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MAXIMUM SURFACE SETTLEMENT INDUCED BY SHALLOW TUNNELING
IN LAYERED GROUND

Purpose. To improve the prediction of maximum surface settlement induced by tunneling in multi-layered soils. At the design
stage, geotechnical experts tend to use simplified formulas for evaluating the ground response.

Methodology. To examine the accuracy of empirical equations in predicting maximum surface displacement, two widely ad-
opted formulas are considered for the current study: “Volume Loss” and “Farmer and Attewell”. Moreover, because both equations
are “inflection ratio” dependants, all existing expressions of the inflection parameter are taken in consideration. Finally, the ob-
tained results are compared with field measurements, and the best pair of the expressions (“MSS” and “inflection ratio”) is chosen.

Findings. Prediction of the maximum surface settlement due to shallow tunneling in soft grounds is a valuable indicator in
ensuring safe operations, particularly in urban areas. The current paper clarifies the advantage of the VL method over Farmer and
Attewell for all scenarios (variable overburden); high values of the VL improve the predictions significantly when it is combined with
Dindarloo formulation of inflection ratio.

Originality. The originality of this work is the examination of the most adopted empirical methods and all inflection point
formulas, to estimate the maximum surface settlement induced by the construction of ‘Algiers Subway System’ tunnel project;
also, the paper demonstrated the weakness of some mostly used approaches through practical measurements.

Practical value. Because of the lack of data in geotechnical engineering, this paper is a rich resource for tunneling projects in
future because it covers over sixty measurement transverse profiles, and suggests numerical values for better assessment.

Keywords: Algiers Subway, maximum surface settlement, layered soils, tunneling, SCL method, NATM method, volume loss

Introduction. “Algiers Subway” is a relatively new subway
system in Algiers (the capital of Algeria) in respond to growing
demand for public transport.

Such tunnels are generally built in shallow depth in order
to reduce the costs. Tunneling projects lead inevitably to
ground movements which appear in most cases as surface set-
tlement and consequently may affect overlying buildings and
services. For that, it is peremptory to estimate the magnitude
of these displacements at the early stages of tunnels design in
order to define the potentially affected structures.

For predicting ground movement extent at the preliminary
design stage, analytical and empirical relations are considered
more suitable for their simplicity [1]. In analytical methods
(closed-form solutions), two widely used approaches exist.
One of the earliest attempts for initially isotropic and homoge-
neous incompressible soil is to estimate the strain field. After
that, Verruijt and Booker [2], generalized the above solution to
include tunnels in homogeneous elastic half spaces arbitrary
values of Poisson’s ratio and the effect of tunnel lining defor-
mation in the long term.

Those solutions are derived from empirical relations and
are applicable only for few cases, because similar conditions to
original models are not usually fulfilled, and are not widely ad-
opted for their over-simplification approach. Moreover, the
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“Algiers Subway” project passes through multi-layered soil
with heterogeneous characteristics.

For those gained from empiricism, the literature is rich
and they represent the first tries to predict ground movement
and results obtained generally from practice (field observation)
or in laboratory tests (physical modelling, centrifuge tests).

The most realistic approximation of surface settlement is
given by Peck [3] who stated that the transverse settlement
trough can be described by a Gaussian error function, and this
relation has been confirmed and adopted by many authors
since then. The form and the width of this mathematical func-
tion is governed by the distance from the tunnel centerline to
the inflexion point of settlement trough known as “i parame-
ter”, “trough width parameter” or “inflection ratio” [3]. Yet
those methods are not suitable for predicting maximum surface
settlement “MSS”, but only the shape of surface settlement.

At the definitive design stage, the numerical calculation as
bi-dimensional (2D) and three-dimensional (3D) is more ad-
equate but harder to use due to a large number of parameters
needed in order to perform the computation and requires ex-
cessive computational resources. Even with the recent advanc-
es in numerical modelling, a wider and shallower than mea-
sured settlement trough is still reported by Maji and Adugna
(2016) [4], Kwong, et al. (2019) [5].

