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Abstract

Structural health monitoringSHM) of civil structues and infrastructues is increaingly drawing the attention of
stakeholders andf theresearcltcommunitybecause ofhe emerging neeth the optimalmaintenance anshanagement
of the existing assetsThe monitoring of reinforced concret¢éRC) structuresthrough measurindpcal strainsis a
valuable procedure but onby limited number of alternative technologies are currently available, mainly including
electric strain gages and fibre optic sensdtee difficulty of their installation, thehigh cost of th& sensing and/or
interrogatingequipmentand thé& uncertainlong-term reliability push for alternativéow-costand distributedsystems
easer to install and useThis paper presents a new concepdmfnstrumenteceinforcemensteel bar, achieving strain
sensing capabilitiethrough the incorporatiorof an ordinary lowcost embeddedicro ElectreMechanical Systems
(MEMS) sensor. According to this concepsealectavity is madein the barfilled with a fluid andhosting the MEMS
sensoy the temperature and pressure readingsectdld bythe MEMS sensorare used to evaluate ticavity volume
variations and are thuscorrelatedwith the bar axialdeformation.The proposed smart systeshows significant
advantages over current straimeasurement devices, proving cheap, durable, agystall, robust to mechanical
shocks and chemicalggression.The theoretical framework of the new concept and the results mliminary

mechanicatest campaigare hergresentednd discussed

1. Introduction

Current advancements in the sengmearch field are increasigdeading towards the acceptance and implemientat
of the fAsmarancultyidomatoemc@épeér ves sthesvariamapbysidalnchemical el t
biological aspects aharmade surroundingsyhich is expectedotplay in thenearfuture a vital role in addressing the
economic benefits and ethical neéalr safe andustainablastructures anéhfrastructuresround the world1].

One crucialrole in this concepill be played bythe employment of appropriat&sctural health monitoring (SHM)
strategiesvhich, combining various sensing technologies with data acquisition rae$sing capabilitiesyill provide

for a continuougondition assessment of civil engineeraggets, increasing thejuality and safet{evels and reducing
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their maintenance casf2]. Longterm monitoring of degradationphenomena iraging structuresvill allow for the
optimization of preventive maintenancepolicies and for the early detection of dangeroeisponsesor incipient
damagesthus reducingepair and dowatime costs On the other handhe observation ahe structural response after
extreme events, such as earthquakes, hurricanes or iitesllow for a rapid and objective assessment of the
structural integrity.

Despitethis great potential, SHM istill not appliedat a large scale and in a systematic manner to civil structures and
infrastructuresThis is mostly due tdahe complexity and cost of monitoring largeale constructions, which entails
installing and interrogatinlarge numbers of sensors as well as manamidgnterpretindiuge amounts of dath this
context, the advancement in sensor technologies, the spread of smart materials and structures and the development of
wireless communication platforms are the kayportunities for SHM growthanticipatinga future where every
structure will be permanently, pervasively and (neadytomatically monitored since its constructj@h

Currently, various sensor types exist for SHM purposes, including electric gtnasiors, piezoelectric sensors, GNSS
based sensors, accelerometerslinometers, acoustic emissionsave propagatiorevicesand various fibre optic
sensors (FOS) of either distributed or local type, the latter including thé&meeiin fibre Bragg gratim (FBG) sensors
[4-7]. Each of them has a preferablgplication field and presenggnuine challenges when deployedharealworld.
Recently a growing use oflow-cost MEMS sensors is observed whietere initially developed forthe consumer
markes andare subsequentlgmployedfor SHM purposes, includingccelerometers, inclinometers, temperature and
humidity sensor§g].

Focusing on the SHM of reinforced concre®Cy structures, andith the purpose aimproving the coseffectiveness

of existing semsing technologies, this paper presents a new concept of ®imdiorcing bay called smart steel system
(S3),achievingstrairnrsensing capabilitieky incorporating dow-cost MEMSpressureand temperatureensomwithin a
hermetic cavitydrilled into thebar. By applying the wetlknown laws of thermodynamics, pressure and temperature
measuresare converted into cavity volume variations, eventually makindé#resensitiveto longitudinal strainsS3

new sensingparadigmshowspromising advantage®ver curent sensing technologielis specific features andhe

results ofa preliminary testampaigrarepresented in the following sections

2 Current devices forstrain measurement inRC structures
Strain monitoring oRC structures can bperformedby focusng on either the concretaatrix or the steebar. While
steel is a homogeneous materihk concretematrix presents nenniform mechanical properties, which in fact require

