International Journal for Computational Civil and Structural Engineering, 19(2) 95-108 (2023)

DOI:10.22337/2587-9618-2023-19-2-95-108

DETERMINATION OF BOUNDARIES PARAMETERS OF THE
COMPUTATIONAL MODEL FOR ASSESSING THE IMPACT ON
THE SURROUNDING FACILITIES FROM TUNNELING

Armen Z. Ter-Martirosyan ', Rustam H. Cherkesov ?, Ilya O. Isaev?,
Viktoriya V. Rud ', Mariya I. Ambrushkevich '

! National Research Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Institute Mosinzhproekt Limited Liability Company, Moscow, RUSSIA

Abstract. As a result of active development of Moscow underground space, as well as due to the increased
density of urban development, it is necessary to forecast additional displacements of surrounding buildings from
new construction in order to prevent emergency situations. For this reason, one of the important directions is
mathematical modeling of the additional displacements of the surrounding building after erection. Establishing
the parameters of design boundaries of a geotechnical model is one of the factors that greatly influence the
results of the simulation. This study deals with the assignment of the lower boundary of the scheme when
estimating the impact from tunneling works in a two-dimensional formulation. A review of international
experience in simulating the design scheme depth for various geotechnical problems and its comparison with
Russian experience in modeling schemes has been made. The deformation marks located on the ground surface
in the zone of influence of the Rublevo-Arkhangelskaya and Troitskaya (Kommunarskaya) lines of the Moscow
Metro under construction were selected for the analysis. The authors carried out the selection of the lower
boundary of the scheme by changing it in proportion to the outer diameter of the tunnels in dispersed and rocky
soils. The obtained data were compared with geodetic monitoring one. Calculations were made for three
different soil models such as Mohr-Coulomb, Mohr-Coulomb with increasing deformation modulus of the prism
under the excavation and Hardening soil. In addition, calculations were made for two cases of assignment of the
overburden coefficient - according to normative documentation and available research on the subject. As a result
of this work, more than 600 calculated cases were obtained. Based on these cases, recommendations were
developed for adjusting the scheme depth for the considered soil models.

Keywords: Impact zone, the finite element method, vertical deformations, Mohr-Coulomb, Hardening Soil,
forecast settlements, tunneling, Plaxis 2D

ONPEJEJIEHUE IAPAMETPOB I'PAHUILl PACYETHOM
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3ACTPOUKY OT TOHHEJENPOXOJYECKUX PABOT
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! HaupoHanbHbIH HCCe0BaTeNbeKuii MOCKOBCKHI TOCY IapCTBEHHBI CTPOMTENLHBIA YHUBEPCUTET, T. MOCKBa,
POCCUA
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AHHOTamMsA. B pe3ynbraTe aKTUBHOIO OCBOEHHS MOJ3EMHOr0 MPOCTPaHCTBAa ropojga MOCKBBI, a Takxke
BCJICJICTBUE  ITOBBIIICHHOW IUIOTHOCTH 3aCTPOHKM Tropoja HEOOXOAMMO  OCYLIECTBISATH  IMPOTHO3
JONOJIHUTEIbHBIX IIEPEMEIICHUN  OKPY’KAIOLEH 3aCTPOMKUM OT HOBOIO CTPOUTENLCTBA €  LEJbIO
NpeAOTBpallleHus aBapuilHbIX cuTyauuidl. Ilo 3Toi npuyuMHE ONHMM U3 BaXKHBIX HAIIPABICHUH SIBISETCS
MaTEMAaTHYECKOe MOJIENMPOBAHUE IPOTHO3a JONOIHUTENBHBIX IEPEMELICHNI OKPY’KaIOLIed 3aCTPONKH 1oCIie
CTPOUTENBbCTBA. Y CTAHOBIIEHUE I1apaMETPOB pPACUYETHBIX IPAHUL] ICOTEXHUYECKOM MOJENU - OIUH U3
(akTOpOB, B 3HAYUTEIBHON CTENEHHW BIHUAIOIINX HA pE3ylbTaThl pacdeTa. B HTaHHOM WCCIIeIOBaHUHU
paccMaTpHBaeTCsl Ha3HAYEHHE HIDKHEH T'PAaHUIBI CXEMBI NPH OLEHKE BIMAHUSA OT TOHHEIENPOXOIYECKHX