Site characterization. Two segments are adopted for the
analysis: A section from Hai El-Badr to Ain Naadja line and
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Table 1
The Characteristic values of ground layers
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recent deposits
CS Silty-sandy clays 20.6 | 30 | 0.30 | 30 | 30.0 | 16.42
SC Silty clayey sand 21.0 | 50 | 0.23 | 10 | 32.5 | 17.00

CM | Clayey friable marl | 20.7 | 45 | 0.32 | 35| 25.1 | 20.48
and slightly sandy

SCS | Silty clayey sands 21.0 | 60 | 0.25| 50 | 27.5 | 11.23

GSC | Gravellyandsandy | 22.0 | 100 | 0.35 | 15 | 32.5 | 19.48
clays

another section from Ain Naadja to Barraki line of “Algiers
Subway” subway system with a total of 65 MSS measuring
profiles. The geotechnical site investigation indicates six (06)
main soil layers characterized and summarized in Table 1.

Based on geotechnical parameters, Sprayed Concrete Lin-
ing (SCL) is adopted as an excavation method respecting the
sequencing order and geometry shown in Fig. 1. Prior to exca-
vation, an umbrella of steel pipes is installed with a 6 dip in a
truncated conic shape made on the crown of the tunnel. The
umbrella length is 12 m of which excavation is carried on under
9 m. Truncated cone shape allows the 3m overlapping of two
adjacent umbrellas.

From a construction view point, the NATM tunneling
method is differentiated by:

1. The tunnel is sequentially excavated and supported in
every slice, and the excavation sequences can be varied ac-
cording to geological conditions.

2. The ground pre-support is provided by an umbrella of
metallic tubes or forepolling.

3. The initial support is assured by shotcrete in combina-
tion with fiber or welded-wire fabric reinforcement, steel arch-
es and sometimes ground reinforcement.

4. The permanent support is usually a cast in place lining.

Settlement analysis using empirical approach. Predicting
tunnel induced settlement and assessing the risk of damage is
an essential part of planning, design and construction of tun-
nels in an urban environment.

Vu, et al. (2016) [6] summarized the main causes of surface
movements of soil due to tunneling into:

1. Change in stress state: The stress relief mechanism
causes a reduction in soil weight concomitant to an upward
movement of soil.
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Fig. 1. Transverse cross-section and tunneling order adopted
for “Algiers Subway”

2. Subsidence due to the removal of natural support during
excavation: this causes a downward movement due to the lack
of support after the excavation.

The three primary design criteria of underground tunnels
from a geotechnical perspective are stability during construc-
tion, long and short-term settlement, and determination of
lining structural loading [7].

In transverse direction, Martos and Peck [3] described the
surface settlement trough as an error function (1), and since
then it has been widely accepted.

Sv(x) = MSSexp (—x*/2i%). )

Where Sv is the vertical settlement at a horizontal distance
x from the tunnel centerline, MSS denotes the maximum set-
tlement that is at the tunnel centerline and i is referred to as the
trough width parameter.

In order to obtain a better fit to the observed tunneling-in-
duced settlement data in sand, cases are considered where vol-
ume loss causes volumetric deformation, Broere and Bosch
(2016) [6], the modified Gaussian curve is more accurate (2),
Vorster, et al. (2005) [7]. Additionally to MSS and i dependen-
¢y, the modified curve is determined also by another parameter
defined as shape parameter a, that gives an additional degree of
freedom and therefore gives more flexibility to the curve shape.

Sv(x) = MSSn/(n— 1+ expla(x*/?)]), ?2)
where # is the shape function parameter defined by
n=exp(a)2a-1)/QRa+1)+1.

The settlement trough width obtained using the standard (1)
and modified Gaussian curve (2) is usually governed by the in-
flexion ratio that is the distance from the tunnel centerline to the
trough inflexion point (assumed symmetric) (Fig. 2). It should
be noted that both equations describe only the form of trans-
verse settlement not the maximum surface settlement “MSS”.

The MSS depends on many parameters including:

- excavation method and its parameters such as NATM,
TBM or cut and cover;

- support and pre-support method such as shotcrete, lin-
ing, forepolling, umbrella arching;

- geological and conditions such as unit weight, Poison’s
ratio, friction angle, Young’s modulus, cohesion, seismologi-
cal Tashayo, et al. (2019) [15];

- geometrical shape of the tunnel and advancing rate in-
cluding tunnel diameter and depth, the number and distance
between the tunnels and geotechnical parameters such as
groundwater and permeability.

To estimate the MSS empirically, two main methods are
widely adopted due to their simplicity and reliability; Attewell
and Farmer and using the Volume Loss factor.

Attewell and Farmer method. Attewell and Farmer [8] sug-
gested (3) for the estimation.

