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Abstract

Tunneling in urban conditions requires costly measures, in order to ensure the safety of existing buildings.
On average, there are up to 17-20 buildings per 1 km of Moscow Subway Lines under construction. Analysis
and comparison of geotechnical monitoring data and results of geotechnical estimations for underground
construction using cut-and-cover and tunneling methods in conditions of high-density urban area shows an
unsatisfactory correlation between estimated and actual data. This can be described in the following way:
insufficient geotechnical survey data; discrepancy between the accepted estimation model and the actual
behavior of soil under load; insufficient qualification of the construction workers; and overcutting. The
study was aimed at solving the urgent scientific and engineering problem of determining the characteristics
of overcutting during mechanized tunnel boring. At the first stage, the investigations were aimed at
identifying the key reasons and factors which determine the quantitative parameters of overcutting in
urban underground construction by tunneling. These factors include the following: mismatch between
the cutting diameter and the outer lining diameter; displacement of the soil mass in front of the face;
incomplete grouting of voids beyond the lining; incomplete filling of beyond-shield voids with clay mortar
or slow-curing grouting mortar or no filling at all; and human factor (low qualifications of personnel).
The overcutting coefficient was determined on the basis of the proposed empirical dependence of its
values with regard to the depth of tunneling. The experimental data allowed the depth dependence of
the overcutting coefficient for different tunneling depths to be defined, as well as for tunnel diameters
from 4 to 10 meters in the case of mechanized tunnel boring machine (TBM) using the earth pressure
balanced tunneling method. The practical importance of the studies consists in determining the range of
the empirical overcutting coefficient variation from 0.5 % (for TBMs with nominal diameter of 10 m) up to
5 % (for TBMs with nominal diameter of 4 m). The development of organizational measures and justification
of process solutions, aimed at ensuring the safety of the existing buildings in conjunction with the scientific
and technical support of underground construction has led to a shortening of tunneling time between the
Okskaya and Nizhegorodskaya stations of Nekrasovskaya Line of Moscow Subway by about six months.
It has also provided savings of about 2.5 billion rubles.
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AHHOTaUuA
BemeHye TOpHOIIPOXOAUYECKMX PaboT B YCIOBUSIX COBPEMEHHOIO ropoja TpedyeT IpoBeqeHMsT JOPOTroCTO-