Volume 19, Issue 2, 2023 95



Armen Z. Ter-Martirosyan, Rustam H. Cherkesov, Ilya O. Isaev, Viktoriya V. Rud, Mariya I. Ambrushkevich

paboT B OByMepHOH mocTtaHoBke. IIponsBeneH 0030p MEXIYHApOJHOTO ONbITA MOJEIUPOBAHMUS TIIyOWHBI
pacueTHOM CXeMbl JJISi PAa3JIUYHBIX TEOTEXHWYECKHX 3aJad M €ro CpPaBHCHHE C POCCHUHCKHM OIBITOM
MojenupoBanus cxeMm. Jlns ananmsa ObuiM mojnoOpaHbl Ae(OpPMAIMOHHBIC MapKH, paclojlarafoliuecs: Ha
TPYHTOBOH TOBEPXHOCTH B 30HE BIUSHHSA CTPOSIIUXCS TEPETOHHBIX TOHHeNeH PyO6ieBo-ApxaHrenbCKoW U
Tpounxoit (Kommynapckoii) nuHu MOCKOBCKOIO METPOINOJIUTEHA. ABTOPHI OCYIIECTBHWIIM MOAOOP HMXKHEH
TPaHMIBI CXEMBI, ITyTEM €€ W3MEHEHMs IPONOPLUUOHAJIBHO BHEUIHEMY IHAMETPY TOHHENICH B JUCIEPCHBIX H
CKaJIbHBIX TpyHTaxX. [loydeHHbIe pacueTHbIC JTaHHBIE CPABHUBAINCE C JAHHBIMH I'€0/Ie3MUECKOT0 MOHUTOPHHTA.
Pacuerst mpom3BOOWIMCH IS TpeX pasnu4HBIX Momenedt rpyHTta Mohr-Coulomb, Mohr-Coulomb ¢
YBEIWYCHHEM MOXyIs aedopMmamuy TPyHTa MpU3MbI 1mox BelpaboTkoit m Hardening soil. [omomanuTtensHO
pacdersl MPOM3BOAWINCH ISl JIByX CilydaeB HaszHaueHus Kod(p¢uumenra mnepebopa TIpyHTa - COIJIACHO
HOPMAaTHBHOW JIOKYMEHTALMK M HMMEIOLIMMCS UCCIICJJOBAHMSAM I0 JaHHOM Teme. B pesyiprare mpopenaHHOM
paboTel OpuT0 TOMydeHO Oomee 600 pacdYeTHBIX CiIydaeB, Ha OCHOBAHWH KOTOPBIX OBLIH pa3pabOTaHBI
PEKOMEHIAINH TI0 KOPPEKTUPOBAHHIO TITyONHBI CXEMBI TSI PACCMOTPEHHBIX MOJIENICH TPyHTA.

KiroueBbie ciioBa: 30Ha BIMSHHSA, METOJ KOHCUHBIX 3JIEMEHTOB, BEpTHKAIbHBIE Jedopmarim,
Mohr-Coulomb, Hardening Soil; mporuosupyemsie ocaaku, TOHHenupoBanue, Plaxis 2D

INTRODUCTION

The subway plays a significant role in the
transport unloading of megacities. Over the
past decades, the shield tunneling method has
gained enormous popularity all over the world,
since this method is the most efficient and has
a minimal impact on the environment [1].
Currently, in Moscow an active construction of
the subway is being carried out. As a result of
development of underground space in one way
or another there is a need for mathematical
simulation of surrounding buildings in order to
determine the impact of construction of new
tunnels on existing facilities. Based on the
results of the impact assessment, a monitoring
program is developed. It is necessary to trace
the ground massif movements and, in case of
necessity, to work out anti-damage actions [2].
Thus, it seems important to correctly simulate
the calculation scheme, which is one of the
main tasks of engineers.

