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Tunneling by the shield method often causes deformations in the soil mass and on
the surface. With the active development of tunnel boring in the twentieth century, defor-
mations of soil surface and structures have become very relevant topics for the safety of
closed work. From the foundations of rock mechanics firstly appeared analytical methods
with the consideration of the theories of elasticity for space and half-space. And after that,
with reference to the accumulated experience and analysis of field monitoring results a
complex of empirical methods appeared. Both groups of methods are still of applied im-
portance and, at times, continue to be improved. The aim of the work is a review and
comparative analysis of analytical and empirical methods of various authors for determin-
ing settlement and distance to the inflection point of the settlement curve (iy), as well as
their systematization with reference to their appearance and the features of the develop-
ment of this field of geotechnics.

With the help of a comprehensive comparative and content analysis of various ap-
proaches to determining the settlement of soil surface and the distance to the inflection
point of the settlement curve (ix) in tunnel boring, the paper presents the main classifica-
tion of these analytical and empirical methods in their chronological appearance.

The analysis of some examples of comparison of analytical and empirical methods
for calculating the values of soil surface settlement in the sources of different years pro-
vides coverage of the absolute majority of studies from the moment of their appearance
for taking into account tunnel-boring operations. Comparative results of available research
are presented and some approaches of the most cited studies are analyzed.

An extensive review of analytical and empirical methods of the soil surface and
structures settlement during tunnel-boring shows that these methods can no longer al-
ways meet all the conditions, approaches and standards of modern design methods for
geotechnical and tunnel construction tasks. However, understanding the vector of devel-
opment of these groups of methods provides insight into the development of engineering
thought and the accumulation of statistical material of field measurements of half a centu-
ry tunneling experience.

© Ivan A. Tikhoniuk — Postgraduate Student, e-mail: itikhonyuk@gmail.com.

TuxoHok UBaH AnekcaHApoBUY — acnvpaHT, e-mail: itikhonyuk@gmail.com.

Drta cTaThs JOCTYIIHA B COOTBETCTBHU C ycioBusamu jmnen3un Creative Commons Attribution-NonCommercial 4.0 International
—‘ ::’ ® @ License (CC BY-NC 4.0)
BY _NC This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)



Tuxoniox M.A. /

Construction and Geotechnics, m. 15, Ne 4 (2024), 78-101

OB30P AHAJIMTUYECKUX N SMIMTUPUHECKUX METOOOB PACYETA
OCALOK MOBEPXHOCTU PYHTA MPU LLMTOBOWU NMPOXOOKE

N.A. TuxoHOK

HauwnoHanbHbIn uccrnepoBaTensCcknin MocKOBCKMI rOCYAapCTBEHHbIN CTPOUTENbHbIA YHUBEPCUTET,

Mocka, Poccuitckag degepaums

O CTATBE

AHHOTALUWA

Monyyena: 30 niona 2024
OpobpeHa: 12 ceHTs6psa 2024
MpuHaTa k nybnukauuu:

05 Hos16ps1 2024

Knroyessle criosa:

TOHHEnNM, TOHHeNenpPoXoaYeckne
paboTbl, WMTOBAs NPOXOAKa, aHa-
NUTUYECKME METOoAbI 0CaA0K, AMMM-
puyeckne MeTobl 0cafok, kpusas
nepern6a ocafok, 30Ha BMSAHUS,
oCafKa 3eMHOM MOBepXHOCTH, ocag-
Ka COOPYXXEHUsI, MOTEPS TPyHTa,
MOHUTOPUHT, AUCNEPCHbINA TPYHT.

TOHHenbHbIe NPOXOAKM LUMTOBLIM METOAOM 3a4acTylo Bbl3biBalOT Aedopmauuu B
MaccuBe rpyHTa U Ha noBepxHocTu. C akTUBHBIM pPa3BUTVEM TOHHENENPOXOAYECKUX pa-
60T B XX B. AedopmaLum 3eMHOW MOBEPXHOCTU 1 COOPY>KEHWUI CTany O4eHb akTyanbHbl-
MK Temammn ans 6e30nacHOCTV NPOBEAEHNS 3aKpbITbIX paboT. 13 OCHOB ropHOW MexaHu-
KW C y4eTOM TEOPUIA YNPYrocTn AN NPOCTpaHCTBa ¥ NONynpoCcTpaHCcTBa cHavana nosieu-
NNCb aHanUTMYeckne meToAbl. A yxe C y4eTOM HaKOMMEHHOro OnbiTa U aHanu3a noneBbIX
pe3ynbTaToB MOHWTOPMHra MosiBUNachb rpynna amnupuyeckux metogos. O6e rpynnbl
METOAOB U MO Cell AeHb UMEIOT NPUKNaAHOE 3HAYeHNe 1 NopoK NPOAOIKAOT COBEPLUEH-
cTBoBaThbCA. Llenbio paboTbl ABNsSieTC 0630PHBLIN U CPaBHUTENbHBIA aHanM3 aHanuTnye-
CKMX U AMNUPUYECKNX METOAOB PasnuyYHbIX aBTOPOB ONpeAeneHnst 0Cafok U PacCTOsHUSA
[0 TO4KM nepernba KpMBOW OCafoK (iy), a Takke MX cucTeMaTmsaums C y4eTOM UX NosiB-
neHuns n ocobeHHOCTEN PasBUTUA AaHHOW 06NacTh reoTeXHUKN.

C NOoMOLLbIO KOMMMEKCHOr0 CPaBHUTENBHOrO MeTo4a W KOHTEHT-aHanm3a pasnuny-
HbIX MOAXOA0B K OMpeferieHMio 0CafoK 3eMHON MOBEPXHOCTU M PacCTOSHWUA A0 TOYKU

nepernba KpuBoW ocafok (i) NPV TOHHenenpoxoaYeckmx paboTax nNpeacTaBneHa OCHOB-
Hasi KnaccumrKaumsi JaHHbIX aHANUTUYECKUX U SMMUPUYECKUX METOA0B B XPOHOMOrnye-
CKOM MopsifiKke VX NosIBIeHUS.

