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Problem Set 6 (submitted individually by each student)

As part of the construction of the extension of the Athens metro Line 3, a station is to be built with a
combined method of open pit excavation (cut & cover) and underground part, due to a lack of available
space.

The underground part of the station will be constructed as an underground tunnel excavation
(conventional method), with equivalent tunnel diameter D= 16m. Near the main station tunnel, a
ventilation tunnel will be constructed, with equal diameter D= 6m, in horizontal distance of 25m. As
presented on the following Figure 1, the main tunnel section will be excavated in four (4) phases and the
ventilation tunnel in two (2) phases. Both of tunnels, are placed under buildings.
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Figure 1. Tunnels section.

Multiple tunnel phase excavation on the main tunnel, it is chosen due to the poor ground conditions, but
also the existence of constructions on the ground surface

From the geotechnical investigation program through boreholes, it emerged that tunnels will be
excavated within the Athens Schist formation and the following stratigraphy appears in the tunnel area:

e Depth: 0 to -2m: Artificial fill (TE)
Unit weight (y): 21 kN/m3
Cohesion (c): 10 KPa

Friction angle (¢): 28°
Elastic modulus (Em): 40 MPa
Poisson ratio (v): 0.30
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e Depth: -2 to -8m: Metasandstone — Schists (AS — ST)
Unit weight (y): 23 kN/m3
Cohesion (c): 60 KPa
Friction angle (¢): 36°
Elastic modulus (En): 200 MPa
Poisson ratio (v): 0.30

: > -8m: Alteration of Metasandstone — Metasiltstone (AS — STL)
Unit weight (y): 23 kN/m3
Compressive strength of intact rock (o¢): 5 MPa
Friction angle (¢): 35°
Elastic modulus of intact rock (Ej): 7 GPa
Poisson ratio (v): 0.25
mi: 11
GSl: 30
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*Depth measured from the ground surface.

The tunnel axis for both tunnels, is 25m below the ground surface. The coefficient of horizontal stress (Ko),
estimated to 0.5.

Due to the poor ground conditions, the tunnel excavation advance length, both on main and ventilation
tunnel, is set to 1m for all the excavation phases. As the usage of mechanical excavation equipment
(hydraulic excavator) for the tunnel excavation, the rockmass disturbance factor (D) for the (AS —STL) unit,
estimated to 0.4.

The tunnel primary support for both tunnels, will consist of a combination of the following tunnel support
measures: a) Shotcrete, b) Bolts and c) Steel sets. On the following Table 2, the support measures
parameters, are presented.

Table 1. Tunnel support measures properties.

Shotcrete
Concrete class C30/37
Reinforcement T188 wire mesh
Compression strength (fc) 30 MPa
Tensile strength (fu) 6 MPa
Elastic modulus (Esnot) 17 GPa
Poisson ratio (v) 0.2
Unit weight (Vshot) 25 kN/m?3
Rockbolts
Type Fully bonded
Diameter (d) 25 mm
Tensile capacity (Fu) 270 kN
Elastic modulus (Esteer) 200 GPa
Length (L) 4m
Pattern 1 x 2 m (longitudinal x radial)
Steel sets
Type Lattice girder 4bar-140,d026
Elastic modulus (Esteer) 200 GPa
Longitudinal spacing 1 set every excavation advance length

The tunnel excavation sequence, is the following: a) full excavation of the main tunnel and then b) full
excavation of the ventilation tunnel.



It is required to:

1.

Plot the tunnel longitudinal tunnel displacement profile (LDP) for both tunnels, in the form of (A —
x/D) and (u — x/D), using the Chern et al. 1998 LDP method. (Using only the ground layer, where the
tunnel will be excavated).

Plot the convergence-confinement curve (A — u) for both tunnels, only for the ground layer where the
tunnel will be excavated.

Simulate - analyze the tunnels excavation, based on a two dimensional (2D) numerical analyses, using
the RS2 — Rocscience software. The scope of the simulations, is the tunnel primary support design. It
is necessary to be achieved the tunnel support design capacity requirements, according to EC2 EN
1992-1 (liner stresses and strength) envelope.

On the numerical analysis, the effect of the third dimension (3D), will be simulated by the
deconfinement factor (A), using the equivalent internal tunnel support pressure (p), as internal
loading.