In one of the previous papers [3], several most
important factors of mathematical modeling,
which affect the accuracy of calculation results
in the software Plaxis 2D, were considered.
Namely: soil model; computational modeling
scheme; discretization of finite element mesh;
modeling of work stages; construction
dewatering by needle filters and open
dewatering system; consideration of strength
and rigidity of contact elements. According to

the research, the factors that have the greatest
influence on the accuracy of calculations are
the choice of a soil model, type of a calculation
model (2D or 3D) and compliance with the
technology when specifying the construction
phases.

In this paper, one of the factors affecting the
results of construction impact assessment
calculations 1is the area occupied by a
computational model. On this basis, the authors
perform the selection of the lower bound of the
computational model for the tasks of impact
assessment from tunneling works.

Researchers around the world have raised the
issue of the applicability boundaries of the
mathematical modeling scheme. One of the
first who studied this issue were the authors of
the article [4], which was published back in
1996. The mentioned paper argued that it is
necessary to reduce the physical domain, thus
introducing one or more artificial boundaries in
the numerical simulation of displacement
processes. This action leads to the fact that the
calculation may not be justified and its results
will not be correct.

Indeed, setting boundaries in mathematical
models is one of the most important conditions.
For example, the influence of scheme
boundaries on the correctness of calculations is
investigated in geophysics as well. Researchers
in the article [5] consider simulation of circuit
boundaries in electric tomography. It is argued
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that the most correct calculation can be done
when the computational domain is expanded,
but at the same time, this leads to an intractable
problem and a large amount of time spent on
the simulation. These problems are solved by
setting simulation bounds, which in turn lead to
calculation errors. Therefore, the authors in
their study propose solutions to correct the
errors associated with truncation of the
computational domain in order to optimize
prediction.

Lidija Zdravkovic and Stavroula Kontoe [6]
considered the reduction of soil domain
boundaries in geotechnical earthquake analysis.
Simulation of correct boundaries for such a

problem is problematic, since the earthquake
source may be located at a considerable
distance from the structure, and its inclusion in
the geotechnical prediction would lead to
simulation of a very large-sized model. The
authors studied the behavior of three types of
boundary conditions during an earthquake. As
a result, the researchers identified the most
acceptable scheme boundary setting in terms of
calculation correctness as well as in terms of
time consumption.

Table 1 shows the international experience of
modeling the boundaries of calculation
schemes depending on the tunnel diameter for
various geotechnical problems.

Table 1. Analysis of international experience in mathematical modelin

Paccrostaue ot
CcrlIka HI3a TOHHEIIS 10
Ha Monuens HH3a CXEMBI B Huanetp
No Problem formulation TOHHEIS
WCCIIENOB | TpyHTa 3aBUCUMOCTH OT D. u
aHue raMeTpa ’
TOHHEA, M
[7] HS 3.3D 8.5
6.15
, 8] MC 2.5D 915
1 Assessment of the impact of 10.65
tunneling on the surrounding area 12.15
[9] MC 3.5D 4.35
[10] MC 3.5D 10
[11] HSS 1,8D 6.7
) ) ) ) [12] MC 1D 6
Simulation of soil-foundation
2 interaction [13] MC 2D 11
6.3D 4.9
Determination of surface
3 settlement as a function of [14] MC 1.5D 6
loading pressure
[15] MC 3D 6.9
MC,
4 Creation of universal 3D models Modified
during TBM tunneling [16] Cam- 35D 9.3
Clay, ' '
Linear-
Elastic
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However, one should note that the definition of
the boundaries of the modelling schemes
currently being modeled in Russia differs
significantly from the international experience.
Recommendations on the choice of the size of
the calculation area and geomechanical soil
model for our country are set out in Table E.2
of SP 249.1325800.2016  "Underground
utilities. Design and construction by closed and
cut-and-cover methods". The recommended
value of the model design domain depth (b) is
determined by the formula (1), when modeling
closed excavations according to the normative
document.

