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ABSTRACT

This master's thesis is a case study to investigate the applicability of the following
geophysical methods in a tunnel environm@&gecifically, the method of geadar

and electrical tomography, in combination with the modeling ofrgdar dad. The
research area where the survey took place is the tunnel located in the area of the

waterfalls of Edessa.

The research carried out on the western wall of the tunnel mapped the metal
reinforcement, the thickness of the reinforced concrete, the cofithet concrete with
the travertine rock mass, moisture zones as well as possible discontinuities in the

travertine formation.

The combination of the above geophysical methods proved to be effective as it resulted
to the mapping of multiple internal sttuces.Data modeling contributed significantly

to the interpretation of geophysical profiles and contributed to the conclusions.
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ee3Uyoaesg Uxysz UEdséUxde®vy®aszUs UgsUUR3 33U
UyUessUd, jsulbbadcegps UAsU8BayYd. Udd ed o) Uceos
oUvxydalUaU)ysaai “~jabaeeallleedyU WU s Vafmy GiJs W d
by UoeUUg 69 U0aUUs ueyYHIO Wtws o300U ele” sommpgal) &8 Je@b o C
UU GgsdUUsselr uaddiBeWieldygs UU ~j UoeUUBdY. ¢ s
bUaUstUes sadlid Udd ey@BMSYy ©8UO0P®D vigxmsadddUpes
"3 UoeUUsol { EGlBE dJe B3 BI

¢ “oye3 uUusUulUuseysUd eydeoitiegs U aagldd Usg
eydeliad Uvr3s UaUcallUr 3 (Litkddig Toeital, 3984dingtdle ast s gt
2015), d eydeued Urs UaUcadlUUlasti shubte) Uo 1 3 ¥ 3

(Marquadt, 1963Bing et al, 1992,Snieder and Trampert, 199Bkinci and Demirci,

2008) eydeitied Udd UseeUageys drdinet)$Corstable; s Ged (
et al., 1987, VanDecar and Snieder, 1994)Ud ey deliaed U¥3s slUsYeag
(Eigenvalues) (Seder and Trampert, 199Baucher et al., 2020)
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"3 UoelUUB @69UalUUs " Ujyegtaltd Ueg “jy680y)YeeUU
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41 ) ) sdlBooayd eydaeias

B UseyUd Udd ee63UUas sadidd aUs Udd Uj sdeo
UUcUad Jgdeegid Usd UUaUgUUaUd uUaUUUaU(g
g 6 aa 2 slilikssaceags b a Ug o UasUa U UgUyY Ua3Us Gy elos:
UsUGeyaaY €U Udesg GaU bUksh qUi'dg egliisdy G Ut fRh3 oY
"} 6 b ae manbheMarskall 2011).

¢ Uysdedyasdecdgehbdoaals lldeylizelisss YUsg oUvy Us
K saUpysUei Odpd BW8UsHdqlleytistagd, CGgebYoaaagsU
bUaUstUs sadid Uxs U Ugsi3. K220 dddywdede et
“Uy Uey Uy v3 040 s ydiHinhkis 6talo2pb
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411K aodlBgdyed ~JebaeesUUsd (GPR Forward Pr
Bs UszsliL GUsgUbegadeyiiellilg Uv¥osdalBaUpesge YU
UsUhd g UOuYldegd aUdit d aUs f o U Bddkhis,d989,3 e U3 U
Stratton, 2007)B 5 U 3 sllig. Uofe 1% ¥ > Us ¢ lie ) sy pog Faiegas U
Gge Ujpcpaitg ¥y sat 3 aUs egUosdqUsoat a3 ~Utarxs, oaUc
UgUY UeidUsasegs eU Uds i ad.

N x @= F (4.1)

1 x @="+8 (4.2)

N x @=1 (4.3)

N x $=0 (4.4)

h 6@, y3U0UG0d deaUsaUjysesi ~Ulaeg (Volt/ m),
"®= y30U00d eUoszdUsesi "~ Utaeg (Ampere/ m),

®= UsdeaUaUjysee ¢0UUUHR 90d (Coul omb/ m2),

®= eUosdUsesosae U Uovoe (Weber/ m2),

®= ~go3hUdUU daUaUjsoeaesi J UielUUsd (Ampere
A= "ge3fhUdUU daUsaUjssasi (G(Gey Uaeg (Coul omb
t = 6Jh3ed (sec).