MSS = (D/1000).(kD/H)"/". 3)
Where k and n are parameters governing the shape of the
(3), with values of 10 and 0.67 respectively.

Settlement trough edge (x.)

trough width

Settlement volume

Maximum settlement

Influenced zone by
tunnelling

Tunnel depth

!
Tunnel diameter

Fig. 2. Schematic of the surface settlement parameters
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Fig. 3 demonstrates the predicted MSS via Attewell &
Farmer against the measured values during the construction of
tunnel.

Three domains are to be distinguished on axis C/D; 0 to 2,
2to 3 and over 3.

The first domain is C/D < 2, where measured MSS are un-
der the graph and the method is completely valid; this domain
is known in the literature as “shallow tunnels”. More precisely
the MSS values are exaggerated where C/D < 1.

The second domain; 2 < C/D < 3 where the points are lo-
cated under and above the graph and the method is question-
able.

Moreover, the last domain C/D > 3D, where all field mea-
surements disagree with expected values completely.

Volume loss factor “VL” method. This method is also wide-
ly adopted for surface settlement estimation, Peck [1], Dindar-
loo and E. Siami-Irdemoosa (2015) [3], Vu, et al. (2016) [6]
and many others.

The main concept of the VL method is that: in tunneling
projects in clayey soil, the maximum vertical displacement
registered during tunneling work usually occurs in undrained
conditions (without change in the volume), hence it is as-
sumed that the loss of soil volume at the contour of excavation
is equal to the ground surface settlement volume.

Based on practical data, Wang, et al. (2020) [14] suggested
that the presence of volume loss could be observed primarily in
three main stages as the tunnel advances in the soil: 1) ahead of
the face; 2) above the construction; 3) upon the erection of the
lining. Furthermore, consolidation, creep, and variations in
hydraulic conditions in the surrounding soil can all contribute
to additional volume loss.

The volume loss is usually adopted to describe the effect of
tunneling. There are two main types of volume loss for tunnel-
ing-induced ground displacements, the volume loss of tunnel,
and the volume loss of soil (are expressed as the percentage).

Because (1) represents the Gaussian error function, MSS
and i are independent variables, so the area enclosed by the
curve can have a value expressed by (4)

VS = TSv(x)dx —\2riMSS, )

where VS is the volume of the settlement trough per unit
length. For the tunnel excavation diameter D, the volume loss
factor VL (%) is expressed by

VL =VS/(rD*/4). 5)
By combining (4) and (5), the MSS can be expressed by
MSS=0.313VL D*/i.

Typical values of the VL could be obtained from other
similar projects, Table 2.

Other measured VL of United Kingdom tunneling projects
ranges from 1 to 3 % for all construction methods [10, 11],
Table 3.

80
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“® 50
E~
e
R=2
2" a0
20
< 10
E

Tunnel overnurden ratio (C/D)

Fig. 3. Maximum surface displacement Attewell & Farmer ver-
sus recorded MSS

Table 2

Relationship among Volume Loss, Construction Practice,
and Ground Conditions [9]

Case VL(%)

Good practice in firm ground; tight control of face 0.5
pressure within a closed face machine in slowly raveling
or squeezing ground

Usual practice with closed face machine in slowly 1.0
raveling or squeezing ground

Poor practice with closed face in raveling ground 2.0

Poor practice with a closed face machine in poor (fast 3.0
raveling) ground

Poor practice with little face control in running ground 4.0
or more
Table 3
Recorded Volume Losses in tunneling projects of UK
Case and construction technique VL(%)
Open faced shield tunneling in (London Clay) 1-2
Construction of the Jubilee Line beneath Green 1.4
Park, London
Jubilee Line Extension in St. James’s Park, London | 3.3and 2.9
Heathrow Express tunnel construction using a 1.0 and 2.9
tunnel shield
Sprayed concrete lining (SCL) for the Heathrow trial 1.0 -1.3
tunnel, which was constructed in (London Clay)
In addition to the VL, the inflection parameter “/” has a

significant role in the estimation and has a variety of expres-
sions in geotechnical engineering, the main existing formulas
are summarized in Table 4.

Table 4 represents all existing inflexion parameter expres-
sions regardless of case study but confirms the dependence on
tunnel depth and, in some cases, soil condition.

To evaluate the effect of the volume loss and inflection pa-
rameter on MSS, and based on tunneling practice (Tables 2
and 3) three values of VL are adopted for detailed examination:
0.8, .6and 2.4 %.