b=0,5Ds (1)
where Ds id the diameter or cross-sectional
dimension of the closed excavation [17].
In this regard, it is important to note that
according to international experience, the
lower limits of schemes in geotechnical
modeling take values from 1D to 6.3D. In
comparison with the Russian documentation,
this distance is 2-12 times greater.
One of the studies on this issue [18] examined
the influence of the boundaries of the soil
model on the calculation results. According to
the results of that experiment, limiting the size
of the computational domain has the greatest
effect on the ideal elastic-plastic Mohr-
Coulomb (MC) soil model [19], while for the
Hardening soil (HS) [20], an elastic-plastic
model with soil strengthening, and the
Hardening soil model with small-strain
stiffness (HSS) [21], a model of strengthening
soil at small strains, limiting the computational
domain has much less effect.
The purpose of this work is to analyze the
international experience in the selection of the
lower boundaries and to choose appropriate
model sizes for calculating the impact
assessment of construction on the surrounding
structure in PC Plaxis 2D from tunnel drilling,
increasing the lower bound of the scheme and
comparing the obtained results of the

calculations with the results of geotechnical
monitoring.

METHODS

In this paper, deformation marks located on the
ground surface in the zone of influence of the
construction of the Rublevo-Arkhangelskaya
and Troitskaya (Kommunarskaya) line of the
Moscow Metro were selected to correct the
scheme boundary. All projected tunnels are
reinforced concrete with external diameter
D=6.0 m and thickness 0.3 m. Geotechnical
monitoring of engineering communications are
performed from the surface of the ground,
therefore for this task the marks were selected
according to the following advantages:

- perpendicular to the sinking in order to have
several geodetic marks in the section at once
with the possibility of fixing the movements of
these marks by the width of the trough;

- in different engineering-geological and
hydrogeological conditions with different
layering of soils.

Marks on communications that showed heaving
instead of settlement based on the results of
geotechnical monitoring were not included in
the calculation.

Figure 1 shows a typical plan of the location of
the deformation marks of the communications.
The following input data are available for each
of the selected communications:

-engineering and geological conditions of the
site where the communication is located, well
columns and engineering and geological cross
sections;

-soil characteristics, including the verified
geotechnical indicators required for calculation
in the HS model;

-project for the organization of construction of
the main line tunnels;

-data of communications monitoring with
indication of absolute settlement of marks.

The width of a separate calculation scheme is
constant and accepted in accordance with the
current normative documentation [17].
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In addition, during the calculations in the PC
Plaxis 2D the contact elements - interfaces
necessary for simulation of the interaction
between the structure and the soil were used.
The discretization of the finite element mesh
was adopted with the standard element
distribution "Very fine".

The excess excavation value was set using the
tool "Line contractions" with the set value Crer
value in accordance with previous studies of the
authors [22-25], in order to test the value of the
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calculated parameter. Then, the excess
excavation value was set in a similar way, but
its value was set according to Table Z1 of SP
249.1325800.2016 [17]. The results obtained
using the excess excavation value according to
the regulatory documentation and the same
coefficient obtained from the research were
analyzed.

Rocky soils, represented by fractured limestone,
were simulated using the Linear Elastic soil
model.

) s
a1
DLy

example of communication k6

The computational model in Plaxis 2D
considers all the stages of the tunneling work.
Accordingly, the calculation is performed in the
following steps:

- simulation of the initial natural stresses
preceding the construction. The engineering-
geological and hydrogeological structure of the

Volume 19, Issue 2, 2023

site corresponds to the layering of soils on the
longitudinal profile;

- activation of the objects of the surrounding
buildings, nullification of displacements;

- driving of the left main tunnel;

- driving of the right main tunnel.

