

Finite element analysisElement Analysis of the Parthenon marble block–- steel clamp system response under acceleration
Zacharias Vangelatos1, Michail Delagrammatikas2, Olga Papadopoulou2, Charalampos Titakis2, Panayota Vassiliou2
1School of Mechanical Engineering, University of California, Berkeley, 2521 First Ave. Ca 94709, USA
2School of Chemical Engineering, National Technical University of Athens, 9 Iroon Polytechniou St. 15780, Athens, Greece
 (
ABSTRACT
Finite element analysis is employed to investigate the mechanical behaviour and failure scenarios of the marble block
–
steel clamp ancient masonry system utilised 
i
n the Parthenon (Athens Acropolis) under static loading analysis. The input data for the model are acquired by the laboratory testing of early 20th century restoration steel clamps, such as 
through
 tensile strength measurements and metallography, as well as bibliographic sources from various scientific fields (i.e. material properties, archaeometry, restora
tion, structural engineering and geology). Two different embedding materials (Portland cement mortar and lead), used for the nesting of the clamps, are examined under bending or stretching
,
 induced by acceleration forces. The conservation status of the materials is taken into account by employing an intrinsic stress, as is the case when corrosion products build up in a confined space. The aim of this work is to provide a tool for the assessment of the conservation potential of the marble blocks in parts of the monument that require specific attention. Simulation results indicate the resilience of the Parthenon
’s
 structural system under most examined scenarios and highlight the importance of intrinsic stresses, the existence of which may lead to the fracture of the marble blocks under otherwise harmless loading conditions. 
)
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Introduction
The temple of the Parthenon, on the Acropolis of Athens, is considered to beas the opus magnum of classical antiquity. This is mainly due to its ideological impact and its , as well as to the architectural and artistic valuevalues, which have influenced the human civilisationcivilization, probably more than anyas no other ancient monument, has, up to the point that it providesto provide the inspiration for the logo of the UNU.N cultural organisationorganization, UNESCO [1], [,2]. The building of the Parthenon, designed by the architects Iktinos and Kallikrates, beganbegun in 447 BCE, and the structure was completed by 438 BCE, while its sculptural decoration, designed by the sculptor Phidias, was completed inlasted until 432 BCE. What is probably less familiarknown to the general public, is the technology that has allowed this monumental structure to be built, sustain its structural integrity for 21 centuries and be able to remain,  -even in today's ruinous state,- in a very good and recognisable condition, almost 2,5002500 years after its construction. The latter islater owed mostly to the laborious restoration programmesprograms, almost constant during the most recentnear 200 years of the existence of the modern Greek state, which are currently conducted by the Acropolis Restoration Service (YSMA) [3]. The durability of the monuments of the Acropolis of Athens is owed to the combination of natural materials of the highest quality, selected and worked not only by skilful artisans, but byof people who knew how to exploit their properties to their advantage, manmade materials comprising the most advancedtop technology of the era and elaborate masonry methods and techniques, which incorporated knowledge of previous experience both in the fields of aestheticsthe aesthetic outcome and of the structural resilience, in a zone of high seismicity.	Comment by Proofed: You have requested British English for this document, but you appear to have used the American spelling here. I have made the necessary changes here and elsewhere in the paper. 

Click here for more information on spelling conventions in US and UK English.

The present study aims to highlight the importance of the conservation state of the original and restoration materials in terms of the response of the reinforced marble block system to earthquake- induced stresses. The approach of this work is interdisciplinary, mainly addressing conservation issues in relation toof the monument materials rather thanand not dealing with structural engineering aspects.
The paper consists of six sections. Section 2 providesis a general presentation onof the structural system of the Parthenon and a brief presentation of its history, emphasising on the causes of the monument’s structural decay of the monument and describingof past restoration interventions, the consequences of which are the main subject of the paper. Most of the data forof this sectionpart have been collected from the ‘ laborious "Study for the restoration of the Parthenon’,Parthenon", edited by Profs. M. Korres and C. Bouras [4]. Section 3 consistsconsist of a brief a bibliographic presentation of the seismicity in the Attica region and previous works onof computer- assisted research intoof the mechanical performance of the Acropolis monuments, using finite elements analysis. Section 4 presents the experimental setupset up for the laboratory testing of restoration steel clamps and for the finite elements analysis, while section 5 presents the results and discussion. The concluding section summarises the main pointsconclusions of this study and suggestssuggest future work.	Comment by Proofed: I have removed 'laborious' here because it is unnecessary and, in this context, has rather negative connotations. 

the parthenon’sparthenon structural system and history
The structural system of the Parthenon
The structural system of the Parthenon's load-bearing masonry comprises Pentelic marble blocks, interconnected by a system of steel clamps and dowels, embedded in lead metal, without the use of any mud, mortar or cementitious binding material (Figure 1); thus). Thus, it can be described as a reinforced marble system. Each individual marble block has beenwas cut to the correctproper size and shape (a quasi-rectangular parallelepiped), tailored to satisfy the refinements of the architectural design and compensate anythe visual distortions. Each block has beenIt was smoothed as to achieve tight contact between the entire surface of the contact areas of the blocks. The contact between the marble blocks iswas so tight that, even today, water cannot penetrate in the non-disturbed parts of the masonry. The ancient marble cutters, where possible, took advantage of the anisotropy of the natural material and oriented the longest axis of the marble crystallites into the direction where the strongest mechanical strength was required [4]. The blocks were anchored to each other using, by the use of steel joints nested in specially carved cavities and embedded in molten lead, which provided a means of mechanical continuity and a ductile buffer material between the steel and the marble, whilebut also actingacted as a protective environment against steel corrosion. ‘ of the steel. "Double-T’-T" shaped clamps were used to joinfor joining the marble blocks belonging to the same horizontal level, while smaller dowels were used in order to join the marble blocksblock to the ones above and below. The steel- clamp anchoring system did not connect all parts of the monument uniformly, but was designed as to create rigid areas withof similar load- bearing characteristics, while allowing for different such areas to perform independently [4]. The steel clamps were produced by cladding and folding layers of low- carbon hypoeutectoid steel and ferritic iron, with a very low impurities content, which allowed for better corrosion resistance. The metal joints were not designed to bear the static loads, but to contribute to the response of the system in case of deformation due to subsidence or an earthquake. The thickness of the steel clamps (of typical cross-section dimensions of between 0.3 x 3.0 cm to 0.5 x 5.0 cm) was small compared to the width of the nesting cavity and, thus, to the thickness of the surrounding lead and themetal as well as the thickness of the cavities marble cavity walls. This design. Thus, it was ensured that ifin the case that the marble blocks movedblock would move apart, it would be the clamps, and not the marble, that would fail [4]. Similar structural design and reinforcement technology for stone masonry has also been adopted in several other monuments around the world. Corrosion analyses on ancient iron clamps from the Gupta temple at Eran in Madhya Pradesh (India), ) -dating from the 5th century CE- [5], as well as metallurgical analyses on iron crampons from masonry complexes situated in a palace and two temples in Angkor (Cambodia), ) -dating from 10th to 13th century CE of the Khmer Empire between the 10th to 13th centuries CE [6],]- offer valuable information on the properties and preservation state of ancient iron-based architectural elements.	Comment by Proofed: It is not necessary to use the word 'metal' after lead, as this is understood. 
	Comment by Proofed: I have made this change for clarity. Please check that I have not altered your meaning. 
	Comment by Proofed: Is this what you mean here?