Those values are chosen in a way that represents a good
approximation to projects around the world and include all
tunneling techniques.

For VL =0.8 % Fig. 4, the best fit is obtained via equation
a expressed by Dindarloo, yet the predictions underestimate
the MSS, and in some points reach only 21.33 % of the field
measurements; furthermore, the predictions obtained by other
researchers are so far from the measurement reaching only
6.6 % of the field data.

For VL = 1.6 % (Fig. 5), the predictions are improved sig-
nificantly and the best fit is obtained also by the same re-
searcher Dindarloo; this estimation is improved and agrees
with most points, and is not valid for all overburden ratios
(C/D).

The value 2.4 % (Fig. 6) represents optimal value when as-
sessing maximum vertical displacement.

Summing up the analysis, we can claim that Dinadarloo’
equation of inflection ratio represents the optimum expres-
sion, when it is combined with high value of VL (2.4 %). This
equation is characterized by narrower Gaussian error curve
defined by low value of “i”; the variation of i-parameter for
“Algiers Subway” tunneling project is illustrated in Fig. 7.

Choosing between the two approaches of “Farmer and
Attewell” and “Volume Loss”, we find it clear that adopting VL
with recommended values (VL > 2.4 % and Dindarloo’s ex-
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Table 4

Adopted inflection parameter formulas

Researcher Equation Notes
A | Peck (1969) [3] i=R(Z/2R)" Basing on field observation, n = 0.8 for cohesionless and n = 1 for
cohesive soils
B | Attewell and Farmer/Wang, i=Ra(Z/2R)" a=1 London Clay case when the shield-tunneling method is used
Miao, Yang & Liang (2016) [12] (n=0.8—1.0)
C | Cording & Hansmire (1975)/ i/R=(Z,/2R)"* cohesionless soils to demonstrate the shear strength distribution

Schmidt & Clough (1981) [13]

around tunnel excavated in medium dense to dense sands and gravel

D | Atkinson [14] a | i=0.25(1.5Z,+0.5R) | forloose sand
b i=0.25(Z,+ R) for dense sand and over consolidated clay
E | Glossop, et al./Mair, et al./ i=0.57, basing on site measurement for tunneling in soft alluvial clay/both

Rankin, et al. [13]

finite element and centrifugal modelling in soft clay case/from
centrifuge tests, valid for all tunneling techniques

F | O’Reilly & New [14] a i=043Z7,+1.1 for cohesive soils with, 3 < C< 34 m
b i=0.282,-0.12 for granular soils with, 6 < C< 10 m
G | Herzog [13] i=0.40Z+ 1.92 for all types of soils
H | Arioglu [13] a i=0.40Z,+0.6 for excavation in clays by shield machines

b i=0.386Z+2.84

for excavation of all types of soils

¢ | i=09(R)(Z/2R)"

for excavation of all types of soils by shield machines

Lee, Shen and Bai [14] i/R=0.58(Z,/R) + 1

construction of Shanghai Metro Tunnel-Line 2 in soft silty clay

J | Hamza, Ata and Roussin [14] i=0437Z,+1.1

for tunneling by shielded mechanics

Dindarloo and Siami-Irdemoosa | a | i,,,=Q2R/5)(Z,/2R)"*

(2015) [10] b | iy=RZ2RV

Basing on 34 cases worldwide and using decision tree classification
method for shallow tunneling

L | Selby (1988) , New and O”Reilly i=) Kz
(1991) [14]

K; values should be 0.4—0.5 for stiff fissured clay, 0.5—0.6 for glacial
deposits, 0.6—0.7 for soft silty clay and 0.2—0.3 for sands above the
water table. Mair and Taylor suggested that K; should be 0.5 for clay
and 0.25—0.45 for sands and gravels

58

w@
°

&
°

8

5

Maximum settlement (mm)
@ &

o o
o 1 2 6
‘Tunnel ovelgnurden ratioA(C/ D) o 7
© Recorded maximum surafce setflement ——— Peck (n=0,8) /Cording & Hansmire /Schmidt & Clough
——— Glossop et al/ Mair et al/ Rankin OReilly & Newa
———O'Reilly & New b —— Herzog
~—— Atkinson a ~—— Atkinson b
—— Arioglua Arioglub
—— Ariogluic Dindarloo a
e Dindarloo b ~ Hamza

