacTb 34aHWUA aAMUHUCTPATUBHO-AENOBOrO
LieHTpa B MIOCKON W MPOCTPAHCTBEHHOW MOCTaHOBKE. B MpOCTpaHCTBEHHOW NOCTaHOBKE
pPacCcMOTPEHO pasnMYHOE MOSIOXEHWE NOTEHUManbHON KapCTOBOW NOMoCTU, BbiGOp nomno-
YKEHUS1 KOTOPOW OCYLLIECTBIIEH B COOTBETCTBUM C OOLLENPUHATEIMA MEeTOAMKaMM, Npu 3TOM
PYKOBOACTBYSICb pesyribTaTaMn reoniormyeckux n reodmsnyeckmx uccrnegosaHuin. Pac-
CMOTpeHO hopMMpOBaHWe CBOAA Haf KapCTOBOW MOMNOCTbIO B ABYMEPHOW M TPEXMepHON
MOCTaHOBKE MPW PasfiMyHbIX BapuaHTax MeCTOMONOXKEHUS KapCTOBOW NOSIOCTU B NnaHe u
no rmy6vHe 3aneranus. MpuBeaeHsbl MeToANYeCKE peKOMEHAALMN ANs onpeaeneHns npo-
rHO3MpyeMoro AvameTpa KapCTOBOW MOMOCTH, YYeTY XEeCTKOCTW Kapkaca Hafi3eMHOW YacTu
30aHVs, MpUHUMMAM MOAENMPOBaHMSA KapCTOBOW MOMOCTW, a Takke BbIOOPY KpuTepus
OLIEHKM YCTOMYMBOCTM MOKPbIBAIOLLEN TOMNLLM Haf, NOTEHLMAaNbHOM NOMOCTbI0. BbisiBNeHHbIe
pasnuMuna B MonyyYeHHbIX pesynbTatax TPEXMEPHOro W ABYMEPHOro pacyeToB MO3BONAOT
caenaTb BbIBOA, O TOM, YTO PeLUeHne 3a4aun B MIIOCKON NOCTaHOBKE NPUBOAWT K NepeoLieH-
Ke OMacHOCTU KapCTOBbLIX MPOLIECCOB W, KaK CNeACTBUE, K 3anOXeHWNI0 B NpoekTe nabbITou-
HbIX MPOTVBOKAPCTOBBLIX MEPONPUSTUIA.

© NHUNY

Introduction

The formation of karst hazards and corresponding risks occurs in most territories of Mos-
cow; in their geological structures there are massifs of carbonate rocks of Carboniferous age,
usually occurring at a depth of several dozens of meters from the surface of the earth. The great-
est cavernous porosity of carbonate rock massifs to a depth of 80—85 m from their roof is gener-
ally in the ancient interred river valleys of Moscow and its tributaries that are not topographical,
as well as in out of condition tectonic zones of increased rock fracturing.
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However, in restrained urban conditions of Moscow, the accomplishment of complex urban
construction projects is constrained by the choice of construction sites. In some cases, the con-
struction possibilities are limited with actual regulations due to the high risks of an emergency.

According to the Set of Rules 267.1325800.2016 “High-rise buildings and complexes. De-
sign Rules" construction of high-rise buildings in areas with recorded and documented karts-
suffusion processes it is not allowed without special anti-karst measures (structural, geotechnical,
waterproof, etc.). It has a great impact on the overall profitability of the project, so the considera-
tion of karst-suffusion processes is a relevant and priority problem in the process of designing
buildings and structures, especially unique and high-rise ones.

The efforts of consideration the karst cavities formation in the foundations of buildings and
structures as well as the assessment of the karst-suffusion danger of a construction site by the
methods of mathematical modeling were carried out by the following researchers: Gotman N.Z.
[1-3], Kovalev [4], Podolsky [5]. Subsequently, the proposed methods were more or less re-
flected in Set of Rules 499.1325800.2021 “Engineering protection of territories, buildings and
structures from karst-suffusion processes” which included recommendations for determining the
parameters of karst deformations by numerical methods.