MpoBefeHHbIN aHann3 HEeKOTOPbIX NPUMEPOB CPaBHEHUSI aHANUTUYECKUX U AMNK-
pUYEeCcKMX METOAOB pacyeTa 3HaYeHU 0CafoK 3EMHOM NMOBEPXHOCTU UCTOYHMKOB pasnny-
HbIX NeT obecneynBaeT oxBaT abCconoTHOro 6OMbLLUMHCTBA UCCNIeA0BaHUIA OT MOMEHTa UX
NnosiBMEeHNs Ans yyeta TOHHenenpoxoayeckux pabot. MNpuBoasTcs cpaBHUTENbHbIE pe-
3ynbTaTbl AOCTYMHbIX UCCMEAOBaHUIA 1 aHanu3npyloTCs HeKoTopble MoAxoAbl Havbonee
LUUTUPYeMbIX UcCneaoBaHuin.

OOBLWKWPHBIN 0630pHBIN aHanNM3 aHanMTUYECKUX U AMMMPUYECKMX METOOO0B OCafokK
NMOBEPXHOCTW 3EMIIN 1 COOPYXEHWUI NPV TOHHENenpoxoA4eckux paboTax nokasbiBaeT, YTo
AaHHble MeToAbl yXXe He BCcerga MoryT oTBevaTb BCeM YCIOBUSIM, MOAXOAAM W cTaHAap-
TaMm COBPEMEHHbIX METOAUK MPOEKTUPOBaHWSA AN 3a4ay reoTEXHUKU M TOHHenecTpoe-
HusA. OgHako NOHUMaHWe BEKTOpa pasBUTUS STMX rPynn MeTOAOB AaeT Xopoluee npea-
CTaBreHne O XOAE PasBUTUSI MHXKXEHEPHON MbICITM N HaKOMIEHWN CTaTUCTUYECKOro maTte-
pvana nonesbIX N3MEPEHUI NMOJTYBEKOBOIO OfMbITa TOHHENENPOXOAYECKNX paborT.

Introduction

Even before the era of industrialization in Europe old collectors in many cities including Paris
(France), Vienna (Austria), London (UK), Amsterdam (Netherlands) and Berlin (Germany) were
built by hand with mining methods. These underground tunnel systems contain the cities' utilities,
such as water, sewer, gas, electrical and telephone cables, and compressed air pipes. The history of
the Parisian collectors, for example, generally dates back to antiquity, but due to pollution they fell
into disrepair during the Middle Ages. However, the total length of Parisian collectors even now is
about 2500 km and, as can be seen from history, they were built for more than a dozen centuries.
And accounting the rapid growth of industrialization of large cities, the development of transport
and engineering infrastructure required growth even at a faster pace. Due to the need for fast, high-
quality and safe work in a closed method, the first tunnel boring machine was invented by the Eng-
lish engineer Mark Brunel in 1825. It was used in the construction of a tunnel under the River
Thames. And since it was used for tunneling under the river everything what happened above the
tunnel was of little importance. However, later it turned out that the deformations from tunneling by
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the shield method and, as a result, the potential damage from them to underground utilities, struc-
tures and overlying buildings in the zone of influence can be significant and, even catastrophic.

One of the first works in the field of closed tunneling, which is still relevant today, was the
publication of the American-Canadian Prof. R.B. Peck [1] in the part of the report devoted to tun-
neling in dispersed soils. And nevertheless this work is empirical, i.e. it has some regression de-
pendence on the basis of the obtained experience and field data of settlement measurements. Ana-
lytical methods utilizing elasticity theory as applied to geomechanics appeared somewhat earlier
than this work. It may be noted that in more than 50 years of experience in the development of ana-
lytical and empirical methods, many variants as well as different variations of the early methods
have been proposed by different authors. But in the context of further technological progress and
the appearance of powerful computers another group of methods, the most prevailing at the mo-
ment, namely numerical methods, has been actively developing since the early 80s of the 20th cen-
tury. It is numerical methods for changing the stress-strain state (SSS), using the programs of finite
element method (FEM) and finite difference (FDM) analysis that are used for the majority of mod-
ern studies of tunnel boring works, and all authors rely on one or another analytical and empirical
methods of various researchers to confirm their results. So, it is especcially important to consolidate
and make actual the available data and many years of experience in determining the values of sur-
face settlement and the size of the possible zone of influence which determines the amount of de-
formations of structures and the quality of these deformations by analytical and empirical methods
since they are the main and comparative basis for current research in this field of geotechnics.

The purpose of this paper is to make a historical review and comparative analysis of analyti-
cal and empirical methods in predicting the settlement of surfaces, buildings and structures, as
well as determining the size of the possible zone of influence.

Analytical methods

Such authors as Jeffery G.B. [2]; Mindlin, R.D. [3]; Limanova Y.A. [4]; Genieva G.A. [5];
Sagaseta S. [6]; Verruijt A. & Booker J.R. [7, 8]; Verruijt A. [9]; Loganathan N. & Poulos H.G.
[10]; Gonzalez C. & Sagaseta S. [11]; Yarovoy Yu.l. [12]; Wang J.G. et al. [13]; Heina A.M.
[14]; Elgaeva V.S. [15] and others were engaged in the study of analytical methods at different
times. Various soil models, in particular elastic models, are used to determine the settlement of
the surface and the effect on the foundations of structures during the construction of deep or shal-
low tunnels, and sometimes it is permissible to use solutions for infinite media, if the stress dis-
tribution in the foundation base can be neglected.