Structural decay of the Parthenon until the 20th century
[image: ]
[bookmark: _Ref312437359]Figure 1. (a) A schematic presentation of a wall of the Athens Parthenon; (b) A schematic presentation of the application of -embedded in cast lead metal- steel double T’s and dowels, embedded in cast lead, to connect the marble blocks [7].
This masonry system proved to be very resilient to local seismicity, ensuring allowing the structural integrity of the monument for more than 2,0002000 years. There have been,were in fact, several severe earthquakes in the Attica region, and the first documented damage to the Parthenon occurred during an earthquake in 426–-5 BCE, during whichwhen the marble blocks inof the north-eastNE corner were shifted about 2 cm northwards [4]. Regardless, all of the severe damage to the structural elements of the monument iswere due to anthropogenic causes. The first case of severe damage to the monument is believed to have happened between the 4th and the 5th centuriescentury CE, and even though there are no historical records of this event, the pathology of the building materials testifies to thermal damage causedinduced by a fire, which deprived the monument of its original roof and many of the internal architectural elements. Nevertheless, the structural integrity of the Parthenon was preserved until 1687 CE, when a mortar bomb, launched during the siege of the Ottoman guard residing on the Acropolis by the troops of the Venetian Captain-General,  -and later, Doge,- Francisco Morosini, penetrated the roof of the Parthenon, causingand caused the explosion of the ammunition stored inside to explode. This . The explosion resulted into the catastrophic collapse of most of the long side walls and peristyles. The lower- level marble blocks of the Parthenon,  -and of the other classical monuments on the Acropolis,- suffered a different catastrophic decay in the course of the Greek revolution. During the siege of the Acropolis (1821–-1822), the besieged Ottoman garrison broke off the corners of many of the marble blocks, in order to gainget access to the lead tometal and use it as ammunition. The created voids and cracks allowed the penetration of water, which reached the steel joints and induced corrosion on the steel clamps.
The aforementioned events were not the only cases of severe damage being causeddamages induced to the Parthenon, but they had thewere those that affected most impact on its structural integrity. Acts of vandalism by the early Christians and acts of looting during the period between the 17th and early 19th centuries by visiting art -collectors, had already deprived the monument offrom a significant amountpart of the sculptural ornamentation, while the looting by Lordlord Elgin of large parts of the frieze, which was sculpted on structural marble blocks, caused further structural damage. In addition to thisthese accidental or malicious damagedamages, it should be noted that the building had undergone several restorations and alterations corresponding to itsthe different uses, mainly as a place of worship. The Parthenon (i.e. the house of the virgin) served as a pagan temple to thefor goddess Athena, as a Christian church dedicated, -for most of the time,- to the Virgin Mary ‘Athiniotissa’"Athiniotissa" and as a Muslim mosque. AfterEspecially after the 1687 catastrophe, a new, small mosque was built inside the ruins of the temple, using much of the original debris as building materialmaterials, while many other such structures were erected on the Acropolis.
The restoration of the Parthenon as an ancient monument
This was the situation of the Athens Acropolis monuments, when the newly founded Greek state beganbegun the task of restoration of the Acropolis, according to the restoration trends of the era. These mainly consisted ofin the purification of the classical monument from all later modifications. The first large important restoration programmeprogram of the Parthenon took place between 1842 and 1845 and was part of a large-scale excavation plan thatwhich included the demolition of later constructionconstructions, partly to reclaim the incorporated ancient building material, but also serving the ideological context of advocating the ancient Greek civilisation, which constituted a state policy. Fortunately, the restoration principles that were employed by the Greek state never followed the fashion of complete reconstruction, but aimed to restore the ruins using as much of the original material as possible. This policy canshould be attributed to the fact that the Acropolis monuments were no longernot considered anymore as a functional monumental complex, but as a ruinous ancient monument serving as a symbol offor the rebirth of the nation.
The largest restoration works in, of the past, took place between 1898 and 1933, under the supervision of an engineer, Nikolaos Balanos, who, against recommendations to usefor using brass reinforcement elements, used restoration double-T or square- bracket- shaped steel clamps, of different qualities, mostly embedded -mostly- in Portland cement mortar, along withas well as large iron beams and elements of reinforced concrete, where convenient. The technique of moulding lead metal was sporadically used, while ancient clamps that were in a good state were reused. The restoration clamps were significantly thicker than the ancient clamps, and their metallurgical characteristics varied significantly during the course of the works. The choice of embedding the joints in Portland cement mortar proved to be another unsuccessful choice, as just a few years after the application, the steel showed severe corrosion. UnlikeContrary to the lead metal, the porous mortar did allow the water to reach the iron clamp, while the restored marbles did not have perfect contact between them, allowing the water to penetrate the interface. As a result, iron corrosion products, mostly oxides and hydroxides, which have having larger crystal volumes than the iron alloy, grew producing stresses, which led to the excessive cracking of the marble blocks. The restoration works under N. Balanos are considered to beas below the standards of their era, lacking in both in design and in documentation, resulting in and resulted to extensive damage toof the monument’s original material. However of the monument. Though, from a strictly structural point of view, these interventions allowed the monument to withstand the strong 1981 earthquake with minimal damage [4].     
The next large-scale restoration project on the Acropolis of Athens monuments started in 1975, when the interdisciplinary scientific committee (ESMA) undertook the task of providing scientific support to the Acropolis Restoration Service. One of the measures proposed by ESMA was the substitution of steel by titanium alloy joints [8]-[-10], which have better physicochemical characteristics and are not prone to corrosion in natural environmental conditions. The surrounding material that binds the joints to the marble is a cement mortar comprised of Aalborg white cement and quartz sand. Hydraulic grouts based on Aalborg white cement and finely ground natural pozzolan are being used for the consolidation of broken parts [11]. AlthoughWhile, by the end of the current restoration works, most of the previous restoration clamps will have been removed, the parts of the monument that are still standing in their original position will continue to bebeing connected by the authentic steel clamps embedded in lead metal.
EmergenceEmerging of atmospheric pollution in the mid-1950s 1950’s and the acceleration of structural elementelements decay 
Additional causesAn additional case of anthropogenic damage that emerged induring the 20th century areis related to the atmospheric pollution, as a result of the industrialisationindustrialization of Athens in the mid-1950s and 1950's, as well as of the unsound use of materials during the restoration on the monuments beforeuntil 1933.	Comment by Proofed: I have made changes here to improve the flow. Please check that I have retained your original meaning. 

