OXEORD Journal of Geophysics and Engineering

Journal of Geophysics and Engineering (2019)16, 325...331 db.1093/jge/gxz009

Coordinated application of structural strengthening
Injections with GPR method for restoration of
historical artifacts: example study of Bodrum castle

Cahit C. YalgSnér
Canakkale Onsekiz Mart University, Can Vocational College, Canakkale, TR-17400, Turkey
*Corresponding author: Cahit YalgSner. Eyalainer@comu.edu.tr

Received 3 October 2018, revised 13 December 2018
Accepted for publication 22 January 2019

Abstract

Shallow geophysical methods are increasingly used for non-destructive assessment of structures
and in line with this a variety of methods have come to the forefront for research of cultural
heritage buildings. However, correct selection of geophysical method and targeted studies with
historical structural knowledge will be e ective and bene cial for restoration of cultural heritage
structures. In this article, the GPR method was chosen with the aim of obtaining data forming the
basis of injection studies to strengthen the forti cation walls of Bétdtikarr{assus) Castle

and to identify small anomalies (nearly cemtirsige). The aim of the study was rst to identify

the locations of structural problems like cavities or degradation formed in the walls of the
historical castle to e ectively apply the injections and secondly to reveal the e ect of the
injections. GPR data identi ed cavities before injection and checks were performed at intervals
after the injection to identify the e ectlud injection and the best drying duration.
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1. Introduction with a broad area of use from geology and environm

The most important aim of restoration studies is to trasstudies to structural engineering (Pieratain2003
fer many historical and archeological architectural artff&¢g#-Graceaal 20082013 Graciat al. 2007 Kanliet al.
that have reached the present from the past to future g%‘%?u Addltlonally, itis commonly qsed in many areas suc%
ations. In Turkey, as throughout the world, renovation&h#odern and historical bridge piers, road and railway fe-
strengthening studies of historical artifacts are comphé@igh and tunnel studies (An@a03 Liu et al. 2007
with joint studies involving many scienti ¢ branches syi@Loletal. 2019. As the GPR method includes receiving
as architecture, restoration, art history and structural agitransmitting antennae, they can be moved over the area
neering (Anna@003 Daniel2004 Carcionel99§. Due of ap'pllcatl_on providing reliable results with rapid and high
to developing technologies, studies called shallow ged‘ﬁ{gntensny over broad areas. Radar waves cannotpenetrate
ical methods, generally based on electromagnetic mefR§EY, material due to the nature of electromagnetic waves;
provide high sensitivity non-destructive solutions and R@ever, they can easily pass through and reveal other struc-
become indispensable for restoration studies (Pérez-@#ERiglements (cement, stone, brick etc.). As a result, metal
et al. 2008 Graciat al. 2007 Pérez-Gracital. 2013 Kanli formations can be easily identi ed within structural materi-
etal. 2015. als. There are antennae with di erence frequencies produced
Ground penetrating radar (GPR) is the most importf(%tdi erent depths that can bfe obtained commercially. A
and promising non-destructive (NDT) geophysical metigygfrequency antennatransmits waves that penetrate deeply
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Figure 1. (a) General appearance of Bodrum Castle and (b) the forti cation wall in the study.

with lower depth resolution, while a high frequency 2nGPR method and eld studies
tenna provides radar waves with high depth resolutiorg
penetrate shallow depths. The use of a high frequencgI
determine invisible elements, such as areas with iron2r " Pieraccindt al. 2005 Pérez-Gracid al. 2008 2013
forcgme_nt in general, cavities, damp, layering and di§'8 2et al. 201). GI5R antennas transmit Waves (1...60n
gration, in ce_ment and stone waII-_type structures. .Argf)rslglort electromagnetic beats in the interval VHF/UHE.
non-destructive (NDT) methods with easy and rapid %Sétenq (30...3000 MHz). The beats are conducted towagrd

Sg; cltss a very appropriate method to research h'StQHgallnvestigated environment. The re ections of these be@ts

The GPR method, called structural radar (1...2.3 dﬁgéuce interfaces between regions with di erent electrg-

is based on very high frequencies reaching shallow de 'S energy produced returns to the receiver antennazat

. : . : o)
(0..-200 cm). It provides rapid and high resolution (0'5"fh?]cfsnurface while the remainder is di used. The receivér

horizontal resolution) and is used with the aim of researc . S
. . ) .~ Gntenna includes an electronic circuit called a sdemodulator
ing many structures with archeological and historical impor 3

tance without causing destruction (Yalein2013. ed to ampll_ er and receiver circuits, which dlgltlzgs th§
electromagnetic waves and sends them to the main cgn-
Bodrum Castle, where the study was completed, was

constructed by the Knights of St. John (Knights Ho;[s:ﬁfumt' Each wave obtained is accepted as a trace. In tBis

tallers) from 1406...1522 on a rocky peninsula surrounagd’ aves returning to thg antenna_l as !t measures an§ IS
mog?d are de ned as traces in the main unit and transformgd

by sea on three sides between two piers. Constructio . -
nto pro les. On the pro les, the transmission-return timeg

the castle used stones from one of the seven wondeys . : 23
(r:}?d as the travel time, is used to complete depth cal-

the ancient world, the Mausoleum at Halicarnassus, Whi . . .
. ulations (if the speed of the environment is known). I3
had been destroyed in an earthquake. The castle contajne :
lons where the depth is known, such as castle walls,