One of the earliest known works of analytical methods for predicting the parameters of soil
shift trough in urban areas is the method of Professor Y.A. Limanov [4], developed for the con-
struction of a deep underground railway in St. Petersburg and based on experimental field studies
and the theory of elasticity. Yu.A. Limanov solved the problem of changing the SSS during cir-
cular development of rock mass of the Cambrian clays, represented as a linearly deformable iso-
tropic half-plane with a distributed load at the upper boundary by the reduced weight value of
weak rocks of Quaternary deposits. For simplification, the heavy isotropic half-plane is repre-
sented by an unweighted half-plane with a circular hole, and "removable stresses" of the value P
with the opposite sign are applied to its contour. The solution of the problem is determined with
the use of the bipolar transformations coordinates of G.B. Jeffery [2] for the displacements of an
eccentric cylinder with outer circle curvature tending to "0". Taking into account the correspond-
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ing initial and boundary conditions (Fig. 1, a), Y.A. Limanov [4] obtained expressions for verti-
cal and horizontal displacements of the hole contour and the outer border of the half-plane:

4 X

X\ 47
n(x)=n, [l—zj et (1
1‘|0=%, rue L=2a+h1tg[45—%j; (2)

a=\h —-r"; 3)

where x — abscissa of the soil surface; F' — area of half-trough settlement of the contact line of
Cambrian clays and weak rocks; /; — thickness of weak rocks; /4, — distance from the rock contact
line to the center of the tunnel; 2a — length of the half-trough settlement of the rock contact line;
¢ — angle of internal friction of soil; » — radius of the workings.

The area F'is determined by a formula that can be reduced to the form:

ohr?

E2a’

F=8n(1-p°) 4)
where 1 — Poisson coefficient of Cambrian clays; 6 — Average value of natural stresses acting
along the contour of the workings; £y — modulus of deformation of Cambrian clays.

Another analytical work was the work of G.A. Geniev [5] (Fig. 1, b) for non-cohesive dis-
persed soils. Settlement of the surface of the soil mass in closed workings is determined as:

.3 0.5
0.5 S1n (X} .

cos’ @

Vo = H—{H—4R2 (0052 @—cos’ oc) ()

where H — depth of the subsidence trough sector; R — radius of the workings; ¢ = §+%, where p

is the angle of internal friction of the soil.

vy |
. L ‘ A

2a / ' / . h

Fig. 1. Calculation scheme for assessing surface settlements: a — by the method of Y.A. Limanov [4]
with a settlement curve by analogy with S.G. Avershin [16]; b — by the method of G.A. Geniev [5]
Puc. 1. PacueTHas cxema Jj1sl OIIEHKH 0Ca0K TOBEpXHOCTH: a — MeToaoM HO.A. JlnmanoBa [4]
¢ KpuBoit ocamok no aHajoruu ¢ C.I'. ABepmmabM [16]; b — metogom I'.A. I'ermnena [5]
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In the study of Elgaev V.S. [15], based on the theory of reciprocity, the following method for
assessing deformations of the soil surface was proposed:

. 2
L2 ZOR(1+V ]; ©)

: r 1-v*

where u, — vertical displacements of soil surface; A — gap between tunnel lining and workings; zp —
depth of the tunnel axis; R — radius of the workings; » — distance from the tunnel axis to the point of
displacements determination; v — coefficient of transverse deformation of the soil (Poisson's ratio).

However, the solutions of the plane problem of elasticity for space and half-space are more
widely used since in shallow tunnels the free surface strongly influences the distribution of
stresses and, consequently, displacements. Applying the infinite domain solution and the theory
of functions of complex variables of Verruijt A. & Booker J.R. [7] an analytical solution for the
half-plane was obtained: Normal stresses and shear stresses are applied around the circumference
of the cavity, so that the surface tensions along this boundary are nullified. The problem is solved
by superimposing 3 partial solutions and, at that, for the second problem it was found a standard
solution by Melan E. [17]. These solutions are agreed upon the superposition of three solutions
with the use of complex variable method in the following way:

2 12 2 72
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where & — infinite soil deformation caused by ovalization of the tunnel lining; z, =z-H;
n=z+H; R =x"+zl;r =x’+z; m=1/(1-2v); k=v/(1-v); v — the transverse defor-

mation coefficient of the soil (Poisson's ratio).
A little later, the same Verruijt A. & Booker J.R. [8] in their work on the "buoyancy" of tun-
nels in soft (structurally unstable) soils presented a more optimised solution:

P {m_&}_warctan [i)

u, :—Snu(l—\/) ”'12 1’22 21.”1 Vi (9)
+Px(y+h)_Phx(r12+2J’J’1)
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Py Phy(x-)7)
2nut 4np(1-v) 5t

+u,
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where P = ynr? — the weight of the excavated soil from the tunnel, acting in the upward direction,
and applied at the point x = 0; y = — & inside the half-plane y < 0; y,=y—h; y,=y+h;

r = \/xz +yiin = \/xz +y5; u — shear elastic modulus; v — coefficient of transverse soil defor-

mation (Poisson's ratio); uy — arbitrary constant associated with arbitrary displacement of a solid.
In the case of uniform perimeter soil loss, Sagaseta C. [6] presented the following solution

for calculating surface deformations:

o 275 x2 + hz (x2 +y2 + h2 )0‘5 , ;rface(Z:O)
0 s X
I L
s L .o e
to2m (x2 +y° +h2) ' :i:///

—_—
—

| —
Tunnel face

j —
{0,0, h)

Ve h v
P e 05
2n x“+h (x2+y2+h2)

Z

Loganathan N. & Poulos H.G. [10] suggested that for

water-saturated soils the coefficient of transverse ground : :
. ) ; Fig. 2. Surface deformations
deformation (Poisson's ratio) should be used equal to . :
i N during tunnelling by C. Sagaseta [6]

v, = 0.5, and lateral pressure coefficient Jaky [18] Ko = 1.0 Puic. 2. Jle)opMAIIH OBEPXHOCTH
when determining settlements over a short time interval, oy rornemuposanmm o C. Sagaseta [6]
where long-term losses of the circular shape of the tunnel
lining can be neglected and the ground deformations can be taken as 6 = 0. Simplified expressions for
determining the soil deformation considering only uniformly radial soil loss are proposed as follows:

U, =—ea’x ! + ! __ 4z(z+H) (12)
x 2 2 2 2 2 "
X +(z-H) xX+(z+H) [x2+(z+H)2}

z—H N z+H _2Z[x2_(Z+H)2}

2 2 2 2 2 (13)
X +(z-H) x+(z+H) [x2+(z+H)2}

_ 2
u =-€a" | —

As mentioned above, Sagaseta S. [6]; Verruijt A. & Booker J.R. [7]; Loganathan N. & Poulos
H.G. [10]; Gonzalez C. & Sagaseta C. [11] use radial "soil loss" with constant radial displacement
around the tunnel to determine the magnitude of "soil loss". To determine the "soil loss" it is used
other techniques and methods as well, but the best known methods and definitions are as follows:

1. Radial shrinkage (uniform radial soil loss) according to Verruijt A. & Booker J.R. [7]:

g = (14)
a

2. Specific soil loss according to Gonzalez C. & Sagaseta C. [11]:
2
_ 2may, (15)

2 2
Tta
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3. Equivalent value of "soil loss» according to Loganathan N. & Poulos H.G. [10]:

2
g 2
T a-=| —-m
(a 2) “ 4ga-g

g€, =
na’ 4a’

(16)

where g — gap parameter used in numerical methods (gap method).
4. Modified equivalent value of "soil loss" according to Loganathan N. & Poulos H.G.

(1998) [10]:
1.38x*  0.69z°
84—83.exp{—{(H+a)2 + 7 :l} (17)

One of the recent studies on this problem was the work of Park K.-H. [19], where the author
considered 4 variants of boundary conditions (B.C.) and, respectively, deformation forms.

a) B.C. -1 b) B.C.-2 c) B.C.-3 d)B.C.-4
PR T P e P e T
P _ T—-._ - ) i . - Qg T . 2u, “
I / \ '\ L] ".,1 "(.—' l “ 7 ",

F) o it ) - o - e !
l'l' I I'. |‘l 5 ‘I
B | | gl i B / \ tig} ﬂi./ \\\\# 3 i1 —1/ \JJ 2
| o= (== - l'ﬁ-' | | — | |- |
| f Vol | i | |
| I," | i

Fig. 3. Boundary conditions (B.C.) of a specified displacement by K.-H. Park [19]
Puc. 3. I'paanunsie yenosus (I'.Y.) 3amannoro nepememnienus mo K.-H. Park [19]

It is mentioned in the study that the variant of B.C.-2 deformation shape shown in Fig. 3, d,
sufficiently correctly describes the soil surface settlement according to the field data and in com-
parison with the known computational models of Sagaseta S. [6] and Verruijt A. [6]. [6] and
Verruijt A. & Booker J.R. [7] — B.C.-1; Loganathan N. & Poulos H.G. [10] — B.C.-4.

In the work of Wang J.G. et al. [13], the superposition method is used to calculate the value
of the settlement surface for two parallel tunnels in the form of the expression:

_(x+L/2) _(x-L/2)

S=8 e ¥ 48 e MW _§ . (18)

max B

where S5 = 0 — without regard to interaction; L — the distance between two tunnels. The larger
the distance between the tunnels the smaller the settlement of the soil mass between them, and if
the tunnels have the same diameters and "soil losses", then Sy 4 = Smax 8 B L4 = Ip.

In the study by Hein A.M. [14] it was developed an analytical method for estimating the soil
surface settlement based on the reciprocity theorem formulated as: if a force F applied in the a
direction at some point 4 of an elastic, anisotropic, inhomogeneous space causes a displacement
equal to u at another point B in the 3 direction, then the same force F applied at point B in the 3
direction will cause a displacement equal to u at point A4 in the a direction. The method is based
on the known analytical solution of the displacement of points of an elastic half-space of soil un-
der the influence of vertical forces. Calculations of vertical displacements of the soil surface are
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derived from the function of displacement of the cavity contour due to the average radial dis-
placements of the tunnel lining from the force F applied inside the closed workings:

Y = 2azv(v+2)A
ot (-v)(1-2v)

E,V \ // :
z u ¢ |
y
‘79\

1%
O'z:O'QZEO'r

(19)

07’ T

Fig. 4. Calculation scheme for estimation of settlement
using the reciprocity theorem according to the work of A.M. Hein [14]
Puc. 4. Pacuetnas cxema il OLIEHKH OCaJI0OK C MOMOIIBI0 TEOPEMBbI
B3aMMHOCTH 110 pabotre A.M. XeitHa [14]

Empirical methods

Zone of influence ~fi,

Subsidence zone | Eestraint zone

A - izontal
e - ~movemen
| . -~ | =

i /
Snm.\'z‘ |
z N - .
o S:"”“"‘\ /// "\, Subsurface
N / (foundation level)
N\ /
S 7" Actual soil loss V;
N s
o N 7,
\\ LW p=p= 450 =
x . -
D P . Average value
vl - of soil loss

Fig. 5. General idealised cross-sectional diagram of a closed tunneling
and approximated Gaussian normal distribution surface settlement curve
Puc. 5. O6mas naeamu3npoBaHHas TOTIEPETHAS CXeMa 3aKPHITON TOHHEITHHON MTPOXOIKH
U anmnpoKCUMHUPYEMOM KPUBOM 0CaJIOK MMOBEPXHOCTH HOPMAJILHOTO pacipeaenenus ['aycca

As mentioned above, R.B. Peck [1] was the first to propose a closely approximating curve of
vertical soil deformations in the transverse direction for assessing the effect of tunnels for closed
tunnel penetrations. On the basis of field observations the curve of vertical soil deformations for
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tunnelling, described by the Gaussian function, and the predictive trough of the impact of tunnel-
ing, R.B. Peck expressed as a dependence:

XZ

S,(x)=58,, . e . (20)
where S, (x) — displacement of the soil surface depending on the distance to the tunnel axis; Sy —
maximum settlement of soil surface above the longitudinal axis of the tunnel, mm; x — distance
from the center of the tunnel to the surface along the vertical through the axis of the tunnel, m; i, —
distance from the center of the tunnel horizontally to the bending point of the settlement curve, m.