that the minimum size of concrete sampiesededn macremechanicatharactedation testss in the order of tens of



centimetres, i.e sufficientliarger thanthe maximum size of itsonstituent aggregated/hen the scale of analysis is
reduced the micro-medanical properties of concremmponentsthe influence of micrerackng and rheological
phenomena at smaller scalescomevery difficult to be managedlo account forthese effectsany concretebased
measuringapproachshould employeither macresensors or small sensors mounted on macro skelgiomsdingthe
average stia along thelength of respectively thenacresensor or the skeletoin both casesa perfect senseo-
concrete adhesion iseeded On the contrarythe homogeneityof steelmakes local strainmeasuresnsensitive to
spatial variations of material propies and therefore representative of the average behaviour of thewmsterdte
compound at the sensor locatidmis makes a local strain transducer placed on btglrather than immersed in the
concrete matrix being generally preferrémbcauseegaded as more accurate and reliabte existing applications
such alocal straintransducercan beeitheran electric strain gage glued on the longitudinal lug ofltheor a FO$
glued on thebar surface or incorporated in a longitudinal groovechinedalong thebar [9]. In both cases,
compensation of temperature effects is needed. Critical stages derapplicationsre the sensor installation and the
concretepouring Both strain gages and FOS can be damag#tese stages, or even duringsirvie operation as a
consequence of cracks formation or steetoncrete slip.Furthermore, lying of the sensor to thdar can be
compromised by chemical aggression, mechanical action or ageing. In the case of FOS, the protective encapsulation
which is requred to prevent standard glass fibres frahe contact with the alkalim environment ofthe concrete
mixture, resuls in a difference between tlastualstrain of the concrete matrix and the strain sensed by theg] fiojr
Moreover, the installation of siributed FOS requires sgalized personnel, and the gig process can bgarticularly
time-demanding[11]. FOS systemsrequire a particular care orcleanliness of terminatonnectorsto avoid
interferences due to dusturthermorejn FOS applicationshie cost of the interrogating unit is often so high that only
one unit can be afforded to be used on a structure, or even on different strubwsesgsulting insignificant

constraints on the FO&age

3 The new sensing paradigm

When monitoring thestrain of abarin an RC structurghe straintransducer is usually placed along bae surface In

a building site, his typically exposs the transducetto a harsh environmenefore, during and after its installation
Placing the transducer on thar surfacehas also the inconvenient lafcally altering theinteractionmechanism at the
interface betweermoncrete andsteel Embeddng sensorswithin the bar can potentially solve both problemsThis

approach wafllowed by Mainsin his experimental worlon bondtests[12]. In ordernotto perturb the concretsteel



adhesion Mains cut longitudinallythe barsand placedstrain gges in alongitudinalgroove before welding again the
two pars. This procedurg@rovesparticularly effedve and has been redgnused again ihagier et al[13].

Embedding thdransduceiin the bar is also at thecore of the newS3 systemproposed in this paper, althou§@3
develops the concept in a different way. In faog basic idea dB3is to use lowcost existing micresensing devices,
commonly used for other purposes, to estintlagsstrain inRC structural elements, by exploiting the mechaniaais

of deformable continuum systermfsccording to this ideaan appropriate MEMS sensor is embedded in a small cavity
drilled in its coreand sealed by means aproperclosuresystem Consequently, except fahe requiredconnections

for data and power, the core of the system is withiistael saféd and virtually asepticenvironment.The sensor
simultaneouslymeasures both ¢hpressure and the temperature of the fluid contained in the cavityelémgationor
shorteningof the barwill resultin a variation of thecavity volume according to thetructuralmechanis laws which

on its turnwill determine pressure and/or temfaure variations in the cavity. By measuring the latter variations
throughthe sensor, the volume variation candstimatecby applyingthe appropriatéthermodynamic state equat&n

to the fluid contained in the cavity, and the axial elongation canrseqaently deducetirough acalibrationprocess

In greater detail,along as the fluid is air, ttbermodynamictate equatiocan beapproximated by the ideal gas law

as follows:

pV =nRT D)

wherep = p(t) is the absolute pressurethe cavity,V = V(t) is the cavity volumen is the number of moles of the fluid
in the volumeRiis the ideal gas constafit= T(t) is the absolute temperature within the cavity, asdime.
Denotingasq¥, papn dI thgvariatiors of the threestatevariables with respect to their initial vaki, po andTy att