Both marble and steel joints (original and restoration ones) were, inevitably, exposed to heavy atmospheric pollution during the period 1955–-1985, due to the rapid industrialisationindustrialization of Athens and the extensive use of high sulphur content fuels. Between 1984 and 1985, the main atmospheric pollutants, according to the monitoring data, - were soot (elemental C), particulate matter, NO2, SO2, CO2, CO, O3, CFCs (Chloro-Fluoro-Carbons) and PANs (Peroxy-Aketyl-Nitrates). All these species were detected atin high levels. The dry and wet pollutant precipitation, – in the form of particulate matter and acid rain,- caused extensive sulphation of the marble surface and also accelerated the corrosion rate of the steel clamps. Two different sub-groups of restoration clamp samples, which were collected fromduring 1952–-1954 from demolished buildings andas well during interventions at the Erechtheion fromin 1979–-1980, and which were examined by founding ESMA member, Prof. Th. Skoulikides, testified to an increase inof the corrosion rate ofbe 25–-30 %,%, attributed to the impact of industrial pollution impact [10]. 	Comment by Proofed: The journal style guide specifies that there should be a gap between a value and the unit.

More recent studies involving quantitative measurements of atmospheric pollutants at the centre of Athens were published in the 1990s1990's. Aerosol species (anions, such as Cl-, SO42-, NO3- and-, NH4+,+ and cations, including Na+, K+ and +,Ca2+) were detected at moderate levels, and gaseous pollutants (mainly HCl and HNO3 acids) were rather high [12], [, 13]. Cleaner fuels and pedestrianisationpedestrianizations in the vicinity of the Acropolis hill have significantly reduced the impact of atmospheric pollutants on the monuments since the early 2000s.
Seismic activity in the AttiCa region and finite element analysis of the Parthenon’sParthenon structural system response
Greece lies on the collision plate boundary between the African and the Eurasian tectonic plates;, thus, it is a region of high seismicity. According to the Greek Seismic Regulation, Attica,  -the province in whichwere Athens is situated,- is ranked in the second of four zones on, in a scale of increasing seismic activity. Thus, modern structures are designed to be able to withstand an effective peak accelerationEffective Peak Acceleration (EPA) of 0.16 g16g, where g is the gravitational acceleration [14].  During the last severe earthquake that hit Athens in September 1999, the peak ground accelerationPeak Ground Acceleration (PGA) recorded varied between 0.044 andto 0.511 g511g, while amplification analysis has estimated values as high as 0.7 g7g [15]. 	Comment by Proofed: I have made this addition for accuracy. Please check that I have retained your original meaning. 