Distance to the bending point (i,) on the graph the surface settlement above the tunnel is de-
termined by the following formula:

L[ 2o : where n=0,8 — 1,0, 21
R 2R

where n = 0,8-1,0; zo — depth of the tunnel axis (closed working), m; R — radius of tunnel (closed
working), m.

It should be noted that studies of closed workings were conducted long before the work of
Peck R.B. [1]. [1], however, either their scale was not massive or public or they did not have a
large base of field studies. For example, in the works of Knothe S. [20] and Cording E.J. &
Hansmire W.H. [21] formulas for determining half the width of the influence trough for closed
workings by manual or semi-mechanized method, applied to the mining method, was presented.

Further, the search for the definition of i, and its proportion in the definition of a trough has
become more active and landmark works were noted by Atkinson J.H. & Potts D.M. & Potts
D.M. [22]; Glossop N.H. [23] in co-authorship with Mair R.J. et al. [24]. Clough G.W. &
Schmidt B. [25] were the first to present data indicating that i, is also tunnel diameter dependent,
especially for small depth-to-diameter (C/D) ratios and more dependent on soil type; a study by
O'Reilly M.R. & New B.N. [26] defined the direction for decades to come and consolidated the
importance of the V¥ (relative volume "loss") parameter. Great research was carried out by
Attewell P.B. et al. [27]; Herzog M. [28]; Leach G. [29]; Rankin W.J. [30]; Uriel A.O. &
Sagaseta C. [31]; Arioglu E. [32]; Mair R.J. et al. [33]; Lee C.J. et al. [34]. Based on analyses of
past experience, Moller S.C. [35] concluded that expansion and swelling due to unloading can
lead to soil expansion, so that Vs < V;, However, the difference is still small and this simplifica-
tion makes it possible to adopt the material balance equation (22). The ground loss enclosed be-
tween the day surface and the curve on the Gauss function depends more or less linearly on the
tunnel volume, and Méller S.C. introduces the concept of ground loss ratio (GLR).

Ve=V,. (22)

In his study, Jones B. [36] showed that the formula of the K-coefficient according to Mair R.J.
et al. [33] leads to an overestimation of the parameter i, in the case of deep tunnels. In his work,
Tupikov M.M. [37] mainly considered the inside workings of communication tunnels by mecha-
nized shield tunneling and concluded that the values of the excess excavated soil coefficient accord-
ing to field data vary from 1.8 to 5.8 % for small shallow tunnels. The least squares approximation
method was used to obtain the values of correction coefficients for the surface settlement formula
(20) of Peck R.B. [1] and the formula for surface and structure settlements within the boundaries of
relative depth of tunnels in the range of the ratio to diameter as follows H/D 1+2,5.
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Table 1
Summary table of the values for determining the maximum surface
settlement (Spax) of various researchers
Tab6numa 1
CBopHast Ta0IHIIA 3HAYCHUH OMIPEICTICHHISI MAKCHMATbHBIX
0CaJIOK TOBEPXHOCTH (Smax) PA3THUHBIX HCCIIEOBATENCH
Author(s) Field of application Formula Sy«
Peck R.B. [1] Eéihfzst concept of the empirical 5.0 =5, .e_%
O’Reilly M.P. & _mV D D
New B.N. [26] Studies of shallow tunnels; 4T I,
field measurement data 4y, 1

Attewell P.B. et al. [27]

where L . =k,z,

S =00 2L

Herzog M. [28]

A series of experimental studies
of known results

X

2
S e =0.785(1z, + O )[DEJ
l

Sagaseta C. [6]

Rankin W.J. [30]

Shallow tunnelling studies;
field measurement data;
experimental studies

Smwc:L 1+ zy 2
2z, y +z,

1

X

2
S, =0.0125V, [Rj

Arioglu E. [32]

A series of experimental studies
of known results according

to Rankin W.J. (1988) [46];
field measurement data

RZ
S e = 0.0125K[‘] , where K =V,
l\'

¥ +0s —Or ]

0.26|
K =0.87¢"*" =0.87¢ (

A series of experimental studies of

known results according to Herzog M.

2
S =4.71(vz0+cs>[D]

(1985) [21], but for 2-tunnels (3i,+a)E
-0.58
Lee C.J. et al. [34] A series of test experimental studies Suec | 0,00398( 2| v, (%)
D D t
. Comparison with known results; s -~ 4, GLR . where GLR = V. v
Mdller S.C. [33] field measurement data SN P ’ 4, 4
_Czyz
S,(»)=CS, e >, where:

Tupikov M.M. [37]

A series of test experimental studies;
studies of known results; field meas-
urement data

C/(x)=1,525-1,147 % + 0,353 -
C,(x)=1,23-0,871-%+0,212-%* where:
x =z,/ D for the range of 1+2,5

Protosenya A.G.
etal. [39]

Comparison with known results;
field measurement data;
empirical studies

_ 2mRU,

S»max -
" iN2m

R
, where U, =

2oy —
2G(Y o;)

Chakeri H. & Unver B.
[38]

Comparison with known results;
field measurement data

2y

.([vzo +oy _1(5C + o.3csr))(1 0 _Sin(p)]om

S, = 3198.744(D].