= 0, andtaking into accounthatn andR are constantparametersanyv o | u me d e NVgrcamabe geonerally go

computed, at any timie from the monitoredime historiesof p andT, as fdlows:
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I n general , t he VVoflthe casityreflecfsamylava daxialdeformapion of thdvar, no matter if due

to mechanical, thermal, rheological or otleasonsin this papercoherently with the presentekperimental tests
V//Vy is assumed tde potentiallycaused bynechanical and/or thermal act®only.Also, for the sake of simplicity,
the part ofqV/Vo caused by mechanical actions is assumed to be expressible as a functiorbanfakial force

variations, which is always the case forbar subjected to axial loads except whenexhibits perfectly plastic



deformationgight before ruptureDenoting bygd any variation othe baraxial loadF (with respect to its initial value
Fo) and byqil, any varation of thebartemperaturd, (with respect to its initial valugy), and asuming for simplicity

a linear superposition ¢fie mechanical and thermal effects, tosceptcan be formalized as follows:
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where (qV/Vo)qr is the volume deformationdue tothe bar axial force variationgF and (DV/\/O)DTh is thevolume

deformationdue tothe bartemperature variatiorgly,. It is worthnoticingt h aTtandg¥, may generally not coincide,
since the former is the tempared of the fluidin the cavity, whilethe latter is the averadmrtemperaturgresponsible
for thewhole barthermal deformations.

Complemented by Eg. (2), Eq. (3) plays a fundamental role both atahe ofsystemcalibration which includes a
preliminary thermalcalibrationand a subsequent mechanical calibratmmd at thestage ofsensor operatigni.e.
during monitoring

The preliminary tkermal calibration testshave thescopeof applying controlled temperature variatiogd, to the
mechanically unloadelar ( Bp= 0). In these conditionsn facts,the first term of the righband side of Eq. (3), i.e.

( ¥Vo)er, is null, andEqg. (3)directly provides the experimentalationf( A&xjisting betweegr, and (DV/VO)DTb as

follows:
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w h e rVA/| is the volume deformation computed according to Eq. (2) on the bases of the measured pressure and
temper at ur panvd. rAgleng asdempgeratgre variations are slow during theestd, tthébartemperature

Phrcan be assumed equal Titsmthainhhées caseaovadditignal termparptetearssducerae @
required for calibration beyond the embedded one.

The subsequent @chanicakalibrationtestshave the scope @pplyingc ont r ol | ed ax i Rtbthdbarr ce v«
andareusually conducted in uncontrolled temperature conditid®scause temperature variations cartr@tvoided

Eqg. (3) must be complemented by both Eq. (2) and Eq. (4) in order to provideptvérental relatiory( Aisting

bet wdanid( ¥o):
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w h e rVA/, isgpomputedaccording to Eq. (Z)ased oome a s u praenddl vadpies, andi(qoTy,) is computed according

to Eq. (4) based on measurgd, values. Notice tha, because t e mprenduddunrtre cavity byi at i o
sudden axial force variations need toti@nsferred tahe barand eventualliydissipatedgdl, a n dT damot generally

coincide in this case, and separate measurenvenidd bein principle reqired (e.g. through adding a further
temperature sensarhich measurgthe bartemperaturgif a continuous accurate tracking of the axial force time history
wasrequired

As long as théarresponds in its linear elastic range and mechanical deformagepssknall, a proportional relation is

expected between the axial force and the volume deformation, which tinallyeexpressed by:

(6)

%o
ot <
QIODOI

I
Q
i

I

Pl
>

o)

wherek is the mechanicakalibration coefficient transforming the measured volume varidtiorrected by Eq. (5))

into the estimated axial load.

If mechanical deformations become large andbifweresponds in its nonlinear range, the linear relation expressed in
Eqg. (6) is no longer applicable. In this case, the fundiatr) still can be idatified through experiments, but becomes
highly nonlinear and strongly dependent on the tebtmdsample, thus lacking representativeness for calibration
purposes. Alternatively, instead of looking for a direct correlation betWegiVo)qr and g, a reldion could be
searched betwedgh ¥iVo)qr and thebar elongation, the latter providing a complete and more stable representation of
thebarmechanical conditions. This point will be better explained in the next sections when discussing the results of the
experimental campaign.