The earthquake response of many classical monuments in Greece,  -including the Parthenon, temple in Acropolis- has been a growing field of study overduring the last decades. Many research groups have conducted computer-aided simulations, based on finite element models, in order to assess the local and overall vulnerabilities of the marble structures (either intact or damaged) during repetitive loading and to predict potential failure conditions [16]-[-20]. According to the relevant literature, the mechanical performance of complex marble structures requires the design of both simplified models (sub-assemblies of the system) and structural models of the whole structure [17]. The discontinuity of masonries due to the multiple structural marble elements along with iron clamps and joints and other original or restoration materials (lead metal, cement-based mortars, etc.) at their interface, enhances the challenge of realistic simulations. The effect of past restoration interventions on the monument’smonument mechanical performance, as well as the evaluation of new materials to be used in on-going restoration works (titanium clamps and white cement mortar) has also been studied in some cases [18], [,19]. Psycharis et al. [17] have investigated the dynamic earthquake impact on the Parthenon’sParthenon marble masonry via a simplified sub-assembly model (section of a wall) and a general structural model of the partially restored monument. TheseThe two numericalnumerial models were run with and without taking into consideration the metal reinforcing elements. Among the most important findings of this work were: (a) the overestimation of the maximum displacements by the simplified model and (b) the lower residual deformation in the presence of the metal clamp connectors between the marble blocks, but the significantly higher rocking response (larger maximum displacement). Pasiou et al. [19] have studied the stress fields that developed after static shearing loadingload on the Parthenon’sParthenon restored epistyles, using a numerical model that describes a small system of marble walls–-titanium connectors–-cement mortar. High mechanical impact was observed around the interface of the two epistyles in contact, near the metal clamps, and the effect of the relieving space between the marble and the metal clamp was also investigated. Another finite element analysis, performed on the restoration of the Parthenon’sParthenon detached epistyle parts by Ganniari-Papageorgiou [18], focused on the role of the cementitious layer between the marble and the bolted titanium bars during bending, which is found to significantly reduce the strain discontinuity that was observed locally near the titanium clamp. E. Toumbakari has analysed the failures of the northern wall orthostate and has focused on the role of the connection elements (clamps and dowels) in the observed pathology [20].
Experimental
Laboratory testing
For the scope of this research, three steel clamps, two double-T shaped (S.200, S.214) and one square- bracket shaped (S.245), all previously used in restoration works executed under the supervision of N. Balanos, were provided to the authors by YSMA. The clamps were submitted to a series of chemical analyses, mechanical tests, microscopic evaluation, and electrochemical corrosion testing. 
Elemental chemical analyses were conducted usingby an ARL3460 automatic optical emission spectrometerOptical Emission Spectrometer (OES),) and tensile Tensile tests were performed withby a Roell Amsler System MFL UPN 1000 apparatus at the Halyvourgiki Inc. laboratorylaboratories on specimens cut out of the three clamps (S.200, S.214 and S.245). The assessment of the experimental data for the calculation of the mechanical properties of the clamp specimens was performed in accordance with respect to the EN 10080 (2005) standardStandard, taking into consideration the actual geometric characteristics of the specimens. Micro-hardness testsHardness Tests were performed using an Instron Wolpert GmbH V-testor 4021. Fracture surfaces were examined by means of scanning electron microscopy (SEM),Scanning Electron Microscopy, using a FEI 200 SEM equipped with a tungsten filament and an Everhart-Thornley Detector. Metallographic observations were performed onto cross sections, polished to 0.25 μm and etched by Nital 2 % ethanol reagent for 30 s, using a Leitz Aristomet optical microscopeOptical Microscope under crossed Nicols.   
The potentiodynamic electrochemical measurements on the corroded surfaces of the three steel clamps under investigation, were conducted using a typical three-electrode cell configuration in 350 mL electrolyte volume, connected to a GAMRY potentiostat. The clamp specimen was employed as the working electrode, an (WE), a Ag/AgCl (ASE3.5M KCl) electrode as a reference (RE) and a Pt wire as the auxiliary electrode. (AUX). The control of all test parameters and the subsequent analyses/ modelling of the experimental data were performed usingby the CMS 100 software. The specimen’sspecimens free corrosion potential was recorded for 30 minutes underat open- circuit conditions, and then a Tafel curve was acquired at a scan rate of 1 mV/s. The potential range of the anodic sweep was set at open-circuit potentialOpen Circuit Potential (OCP) ± 200 mV.	Comment by Proofed: Abbreviations only need to be included if they are used again the paper. I have removed any that are not used again. 

The city of Athens exhibits environmental conditions typical of an urban–-industrial–-marine environment. For that reasonpurpose, a synthetic electrolyte representative of the wet precipitation in Athens city centre was produced in the lab, based on atmospheric pollution data collected in this particular geographical area in 1998 [13]. This aqueous electrolyte mixture containedcontains dissolved sulphates, nitrates, chlorides and carbonates at suitable concentrations. The pH of rainwater in Athens was measured as being between 4.5 and 5.5 during the period 1995–-2000 [10]. The synthetic electrolyte pH is on the upper limit of this range. The molar concentration of all ionic species and properties of the electrolyte are presented in Table 1.
Computational analysis
Table 1. Molar concentrations of ionic species and properties of the synthetic electrolyte.
	SO42- (mol/L)
	0.050

	NO3- (mol/L)
	0.025

	Cl- (mol/L)
	0.008

	HCO3- (mol/L)
	5 ·10-5

	Total salt concentrationSalt Concentration (% w/v)
	0.97

	Ionic conductivityConductivity (mS/cm at 24 ˚C)
	11.29

	pH (at 24 ˚C)
	5.5


All of the finite element analysisFinite Element Analysis simulations were performed with the multi-purpose finite element ANSYS software ANSYS (Workbench 18.0). ANSYS enables the design of complex components to depict the geometry of a system (CADs), utilisingutilizing ANSYS Design Modeller. In addition, it discretisesdiscretizes the structure to finite elements, estimating the mechanical behaviour of the system. It can be utilisedutilized to estimate the deformation of the structure under static loading and modal analysis. It was employed for the modelling of the mechanical behaviour of the clamp that was representative of those that were used in the Acropolis of Athens monuments restoration between 1898 and 1933. In our case -study, ANSYS was used for static analysis under acceleration effects caused bydue to loading conditions that emulatedemulating an earthquake. A characteristic discretiseddiscretized CAD of the system is presented in Figure 2. The system was discretiseddiscretized by 10-node, tetrahedral finite elements with 45,92445924 elements and 76,02576025 nodes. The various parts comprising the clamp (steel-lead or steel-cement mortar) were 8-node surface elements assigned to the interfaces of the constituent parts. The potential contact between the clamp and the marble block was modelled as simple friction without sliding. The high density of the mesh grid wasis designed to accurately predict the generated stresses. It must be noted that we focusedfocus on the mechanical behaviour of an individual structural block of the system. While in other reports the whole monument was modelled, this significantly decreases the precision of the numerical simulations due to the high computational cost. Therefore, a symmetric unit cell of the masonry system was modelled, comprised of two successive half marble blocks that were, which are in contact withto each other and are connected by a clamp and the embedding material in the nest. 
[image: ]
Figure 2. Marble block mesh grid for the finite elementelements analysis.
Table 2. Measured chemical composition and mechanical properties of the three steel clamps in comparison with the ancient clamps.
	Composition (% w/w) / Properties
	Clamp S.200
	Clamp S.214
	Clamp S.245
	Ancient Clamps*