Remark: parameters for S, determination by different researchers: k; — coefficient of the Gaussian
function determining the position of the trough inflection point of the soil surface settlement; 4, — Tunnel
cross-sectional area, m?; y — specific gravity of the soil, kN/m?; o; — additional surface load, kPa; £ — mod-
ulus of soil deformation, kPa; o7 — bottom-hole face loading pressure, kPa; ¢, — shear strength in undrained
state, kPa; a — distance between tunnels (with closed tunnelling), m. U, — radial displacement of the tunnel
contour, m; G — shear modulus of the soil mass, MPa.
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Chakeri H. & Unver B. [38] proposed a new equation for determining the soil deformations
at the surface and a formula for determining the distance to trough bending point (i,) of the
Gaussian distribution curve. In their work Protosenya A.G. et al. [39] during development of a
method for predicting the bottom-hole loading pressure and soil surface settlement in TBM tun-
neling the land surface settlement itself is considered similarly to Mdller S.C. [35] proceeding
from the material balance of the "lost volume" V; and the volume of soil surface settlement V.

All the main dependencies of empirical methods for determining day surface settlement have
been summarised in a single Table 1. For ease of reading, different researchers’ designations of
formula parameters, which are identical in meaning, are brought to a uniform format at the au-
thors' discretion.

Tables 2—5 of the parameters required to calculate soil surface settlement (Smax) according to
the formulae of various researchers are presented below.

Table 2
Values of parameters K’ and n from the type of the soil
according to Clough G.W. & Schmidt B. [25]
Tabmuma 2
3HayeHus napameTpoB K’ | n OT TUIIAa TPYHTa
o Clough G.W. & Schmidt B. [25]
Type of the soil K’ n
for clays 1.0 0.8+1.0
for wet granular soil 0,74 0.9
for dry granular soil 0.63 0.97
Table 3
Values of the parameter K from the type of the soil
according to O’Reilly M.P. & New B.N. [26]
Tabmuua 3
3nauyenus napametpa K ot tuna rpyHta mo O’Reilly M.P. & New B.N. [26]
Type of the soil K
Technogenic (filled soil) 0.2
Sands coarse to dusty, dense to medium density 0.3
Sands grail and dusty, loose sands 0.2
Clay layers and clayish soil semi-solid and quasi-plastic 0.4
Clay layers and clayish soil soft-, quasi-liquid and liquid soil (possibly with organic) 0.7
Table 4
Values of the parameter k; from the type of the soil
according to Attewell P.B. et al. [27]
Tabnumna 4
3HaveHus mapameTpa k; ot Tuna rpyHTa o Attewell P.B. et al. [27]
Type of soil or rock k;
Cobhesive soils 0.3
Normally compacted clays 0.5
Overcompacted clays 0.6-0.7
Shale 0.6-0.8
quartz rock 0.8-0.9
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Table 5
Values of excess excavation ratio V' according to Attewell P.B. et al. [27]
Tabmuua 5
3navyenus ko3 duuuenra nepedopa V', no Attewell P.B. et al. [27]
Tunnel technology Ve
With the use of a mechanized tunneling complex with the opening 0.5-1.0
of the tunnel for the entire section T
With step-by-step opening of the tunnel section 0.8-1.5

All the main dependencies of empirical methods for determining the distance to the inflec-
tion point of the settlement curve (i;) have been summarised in a single Table 6. For ease of read-
ing, different researchers’ designations of formula parameters which are identical in meaning
have been brought to a uniform format at the discretion of the authors.

Table 6
Summary table of values for determining the distance
to the inflection point of the settlement curve (i) of different researchers
Tabnuma 6
Copanast Tabnuia 3HaYEHUI ONpeIeIeHNs pacCTOSHUS
710 TOYKH TIepernda KpUBOM 0CaaoK (iy) pa3IMUHBIX UCCIIEIOBATENCH
Author(s) Field of application Formula i,
. zZ,

All types of soils L=
Knothe S. [20] (mining method) 2r- tan(45° - (2[))
Peck R.B. [1] All types of soils Lo 20| . \wheren= 0,8-1,0

R \2R
z 0.8
Schmidt B. [40] All types of soils i = R(ﬁj
i, =Rsecy+(C+R)tany,
Cording E.J. & All types of soils
Hansmire W.H. [21] (mining method) ey = (45 o_ 9)
2

Attewell P.B. [41] All types of soils %: 0{22—;%} :wherea=1,0un=1,0
Atkinson JH. & Loose sands i, =0.25(z, + R)
Potts D.M. [22] Compact sands and clays i, =0.25(1.5z, + 0.5R)
Glossop N.H. [23] Coehesive soils i =05z,
Clough G.W. & . D (zY .,
Schmidt B. [25] Clayer soils i =K 5 (Bj (K’ —Table 1)
Mair R.J. et al. [24] All types of soils i =05z,

Coehesive soils i =043z, +1.1 at3<z,<34
O’Reilly M.P. & . . - B <. <
New B.N. [26] Non-Coehesive soils i, =0.28z,-0.1at6<z,<10

All types of soils i, =K-z, (K—Table 2)
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The end of Table 6

OkoH4yaHue Ta01. 6

Author(s) Field of application Formula i,
Cochesive soils i, =0.57+0.45(z, —z)+1.01
Leach G. [29] ) . )
Non-Coehesive soils i, =0.64+0.48(z,—z)+0.91
Herzog M. [28] All types of soils i, =04z,+1.92
Clayer soils i,=04z,+1.6
. All types of soils i, =0.38z,+2.84
Arioglu E. [32] 0.88
All types of soils,  —09R| 2o
shield tunnelling only =0 D
i z 0.704
Merkezi Y. [42] All types of soils L= 1.392(—())
D D
i =K<ZO —z*);
Mair RJ. et al. [33 -z
[33] All types of sols K:0.175+0.325(1 z'/z,)
1-z"/z,
Jones B. [36] K =-025In(z,—z)+1.234
0.9
Loganathan N. & . i z,
Poulos H.G. [10] All types of soils 2 1.15(§j
Lee C.J. et al. [34] All types of soils i, = 0.29[1 - i ]Zo +R
0
Han X. [43] All types of soils i, =(1-0.020)z,
Wei G. [44] All types of soils i = m(R +z, tan(45° —%D
IIporocens A.T. . . T ¢
,El[f’. [T39] e " All types of soils i =R+z, tan [Z _EJ
gh‘é{ge]“ H. & Unver All types of soils i =0.6054(0.87z, +0.13D) - 2.8562
Zhu B. et al. [45] All types of soils i =0.51z,+0.48

Remark: * z — distance from the surface to the subsurface (the depth of the foundation L).
Methods and methodology

In the course of a comprehensive comparative and content analysis of various approaches to
determining soil surface settlement during tunnelling operations, which constitutes the adopted
research method, a slight downward trend in the number of papers on analytical and empirical
calculation methods worldwide has been observed.