At the same time, the studies carried out at different times remained underdeveloped in terms
of recommendations for numerical modeling, especially in a 3D formulation. Research papers
and regulations do not highlight the questions related to the frame stiffness, to the principles of
modeling a karst cavity, and there is no clear assessment of the cover mass stability above the po-
tential cavity. Generally, the solution comes down to an axisymmetric problem, not allowing to
take into account properly the irregularity in the foundation load, the edge effects (particularly in
the case of complex geometry of the construction site), as well as the variability of the geologic
section in the base of the structure. Moreover, some foreign scientists also point out the lack of
regulatory regulations in terms of karst hazard of new construction territories, as well as buildings
and structures already in operation [6, 7].

Constructing tunnels in China [8—11] engineers and researchers very often face construction
problems of karst rocks, especially in case of hydraulic fracture in limestone. This fact caused the
need to develop computational models and prerequisites for analytical solutions and numerical
modeling of karst cavities for the most complete consideration of the factors which form karst
hazard in the construction site.

In this paper using the example of constructing the administrative and business center the
case of a karst cavity formation in the foundation base of the high-rise building on a slab-pile
foundation is considered. It is examined formation of the arch over a carst cavity in a two-
dimensional and three-dimensional formulation with different variants of a karst cavity location
in plan and in depth. Methodological recommendations are given to assess the impact of karst
hazard on the sediment and bearing capacity of the building foundation structures of increased
level of responsibility of KS-3.

Procedure of numerical studies and justification of the accepted calculation model

The designed complex includes 15 architectural blocks with aboveground and underground
(basement) parts and one underground block with car parking. Generally, there is a common divi-
sion into high-rise and low-rise developments: block 9 (Fig. 1, a) — 46 storied one with maximum
graded elevation of +288,100 m (by the pinnacle) and +248,900 m (by the covering), blocks 7, 8,
10, 11 (Fig. 1, ) — low-rise (4, 7 and 10 floors each).
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Fig. 1. Calculation models: a — complete calculation model of a high-rise building in DC LIRA-SAPR;
b — calculation model in PC PLAXIS 3D with the indication of the high-rise and low-rise parts

Due to the uniqueness of the object under construction (height more than 250 m), as well as
due to the complex engineering and geological conditions of the construction site special atten-
tion is required when considering the joint operation of the soil foundation with the underground
and aboveground parts of the building. The peculiarity of the site under consideration is the dan-
ger in terms of the development of karst-suffusion processes.

The first stage is devoted to the analysis of the results of engineering, geological and geo-
physical surveys with the landing of designed structures on engineering and geological profiles.
Karst processes under the high-rise building are confined to fractured and destroyed limestones
of the carboniferous system, overlying at a depth of more than 35 m (absolute elevation of the
roof coating 92.0), covered by semi-solid and hard clays. The depth of the underground part of
the building is about 8.0 m; the length of the piles is 18.3 m (absolute elevation of the tip
101.0). A typical engineering and geological profile of landing the high-rise building founda-
tions is given in Fig. 2, a. The foundation plan of the calculated and indicated karst cavities is
represented in Fig. 2, b. A minimal distance from the bottom of the piles to the roof of karst
limestone is 6.0 m.

According to engineering and geological surveys, and particularly to the data on the failures
of the drilling tools, cavities with a diameter of no more than 2 m were found. In conformity with
geophysical survey (GIS: inter-well seismic acoustic sounding, radioactive (gamma) logging,
cavernometry, induction logging, standard logging, inclinometry) zones of reduced longitudinal
wave velocities (below the absolute elevation of 85.0) have been identified which suggests the
presence of cavities up to 5 m in size. The results of the study of the soil mass by the method of
inter-well sounding are shown in Fig. 3. The study carried out was in the interval of datum
45.0-90.0.
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Fig. 2. High-rise block No. 9: a — basic section of the foundations; » — foundation plan
of the calculated and indicated karst cavities (variants 1, 2, 3) with a diameter of 4.0 m
(absolute elevation 95.00) and 7.0 m (absolute elevation 85.00)
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Geophysical model of the base of the high-rise complex: a — three-dimensional model of the base,
b — cross-sections for borehole 10-15, ¢ — cross-sections for borehole 12-15-8
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Further, it is necessary to predict diameter of the karst cavity according to the method given
in Set of Rules 499.1325800.2021 “Engineering protection of territories, buildings and structures
from karst-suffusion processes”. The predicted diameter of the karst cavity was 4.0 m (according
to the records of the drilling tool failure) and 7.0 m (according to geophysical research) and was
determined with the account of the its dissolution rate V= 0.01 m/year and the estimated ser-
vice life of the structure 7= 100 years:

dcomp = dfact + k Vaiss T (1)

where dy, is the initial size of the karst cavity according to the drilling and geophysical research
results.