FUd eydxWw; WehyY;, d U aegtd Ueg Ugdyed ~j af
beedUsU Uxys UsxyvUyy vz UsslL GUxrs. isaU Uds

cydqlisoee 896i 3U0UUs 89 aUUYeaadoaUd Ujcoaoayd oaUs
y3U "1 AbadeU Ujyeooat 3 Uset 3 Uacyrd hy oU.

¢0 g Uesg "~ eUsUGUYdyd e de silifBdg sets Ud bae
eUdhu¥3s (Numerical methods). | dh eGadp tildyds de
"0 Uy UGeysyrs UsUGey 13 GUe ~ UfinesDorthng 6 A3 @
FDTD) (Giannopoulos1997, Bergmann et al.,199%8an and Marshall, 2011).
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U Uy Uasegs oay2830Us oaUeasy¥Y (Yee cell) (Yee,
dUes Uesfhoasgde UGceceeU (EFeceelU 4.1).
(ij+1 k-1) H, (i+1 j+1 ,k-1)
P = > B —
pa H, A //
(ij+1,5) ¢ —
A A
—p | —p |
A" B L A E,
‘ L r— +1 j k-1
" H (i+ \M )
!-I:: _\'I, l-l- %
(ijK) ==y o (i+1..k)
Fcee Ul o4 .31ID Yee celitesasly W0ed®bBtde Usg ~ayoeUUs(d
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GdgsstUL U Uesg eUo
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B lUosUc¥pgtshgUeg Us gl W] hsggagdpxUequeyepUdd)

o Udg ) abdsa Aids U Umsage jefpiddiipialed d8 0Uc j d Y B Da
ee3UypBUsUh Ue UaedeU Udd eUo¥Yadd tUsUsay sl
g eacosllUseasi ofhOUegd. qd U eUyalleU, 895 |
"0 U3 08eysUd, e9U0fcU0qgUE W 3@xzW) soUlisa Uy Ws [ g
g 6acos50Ue UasUs UszalGeg [DumantPogsWargnetr]y o Us f
al., 2016).

isU Uds UjsdedUsoe U aeagldlaxwalB8ges 6oa.

o

"Uy 993 YidoaUs “jyedosgeysyrd, 00U a¥dU osaUaa 33U
"3 UoelUUB @oUalUUs €U Uds U aeagtd Usg ~jaebe
cyJ839af UeaYuaUdeU t egllgarval8 sWdBe&@UUpYoady.
Gje390e Uf)hbedgeUgseg UsUsi UUs UasUs HRUs al
U UgdUaUd GUc «6J)y.ime eoUg a B3 UBayls puigs UUR 30
Uz Ua¥y; UqUU €0UU3zi Uesgd, €U U @gUyollbceU 30U G
"eg UssgasgdUa:

W 8

h g, ¢ = UUci UqUU Ueg GyUR (m/ sec)

v vd yeUs wevid aUcdUa, Ue Ugdi "3 hbadeU Usl
oUxy) Usldg ) agfUFBd ~§ f boddlll stbaes ¥ d) cfhy h.Uad o

U agagle degsYosWed Uxs doaUaUjeseUosdqUsatl 3 ac
eduUsstehd Bdgd Ugdyy org g 3, UdeUle uUsYusldd
TUdaGUUUUs " e(d3gdUd Umi UYaHles alfid OneedUs U U
dqaUaUjes9013 g 6ac6ooeilil "qedg UWhed Udlaytbldage O G«
) sUsae 0gsdeas dAbsdibing jBpufdérg Idndt i o n , ABC) aUs

GgooaUoay) §sps3lU clg hWsddd sae U eaUUaUa Uds ~ Uy :
"8g ¢e¢U0UUGyy8g3 UU deaUsaUjeelUoszdqUsasay¥Y oicUU!
U’ 8} ) o(kiur,093%)
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4.2 gprMax

TogprMaxUa 3 Us @aesoslesafh "68g “~jeleeegst3lUs Ud
ageyYUxyx3s U Uds U aegtdd Urs UNaxvweNgrs usUd
U aoagld o ccsyW@inmes ¢ 00 O UGeysys UsUGeyt 3 GUsa
(Finite DifferenceTime DomainMethod (Warren 2009).