The deconfinement factor (A), will be the same in all excavation steps.

The minimum shotcrete thickness (t) on the tunnel perimeter, will be equal or higher of 15cm. The
shotcrete thickness (t) on the tunnel temporary invert, could be similar or lower of the tunnel
perimeter shotcrete support thickness.

For the proposed tunnel support design for both tunnels, the following values can be presented:

e The tunnel displacement (total displacement) on the tunnel crown and sidewalls (upper and
bottom), after the construction of each tunnel excavation phase.

e The ground surficial settlements (vertical displacements), after the construction of each
tunnel excavation phase. Plot in the form of settlement (vertical axis) and ground distance -
x/D (horizontal axis), measured from the tunnel axis.

e The maximum plastic zone length around the excavation, after the total tunnel excavation.

4. Check the tunnel face stability of the main tunnel, only for the whole area of the tunnel top
heading, by calculating the tunnel face stability factor (FS,), for the case of unsupported tunnel
face. In case of unsupported tunnel face stability factor FS, < 1.5, calculate the tunnel face
reinforcement density (p) by usage of fiberglass nails with tensile capacity 280kN, in order to
achieve tunnel face stability factor FS > 1.5. For the fiberglass nails material, the partial safety
factor, is SF= 1.2. The whole tunnel face area of the top heading, is A= 104.9 m?2. Technical
properties of the fiberglass nails, presented on the following Figure 2.



NAdrog Néyog @oprio Bpalong
Width Thickness Breaking load

mm mm kN
FL 30x4 30 4,0 120 DURGLASS FL® - GLASSPREE®

e * == — Eidmod Bapog %
FL 30x7 30 7,0 210 St e Meioht ASTMD 792 1.9 ar/cm
FL 35x5 3s 5,0 175 S

FL 35x7 35 7,0 245 ST . - > 70 %
FL 40x4 40 4,0 160

FL 40x5 40 5,0 200 Ewrummr'm ::':°"" ASTM D 3916 750 - 1.000 MPa
FL 40x6 40 6,0 240 T

FL 40x6,5 0 6,5 260 Elrtte modon | ASTMD 3916 40 GPa
FL 40x7 40 7,0 280 i

FL 40x7,5 40 75 300 "::'::W‘,’“ ASTM D 3916 >3%
b e = - Awarpnmixd avroxn

FL 40x9 40 9,0 360 Shini sunith > 100 Mpa
FL 40x10 40 10,0 400

FL 40x12 40 12,0 480

FL 40x15 40 15,0 600

Eniorpwon xololioxkng appou

. Kevrpadapog
. YaAovnua
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Figure 2. Fiberglass nails technical properties (ELEBOR S.A.)

* The dilation angle (6) on the numerical analysis and calculations, will be taken: 6= 0°.
** In the numerical analyses, the effect of the shotcrete hardening will be taken into account.

*** |imitation on the acceptable surficial settlements, presented on the following Table 3, according to
the guidelines of Attiko Metro.

The results of this problem, should be presented in the form of a short technical report, where the basic
assumptions, numerical model limits and final results will be presented.

Table 3. Acceptable surficial settlements limits, according to Attiko Metro.

tive Buildi
No Displacement, Deformation e COE Other Buildings LR UL
or Structure Ducts
1 Total settlement (mm) 20 25 30
2 Angular deformation 1:800 1:600 1:600
3 Total settlement ratio 3 3 4
(mm/day)
4 Cracks open ratio (mm/day) 1 1 1
5 Horizontal deformation (%) 0,15 0,25 0,30
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Aoknon 6 (vwofarieTor 0 TOHIKA 0TO TOVS POLTNTES)

Z1a mAaiola KATAoKEU NG EMEKTAONG TNG MPAUUAG 3 Tou HETPO TNG ABrvag, MPOKELTAL VOl YIVEL KATOOKEUH
otaBuou pe cuvduaopevn HEBoSo ekokadng avolKToU opUyHaTog (cut & cover) kal uTtoyeLag SlavolEnc,
Aoyw eMelng SlaBEaipou xwpou.