Fig. 4. variation of predicted MSS versus field measurement for
VL=0.8%

-1

8

5

o

Maximum settlement (mm)
&

o

o 1 3 4 6 7
Tunnel overnurden ratio (C/D)
© Recorded maximum surafce settlement ——— Peck (n=0,8) /Cording & Hansmire /Schmidt & Clough
«Glossop et al/ Mair et al/ Rankin e O'Reilly & New a
——OReilly & Newb Herzog
——Atkinson a —— Atkinson b
= Arioglu a —— Arioglu b

Fig. 5. Variation of predicted MSS versus field measurement for
VL=16%

-
-}

&

)
S

c)forVL=2,4%

-
°

Maximum settlement (mm)
& 8 &

5
o
° = 2 3 4 5 6 7
Tunnel overnurden ratio (C/D)

©  Recorded maximum surafce settlement —— Peck (n=0,8) /Cording -hmidt & Clough
— et al/ Mair et al/ Rankin ——— OReilly & Newa
—glm&ﬂwb ——Homop
= Atkinson a —‘f"”‘,:"
——Arioglu o
— g .

Fig. 6. Variation of predicted MSS versus field measurement
VL=24%

pression) gives better fit for multi-layered ground with cohe-
sive soils and valid for cover to diameter categories (C/D).

A possible explanation is that Dindarloo’s expression for
inflection point is obtained by analyzing a variety of tunneling
projects worldwide (34 cases) and using decision tree classifi-
cation method for shallow tunneling.

Dindarloo, 2015 [10], stated that the proposed model was
able to predict the maximum settlement induced by tunneling
in soft grounds. Tunnel depth, diameter, volume loss, and
normalised volume loss demonstrated to be the most effective/
explanatory variables for classification of the tunnels in his
study. Moreover, the VL was the most important parameter in
his model.

Conclusions. Tunneng in an urban area leads inevitably
to ground movement that appears in most cases as surface
settlement. An exact quantification of such displacements in
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the first stages of tunnels design is of utmost importance.
For that, the empirical approach is the simplest yet reliable
way to describe the surface settlement extent. The complex-
ity of surface displacement assessment lays in the heteroge-
neity of soil layers. A suitable method must give a close ap-
proximation and should not underestimate the displace-
ments.

The current paper examined ability of the most adopted
empirical methods and all inflection point formulas, to esti-
mate the maximum surface settlement induced by the con-
struction of “Algiers Subway” tunnel project.

Recommendations. The obtained results recommend the
use of Volume Loss over Farmer and Attewell formula for all
overburden ratios. More precisely the recommended method
should be adopted with high volume loss value (VL > 2.4 %)
and narrow surface settlement trough.

The results recommend for future studies: the use of ma-
chine learning methods such as Artificial Neural Networks to
understand better the effect of geotechnical soil parameters on
deformation.

Another hybrid model (empirical and numerical) is highly
advisable to quantify the magnitude of the stress and displace-
ments around the tunnel.
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Mera. [lokpallleHHSI TPOTHO3yBaHHSI MaKCHMaJbHOTO
OCimaHHSI TTIOBEPXHi, CIIPUIMHEHOTO TYHEJIIOBaHHSIM y Oara-
ToLIApoBUX I'pyHTax. Ha erami nmpoekTyBaHHS TEXHIUHI eKC-
TePTH, SIK MPABUJIO, BUKOPUCTOBYIOTh CITPOIIIEHHI hopMyin
3a1JIs1 OLIIHKM peakilii mopoau.

Metoauka. /1151 BUBYEHHSI MPABUJIbHOCTI €MITipUYHUX
PiBHSIHb Y TIPOrHO3YBaHHI MaKCHUMAaJIbHOIO TPOCiAaHHS MO0~
BEPXHi, y TaHOMY JOCJIIKEHH] PO3MJISIATHCS IBi LIMPOKO
3aCTOCOBYBaHi (DOPMYIIU: «BTpaTh 00’ €My I'PYHTY» Ta (hopmy-
na depmepa ta ATreBesna. binbi Toro, i3-3a TOTO, 110 O6MIBA
PIBHSIHHSI € 3aJIeXKHUMMU BiJl «BiIHOILIEHHS MEeperuHy», ypa-
XOBYIOThCSI BCi iCHYIOUi BUpa3u nmapamerpa reperuHy. Y KiH-
LIEBOMY TiJICYMKY, OTpUMaHi pe3yJbTaTu IMOPiBHIOIOTHCS 3
IMOJTLOBUMM JOCIIIKEHHSIMU Ta 0OMPAEThCS HallKpallla mapa
BHpa3iB («MakcuMaibHe ocinaHHs nmoBepxHi (MCC)» i «Bim-
HOILIEHHS TIEPETUHY» ).