French, Italian, English, German and Spanish (Yslanl 164

Qheed of the environment may be similarly determinesl
ers. After the island of Rhodes was taken by the %rssp y y =
in 1522, the knights abandoned Bodrum and surroun(éhry@eJ%

%gnis a method commonly applied for research of arc
ogical and historical structures (Carci®@%8 Daniels

Q@Boe//:sdniguoy papeojumoq

a ’nsetic characteristics (Pérez-Geaah 2000Q. Part <)

ite of this, this value may change linked to variations’in

on 5 January 1523. Used as a prison since 1895, th rggterlals (Annat03 Pere; Gracpaal. 2009. I?ue_
. . 0 thie contrast between the dielectric constant in air and
tle was bombed by the French and English during World ) - :
unweathered limestone variations are expected in fractured

War | from 26...28 May 1915 and was abandoned in S?Wé?naged regions. Air in fractures will probably produce

destroyed form ( guréa). Forti cation walls considered ton increase in the mean wave speed. The mean speed of

be for strengthening during the restoration of Bodrum a1 ave in the environment is linked to di erent phases

tle had the GPR (1.6 GHZ. antgnna) ”.‘.e‘h"d appll_ed blid or mineral compounds, uid ... generally water ... and
ure1b). The target was to identify cavities and disintegra-

tion within the forti cation walls using the GPR meth g o alr). Combl_natlons of th?‘ses Qetermlne the elec-
S . 2 . romagnetic behavior of the soil, including the wave speed
and to provide information before injections with the

\zm&res 2a...d). The speed in air is higher than in minerals
of strengthening. Then the e cacy of the injections §§ i P . 9
tested. SOthe speed is expected to increase in the presence of many

fractures. In this way, damaged regions may be de ned
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Figure 2. Amplitudes obtained from wall measurements. (a) Negative amplitude above the cavity, (b) positive amplitude above the cavity,
amplitude at the solid level and (d) positive amplitude at the solid level.
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Figure 3. Schematic of GPR traces between layers (C2094rs
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by clear changes in wave speed and noticeable re ectiéis eld studies, the part of the forti cation wall that 3
in discontinuities. Resolution is essentially linked tontilag have experienced most damage (seaward side) was;de-
characteristics of the material and the wave frequencytdanohed with the aid and recommendations of art histg
(Annan2003 Pérez-Gractaal. 2009. Higher frequenciesrians and test measurements were performed on the wall
present high resolution but reduce penetration depth gse 4a). Before test measurements, 11410 cm chart
shown in gure, according to the energy of the transmitteds used ( guréb). Measurements were completed at boths
frequency, the thickness between two lajei)sand ver- horizontal and vertical intervals of 10 cm with 0.5 cm cho-

tical resolution are determined. High energy is su ciensém as the point interval. The volumetric 3D presentation of

r\>

identify the upper and lower boundaries of (A) and (B) I&*R data results showed the cavity with an amplitude thresh-
ers and obtain an image of the junction between the twodl@)etweer2048 and 2048 ( guis). With the aim of pro-
Moderate frequencies can only identify the upper bounddigg GPR results identifying cavity areas as a result of test
of the layer due to having longer wavelength (D, E andneasurements, the identi ed cavities were visually investi-
Though low frequencies pass through all layers, they dgated with an endoscopic camera ( §uréhe cavity area

provide very clear images due to the very wide wavelengtimed by endoscopic imaging had injection procedures

(G, Hand I) (Conyer2004. Considering the structure reperformed. After the injection procedures, the measurement
searched (wall thickness 100...150 cm) and the detail désiesdor control GPR processes was debated. Though the
for the results (cm scale) in this study, measurementsinjeion process used 8 bar pressure, it required a certain
completed with a 1.6 GHz central frequency GPR antemiugation to reach functionality by converting from uid to
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v. Study Site
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Figure 4. GPR studies: (a) measurementregion on plan (areain red shows forti cation wallin the study) and (b) GPR photograph during meaguren
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Figure 5. Volumetric 3D presentation of GPR data results before injection (cavity proportion 17.73%).