Uy haUsUUs 295U y3U acosliecsafl UsesclUsi oL lss
sUsshpBgaed e€63UUac 6adlid U Ud ejyedd Udc
sUGeyt 3 GUe bPadecB&Ys )i hGanmapalos®00s).” a Ule |
U sUdUsyasad Udd g e6eacostlUssaed UUcssacoald
i 3dUU¥3 ee3Uyoars.

gagprMaxti s Udy UUs esU GUs; ¥ U “j3edoeyslU Uy Uc
UsstdhUy e ¥3 geoasal 3, aUUUGaUge UlUeel 3 ¢ U
g g 3 de oyUdh (UdAddagcedabsorbingooundaryconditiony , e UaYad 6995

dqaUaUjeelUoszdqUssat 3 stissUelUrys 095U e€83U0Uas 6a

]

Co AN ¢

g8 @28o0s0e9oafh U3 "~ UysyeclUs o3 Ulissah " Uysb¥Yee
i 3dUU0U e63Uyal U gydaifpddpdUe Midesi d., sBH ok
(disk operatingsysten),, s U Ud goMaxég UdsgOUUs y3 U0 Uy 6l
"0y s9alUeby¥sls Usd osaUUYaadoalUd ~oadjyelseyald -
aUUUGaUged Ueg UjcUaeg oaUdidg oaUs 6s UsUs
"Uy UsayUr.

421 7¥0U0UUGaUge eg63Uyacg

g8 UjclUace UstGUoryo®dUUampdle fade) UdJdazds UU
“"UysaUeby¥sUs Usdg "~ Uy UeyUyegd Ueg e63Uyaag
oUvyeUUyaU Usg. <z 3e0U0Y U K o¥YdU UszUgsae .
oUebyY3sUOUUs vd Gechasa. Bs dy G Usli Gilthgesls UUs
GgsU0UUUyzyspoafhsd, dq GUs; ¥ Uyxs UsUseat s uUs |

z ¥ 2 Udle i d@gmain size)

#domain f1 f2 {3
y g fl,f2,3Bags V00 0Uygy s 0dexy U3 U (m).
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ms Uoa ;| 5 UBdan a dbigdretization of space)

#dx_dy_dzfl f2 3

g f1, f2, f3: Bs Useyd Brwss bt 8lelipr 3 o
UgUheyltt a8y g.8adliod 1 aUsti s Ya Ude U .iUsoeUUsadyal

] 3aeUs 3 U vidd eUss yI6U §dyx Ge ¢ BisbylalicU Yaul) ¥(3a 3((RaD)
UsWUgy>dy Us e€83Uyeas dU @BosUs Ujysit s usU0GU0YOUx

<

TageUUgeey e "doed (Waveform)

#waveformstrl f1 2 str2
y gstrl,f1,f2,str2B i0 ed Udd oageUUseagy lded, Us ey2a90l
diges AUdqUU b5 ge &lksacUs j6iBesdt) #(idbz)Um e 6 v d

Y d o(Source)
#hertzian_dipolecl f1 {2 {3 strl

y'@g c¢cl1, f1, f2, 3, estzr,l:0g8favlep Ogagdlgd xx .y
Udd oageUUcdlefifleds¥d

o

GolidptiUgtd "3y Us 30U Uedei a3 GUesswyalld.osU Ud

#src_stepsflf2£3
vy eg, f1, f2, f3: U bweUQUU. 8dfsfdostfefdiogct
29a0a3d0d aUUYcetlsYzasblcy) 4
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oy o (Reabivey
#rx: f1 123

vy eg f1, (20008 yey tidg Ukq
#rx_stepsfl 2 3
y eg, f1, f2, f3: ¢U bweUUU Uesg UyaUd GUsgc

b

i 1 8 3 9B1RY dTame avindow)

#time_windowfl
y eg,Tefdjessaf ~Uy¥ydgge G0 uUgUU; haU U0 (

Yoo & ¥ 3 U yMaterils)

#material f1 2 f3 f4 strl

vy e 8,2 3,4 strif Gc UUbagaU&Up ade [ ehtiveg U U
permittivity), d b ¥ 2 o ¢ @, (toptuttivity Siemens/metecUo 3 d Us s e
s U” Uy ey felatyepBrmeability)] eU o 3 d U s © &({Fsmagnetic loss
Ohms/meterp Udss3 6 ¢ Uglleaaldédy, Us Ua G ¥ @

e UUsBblr gelem ¥y a6 g

yOWsls g &FYszasgbdes ~U; YeUUpéolgs Ubb@dUalt
UsUadUescU.