SIMUX MepOHp]/IHTI/I]?'I 10 OGECHEHEHIA}O COXPAaHHOCTHU CYIIEeCTBYIOIINX B,HaHMVI. B cpeaHeM Ha 1 km CTpOA-
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1eyicst IMHUM MeTPOIIoauTeHa MoCKBbI npuxonuTces Ao 17-20 3maHuii. AHaiIu3 U coTocTaB/ieHMe JaHHbIX
re0TeXHMUEeCKOTO MOHUTOPMHTIA C pe3y/lbTaTaMy Fe0TeXHUUECKMUX PACUeTOB [Jis MOA3€MHOr0 CTPOUTENb-
CTBa OTKPBITBIM U 3aKPBITHIM CITIOCO6AMU B YCJIOBUSIX TJIOTHOI IOPOJMICKOI 3aCTPOIKY MPOAEMOHCTPUPO-
BaJI HEYIOBJIETBOPUTEIbHYIO CXOOMMOCTh PACUETHBIX U (hakTnueckux maHHbIX. OCHOBHbIMM (haKTOpaMM
9TOTO SIBJIEHUS SIBJSIIOTCSI: HELOCTAaTOUHOCTb JAHHBIX MHXE€HEPHO-TeOJOrMYeCKUX M3bICKaHUIi; HeCOOT-
BETCTBMeE MPMHMMAaeMOJi pacyeTHOJ MO e/l pealbHOMY [MOBeeHMIO IPYHTa MO, Harpy3Koii; Hef0CTaTo4-
Hast KBaIMpUKaALINS UCTIOMHUTEIe; mepe6op rpyHTa. [Tyoamkanys HarpasieHa Ha pelleHre aKTyaJIbHOIA
HayYHO-TEXHUYECKOJi 3a/lauM OMpeJeNeHus] XapaKTepUCTUK Mepedopa IrpyHTa MPU MeXaHU3UPOBAHHOIA
MpoXojike TOHHesei. Ha mepBoM 3Tare McciaeqoBaHMs ObUIM HAIpaBJIeHbl Ha WAEHTUPUKALMIO KIoUe-
BbIX MPUYMH U (HAKTOPOB, ONpEeHeNsIONUX KOMMYECTBEHHbIE MapaMeTpsl nepebopa IpyHTa B YCIOBUSIX
MO/I3€MHOTO CTPOUTENBCTBA B TOPOJAX MPU 3aKPbITOM CIIOCO6e TOPHOCTPOUTENIbHBIX paboT. Cpeau Takmux
(aKkTOpPOB BBIAESIOTCS CeAYIONMEe: HECOOTBETCTBYE NMAMETPa Pe3aHusl HapY)KHOMY OUaMeTpy O6IesKuy,
repeMenieHns: TPYHTOBOTO MacCuBa 1epef 3a60eM, HeTIoJTHOe 3aToJIHeHe TaMITOHaKHBIM PacTBOPOM 3a-
06/1eJIOUHOTO MMPOCTPAHCTBA, HETIOJIHOE 3alloJIHeHNe TPOCTPAHCTBA 338 060T0YKOM MIUTA IMHUCTBIM VN
Me[JIEHHO TBEPIeIIINM TaMIIOHAXXHBIM PACTBOPOM WJIM UX OTCYTCTBUE, UeloBeYeCKuit ¢hakTop (Hu3Kas
kBanudukaius nmepconana). KoadduuneHr rnepebopa ycTaHaBIMBaeTCsI Ha OCHOBE TPeAJIOKEHHOM SMIIN-
pUUYECKOI 3aBUCHMOCTY €r0o 3HAYeHUI OT IITyOMHBI 3a70KeHMs] TOHHENS. DKCIIepYMeHTaTbHble JaHHbIe
MO3BOJIVJIM YCTAaHOBUTD 3aBUCUMMOCTM KO3 duiMeHTa mepebopa npu pasHbIX INTy6GMHAX 3aJI0KEHUS TOH-
HeJss, a TaKKe NPy OuaMeTpax TOHHesel oT 4 1o 10 M /I TOHHeIeIpoX04ueCkoro MexaH3MpPOBaHHOTO
KOMIIIEKCA C aKTVBHBIM MIPUTPY30M 3a60s. IIpakTHyecKkoe 3HaUeHe MTPOBEJeHHbIX MCC/IeJOBAHMIT COCTOUT
B YCTaHOBJIEHMM OMAalla30HA M3MEHEHWST 3HaUeHNIT SMIMPUIecKoro KosddummenTta — ot 0,5 % (mJ1s1 muTOB
C YUIOBHBIM ayameTpoM 10 M) 10 5 % (mJjist IMTOB YCJIOBHBIM IuaMeTpoM 4 M). PaspaboTka opraHu3saim-
OHHBIX MEPOMPUSATHIL ¥ 0OG0CHOBAHNE TEXHOJIOTUYECKUX PEIeHNi 10 06eCcreyeHn0 COXPAaHHOCTH CyIle-
CTBYIOLIMX 3[aHUI B KOMIUIEKCE C HAYYHO-TEXHUUYECKUM COIMPOBOXAEHMEM I1O3€MHOTO CTPOUTEIbCTBA
MO3BOJIMJIA IPMMEPHO Ha 6 MeCsLeB COKPATUTh CPOK MPOXOJKM MTePEroHOB MeXAy CTaHOusIMy «OKcKas»
u «Huskeropopckasi» HekpacoBckoit iMHMY MOCKOBCKOTO METPOIIONIUTEHA, & TAKKe U 06eCIeUnTh IKOHO-
MMIO TIopsiaKka 2,5 miapn pyo.