H unoyela diavolgn Ba mpaypatonolnBei pe kataokeur onpayyag tooduvaung Stapétpou D = 16m, evw
ot opllovtia amootacn mepl ta 25m and autr, Ba katoaokevaotel BondOntiki onpayyo s€asplopou,
Looduvapung dtapétpou D = 6m. Onwc mapouataletal otnv akoAoubn Ewkove 1, n ekokadn Tng KUPLAG
onpayyog tou otabuol, Ba mpaypatonolnbel oe técoeplg (4) daoelg ekokadng, evw n Bondntikn
onpayya e€agplopou, Ba StavolyBei oe Suo (2) paoelg ekokadng. Kat ot U0 onpayyeg, Bplokovral KATW
oo neployxn Ktnpiwv.
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Ewkova 1. AlaTOUEG EKOKAPRE onNpayywvV

Mo tnv KUpla onpayya, srAEyeTaL va Yivel TUnUatikh ekokadn tng Slatopng, Aoyw twv oocBevwv
UNXOVIKWV XOPOKTNPLOTIKWY Tou UTeSadoug, oAAd Kal TNG UTIAPENG KOTOOKEUWY 0TNV EMLGAVELA TOU
ebadouc.

JUVYKEKPLUEVA ATIO TNV YEWTEXVIKN £PELVA TOU UTESADOUC LECW EPEUVNTIKWVY YEWTPHOEWV, TPOKUE OTL
ol onpayyeg Ba dlavolyBolv evtog Tou oxnuatlopol tou ABnvaikoU IxlotoAlBou kat epdaviletal n
ak6AouBn otpwuatoypadia:



V' BdBoc 0 £wg—2m: Texvntég Emywpatwoeig (TE)
e  E8k6 Bapog (y): 21 kN/m3

Zuvoyxn (c): 10 KPa
o Twvia tpBNng (d): 28°
o  Métpo ghaotikotntag (E): 40 MPa
e Aoyog Poisson (v): 0.30

v' BdBo¢ -2 éwg— 8m: Metaappiteg — Ix1otéABot (AS — ST)
e EW8k6 Bapog (y): 23 kN/m3

Juvoxn (c): 60 KPa

o Twvia tppng (d): 36°

o Métpo ghaotikotntag (E): 200 MPa

e Aoyog Poisson (v): 0.30

v" BdBoc peyaAltepo twv -8m: Evalhayéc Metaappttwv — MetailuoAiBwv (AS — STL)

e EWBk6 Bapog (y): 23 kN/m3

e Avtoxn og BAidn (oc): 5 MPa

e Twvia tepng (P): 35°

e  Métpo ehaoTikdTnTOC appnktou Ppayou (Ei): 7 GPa
e Adyoc Poisson (v): 0.25

e mi:ll

e Tewloylkoc deiktng avroxng (GSI): 30

*Ta mapanavw Badn, petpwvtal and tnv enidpaveila tov edadouc.

O &€ovag Twv onpdyywv evtomniletal o BabBog H= 25m amno tnv enidavela tov £5ddouc.

o To 6UVOAO TWV €8ADIKWV OXNUATIOUWY EKTLUATAL OTL 0 CUVTEAECTNC 0USETEPpWY wBNoswv Ko= 0. 5.

AOYW TWV SUCUEVWV YEWTEXVIKWY XAPOKTNPLOTIKWY TN meplBarloucac Bpaxoualag, smAéyeTal Brpa
npoxwpnong Im. Adyw tng ekokadng TNG onPAyyos HE UNXOVIKA péoa (USPAUALKOG ekOKAdEG), yla TN
gvotnta (AS — STL), Aappavetat Babudg datapaxng Bpaxopalag Adyw exkokadng D = 0.4.

H mpoowpvy unootnplén tng onpayyag, Ba amoteAeital amd Tov akoAouBo ocuvluaopd HETpWV

UTOOTHPLENG;

a) Extoeuduevo okupodepa, B) AykuUpla kal y) MAaiola. Ztov akoAouBo Mivaka 2,

TaPouUcLAIOVTaL OL TTOPAETPOL TWV HETPWVY UTIOCTAPLENC.