PesyabraTu. [IporHo3yBaHHs MAaKCMMaJIbHOTI'O MPOCiTaH-
HSI TIOBEPXHi BHACJIIIOK HETIIMOOKOTO TYHETIOBAHHS M>SIKHX
MOpiJ — BaXJIMBUK MOKA3HUK y 3a0e3rnedyeHHi Oe3neyHux
orepailiii, 0coOJMBO B MicbkuX 3o0Hax. JlaHa poGota
PO3’SICHIOE TepeBaru METOAY «BTpaTh 00’€MY IPYHTY» B ITO-
piBHSIHHI 3 MeTogamu Papmepa Ta ATTeBeIs 11 BCiX CIieHa-
PpiiB (pi3HUI TUCK TOPI); BUCOKI MMOKA3HUKU METOIY «BTpa-
TH O0’€My TPYHTY» 3HAUHO ITOKPAIIYIOTh ITPOTHO3YBaHHS,
KOJIY BiH MTOEAHAHMI i3 (DOPMYJIIOBAHHSIM «BiTHOILLIEHHS Te-
peruny» Hinmapiy.
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HaykoBa nHoBu3zHa. HoBHM3HOW0O naHOi poOOTH € PO3IIISI
HaWOLIbII PO3MOBCIOMKEHUX EMIIpUYHUX METOMAIB i BCiX
bopMysT TOYOK TIepernHy, Ul OLIIHKYA BPETYJIIOBaHHS MaK-
CUMAaJIbHOTO OCiTaHHSI TIOBEPXHi, BUKJIMKAHOTO OyIiBHM-
LITBOM TYHEJIIO MPOEKTY «Algiers Subway»; Takox 3a I0I0-
MOTOI0 MPAaKTUYHUX BUMipIOBaHb pOOOTa MPOAECMOHCTPYBa-
Jla CJIa0KiCTh NEesSIKUX HaWOUIBIIT YacTO BUKOPHMCTOBYBAHUX
MiaXomiB.

IIpakTyna 3HauumMicTs. Yepes BiICYyTHICTh JaHUX y Te0-
TEeXHIYHill iHXeHepil, 111 podoTa € rapHUM PECYPCOM IS Ty-
HeJIbHUX TIPOEKTIB Y MallOyTHHOMY, OCKIIBKI OXOTUTIOE TTO-
HaJ LicTaecarT npodiaiB BUMipIOBaHb, i Ilepeadavae yrcelib-
Hi 3HAYEHHS TSI Kpallloi OLliHKH.

KurouoBi ciioBa: asocupcokuii memponoaimeH, MaKcumans-
Ha naowa ocioauHs, wapyseami nopoou, MyHeA08anHs, Memoo
SCL (memoo obauyroeanns i3 6emorny, w0 po3nopouLyemvcs),
memod NATM (nocaidosnux semasnux pobim), émpama oocsey

MakcumajibHOe ocelaHue MOBEPXHOCTH
BCJIEICTBHE HETJIYOOKOTr0 TYHHEJIMPOBAHUS
CJIOUCTBIX TOPOJ

A. Byemuaa', A. Xageayu', M. @pednc'?, C. xayu'
1 — Yuuepcurer bamxu-Moxrap, Jlabopatopusi mpuposn-
HBIX PECYPCOB U ITJIAaHUPOBaHUS, I. AHHa0a, Askup, e-mail:

amir.boustila@gmail.com
2 — YauBepcureT AbaeppaxmMaHe Mupa, r. bemxkasi, Ajkup

Hens. YiyuiieHue Iporio3a MaKCMMaIbHOIO OCEIaHus
MOBEPXHOCTH, BBI3BAHHOTO TYHHEJIMPOBAHMEM B MHOTIO-
CJIOMHBIX IToponax. Ha arame npoekTupoBaHus TeOTeXHUYE-
CKUe 3KCIepThl, KaK IMPaBUJIO, MCIOJB3YIOT YIIPOIEHHbIE
opMyIIBI UTsE OLIEHKH PEaKLIUK ITOPOI.