KnioueBble cnoea
MOA3eMHOE CTPOUTENIbCTBO, MIPOXOKa, TOHHEIN, IIUTOBOM KoMiuiekc, Herrenkneht, Robbins, reorexunue-
CKMIT MOHUTOPUHT, Ilepebop rpyHTa, KoadduineHT mepedopa rpyHTa
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Introduction

Tunneling in urban conditions requires costly
measures, in order to ensure the safety of existing
buildings. On average there are up to 17-20 buildings
per 1 km of Moscow Subway Lines under construc-
tion. Analysis and comparison of geotechnical mon-
itoring data and results of geotechnical estimations
for underground construction by cut-and-cover and
tunneling methods in conditions of high-density ur-
ban area shows an unsatisfactory correlation between
estimated and actual data. This can be described in
the following way: insufficient geotechnical survey
data; discrepancy between the accepted estimation
model and the actual behavior of soil under load; in-
sufficient qualification of construction workers; and
overcutting.

Analysis of the geotechnical monitoring data and
comparison with the results of estimates determin-
ing the effect of underground construction on buil-
dings and structures in the surrounding area show
that with regard to facilities of this kind constructed
by cut-and-cover method (C&C) in excavations up to
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9-12 m deep, the correlation between the estimated
and actual data does not exceed 60 %. With regard to
the construction of subway facilities in excavations
up to 35 m deep, this correlation amounted to up to
32 %.1In the case of tunneling using tunnel boring ma-
chines with a nominal diameter of 6 m, the figure is
70 %, while using tunnel boring machines with nom-
inal diameter of 10 m — 7 %. This data testifies to the
necessity of improving both the estimation methods
and the geotechnical monitoring techniques [2-4].
The main reasons for unsatisfactory convergence
of the geotechnical estimations and actual geotech-
nical monitoring data were identified in earlier stu-
dies [5-7].

When modeling the tunneling method of con-
struction, an important parameter, depending on the
construction techniques, is overcutting. This design
parameter is set during the modeling of soil mass
strains as a characteristic of tunneling. It is equal
to the ratio of the excavated area within the limits
of the tunnel contour to the tunnel cross-sectional
area [8].
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It has been shown in historical studies that over-
cutting in the process of tunneling was caused by the
following factors [9, 10]:

1. Cutting diameter mismatch with the lining out-
side diameter. In the case of using TBM with an exter-
nal cutting tool (typical for majority of modern TBMs
applying earth pressure balanced tunneling) rotor di-
ameter is 3-5 % larger than the tunnel lining diameter
on average.

2. Displacement of soil mass in front of the face.
This factor is characteristic first of all for TBMs not
performing earth pressure balanced tunneling, as well
as in case of overcutting.

3. Overcutting may also occur due to human fac-
tor, i.e. insufficient personnel training.

4. Incomplete filling of beyond-shield voids with
grouting mortar.

One more factor should be added to this list:

5.Lack of filling or incomplete filling of be-
yond-shield voids with clay mortar or slow-curing
grouting mortar.

All the above factors indicate that overcutting
leads to process strains of the surface [11].
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Models for determining
the overcutting coefficient
in mechanized tunneling
The volume of soil loss (overcutting coefficient
V;) is commonly defined as the ratio of the surface
subsidence area V; to the cross-sectional area of the
tunnel F;:

D

The key points in predicting the overcutting co-
efficient were outlined in earlier studies [9]. It was
shown later that V; can be determined only on the
basis of field observation data, while for weak soil
the value of soil losses does not exceed 2 % [12]. In
[13], data is given for the dependence of V; on the
tunnel diameter, its depth and geotechnical condi-
tions of the construction of tunnels with diameter up
to4 m at a depth up to 8.1 m.