Mivakac 2. NapaueTpoL UETPWV TPOCWPLVHE UTTOOTHPLENG

EKTO§EUOMEVO OKUPOSEUOL
Katnyopia C30/37
OrmAtouocg T188 wire mesh
OAwuntikn avroxn (fu) 30 MPa
EpeAkuotikn avroxh (fu) 6 MPa
MEtpo eAaotikotnTac (Eshot) 17 GPa
/Aoyoc poisson (v) 0.2
E161k6 Bapoc (Yshot) 25 kN/m3
AykupLa Bpaxou
Turmtog Fully bonded
Awauetpog (d) 25 mm
Ocpouaa tkavotnta (Fu) 270 kN
MEetpo eAaotikOTNTG (Esteel) 200 GPa
Mnkoc (L) 46 m
KavvaBog 1 x 2 m (SLapnKNng X aKTVIKA)




M\aiola
Turmog Lattice girder 4bar-140,026
MEéEtpo eAaotikotnTaC (Esteel) 200 GPa
Alounkng amnootaons 1 kaBe B eKoKOPNS

H kataokevaoTikr akoAoubia yla tnv dtavolén Twv onpdyywy, eivat n akoAoubn: a) Kataokeun
KUpLAG orjpayyag oTaduou Kat e tnv oAokAnpworn tng, B) Kataokeun tng BondnTikig onpayyag
e€aeplopou tou otabuou.

Znteiton:

1. Na oxeblaotel n kapmvAn Stapnkoug podil petakwvnoswy (u) Kat looduvapng amotovwong (A)
Kol yla tig Suo onpayyeg, Baollopevol otnv pEBodo Chern et al. 1998.

2. Noa oxeblaotel n kapmvAn clykALoNG — amotovwaong (A — u) kat yia Tig dvo onpayyeg, Baollopevol
OTLG TIPOTELVOUEVEC €ELOWOELG TTOU 00 50BnKav ota Aaiola Tou pabrpartoc.

3. Na mpaypatornotnBei Sididotatn (2D) apBuntiky ovaAucn Le ToV KWOLKA TIEMEPACUEVWV
otolxelwv RS2 — Rocscience tng Siavoleng twv onpdyywv. Oa sdpapuooctel n péBodog tng
Looduvaung eowteptkng Tieong (p) Héow tou avtiotolyou Babuol amotovwong (A), wote va
AndOet umo v n ouumepidopd TG TPitng Sltaotaonc.

JUYKeKPLUEVA Ba TTPETEL va TTPOTELVETAL TEALKN SLATOUN TIPOCWPLVHG UTIOCTAPLENC, AapBdavovTag
UTOYLV TNV EMAPKELA TWV HETPWY TIPOCWPLVAC UTIOOTAPLENG Katd EC2 EN 1992-1. Na AdPete
umoPLv OTL TO €AAXLOTO TAXOG TOU £KTOEEUOEVOU OKUpoSEpatog Sev Ba mpémel va eival
ULKpOTEPO amo t = 15 cm. Emiong to mayog tou nmpoowplvol avaotpodou To6€ou Ba mpenel va
glvat (610 1 LikpOTEPO aTtd TO TAXOC TNG TEPLUETPLKAG EMEVEUONG TNC CRPAYYAC.

AdoU Tmpoteivetal tnv dlatoun Mpoowpwng umootnpEng kKat yla tig SUo onpoyyeg, va
umoloyioete Ta akoAouba:

V' TIC UETAKIVAOELG OTNV TIEPIUETPO TNC EKOKOPLC O KATE oTdEL0 0AOKARPWONC EKOKAPNC
o€ emnidekteg G€0eLc.

v Tic empavelakéc kathlioel, usta tnv olokAripwon kade otabiou sokarc. Na
TIAPOUCLACTOUV UTIO TN Hopdn ypadruartog, pe tnv kabilnon (katakdpudog atovag) Kat
v amootacn ano tov Gfova tng onpayyag (x/D), petpoluevo amd tov afova tng
onpayyog.

v To uéytoto unko¢ mAaoTikrc¢ {wvng MEPLE TNEC EKOKAPIC.