Considering the fact that it is a structure of the increased level of responsibility (KS-3 class)
and the absence of laboratory [12] filtration tests of carbonate rocks, it was made a decision to
increase the dissolution rate on k= 2. It is explained by the assignment this territory to zones of
accelerated denudation of karst limestone [13], due to the location of the construction site in the
valley of the Moscow River.

For a joint calculation in PC PLAXIS 3D and PC LIRA-SAPR, two design situations of the
karst cavities formation were analyzed:

* in the roof of carbonate rocks (absolute elevation 92.00) with a size of 4 m, in accordance
with the data on the failure of drilling tool;

* in the thickness of carbonate rocks (absolute elevation 85.00) with a size of 7 m, in accor-
dance with the data on the failure of drilling tools and geophysical studies.

The position of karst cavities of 4.0 m and 7.0 m in the plan is identical according to Fig. 2, b.

/-,)/’ - .
S Karst cavities |

Fig. 4. Geotechnical calculation model. Profile indicating the position of karst cavities

To take into account the rigidity of the upper structure in the PLAXIS 3D PC, structures and
loads of the aboveground part of the complex are imported from the LIRA-CAD PC, the height
of the aboveground part is reduced iteratively to the minimum possible value so that its change
does not significantly affect the calculation results in comparison with the full-scale model in the
LIRA-CAD PC. The section according to the finite element model of the PC "PLAXIS 3D" in the
zone of simulated karst cavities is shown in Fig. 4.
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Analysis of the numerical studies results

The results of the joint calculation of the system “soil foundation with karst cavity — under-
ground part of the building — aboveground part of the building” made by PC PLAXIS 3D and PC
LIRA-SAPR are presented in Fig. 5-6 in the most unfavorable karst cavity position.

The joint calculation results showed:

— vertical deformations of the raft foundation during the stage of the karst cavity formation
do not exceed 1.0 mm for all design cases;

— the results of calculation in PC LIRA-SAPR based on the bedding value from PC PLAXIS 3D
showed there is no need to increase the reinforcement selected for the main combinations of loads.
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Fig. 5. Isofields of additional vertical displacements of the block 9 foundation at the phase a karst cavity
formation: a — during karst cavity formation under foundation of 4 m in diameter (variant 1) at absolute
elevation 95.00, b — during karst cavity formation under foundation of 7 m in diameter (variant 1)
at absolute elevation 85.00

a b

Fig. 6. Zone of maximum shear deformations located within the area of plastic points’ concentration:
a — for a karst cavity with 4 m diameter (variant 1); b — for a karst cavity with 7 m diameter in section
no. 1 (variant 1)
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The calculation in the flat formulation was also performed in PC PLAXIS 2D to compare the
forming geometry of the arch over the karst cavity. The results are shown in Fig. 7.
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Fig. 7. Zone of maximum shear deformations located within the area of plastic points’ concentration
for a karst cavity with 4 m in diameter (variant 1)

Fig. 6 and 7 show that according to the 2D results the diameter of the arch over the karst cav-
ity significantly exceeds the 3D results for a similar problem.

The maximum values of the phase displacements of the foundation plate of the high-rise block 9
were 16 mm, which significantly exceeds the results obtained in the three-dimensional formulation.

Isofields of phase vertical displacements of the soil mass during the formation of a karst cav-
ity were also obtained (Fig. 8).

[*10-3 m]
000

Phase displacements Pu,, (scaled up 50,0 times)

Maximum value = 0,01912 m

Minimum value = -0,1199 m

Fig. 8. Isofields of phase vertical displacements of the foundation mass during the karst cavity
formation with a diameter of 7 m (variant 1)

Isofields of vertical displacements of the soil foundation while forming a karst cavity first al-
low us to define the depressed area above the sinkhole, but do not fully characterize the arch forma-
tion. Thus, it is recommended to be guided by the schemes of distribution of plastic points in the
soil array, characterizing the zone of violation of the strength criterion for the selected soil model.