	Carbon
	0.019
	0.085
	0.008
	0.017– - 0.582

	Manganese
	0.454 
	0.039
	0.007
	0.001– - 0.064

	Sulphur
	0.022
	0.010
	0.003
	0.006– - 0.007

	Chromium
	0.024
	0.003
	0.002
	0.004– - 0.017

	Other minor elements
	0.169
	0.141
	0.076
	0.14***

	Iron balanceBalance
	99.312
	99.722
	99.904
	99.75***

	Vickers hardnessHardness (HV)
	121.5
	117.8/110.5**
	92.4
	max. 107

	Tensile yield strengthYield Strength (MPa) 
	****
	240
	248
	-

	Ultimate tensile strengthTensile Strength (MPa)
	410
	328
	322
	max. 380

	Young’s modulus E (GPa)
	****
	50
	40
	-

	Strain %
	17.1
	11.4
	18.9
	-

	*reported by G. Varoufakis [6];  **zone A/ zone B;  ***average based on estimated mode C value of 0.061 % w/w; ;  ****not recorded/calculated


Three different physical models were tested. The first two consisted of a non- corroded steel clamp (7.6 mm thickness) embedded in the marble nesting using Portland cement mortar or lead metal as binding material. The third physical model consisted of a corroded steel clamp on whichthat is corroded and the growth of the corrosion products had inducedinduces a tensile stress into the lead metal and the half marble blocks. This last model is more challenging, since the determination of the actual mechanical properties of corroded steel reinforcement continues to beis yet an open challenge in the fields of corrosion science and structural engineering [21]-[-23]. The aim was to investigate the effects of the corrosion phenomena onto the mechanical behaviour of the system under bending loading. The physical model for this simulation was designed by equating the space that would become available as a result of thedue to elastic deformation of the surrounding materials, under a stress of 5 MPa, plus the reduction of the metal core of the clamp, to the corresponding thickness of a dense layer of lepidocrocite withhaving a density of 4,0004000 kg/m2. The stress of 5 MPa was chosen as corresponding to the lowest limit of the ultimate tensile stress of Pentelic marble. Any more stress could lead to the cracking of the marble caused by the crystallisation pressure of the corrosion products without any external loading action, causing irreversible damage, at least from the perspective of monument conservation. 
The imposed loading consisted of aan one- way acceleration enforced for 1 s, corresponding to a 0.25 Hz frequency, which is in the range of local earthquakes. The finite elementelements analysis was performed for three acceleration values: 0.3 g3g, 0.6 g6g and 1.2 g2g, corresponding to a typical local PGA and its two- and four-foldfourfold products, respectively. The direction of the acceleration was simulated for two different scenarios. In the first scenario, the direction of the acceleration was parallel to the axis of the clamp (parallel to the z axis of Figure 2). In this scenario,  -referred to as stretching,- the left half marble block wasis fixed, while the right wasis free to move. In the second scenario,  -referred to as bending,- the acceleration wasis perpendicular to the clamp axis (parallel to the x axis) and imposed on the interface of the two marble blocks. The outer unit cell surfaces on the xy plane, which correspond to the middle of the integral marble block, as well as the doweldowels fittings, were only allowed to rotate; otherwise only. Otherwise, the system wouldwill sustain a rigid body motion, prohibiting the effective simulation of stresses and strains. The mechanical properties which are required for the model are density: Density, Young's modulus of elasticity, Poisson's ratio, tensile yield strength and ultimate tensile strength,Tensile Yield Strength, Ultimate Tensile Strength as derived from the stress–-strain curves. Each simulation took approximately 8 hours of computer time.
Results and discussion
Chemical composition & mechanical propertiesMechanical Properties
The OES results, briefly presented in Table 2, indicate that all three samples have a carbon concentration between 0.008 and 0.085 %; the%. The S.214 clamp has the highest C content (0.085 %). According to the thermodynamic data on steels (metastableMetastable Fe-C diagram [24]),]) S.214 can beis identified as hypoeutectoid plain carbon steel, because its C content is between 0.025 and 0.8 %. Clamps S.200 and S.245, with a C content below 0.025 %, although typically low- alloy steels, should be categorisedcategorized as irons due to their ferrite matrix [24]. TheseThe results are in accordance with the ancient low- carbon T-clamps analysed by G. Varoufakis [25].
[image: ]
Figure 3. Macrophotographic documentation of the clamp S.214 cross -section. Marked areas A and C correspond to external and internal hypoeutectoid steel zoneszone, while B correspondscorreponds to the low- carbon iron zone.
[image: C:\Users\Michail_2\Desktop\2020_ACTA IMEKO\Figure 3.png]
Figure 4. Optical microscope photograph (x 100x100) of the S.214 clamp cross -section, chemically etched with 2 % Nital reagent. (a) Interface of the hypoeutectoid steel zone A (top) and the low- carbon iron alloy zone BzoneB (bottom), inside which MnS inclusions are visible. (b) Hypoeutectoid steel zone C interposed between two low- carbon iron alloy B zones.
[image: ]
Figure 5. Secondary electronElectron micrographs of clamp S.214 fracture surfaces (a) x 1000x1000 and (b) x 2000x2000, acquired by SEM. Characteristic ductile fracture dimples cover most of the fracture surface.
All of the examined reinforcement clamps exhibit very low hardness, and their stress–-strain curve exhibits the typical patterns of ductile fracture. The measured ranges of hardness, tensile strength and % strain are given in Table 2. These values approximate relevant measurements by G. Varoufakis [25] on ancient T-clamps. The reduced hardness is attributed to the low C and Si concentrations. In the case of clampsClamps S.214 and S.245, the tensile yield strength was also recorded as well asand the Young's modulus. is also presented. Upon fracture, the clamps are more or less prone to a ductile fracture mechanism.
OfAmong the three examined steel clamps, S.214 was selected for more detailed examination because of, due to its extensive microstructure heterogeneity and its unique resemblance towith the ancient materialmaterials characteristics [26]. As can be observed on a polished cross -section (FigureFig. 3),) the manufacturing process resulted in a composite material. It is evident that hypoeutectoid steel and thea low- carbon iron- alloy sheets were cladded and folded. The metallographic observations after chemical etching reveal the various microstructure characteristics of the distinct zones A, B and C, marked on Figure 4. The recrystallisedrecrystallized grains of all the zones testify to the absence of intense cold working processes during the manufacturingmanufacture process, which is in accordance with the low- hardness values measured. The grain orientation of the thin superficial layer above zone A,  -not presented in the two optical microscopeOM photographs,- indicates a final mild work hardening process of the surface. The fractography of the S.214 clamp provides a variety of ductile fracture patterns, which is characterisedcharacterized by dimples (FigureFig. 5). Some areas exhibit a more brittle fracture type. 
The electrochemical tests served the purpose of assessing the relative electrochemical reactivity of these restoration metals when exposed in an electrolyte that approaches the wetness conditions of their original corrosion environment and could enable corrosion reactivation. In addition, these measurements enable a more complete characterisationcharacterization of the restoration metals and their performance.
The electrochemical behaviour of the corroded surfaces of the three steel clamps is in good agreement with the findings of the chemical and metallurgical characterisationcharacterization and the available literature data. Higher carbon and sulphur content in the iron matrix contribute to a higher susceptibility to corrosion [25]. Clamp S.214’s214 surface, in its as- received state, was covered with some typical iron corrosion products. This corrosion layer delayed the uniform wetting of the metal surface, and this is evident by the fluctuations observed in the OCP curve during the initial 20 minutes of immersion (FigureFig. 6). The final equilibrium potential corresponds to an electrochemically active state,  –i.e. the corrosion process is re-activated. ClampsClamp S.200 and S.245 exhibit similar trends, and in both cases, the free corrosion potential is stabilisedstabilized very quickly at more positive (noble) potentials. The 5- minute- and 30- minute -OCP values are presented in Table 3. The results of the subsequent linear polarisationpolarization tests show that S.214’s214 surface, which is  –of higher C concentration and metallurgical heterogeneity,- is more prone to further corrosion, exhibiting the highest corrosion current density (Icorr) and annual corrosion rate and the lowest polarisation resistance (Rp) (Table 3). S.214’s214 corrosion rate is two times higher than that of S.245,  –the pure iron clamp,- and nearly four times higher thancompared to S.200. The best electrochemical properties relating totowards corrosion are observed for clamp S.200 and are attributed to the addition of chromium in the alloy.
Computational modelling  
Computational modelling has been performed using as input parameters the experimental values obtained for the S.214 clamp and bibliographic data for all other materials (Table 4).
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Figure 6. (a) OCP recording for steel clamp S.214 for 30 minutes, before the linear polarisationpolarization test, compared to the two low-carbon clamp samples, S.200 and S.245; (b) Tafel curve of steel clamp S.214 and fitted model by linear extrapolation method compared to the two low-carbon clamp samples, S.200 and S.245. The tests were conducted in the 0.97 %w/w synthesisedsynthesized atmospheric pollutants electrolyte.
Table 3. Free corrosion potential values recorded underat OC conditions before the potentiodynamic tests, and Tafel extrapolation results calculated for the three clamp samples after linear polarisationpolarization in the 0.97 %w/w atmospheric pollutants electrolyte.
	Measured Property
	S.200 
	S.214
	S.245