Egs. (4) to (6) express thesirecthermal and mechanical calibraticglations Even more remarkablfegs. (5) and (6)

also allowsthee st i mat i on o fF ddrihgesensox dpadtiomhiah iis¢he maijm purpose of theonitoring

action.

4 Descriptionof the system
Measures ofpressure and temperature in thar cavity can be easilyprovided bycommercialMEMS barometric
sensorswhich usually integrate pressure and temperati@esducersNowadays barometric MEMS are commho

employed in smartphones and smartwatches, 10T devices, wearable andritiessand others, thanks to their small



dimensions ground2x3x1 mnf). These MEMS are easily available on the market at a cost of alateh.In the
present version of & a commercialbarometricultra-compact piezoresistive pressure sensousisd Its operating
pressureand temperatureanges extend, respectivelfrom 260 hPa to 1260 hRand from-30 °C t0105 °C.Thesmart

steel systeng3is based on a Patefit4]. Although generally applicable to several other types of structural elements
S3is hereappliedto the case o ribbed stedbarin which a cavity is obtaineith the shape of transversatylindrical

drilled hole. The latter determines an internal volufiied with air and hostinga hard PCB on whichthe barometric
sensor is mounted\n electricalfeedthrough is provided at the entry of the cavity, connecting the hard PCB inside with
a soft PCB outside, which on its turn communicates with the acquisiyistem, exchanging power and data. The
cavity ishermeticallysealed, and the soft PCB is lodged into a groove machined all along the longitudinal lug of the
bar. Schematics othe systenare reportedn Figure 1.The cavity determines a reduction of tier sectionwhich isa

critical point for stress increase and concentration. The consequent reduction in resistance and/or ductility may not
represent a significant drawback, as the exact reproduction of the ofiginahechanical properties is deemed

inessentialat this stage aevelopment
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bar

Direction of the action . Soft pcb boards for signals 2
\ i Feedthrough and power connections
/ \ \ JE, \ \_/
| ‘\ 10
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temperature sensor /LJ

Fig. 1. Longitudinalview with sectionat thesystemlocation(left) andaxonometric view of theoft PCBhostedn the
barlug (right). Picture from[14].

5. The Experimental Campaign

5.1 Descriptionof the setup components

The experimental tests focus on a ribbed dteelnstrumented with the monitoring system described in the previous
paragraphs. Figure 2 showee systemsetup during test The bar has a20 mm diameteand isequipped with three
measuring uits spaced @ mm from each otherrespectively called ;1S S and S. Each unit is hosted within a
cylindrical drilled hole, 4 mm in diameter and 18 mm in deptitloser look at the ingressf one unitis provided in
Figure 2. A longitudinal groove2 mmdeepand2 mm wide,is machined into thbarandhoss the soft PCBs which

connect the pins of the feedthrough to the converter boiaxdd at the lower gri@sclearly visible at the bottom of



Figure 2. The converter boards acquire the digital presancetemperature data coming from the embedded sensors

and transform them into analogue continuous voltage signals collectieddnguisition system.

@) (b)

Fig. 2. The experimental setup.

5.2 Thermal calibration tests
Thermalcalibration test are preliminarily conducted by subjecting the instrumenbadto temperature variations at

zeroaxial load, in order to gefor each measuring unithe experimental relatiof( Agtweencl, and (DV/VO)DTb,

according to Eq. (4)The bar, placed in a temperature controlled chamliersubjectedo various cycles oflow
temperature variationd{C/10min), approximately spanning7°C betweenl4.5°C and41.5°C. Figures 3a, 3b and 3c
showa comparison between texperimentalcurves andtheir cubicinterpolations, for the three measuring unis
negligible hysteresis with repeated thermal loading cycles can be appretladeactiatios are clearly nonlinear and
monotorncally decreasing.The decreasing trend is @unterintuitiveresult still desering an explanationwhich
probably resides in the complexity of the thermechanicalcoupling of structural and nestructural components
involved in thecavity, includingin particularthe bar, the sensor and teedthroughAnyway, the decreasing trend is
confirmed byall the numerous tests so far performed on diffemsdsuring unitand differenbars, and its application
according to Eq. (53ystematicallyprovidesa sibstantial correction ofhe environmental temperature trends in axial

load testsFigure 3d comparestie A) r el ati ons identified for the three
far fromidentical suggesting that the thermal calibration must be conducted for every measuring unit, at least at the

present stage @arly-bird development of theystem.
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Fig. 3. Thermalcompensationdetermination of th§ A)  rbeteartpi, and (DV/VO) through fitting the

DT, !
experimental data obtained in a temperature contrelitonmentfor the three sensors.