Other studies [14, 15] show that during driving
by TBM (with soil face balance weight) 9.15 m in di-
ameter in water-saturated sand overlain by marl, V;
does not exceed 0.3-0.5 %. The existing regulatory
documents in Russia! regulate the values of overcut-
ting coefficient for tunnel construction up to 4 m in
diameter in the range of 1.5 to 5.5 % depending on

14
V, =—5100%.
F

t

1 SP 249.1325800.2016 Underground utility systems. De-
sign and construction by tunneling and C&C methods
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the type of soil in the face. These values are signifi-
cantly higher than V;, values obtained by foreign re-
searchers [12, 14, 15].

When constructing subway tunnels by mecha-
nized tunneling method in conditions of high-den-
sity urban area the following needs to be taken into
account:

— tunnel depth is generally no less than 1d (d is the
tunnel diameter) with sand or clay soils in the tunnel
crown,;

— TBMs with soil face balance weight are used
mainly in subway soft ground tunneling (among
all the Moscow TBM fleet, there are 24 TBMs
with soil face balance weight and one with bento-
nite face balance weight). This assumes squee-
zing grouting mortar through the tail part of
the casing simultaneously with TBM (shield)
advancement.

Thus, the review of data from earlier studies allows
it to be concluded that the overcutting coefficient de-
pends on the following factors when applying mecha-
nized tunneling:

- relative depth of tunneling h/d;

— cohesion of soil;

—ratio of the clearance between the cutting tool
and the tunnel lining to the tunnel diameter.

Digital estimation models of technological
processes and the rock (soil) mass conditions for
designing TBM tunneling in urban areas are per-
formed in PLAXIS, GEOWALL, COMSOL and other
software systems [16, 17]. Determining the over-
cutting parameters while tunneling is also of great
importance for improving reliability of the digital
models.

Findings of geotechnical monitoring
during main line tunneling

Let us consider the findings of monitoring during
the tunneling of the Nekrasovskaya Line and the West-
ern segment of the Great Ring Line (GRL) of the Mos-
cow Subway as an example.

The tunneling of Western segment of the GRL
was performed by “ROBBINS” TBM with soil balance
weight, with a shield blade (work tool) diameter d, of
6.6 m and tunnel diameter d of 6.3 m.

¢ factor characterizing the ratio of the clearance
between the cutting tool and the tunnel lining to the
tunnel diameter

2)

is equal to 0.048.
The tunneling was carried out in water-saturated
fine/medium-grained sand.
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The empirical overcutting coefficient V,, was cal-
culated by the backward analysis method on the basis
of the following formula:

SpiV2n
S )

©)

where s¢is actual subsidence in the observation point
located at the distance i from the axis of the tunnel;
S is the face area.

The reduced (equivalent) overcutting coef-
ficient V;, was calculated through the following
expression:

le
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n
Vv, S;
o 4)
V, =F—,
L S
where S; is the face area with overcutting coeffi-

cient Vj,.
The results of the overcutting coefficient calcula-
tion in the form of characteristic curves

h
V. =f| —,
1=f ( q &j (5)
are shown in Figures 1 and 2.
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Fig. 1. Dependence of the empirical V}, and reduced V), overcutting coefficients
on the relative depth of tunneling h/d, with TBM with a nominal diameter of 6 m
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Fig. 2. Dependence of the empirical V;. and reduced Vj, overcutting coefficient on ¢ factor
for tunneling using TBM with nominal diameter of 6 m
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During the construction of Nekrasovskaya Subway
Line from Okskaya Ulitsa station to Stakhanovskaya
Ulitsa station, a Herrenkneht TMB EPB with soil face
balance weight and the work tool diameter d, = 10.69 m
was used. The diameter of the tunnel d = 10.3 m, and
factor ¢ = 0.038. The running (main line) tunnels are
mainly located in Upper Jurassic clay, while the crown
reveals Quaternary sediments almost throughout the
whole length of the tunnels.