120z Iudy 80 uo 1s8nb Aq 6800815/SZE/Z/9L/eIoNne/86]/Wwoo dno-olwspeoe//:sdny wouy

solid form and this duration varies according to environr8eiscussion and conclusions
tal conditions (temperature, humidity etc.) from 7...14 xl‘iﬁ

. T " $A%>non-destructive method of GPR is a very e ective
as con rmed by the experts applying the injections. With th L N
; e o . method for research of historical structures with high value
aim of monitoring this interaction process, GPR measuyre- .~ . .
obtaining intense data and rapid measurements. Most of
ments were rst performed 7 days later, the second 15 gays ..~ . o
thetorti cation walls of Bodrum Castle comprise limestone,
later and nally 21 days later (gufe...d). Care was taken . .
) . sandstone and low amounts of volcanic stones. In addition
that all measurements were performed with the device jnthe . o
o the dielectric di erence between the rock types, the GPR
same area and format (battery status, temperature etc. . &H-

ditionally, parameters used for GPR measurementd) Table,. (.)d provided a high—resolut_ion result fo_r identi _cgtion

and data'processing steps and parameters applied aft 0 dlggltegrat_lon, cavities and missing material. Add|t_|onally,
surements (Tab® were applied with the same values ev? |£Ire ow—densr_[y mo_rtar used betweer_1 the stongs as ”'”9_".‘3'
time. &Nal has a high air content. Over time, cavities and disin-

tegration forming in the castle forti cations has negatively
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Figure 6. Endoscopic camera image.
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Figure 7. GPR depth sections obtained at an 87 cm depth in the measurement area: (a) measurement results before injection (cavity propc
17.73%), (b) measurement results 7 days after injection (cavity proportion 14.53%), (c) measurement results 15 days after injection (cavity pi
tion 9.36%) and (d) measurement results 21 days after injection (cavity proportion 1.44%).

a ected the carrying capacity of the wall. For injection pratimportance. As a result, if there is disruption of the nat-
cesses performed with the aim of strengthening, identdystructure of the wall or if the injection is applied at high
ing this type of cavity has great importance. Injectiorpegssure, it may cause fracturing or static disruption of the
plications may cause more harm than bene t if performaldl Similarly, applying insu cient injections to a wall with
when the structural state of the wall is not well-knownexabss cavities or fractures will only place more load on the
so should be very carefully applied to structures with histt:Due to this type of method revealing the state of the wall
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Table 1. GPR measurement parameters measurements and assessed with the same threshold value
Antenna frequency 16GHz anddigital data, the observed reduqtl_on in cavity proportlon
Trace interval 0.00sm (gure 8) shows the success of the injection process. Addi-
Samples 312 tionally, itis understood the hardening time for the injection
Sampling frequency 19000MHz  to gain functionality is longer than 14 days (14...21 days).
Fszlgnil'gg:lt;)o:t'on 31?;';;2526 Measurements of the whole of the tested wall clearly show
W S| It . .. . ",
Time window 16.421053 ns the reduqtlpn in identi ed caV|t!es on megsurement results
Pro le interval 0.1m after the injection on guig(cavity proportion 17.73% to

1.44%).

Table 2. Filter processing steps and parameters of the GPR survey Before St_rUCtural s_,trengthening studies, GPR ide_mi ca-
tion of cavities and disintegrations formed a foundation for

Filter Name Parameters the injection process and similarly measurements after injec-
Antenna frequency 1.6 GHz tion revealed the e cacy of the injection results and the state
Time-zero correction -1.35ns of the forti cation wall. Before injection-style restoration of
Subtract-mean (dewow) 0.6181 cultural heritage structures with large scale and historical En-
Eig%%sei:;r 640/1280/3_2213/ 2560MRZ hortance like Bodrum Castle, it is very important to clearfy
Subtracting average 31trace/0to 11.6413ns eveal the state of the walls. Otherwise, there is no return@f-
Velocity analysis 0.13mnst ter making a mistake and irreparable damage may be made
Di raction stack migration 11 trace/0.13 m n&/0 to the historical heritage. While identifying the approximate

t011.6413nst=8.7  yolume of cavities within the wall determined the amount §f
the injection needed, the control measurements afterwardge-

. O
nondestructively, the necessity for the injection is revea%ggllrghe success of this process and show the nal state ofthe

. ]
addition to ensuring the correct amount of injection is evea{l-l:s,l\?viiue d];ue;[:gﬁi m;é{ig?;r: ;g?g;i;bgeprﬁgggﬁd d?é]
formed in accurately selected areas.

Data obtained from test measurements provided ur];(a%erot climatic conditions and will contribute to the prese%
standable visuals with the data processing stages. Glﬂﬁc'%n ofmany hlstorlcql an_d archeologl_c_al_ artifacts from tae
identi ed a cavity at depth (87 cm), which was transforfeg. 2 the future. Conslderlng the sensitivity and C.OSt .Of t@e
to a black and white image. Using code prepared in the pgetion process, the importance of non-destructive imag-

K £
. . Ing.processes is obvious in terms of time and cost. This st@dy
LAB program, white areas above a certain threshold 82?1%%3 GPR-based non-destructive geophysical methods&an

de ned as cavity with the area of the cavity determin . : ; N
a percentage of the whole area ( glrds can be clearlye/‘:)e usr:ed I[apldlyt, reILany and productively for research of oﬁl-
seen from black and white depth sections obtained frorwgll eritage structures.
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Figure 8. Variation graph in percent according to measurement days.
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