4. Na mpayuatonotnBel éAeyxog TG euotABelag Tou PETWTOU ekokadnc, Lovo ya tnv A’ ddon
ekokadng (oto oUVOAO). TUYKEKPLUEVA Va eKTIUNOEL 0 cuvteAeoTr¢ aodOAElag AVUTIOOTHPLKTOU
petwrou ekokadng (FSo). Eddoov o cuvtedeotric achGAeLoC sival pKPOTEPOG 1) toog amd 1.5, va
EKTLUNOETE TNV TIUKVOTNTO TOU KavwwadBou aykUupwong (p) ToOUu HETWMOU HE ayKUPLA UETWIIOU
tunou fiberglass kat dpépouvoag tkavotntag 280 kN, wote va emiteuxBel ouvteAeotng aopAlelag
FS > 1.5. Ma to uAkd Twv aykuplwy fiberglass, va Adpete empépoug cuvteleotr aopaielag SF=
1.2.

To cvvoAkd epfadov e A’ epdong exokagng sivar 104.9 m2. Texvikd XapaKkTPIGTIKG TV
aykvpiov, Tapovctdlovtal otnv akdAovdn Eixova 2.



NAdrog Néxog @oprio Bpadong
Width Thickness Breaking load

mm mm kN
FL 30x4 4,0 120 DURGLASS FL® - GLASSPREE®

30
FL 30x5 30 5,0 150 ——
FL 30x7 30 7,0 210 fl_bm? &,M‘ ASTM D 792 1.9 gr/em®
FL 35x5 s 5,0 175 ‘ :
FL 35x7 s 7,0 248 f":"“"""mmoctwcc vaAou R
FL 40x4 40 4,0 160
FL 40xS 40 5,0 200 Ewd"m{'m :_'_""" ASTM D 3916 750 - 1.000 MPa
FL 40x6 40 6,0 240 P
FL 40x6,5 a0 6,5 260 g (:W r‘to;j':'"m‘ ASTM D 3916 40 GPa
FL 40x7 40 7,0 280 i
FL 40x7,5 40 7,5 300 f::lznlwm ASTM D 3916 > 3%
—— - e —— Ararpnrixn avroxn
FL 40x9 a0 9,0 360 S im sttt > 100 Mpa
FL 40x10 a0 10,0 400
FL 40x12 a0 12,0 480
FL 40x15 40 15,0 600

Eniorpwon xololioxrg dppou

. Kevrpodapog
. Yalovnua

Zahnvax eveplTwonc

Ewkova 2. TexVIKA XOPAKTNPLOTIKA QYKUPWOEWV UETWITOU TUMoU fiberglass (EAEBOP A.E.B.E.).
* M Tou umtoAoyLlopoUg oag va AaBete ywvia dtactoAikdtntag 6=0°.

** Na AdBete umoPv otig avalloelg tnv enibpacn Kal tov pubud okAnpuvong TOU £KTOEEUOUEVOU
OKUPOSENOTOG.

Ta anmoteAéopata TNG MApoVCOC EPYACLAC VO TTAPOUCLACTOUV UTIO opdr) KPR TEXVIKAG £KBEONC, OTIOU
Ba yivetal mopdBson Ttwv Paclkwv Tapadoxwv, OplwvV HOVIEAOU TPOCOUOLWONC Kol TEAKWY
OTMOTEAECUATWV.

Mo Tov EAeYX0 TNG EMAPKELAG TNG SLATOUNG TNG EKOKADNG, EVAVIL TWV QVOTTTUCCOOMEVWVY ETILHOVELAKWV
kaBuwnoswv Adyw ekokaodng, va cupouleuteite tov akolouBo Mivaka 3, Bewpwvtag OTL N onpayya
Slavoliyetal katw anod 080.

Mivakag 3. Emutpenousva oplta kKaN{NCEWV Kol mapauoppwoswy Aoyw biavoiéne onpayyag (Mnyn:
ATTIKO METPO).

A/JA Mercu(wnon', napapopdwon, | EvaicOnro Ktq?lo n AMa Kripta O'GOL', Nefodpopia
PNyHATwon KA. Kataokeun n Aiktva 0.K.Q.

1 JuvoAikn kaBilnon (mm) 20 25 30

2 Frwviakn mapapopdwon 1:800 1:600 1:600

3 PuBuog ouvoAikng kabilnong 3 3 4
(mm/day)

4 PuBuog avolypotog pwypng 1 1 1
(mm/day)

5 Opovtia mapapopdwaon (%) 0,15 0,25 0,30