In the next segment from Kosino station to Yugo-
vostochnaya station, tunneling was carried out using
a Herrenkneht TMB EPB with soil face balance weight
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and work tool diameter d, = 10.82 m. Diameter of the
tunnel d = 10.5 m, and factor ¢ = 0.03. The maximum
additional subsidence of the building under whose
foundations the TBM passed at a depth of 13 m, was
6.7 mm [18].

The values of empirical overcutting coefficient at
these segments varied from 0.5 to 1.25 %, depending
on the depth of tunneling and geotechnical condi-
tions in the tunnel face.

Figs. 3 and 4 show generalized dependences (5)
for tunnel boring machines with nominal diameter of
4-10 m.

4.0
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® Empirical ® Reduced

Linear (empirical)
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Fig. 3. Generalized dependence of the empirical V. and reduced V}, overcutting coefficients on the relative depth
of tunneling h/d,. when tunneling at the diameter of 4—10 m using TBM with soil face balance weight
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Fig. 4. Generalized dependence of the empirical V}, and reduced V), overcutting coefficients on ¢ factor when tunneling
at a diameter of 4-10 m using a TBM with soil face balance weight
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at the tunnel face

Analysis of geotechnical conditions

Homogeneous
soil

Inhomogeneous
soil

Estimation of V. by formula (7)
with Vi, =V,

Estimation of V,,
by formula (6)

Estimation of V),
by formula (4)

Estimation of V.
by formula (7)

Fig. 5. Pattern of empirical overcutting coefficient V;, computation

It should be noted that the ¢ factor is not a suffi-
ciently reliable characteristic due to the constancy of
¢ values for different types of TBMs. At the same time
the value of overcutting coefficient depends on the
TBM diameter.

The empirical values of the overcutting coefficient
for TBMs with a nominal diameter of 4-10 m were de-
termined by the backward analysis method. The em-
pirical coefficient values vary in the range from 0.5 %
(for TBM with nominal diameter of 10 m) to 5 % (for
TBM with nominal diameter of 4 m). The characteristic
curves shown in Fig. 3 allow overcutting coefficient to
be calculated depending on the relative depth of tun-
neling (in mixed soils) according to the following em-
pirical expression:

v, =0,49d£+0,96.

r

(6)

A similar dependence between the empirical
and reduced overcutting coefficients is as follows:

Vie=0.69V,, + 0.53 (7

this allows, based on the normative values from SP
249.1325800.2016 “Underground utilities. Design and
construction by tunneling and C&C” (Order of the
Russian Ministry of Construction dated July 8, 2016
No. 485/pr), the empirical overcutting coefficient to
be calculated, taking into account geotechnical condi-
tions along the tunneling route.

Based on research findings, a pattern of the em-
pirical overcutting coefficient V,, computation was
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proposed (as shown in Fig. 5). This pattern provides
for computation of overcutting coefficient based on
different dependencies. It takes into account the
degree of soil homogeneity, determined on the ba-
sis of analysis of geotechnical conditions in the
tunnel face.

Conclusion

The empirical values for overcutting coefficient
in the case of TBMs with a nominal diameter of
4-10 m were determined by the backward analysis
method. The empirical coefficient values vary in the
range from 0.5 % (for TBMs with nominal diameter
of 10 m) to 5 % (for TBMs with nominal diameter of
4 m). The computation pattern shown on Fig. 5 allows
for the coefficient of overcutting at tunnel boring us-
ing TBMs with face balance weight to be determined,
while taking into account the TBM diameter and the
types of soil composing the tunnel face (homogenous/
inhomogeneous).

The proposed method was successfully im-
plemented during the construction of the Nekras-
ovskaya and Great Ring Lines of the Moscow Subway.
Optimization of measures to ensure the safety of the
existing buildings in conjunction with the scientific
and technical support of underground construction
allowed the time of tunneling between the Okskaya
and Nizhegorodskaya stations of the Nekrasovskaya
Line of the Moscow Subway to be shortened by about
6 months, as well as providing savings of about
2.5 billion rubles.
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