Metoauka. I m3ydeHUs MPaBUIbLHOCTH SMITUPUYE-
CKUX YpaBHEHUIA B IIPOrHO3MPOBAHUM MaKCUMAaJIbHOTO OCe-
TaHYsI TIOBEPXHOCTH B TAHHOM MCCIIEIOBAaHNY paccMaTpuBa-
IOTCSI IBE IIUPOKO MPUMEHsIEMbIe (hOPMYJIBI: «ITOTEpst 00be-

Ma TpyHTa» U dopmyna Papmepa u Arreseisi. boisee Toro,
13-3a TOTO, UTO 00a YpaBHEHUs SIBISIOTCS 3aBUCUMBIMU OT
«OTHOIICHUST TIepernba», YIUTHIBAIOTCS BCE CYIIECTBYIOIINE
BBIpaXKeHUsI MapameTpa rneperuoda. B koneuHom urore, nmomiy-
YeHHBIEe Pe3yJIbTaThl CPABHUBAIOTCS C ITOJIEBBIMU MCCIIeI0BA-
HUSIMU U BBIOMpPAETCS JIydyllasl mapa BbIpaXkeHUH («MaKch-
ManbHOe ocenaHue nosepxHoctd (MCC)» U «OTHOLIEHUS
neperuda»).

Pesyabratel. [IporHo3upoBaHue MakCUMaJIbHOTO Oceaa-
HMSI TIOBEPXHOCTU BCJIENCTBME HETJYOOKOTO TyHHEJIMpOBa-
HUSI MSITKUX TTOPOJT — BaXKHBIN TIOKA3aTeslb B 00eCTIeueHUM
0Oe30macHBIX ornepauuii, 0COOEHHO B TOPOICKUX 30HaX. JlaH-
Hasi paboTa pa3zbsICHSIET TMPEUMYIIeCTBA MeTola <«IOTepH
o0beMa IpyHTa» 10 cpaBHeHUIO ¢ MeTogamu Mapmepa u At-
TeBeJIsI ISl BCeX ClieHapueB (pa3nyHoe JaBJieHUE TTOPON);
BBICOKHE TTOKAa3aTe/IM MEeTOla «II0Tepu 0ObeMa TPyHTa» 3Ha-
YUTETHHO YJIy4YllaloT MPOTHO3MPOBaHME, KOTIa OH COBME-
1IeH ¢ (OpMYJUPOBKOI «OTHOIIEHUS nepernda» Junnapiy.

Hayunasa HoBu3na. HoBu3HOI 1aHHOU pabOTHI SBISETCS
paccMoTpeHue HauboJiee MPUHSITBHIX SMIUPUYECKUX METO-
TIOB ¥ BCeX (hopMyJT TOUEK Iepernoda, IUisi OLIeHKU yPeTyInupo-
BaHMSI MAaKCUMAaJIbHOTO OCEIaHUs TIOBEPXHOCTH, BBI3BAHHO-
TO CTPOUTENTLCTBOM TYHHEIS IpoekTa «Algiers Subway»; Tak-
K€ ¢ MOMOUIbIO MPAaKTUUYECKUX U3MEPEeHMiIl paboTa mpoje-
MOHCTPUPOBaJIa CI1ab0CTh HEKOTOPHIX HAMOOJee YacTo MC-
TMOJIb3YEMBbIX ITOAXO/I0B.

IIpakTiyeckasi 3HAYNMOCTb. V13-3a OTCYTCTBMEM TaHHBIX B
re0TeXHUYECKOI MHXXEHEPUH, 3Ta paboTa SIBJsIETCS] O0raTbiM
peCcypcoM [Tt TYHHEJIbHBIX TIPOEKTOB B OYIYIIIEM, TTOCKOIBbKY
oXBaTbIBaeT OoJiee MIECTUACCATA NMpoduiiell M3MepeHut, 1
MpearoaraeT YNCIeHHbIE 3HAUSHUS IJIST JIy4dIIeil OIIeHKH.

KinioueBble chioBa: ancupckuii mMemponosumeH, Makcu-
ManbHas naowads 0cedans, croucmole nopoosl, MYHHeAUPO8a-
Hue, memod SCL (memod o6auyoexu u3 pacnwviisemozo 6emo-
Ha), memod NATM (nocaredosamenvHoix 3eMASAHBIX pabom),
nomeps obsema
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