	5 min OCP (mV/ ASE)
	-578
	-743
	-573

	30 min OCP (mV/ ASE)
	-602
	-736
	-586

	Ecorr  (mV/ ASE)
	-685
	-457
	-625

	Icorr  (10-5 A5A/cm2)
	2.28
	8.19
	4.38

	Rp (102 Ohm    (102Ohm cm2)
	10.94
	3.03
	9.85

	BetaC    (mV/decade)
	85.9
	108.3
	254.7

	BetaA   (mV/decade)
	173.6
	121.2
	0.953

	Corrosion Rate (mm/year)
	0.266
	0.953
	0.509


Table 4. Model input data.
	Input Property
	Steel Clamp 
	Lead
	Pentelic Marble
	Cement Mortar
	Corrosion Products

	Density d (kg/m3)
	7.85·103
	1.13·104
	2.71·103
	2.40·103
	4.00·103

	Young’s modulus E (GPa)
	50
	14
	49
	48
	9.0

	Poisson ratio v
	0.30
	0.42
	0.26
	0.33
	0.20

	Tensile yield strengthYield Strength σy (MPa)
	2.5·102
	18
	-
	-
	-

	Ultimate tensile strengthTensile Strength σy (MPa)
	3.5·102
	27
	15
	5.0
	1.5

	Ultimate compressive strengthCompressive Strength σy (MPaMpa)
	-
	-
	114
	37.5
	15.0


These simulations aim to investigate the effect of either lead or Portland cement mortar, as well as stresses generated by corrosion- product growth in the clamp assembly, under either bending or stretching caused by the acceleration force of the marble blocks. Regarding the loading conditions, the stresses that develop on the metal clamp– - marble blockblocks system during earthquakes depend on their orientation in the walls of the structure. Thus, for a north–southNorth-South direction earthquake, the walls that are parallel to this direction will be affected by tensile stresses, while the perpendicular ones will be subjected toreceive shearing or bending stresses. When a body is stressed by tensile and shearing stresses, all these types of stressstresses can be converted to what is called equivalent vonVon Mises stressstresses, which isare considered to be aas tensile stressstresses. This is the measure that determines whether a part of the structure has either reached the plastic zone (e.g. ductile) or it has surpassed the yield point and it will fracture (e.g. brittle). In any case, when the vonVon Mises stress isstresses are higher than the tensile yield strength, failure occurs. A representative deformed configuration of the simulation results under bending, presented in Figure 7, is indicative of the morphology of the generated stressstresses. The different colours represent variations in the stress field of both the clamps and the marble blocks. Even though the stresses that develop on the marble  blocks in the simulation presented in Figure 7 are significantly lower thancompared to the tensile strength of the marble, their distribution reaches itsbecomes maximum near the dowels. This observation is in accordance withto the damage caused toinduced on the lower parts of the Parthenon and to the models published by E. Toumbakari [20]. The fact that the presented results are congruous with the reported ones, shows the validity of our model.
Table 5. Maximum stressstresses calculated by finite elementelements analysis of the discretiseddiscretized CADs, for the two types of embedding material and the two directions of imposed acceleration leading to stretching and bending motions. The last column presents the results of the simulation for the corroded steel clamp, on whichwhere the growth of corrosion products has induced an intrinsic stress of 5 MPa onto the surrounding materials.
	Embedding material (Intrinsic stress):        Acceleration direction / type of motion:  
	Cement Mortar Bending 
	Cement Mortar Stretching
	Lead Metal     Bending
	Lead Metal Stretching
	Lead Metal (5 MPa)     Bending