Z UgprMax” Uy sy 8 B 805 ¢ U roeoyosyU U deeq spateapec(perfect
electricconductof o Uvater ¢ U gasay¥ UgUY w0 Jldz 6 s@slW ddl s
oaUscyills Ye UUUs 33U Udevydei s 85 ~UpyeUOUjaes Ur,

ZU h d@bgectconstructiorcommands

20040 dJe s slgy ®» adlaos o1 3 Ubesge cegedsly ade gide se gy oalU o
GUe3 66136 Uxs "~ Uyseeit 3 © GURGcY3.

s U Uds Udeseg) oat Yiscllsh jywsU e dsee¥olby 3U3 Ug a1t 3
#box f1 f2 {3 f4 f5 16 strl

y eg, f1, f2, f3: EgsUUUUoeys3sUd xyz oYUx U,
3,14, 5 Fg3 UUUUoey3U0Ud xyz Udd ~Ysr aUs “aly uU:
strl: To id Usfhd gessasi U ' UgUY "6g yecegs
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#sphere, #cylinder, #triangle, #plaseUs UtUosYlGe} Ud YeaaUd U Uj f @

e 863 Ua 30 byUdUa GUes UoecUsjatise Usg a62s50c¢:

Yy ebgeoe i(Gesnety yiewl d

#geometryview. f1f2 314 f5f6 7 f8 19 filel cl

y eg, f1, f2, fgz WBbd dagwli) UiosyBa)dY xo6) glied
(Ggsedyd d Ujyee Urs Ushsys UasUs 0 0 0).
f3, f4, f5: Bp ”(‘quUf)’@i@wsa@;ﬁ)gﬂmgﬁxhﬁ@gs@‘eg G
] " eUUa81t 3 Usd Useyd Usg #domain

fe, f7, f8: Bos Useyd Urs UsUGUdeyvYU¥3s omx, o
filel: é8 h3eeU Usg UjcUasg viti

clij 3Us el d0WsUU; aU Usy orbaa wUbbaeilre 00U,

422Kk3Uceyd ec63(@U»e cadidd

z6863UUae Whidliedy 35 Ud } Ybilacg.

T BU; sUchelUs3U UjcUaeg oUxeUU;aUd e683Uyasg (

#domain 3.30 1.1 0.005

#dx_dy_dz0.005 0.005 0.005

#waveformricker 1 1e9 rick

#hertzian_dipolez 0.105 1.00 O rick
#src_steps: 0.0100

#rx: 0.1751.000

#rx_steps0.0100

#time_window36e9

#material 6 0.0014 1.0 0.0 Travertine

#box 0.00 1.00 0.00 3.30 1.1 0.005 free_space
#box 0.00 0.00 0.00 3.30 1.00 0.005 Travertine
#box 1.55 0.65 0.00 1.65 0.85 0.005 pec
#geometry_viewO 0 0 3.30 1.1 0.005 0.0@5005 0.00%xamplen
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T . gl AT L L &R, T LS U EUS TVf I T
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o= 0.0014 S/m
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Fced2i Uye Clgsally a6 g

B cjedlUdd "3y Us 30 aUUUgdgsdUa )y disee’ 85
GYoUas H 6gUpegddeU8Use 08 aUdhetlaUyacgass@all
e U U ( 3 fAttisaté gptax.

g gprMax g easoasUs ac3d (traces) U byl
UjeUae yeUs jgdes @i&®ddao ® ,y0s31Un, b ede W o Ualies aaliti a U
300y ¥ig o o Upythonenydpgviak. model/example.in-n 300 --geometry-

fixed

zU Uds " U3 U ¥s3y UsUseae dU Udesaegjyoddsia 20
HDF5. ¢ Ggoet3Ugldq UgUits ~UpyoUs Uds Uscee
UsUUaUaUUs figpond & obd be@awt put fil es mMenge mo
d Us@pgpedmon ools. plot_ Bscan eocjadnpd eee mes Be@U
99U Us GecUusPWéefUU4dg3Pseed.
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sdalUoalU) soe Wsdbladdo8pPugUgUUW uvsyvYuetddd Urs
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g OUU3i Uxys UsUsayvYuUrs.
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