The critical diameter of the karst cavity, determined by the Troitsky method [14] and con-
sisting in determining the diameter of the karst cavity from the equilibrium condition of a circu-
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lar-cylindrical column of soil hanging over the karst cavity, was adopted as a criterion for assess-
ing the karst-suffusion hazard of the construction site. The weight of the column in this case is
balanced by the total friction acting on its side surface.

For covered karst [15, 16], this method is generally accepted and included in Set of Rules
499.1325800.2021. It is based on the experimental studies of Protodyakonov [17], and developed
by Birmbaumer [13], Khomenko [18, 19] and Anikiev [13, 16].

The minimum capacity of the bearing covering thickness (solid clay) at the location of the
high-rise part of the complex is 6.0 m. According to the calculation by the Troitsky method, the
critical diameter of the karst cavity was 7.0 m. The obtained calculation results mean that when a
karst cavity of up to 7.0 m in size is formed in karst rocks under the high-altitude part of the
complex, the bearing capacity of the covering thickness will be provided.

Taking into account the fact that for the high-altitude part of the complex, the predicted and
accepted estimated diameter of the karst cavity (4.0 m) is less than the critical one according to
the Troitsky method (7.0 m), it is concluded that during the estimated life of the structure, sink-
hole-type karst deformations are not formed provided there are no cavities in carbonate rocks
above the abs. of 85.00 m with a diameter of more than 2 m.

The analytical solution of the problem for a variant of a karst cavity with an estimated diame-
ter of 7.0 m, adopted in the limestone thickness according to the results of geophysical studies, is
not considered due to the lack of appropriate methods in the regulatory and scientific literature.

Conclusion

Summarizing the results obtained, the following conclusions can be drawn:

1. Currently, there is not enough research devoted to the development of recommenda-
tions for numerical modeling of the interaction of the underground part of buildings and
structures with the soil base during the formation of karst cavities, especially in three-
dimensional formulation.

2. The results of the joint calculation in the PC "PLAXIS 3D" and PC "LIRA-CAD" showed
that the formation of karst cavities determined by the method of SR 499.1325800.2021 according
to the data on the failure of the drilling tool (diameter 4 m) and according to geophysical studies
of the construction site (diameter 7 m) does not entail the development of vertical movements of
the foundation more than 1 mm, as well as significant changes in internal forces in the foundation
structures of the high-rise block building.

3. According to the comparative analysis of calculations in the PC "PLAXIS 2D" and PC
"PLAXIS 3D" a significant difference in the results was revealed. The height of the arch above
the karst cavity, according to the results of a two-dimensional calculation, significantly exceeds
the value obtained from the results of a three-dimensional calculation for a similar task. A signifi-
cant difference in the phase displacements of the foundation plate of the high-rise block 9 was
also revealed: less than 1 mm in the three-dimensional formulation and 16 mm in the two-
dimensional formulation. The solution of the problem in a flat formulation leads to an overesti-
mation of the danger of karst processes and, as a consequence, to the laying of excessive anti-
karst measures in the project. Thus, the calculation of buildings and structures complex in geome-
try must be carried out in a three-dimensional formulation.

4. Evaluating the geometry of the arch based on the results of mathematical modeling, it is
recommended to guide the distribution schemes of plastic points in the soil mass, characterizing
the zone of violation of the strength criterion for the selected soil model.
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5. If, based on the results of mathematical modeling, a depression zone is detected above the
predicted karst cavity, subject to stable arching (the coefficient of stability margin is more than
the maximum permissible) in the soils overlapping the cavity, it is recommended to carry out a
joint calculation of the projected structure in a geotechnical software package and a computing
complex that allows performing a static analysis of the work of load-bearing structures according
to various combinations of loads (SCAD, LIRA-CAD). In these calculations it is worth consider-
ing the different position of the potential karst cavity, and the choice of position should be carried
out in accordance with generally accepted methods [14, 20], being guided by the results of geo-
logical and geophysical studies.

6. It is planned to consider further the problem and systematize the calculated data on the ex-
ample of other unique and high-rise objects.

@unancuposanue. Hccreoosanue He umeno CHOHCOPCKOU NOOOEPIHCKU.
Kongpnuxkm unmepecos. Asmopwi 3aasnaiom o6 omcymcemeuu KOHGIUKMA UHMEPECos.
Bxnao aemopos. Bce agmopul coenanu pasHulii 6K1a0 8 N0020MO8KY NYyOIUKAYUU.
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