	Max stress in system; 0.3 g3g (MPa)
	0.45
	22.04
	1.78
	27.98
	9.01

	Max stress in system; 0.6 g6g (MPa)
	0.90
	44.40
	4.61
	56.22
	17.98

	Max stress in system; 1.2 g2g (MPa)
	1.80
	88.89
	5.89
	113.47
	33.30

	Max stress in marble; 0.3 g3g (MPa)
	0.15
	4.94
	0.28
	6.23
	8.87

	Max stress in marble; 0.6 g6g (MPa)
	0.30
	9.98
	0.49
	12.49
	17.98

	Max stress in marble; 1.2 g2g (MPa)
	0.60
	19.77
	1.27
	25.19
	22.21

	Linear coefficients & coefficientsCoefficients of variation
	
	
	
	

	Max stress in system  (MPa·m-1·s2)
	1.50 (R2 = =1)
	74.03 (R2 = =1)
	5.49 (R2 = =0.90)
	94.33 (R2 = =1)
	22.73 (R2 = =0.98)

	Max stress in marble (MPa·m-1·s2)
	0.50 (R2 = =1)
	16.50 (R2 = =1)
	1.01 (R2 = =0.98)
	20.95 (R2 = =1)
	15.66 (R2 = =0.92)

	Estimated stress values for EPA of 0.16 g according to the linear coefficients
	
	
	

	Max stress in system; 0.16 g16g (MPa)
	0.24
	11.84
	0.88
	15.09
	8.64

	Max stress in marble; 0.16 g16g (MPa)
	0.08
	2.64
	0.16
	3.35
	7.51
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Figure 7. Marble block– - steel clamp system. Equivalent (von -Mises stress) Stresses: bending.
Table 5 summarisessummarizes the maximum vonVon Mises stress that was obtained for each whole system and for the marble in each system under each loading condition. The first part of the table presents the maximum stress values that develop in the unit cell, regardless of the exact material that these are enforced on, and the. The second part presents the maximum stressstresses that developsdevelop on the marble blocks. The third part of the table presents the linear coefficients between maximum stress developed and acceleration imposed and the coefficients of variation, calculated by regression analysis, while the fourth part presents the estimated maximum stress values for the EPA of 0.16 g16g, according to the linear coefficients. The results predict that the most catastrophic loading condition for the system is stretching. The reason is that during this deformation, the marble block applies high stress toat the edges of the clamp, leading to high stress concentration. However, it should be pointed out that the free movement of the marble block presupposes the absence of other supports forto this particular block, such as is the case in corner blocks or corner groups of blocks, where the accelerated mass would be manifold. This scenario could describe the pathology induced by the 426–-5 BCE earthquake, during whichwhen the stresses were relieved by the displacement of the marble blocks, allowed due to the thin cross -section of the original clamps. Bending does not cause such high stress concentration because, due to the fact that the inertia of the marble block is significantly higher duringfor the case of bending, which obstructsobstructing the relative motion of the blocks.
Before discussing further the results further, it should be noted that the main criteria of failure in the simulations is the possibility of inducing damage to the marble blocks. The embedding materials (Portland cement mortar or lead metal) are considered as sacrificial, while stresses on the steel clamp do not reach magnitudes near the tensile yield strength. This occurs even at the significantly lower Young’s modulus that was experimentally measured (50 GPa) for the steel. To put this value into perspective, typical values of Young’s modulus for stainless steel are in the regionregime of 200 GPa. HoweverOn the other hand, Pentelic marble is a natural, anisotropic material and, as such, its properties, such aslike tensile strength and Young's modulus, depend on the direction of the imposed loading or the defects that naturally occur. Thus, while the ultimate tensile strength of the marble was fed as input intoto the simulations under a typical value of 15 MPa, weak points inon the marble can fail under stresses as low as 5 MPa, as has already been mentioned in section 4.2.   	Comment by Proofed: Make sure you use 'on the one hand' and 'on the other hand' as a pair in formal writing. I have used ‘however’ here as a suitable replacement for ‘on the other hand’. 

Click here for more information about this phrase.