A representative calculation of the scheme was
performed using the MC model at a distance of

99



Armen Z. Ter-Martirosyan, Rustam H. Cherkesov, Ilya O. Isaev, Viktoriya V. Rud, Mariya I. Ambrushkevich

0.5D from the bottom of the tunnel to the end of
the scheme, and the calculated displacements of
the marks were recorded in tabular form. Then,
the distance to the bottom of the scheme was
increased again by 0.5D and a new calculation
of the scheme was made with fixing the
obtained displacements at this distance to the
bottom of the scheme. The action was repeated
until the additional surface deformations had
completed the change depending on the
geometry of the scheme or had become equal to

the settlements
monitoring.

In addition, after completing the calculation
using the MC model, the prism with increased
deformation moduli was modeled using the MC
model with increased deformation modulus of
the prism soil under the excavation (Fig. 2)
according to the recommendations [26]. And all
schemes were recalculated similarly to the
previous ones.

obtained by geotechnical

Figure 2. Calculation scheme for evaluating the effect of tunneling with increased soil deformation
modulus (areas with darker color) under the tunnels

Separately, the scheme with soils specified by
the HS model was also calculated using a
sectional calculation pattern using the MC soil
model with a tabular fixation of displacements
at each increase in the distance to the bottom of
the scheme.

Thus, more than 600 design cases were
simulated and 6 comparison plots were
obtained. Subsequently, the calculation results
were analyzed by comparing the obtained
displacements with geotechnical monitoring
data.

RESULTS AND DISCUSSION

The results of geometry optimization of
schemes with different depths of the tunnels
are presented below. The average depth in 5
sections was from 20.0 to 26.6 m. However, in
section 1-1 the depth of tunneling was 16.5 m.
The number of iterations in the schemes was
limited to "soil heaving" the ground surface in
the scheme to the opposite side.

100

Table 2 summarizes the results of the
calculations.

Plots of additional vertical displacements vs.
distance from tunnel's bottom to the bottom of
the computational scheme as a function of
tunnel diameter D according to the results of
schemes calibration are shown in Fig. 3-4. The
graphs are demonstrated for the schemes with
the Crer excess excavation value set according
to the studies [22-25]. The red dot on the graph
indicates the iteration in which the calculated
vertical displacement reached the closest value
to the results of geodetic monitoring.

The results of scheme calibration with MC
model showed that a reliable settlement is
obtained when the distance from the tunnel
flume to the bottom of the scheme is 0.5-1.5D
during the first-third iteration. As the distance
increases, the settlement decreases rather
quickly (as compared to calculations in other
ground models) already at 7-9 iterations the

surface bulges out.
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Figure 4. Displacements at H=25m in dispersed soils (section 2-2)
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At the same time, the results obtained using the
MC model with increased strain modulus in prism
and HS are different from MC. The settlement
decreases smoothly with increasing distance to the
bottom of the scheme, especially in the schemes
with the HS ground model. Meanwhile, in the MC
model with prism, the displacement reaches the
approximate value of actual settlement according
to geotechnical monitoring at 2-7D, but in the HS
model only at 6-16D.

Besides, there is an increase in settlement with
increasing distance to the bottom in the first
iterations, and only then the settlement starts to
decrease in the HS ground model schemes with
shallow tunneling depths.

The results of calibration of the scheme with
the MC soil model and using a prism show
similarity with HS at shallow depths, at greater
depths this method of modeling gives a
difference in the results up to 2 times.

In addition, the authors investigated the
influence of the lower boundary in the schemes
with rocky soils represented by fractured
limestone. It was found that changing the
boundary from the distance from the tunnel
flume to the bottom of the scheme equal to
2.5D does not affect the calculation results.