The paper includes a basic classification of methods for calculating day surface settlement
and determining the distance to the inflection point of the settlement curve (i,). A historical selec-
tion of analytical and empirical methods is made in chronological order of the development of
data analyses and theoretic items. This approach considers a variety of sources from different
years to provide a broader overview of tunnelling data. Some comparative research results are
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analysed in the next paragraph. Finally, a discussion and conclusions are offered with the main
objective of performing an overview study on numerical methods with classification and results.

Results

The analytical and empirical methods for determining settlement and described in the first
paragraph have a number of limitations and simplifications, such as: no consideration of complex
geological conditions (non-horizontal layering, hydrogeological conditions, physical and mechan-
ical characteristics of the soil mass), no consideration of the real spatial rigidity of structures and
their current technical condition, as well as the presence of defects, etc., which in some cases
even excludes the possibility of using the method.

Among the past studies in the the present article it has been reviewed the work of Melis M.
& Rodriguez J.M. [46, 47], in which a comparative analysis of analytical and empirical methods
with numerical ones is carried out for the tunnel borings of the Madrid Metro Extension and
compared with the results of field measurements (Fig. 6).

Numerical model Peck Oteo Loganathan—Poulos Verruijt-Booker Sagaseta Measured data

Bnax i Vs B i Vs Binax ! Vs Bun i Vs o 8 i Vs Bax i Vs B Vs
Section  (mm)  {m) (%) (mm)  (m) (%) (mm) (m) (%) (mm)  (m) (%) (mm) (m) (%) (mm) (m) (%) (mm)  (m) (%)
| =17 6.0 012 -323 6.2 0.50 -6.2 62 010 -110 7.5 023 -150 7.0 034 -128 70 025 46 8.0 0.39
I -17.2 T4 032 -221 63 0.35 6.8 63 011 -104 9.0 022 -100 85 024 -8.6 80 018 1.9 12.0 0.12
111 -99 95 026 -11.1 83 0.23 -79 83 016 =9.0 7.0 023 -55 65 016 -46 65 012 -44 8.0 0.13
v -16.4 35 018 -566 49 069 -115 49 014 -145 50 024 -268 45 048 =227 43 035 -56 6.0 0.15
Vv -6.6 100 024 95 105 025 =53 105 014 =79 105 022 -5.3 80 047 -45 75 013 1.4 1.0 -0.03

Fig. 6. Calculated and measured values of settlement (8,.), distance to the inflection point
of the settlement trough (7) and outbreak ration (V) corresponding to the analysed sections
Puc. 6. PacueTHbie 1 n3MepeHHBIE 3HAYCHUS 0CATOK (Opmax), PACCTOSHUS 10 TOUKH ITePErr0da MyJIbIIbI
ocaiok (i) m ko3 durmenta nepedopa rpyHTa (Vs), COOTBETCTBYIONMINE aHATM3UPYEMBIM YdacTKaM

In his study A.M. Hein [14] compares the analytical method developed by him — the reci-
procity theorem, with other analytical, empirical and numerical methods for driving two tunnels

(Fig. 7).

Distance from the center of two tunnels (m)

2 8 o o o o o o =) o = 2 =

- [=] =] [=] o o =] o [=] [=]

M Y @ s ~ @ w Al ? o Al o - ™~ @ =T re] @ ~ @ & - -
10

~

E :"-_-_:___-‘/: —— Plaxis Undrained
2 s T e —— Plaxis Drained
T} Field data

E 30 Gaussian VL 1%
w

—+— Verruijt & Booker (1996)
—=— Loganathan & Poulos (1998)
OO O —+—Park (2005)
——— Reciprocity theorem

Fig. 7. Comparison of all settlement profiles in the process of driving
two tunnels for the assessment of surface settlement according to the work of A.M. Hein [14]
Puc. 7. CpaBHeHue Bcex npoduiieii ocalok Mpyu NpOXOJKe IBYX TOHHENEH
JUTSL OTICHKH 0CaJIOK OBEepXHOCTH 10 pabore A.M. Xeiin [14]
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Of the relatively recent papers on empirical methods, Chakeri H. & Unver B. [38], where the
authors, having analysed the results of calculations and monitoring of surface settlement and
based on the work of Herzog M. [28] proposed a new empirical equation for determining the soil
settlement on the surface. The researchers note the significant factors affecting the maximum sur-
face settlement, which are: tunnel diameter, tunnel depth, specific gravity, internal friction angle,
cohesion, Young's Modulus, Poisson's ratio, pressure in the digging face of the tunnel-boring
complex and surface load. It can be concluded from these factors that the authors understand and
highlight the importance of physical and mechanical characteristics of the boring soil mass,
which are the "basic" nature of the engineering survey data.

In the work of Guskov I.A. et al. [48], it is carried out a comparative analysis of the analyti-
cal method of Y.A. Limanov [4] and the numerical method using the FEM calculation with the
PC "Plaxis" (Fig. 8).