Figures 8 and 9 convey the simulated stress field, total strain field and total deformation field. The areas of high stress concentration and high strains are magnified to elucidate how the loading conditions manifest themselves in the clamp specimens. For illustration purposes, the marble blocks are hidden from the images.
As it can be deduced from Figures 8 and 9, as well as from the data presented in Table 5, the maximum stressstresses in the system develops inare  developed on the steel clamp/embedding material assembly, and only a fraction of this stress, roughly varying from 0.2 to 0.3, is passedof these stresses pass on as a maximum stress to the marble. It is alsoA second important to noteremark is that the stressstresses that develops indevelop on the system isare distinctly larger when lead metal has been used as an embedding material, though the fraction of the stressstresses that is passedpass on to the marble is significantly lower, yet still larger than the values predicted when cement mortar has been used. The reduction inof the stress fraction passing to the marble is more prominent in the bending scenarios, which are more representative of probable actual loading conditions. The calculated development of higher stresses on the system due to embedding the clamps in lead metal could be misleading as far as the actual physical system is concerned. One of the assumptions of the model was that the entire space between the marble and the clamp would be filled by lead metal. If one takes into consideration the physicochemical properties of the system and the moulding techniquestechnique used,  -under atmospheric pressure,- it is highly unlikely that voids will not be present in that space. The very high surface tension of the molten lead metal would lead to non-wetting of the marble surfaces;, thus, voids should be created along the edges of the nesting. ConsideringTaking into account the high ductility of lead metal, the presence of empty spaces in the system could lead to dramatically lower values of developed stresses.
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Figure 9. Characteristic marble block– - steel clamp system with leadLead under stretching at 1.2 g2g. The vonVon Mises stress, stresses, the total strain and the deformation field are presented. High stress concentration is observed at the edges of the clamp.  
[image: C:\Users\Michail_2\Desktop\2020_ACTA IMEKO\New pics\Capturexxx.JPG]
Figure 8. Characteristic marble block– - steel clamp system with leadLead under bending at 1.2 g2g. Equivalent (von -Mises stress) Stresses, equivalent strains and total deformation are presented. For this case, the maximummaxim stress concentration is observed at the core of the clamp, close to the intersection of the edges.
Another interesting observation is the linear relationshiprelation between the enforced acceleration and the maximum stressstresses that developed in the system. The linear coefficients and the coefficients of determination are presented in the second part of Table 5. Unity R-squared values in all stretching scenarios and in bending scenariosscenario with cement mortar as an embedding material indicate a linear correlation between the input and the output of the simulations. This is expected since the acceleration force over the area provides the applied stress;,  thus, the relationshiprelations between the applied stress and the acceleration force should be linear. In the case of the lead- metal- embedded clamp bending scenarios (both for non-corroded and for corroded steel) the simulation output deviates significantly from linearity when plotted against acceleration. This must be associated with the mechanical properties of the materials. Since the system is comprised of different layers of material, this discontinuity suggestsinsinuates a nonlinear relationshiprelation between stresses and forces. As can beit is observed infrom Table 4, the steel and the mortar have approximately the same Young’s modulusModulus, whereas the steel and the lead have a significant variance inof the Young’s modulusModulus. Therefore, the nonlinearity will be alleviated infor the case of the mortar, and it will be substantial for the case of the lead. This explains the nonlinear relationshiprelation that is observed in the reported results onfor the case of bending of the lead.
 Finite elementElement calculations performed taking into account the development of steel corrosion products and the intrinsic stressstresses induced have, led to a large increase in theof generated stressstresses as a result of the acceleration stimulus. It is also notable that this is the only case, of thoseamongst the ones examined, in which, where -for anthe acceleration of 0.6 g,6g- the maximum stress induced on the system is applied toon the marble block. The fraction of stressstresses that passes as maximum stress to the marble in this case is high, varying from 0.6 to 1. The system was simulated during bending,  -the most realistic scenario,- and the results indicate that apart from the initial intrinsic 5 MPa stress, the stressstresses induced inon the marble by the acceleration isare more than 13-fold higher than the values calculated in the absence of the initial stress. Therefore, even during bending, corrosion can cause failure and crack formation in the marble, even before the thickness of the corrosion products formed can induce damage by mere crystallisation pressure. It is, again, only in the case of the corroded steel clamps that thewhich leads to maximum stressstresses on the marble block is larger than 5 MPa when , in the case the 0.16 g16g EPA is used as a stimulus. This point emphasisespromulgates the significance of the intrinsic stressstresses to the modelling of the structure.
conclusions
The examination of the three early 20th century period double-T clamps confirms that even though different types of Fe alloys (Carbon concentration range: 0.008– - 0.085 %) and metallurgical processing has been used, all joints exhibit low values of microMicro-hardness, tensileTensile strength and Young's modulus of elasticity. During the fracture process, all of the examined clamps are mostly susceptible to a ductile fracture mechanism.
Clamp S.214, in particular, is a composite material produced by the cladding and folding of a hypoeutectoid steel and a low- carbon iron alloy, which has very similar metallurgical characteristics compared to the original ancient clamps.
Clamp S.214 exhibits a higher thermodynamic tendency towards corrosion, when immersed in a synthetic electrolyte simulating atmospheric pollutants.  This particular clamp, when submitted to potentiodynamic electrochemical tests, undergoes more severe corrosion compared to the plain iron clamp and to a low- C -steel clamp with added Cr addition. These findings are associated withto the clamp's higher carbon content and to its more complex metallurgical structure, which explains and explain its corrosion state after its removal from the monument. 
The finite element analysisFinite Element Analysis simulations elucidated the differences induced by different materials and their state of conservation in relation to the response of the system during an earthquake. TheTwo are the main conclusions that should be highlighted are as follows:
- The use of lead metal as an embedding material reduces the fraction of the system maximum stressstresses that is passedpass on as a maximum stressstresses to the marble. The larger values of maximum stressstresses calculated should significantly  decrease if the physical model takestook into consideration the voids that would be created during the moulding of molten lead.
- The intrinsic stresses that develop due to the formation of corrosion products, drastically change the response of the system so that an otherwise harmless stimulus could lead to the fracture of the marble blocks, even for small thicknessesthickness of corrosion product.products.  
In general, this work demonstrates that it is possible to predict potentialpossible local damage withtaking into account a detailed information onreport of the nature and conservation status of the materials. Finite elementelements analysis can be performed on discretiseddiscretized CADs for unit cells, representative of specific existing parts of a monument, taking into consideration the physical dimensions, the materials and their state of conservation or pathology as well as existingexistent intrinsic stresses, either due to corrosion or gravitational forces. UtilisingUtilizing as a stimulus the acceleration forces, as predicted by structural models for specific parts of the monument and, combined with the appropriate boundary conditions, we can predict the mechanical response through finite element analysis FEA modelling. This can be a valuable tool for tailored intervention forin parts of the monument that require specific attention.	Comment by Proofed: This should be written out in full here as you haven't introduced the abbreviation earlier in the paper. 
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