The calculation of the model using the excess
excavation value according to Table Z1 of SP
249.1325800.2016 showed insufficient similarity
with the results of field monitoring in that the
settlement reached extremely high values during
the calculation with these coefficients. This was
especially noticeable when calculating using MC

C

model with increasing deformation modulus of the
prism soil under the excavation and HS model. It
was not possible to reach a suitable lower boundary
of the scheme when calculating using these ground
models due to a huge distance to the end of the
scheme at which the displacement obtained by
monitoring would be achieved. As a consequence,
the results of calculations with excess excavation
value given by the regulatory documentation are
presented in Table 1 only for calculations using the
classical elastic-plastic MC model. The results of
scheme calibration using the MC model and the
excess excavation value set according to the
regulatory documentation showed that the
settlement reaches the value obtained from the
monitoring results at the distance from the tunnel
flume to the bottom of the scheme equal to 7-12D.
For convenience of the analysis, the graphs
constructed by the results of calibration of
schemes with characteristic excess excavation
value were excluded from the figures, because
in their nature they repeat the graphs presented
above, differing by a huge number of iterations.
As a result of the study, the authors have
developed recommendations for the choice of
the lower boundary of the scheme according to
the following principle: it is proposed to use the
minimum value of the obtained distance,
depending on the soil model used. As a result,
the authors recommend using the algorithm for
selecting the lower bound of the computational
scheme shown in Fig. 9 (depending on the given
Cref excess excavation value) when solving the
problems of influence estimation.

ref

According to

SP 249.135800.2016

Mohr-Coulomb Mohr-Coulomb

7,0D

0,5D

According to studies [22-25]

Mohr-Coulomb with an
increase in the elastic
modulus of the soil of the
prism under the tunnel

Hardening soil

2,0D

6,0D

Figure 5. Block diagram for determining the lower boundary of the calculation scheme in a two-
dimensional setting in dispersed soils
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CONCLUSION

Analysis of international experience shows that
the lower boundary of the design scheme
regardless of the soil model is set from 1.0D to
6.3D in the cases considered by the authors.
Moreover, there is no possibility to determine
the regularity of the decision regarding the
lower boundary, since the depth of the scheme
is set arbitrarily, unlike the Russian designers,
who refer to the regulatory document and set
the lower boundary at 0.5D for the construction
of closed excavations.

The studies presented in this article show the
importance of determining a suitable scheme
geometry for impact assessment calculations. It
is recommended to choose the depth of the
scheme depending on the way of assigning the
excess excavation value (according to the
regulatory documentation or existing studies)
and the adopted soil model:

1. In the schemes for estimating the effect
from tunneling works in dispersed soils using
different soil models, the assignment of the
lower limit of the scheme when taking into
account the excess excavation value on the basis
of SP 249.1325800.2016 and studies [22-25] is
recommended to take according to the flowchart
in Fig. 5, based on the results of the analysis of
Table 2

2. Due to the large scatter of data, in order
to ensure the safety of structures, it is proposed
to use the minimum values of the obtained
distances from the tunnel flume to the bottom of
the calculation scheme when creating the
calculation schemes:

° MC  (according
1325800.2016) — 7.0D;

° MC - 0.5D;

with  SP  249.

Volume 19, Issue 2, 2023

. MC with prism — 2.0D;

J HS - 6.0D.

3. Using Linear Elastic as the soil model
for the rock, at a certain depth (2.5D) the
displacements stop changing, which is clearly
shown in Figure 4. A similar development of
additional  deformations  occurs  when
specifying Cref according to the regulatory
documents. Thus, there is no need to set the
boundary more than 2.5D in the problems of
impact assessment in the presence of rocky
soils.

4. The Crer value significantly affects the
final surface settlement. Depending on the
purpose of the excess excavation value, a
different lower boundary should be set in the
calculated section. In turn, increasing the
boundary also affects the reduction of additional
surface displacements.

5. The use of the MC soil model with an
increased  strain  modulus under the
excavation is permitted to be used in the
calculation schemes when considering the
lower boundary according to the flowchart in
Fig. 5. However, it should be considered that
the results of prediction in this way of
modeling the soil mass differ from the results
of prediction with the HS soil model.

6. It is recommended to recalculate the
model at each stage of construction on the
basis of monitoring data to optimize its input
parameters in order to improve the accuracy of
geotechnical prediction.

Since the results of the scheme calibration were
not sufficiently pronounced, especially for the
MC soil models with increased strain modulus
under the excavation and HS, this issue requires
further investigations.
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Table 2. Optimization results for the calculation scheme
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