1

r r T fo— i : .
-50 { % > 50

e Limanov’s method

== Plaxis

=0.05

Fig. 8. Results of analytical and numerical methods according to Guskov [.A. et al. [47]
Puc. 8. Pe3ynbTaTsl aHATUTHIECKOTO M YUCICHHOTO MeTOA0B 110 I'ychkoBy U.A. 1 mp. [47]

In general, it can be noted that the empirical equations of the following researchers are more
popular in practical application and convergence of results: O'Reilly M.P. & New B.M. [26];
Attewell P.B. et al. [27]; Rankin W.J. [30] and Mair R.J. et al. [33] with additions by Jones B.
(2010) [24]; and as a comparative version with the generally recognised study by Peck R.B. [1].
According to modern requirements early works of analytical methods are not sufficiently accurate
and more recent works, such as those by Loganathan N. & Poulos H.G. [10], are sometimes char-
acterised by increased complexity of toric computations.

In this study we did not consider in detail such analytical and empirical methods as the de-
termination of the settlement of overlying structures taking into account their reduced rigidity
since with the development of numerical methods of FEM and FDM there is no direct need for
this problem nowadays, and all studies of the last 15-20 years were carried out for the characteris-
tic concept of day surface settlement. It should be noted that Burland J.B. & Wroth C.P. were the
first to propose a method for determining the settlement of overlying structures with tensile
stresses taking into account their reduced rigidity [49]. They considered the building as an ideal
beam with length L and height H deforming under the central point load with maximum deflec-
tion A. It is argued that for structures subjected to deformations of tunnel penetrations, the re-
straining effect of the foundation will, in fact, result in a lowering of the neutral axis, which may
therefore coincide with the bottom edge of the "beam". It is also concluded that the neutral axis
remains in the middle of the "beam" and it is shown that this variant of the neutral axis location is
consistent with observations of the operational characteristics of the structures. The expressions
linking the ratio A/L for beam element with maximum bending strain (e5) and diagonal defor-
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mation (e¢7). The deformations of the structure with maximum settlement A can also be deter-
mined from the expressions of Burland J.B. at el. [50] in the form:

AL, OLE L (23)
L 12t 2tL-H-G
and
2
AL HEG L . (24)
L 18-1-E

where H — structure height; L — the length of the structure (but limited by any point of deflection
or degree of settlement); £ and G — reduced modulus of elasticity (Young's) and shear modulus
for the beam element, respectively; / — moment of inertia of the beam element (i.e. H 3/12 in the
deflection zone and H */3 in the holding zone)); ¢ — the greatest distance from the neutral axis to
the edge of the beam (i.e. H/2 in the deflection zone and H in the holding zone).

Later Potts D.M. & Addenbrooke T.I. [51, 52] used about 100 FEM models with nonlinear
elastoplastic soil models in different tunnel configurations and structure sizes and introduced
2 important dimensionless coefficients: relative flexural stiffness (p*), which expresses the rela-
tive stiffness between the structure and the soil; and relative axial stiffness (a*), determined as:

EI

S
and
ok = EEiI; (26)
S

where H — half-width of the structure (= B/2); El and EA — flexural and axial stiffness of the
structure; E; — averaged modulus of deformation (Young) of the soil.

This is discussed in detail in Mair R.J. & Taylor R.N. [53], as well as in later works on mod-
ernisation of these methods, including for deep and pile foundations: Franzius J.N. &
Addenbrooke T.I. [54]; Franzius J.N. et al. [55]; Farrell R. [56]; Mair R.J. [57]; Goh K.H. & Mair
R.J. [58, 59]; Mair R.J. & Williamson M.G. [60]; Losacco N. et al. [61]; Giardina G. et al. [62];
Fargnoli V. et al. [63] and a general review on this topic in Franza A. [64].

Discussion and conclusion

An extensive review analysis of analytical and empirical methods for determining soil surface
and structures settlement during tunnelling works allows us to conclude that these methods can no
longer always meet all the conditions, approaches and standards of modern design methods for ge-
otechnical and tunnelling problems in general, despite the relative simplicity, speed and engineering
accuracy of soil surface settlement estimation. This thesis is also confirmed by the fact that for more
than 30 years, the formulas for calculating settlement and calculating the distance of the inflection
point (Z,) of the Gaussian settlement curve of the distribution of these methods have only been revised
and supplemented by various researchers, and, in particular, with the use of regional design experi-
ence and field measurement data, but did not have a fundamentally new approach.

Based on this, it can be concluded that the absolute majority of modern research is reduced
to the use of numerical methods for calculating the settlement of soil surface and structures, since
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they most accurately meet the requirements of modern geomechanical models of the soil envi-
ronment, taking into account all kinds of factors in assessing the impact of tunnel boring opera-
tions, such as: the ability to take into account complex geological conditions (non-horizontal lay-
ering and hydrogeological conditions of the massif, physical and mechanical characteristics of the
mass soils), modeling of the real spatial stiffness of structures and their current technical condi-
tion, even with respect to defects, etc.

Taking into consideration the multitude of proposed methods and their variations by differ-
ent authors who carried out their research in different soil conditions, it can be said that all empir-
ical formulae are rather subjective and can be applied to a greater extent for a specific location. In
conclusion, it should be mentioned that the analysis of long-term studies of different times and
for various soil and technical conditions gives a good idea of the engineering thought develop-
ment and accumulation of statistical material in such field of geotechnics as tunnelling, but its
further development is seen in numerical modelling in search of optimal and qualitative solutions.
It goes without saying that it should be utilized semicentennial experience of analytical and em-
pirical methods for determining the settlement from tunnelling operations which has resulted in
the construction of a huge number of existing tunnels of different types.

@unancuposanue. Hccrnedosarnue He umeno CHOHCOPCKOL NOOOEPHCKU.
Kongpauxkm unmepecos. Asmop 3asngnsem o6 omcymcmesuy KOHQIUKMA UHMEPeCOos.
Bxnao aemopa 100 %.
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