5.3 Axial load tedsin the linear elastic range

The same instrumentdshr previously examineds subjected to niaxial tensile load testconductedwithin its linear

elastic rangen uncontrolledthermalconditions The load is impartethrougha universal testing machineaving a
maximumload capacity of 250 kNpartly visible in Figure 2l Considering the dimensions of the holes hosting the
sensors and the presence of the longitudinal groovéattieansversal sectiocentred on the holie about24% smaller

than thenominalsection. In order to avoid the insurgence of any plastic strain during theltests the effect of the
holes, the maximum applied load is limited to 40 ladsuming a stress intensity factor equal.to 3

The first test éxial load test #1)s used to establish the necessary mechanical calibration of the three measuring units.
To this purposea complete loading and unloading cycle is performed through 8 steps of 5 kN each, corresponding to
about 20 MPa of tensile stress on be net transversadection. The load variations are applied instantaneously and
maintained for aboufi20 s. According to Eq. (6)this test provides the mechanical calibration coeffisidat=

3.016A0°kN, ko= 2. 0%kN 6ndki® 2 . 4 “8kR,3eBpkdively for thehtee measuring unitén Figure 4 the



time histories are reported for, respectively, the applied fatag the measured pressudb) and temperatureic)

normalized variations, the corrected volume variatieid, (the volumeto-force calibration functins for respectively

S (4e), S (4f) and S (4g), and the comparison between the applied and the estimated axiakfgrce (
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Fig. 4. Axial load test #1: (a) applied force; (b) measured pressure; (c) measured temperature; (d)atecbfwstre
dependent volumeariatior (e) volumeto-force calibration for senson Sf) volumeto-force calibration for sensop;S
(g) volumeto-force calibration for sensorgh) applied vs estimated force.

Subsequentlysevenload tests are cond@tt by subjecting the same instrumenibedto a series of alternative force
time-histories,with the aimto verify the accuracy of the axial load estimation in different loading conditians.
particular, axial load test #2 (Figure p)esents three consgive onestep loading/unloading cycles ofcreasing
amplitude (espectively 10, 20 and 40 kNaxial load test #3 (Figure 6) presents the same +sielfi loading/unloading
cycle already applied in axial load test #1, although reduced by half in ampitddapplied both in tension and in
compressior{with a maximum load of +20 kN)xial load testfrom #4 to #7 (Figures 7 to 10) presentone or more

sinusoidal loading/unloading cycles of variable amplitude and period, according to Table 1

Table 1. Sinusoidakxial loadtests#4 to #7

Test number Number of cycles Amplitude Period
(kN) €]
4 1 20 1000
5 2 10 250
6 10 10 50
7 20 10 20
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Fig. 5. Axial load test #2: (a) measured pressure; (b) measured tempe@treepfstructed foredependent volume;
(d) applied vs estimated force. Note: volutoeforce calibration as from test #1.

In all tests, a satisfactomgstimation of the applied axial loaddbtainedwhether the latter is imparted in tensiamy

or both in tension and itompressionMinor deviations appeamly in the presence of rapid load variatiomsieeither

to sudden load stepe.g. in axial load test #2, see Figurebjo cyclic loads conducted at relatively high frequency
(e.g. in axial loadest #7, see Figure 10). In these circumstarthesdynamic character of th@adinput does not allow

for a sufficient stabilization of theavity temperature measurements, implying an imperfect tracking afriberted
load Even so, the estimated lo&iche-history provides an average value of the sinusoidal amplitude which is quite
similar to the actual on&eferringin particularto test #1a substantial proportionality and a negligible hysteresis can
be appreciated in the volurteforcerelatiors (Figures 4e 4f and 44,

To quantify the error between the applied and the estimated force time hisfalies2 summarizes the measuring
errors computed for each teslistinguished in zero errors and mean mrrBenoting bye(t) = qi-«(t) T q-4(t) the
instantaneous absoluggror at timet, i.e. the discrepancy at timebetween the estimated forgé-. and the applied

force gF,, the zero erroZE is defined as theneanvalueof the averag@bsoluteerrors compted respectively before



(€,) and after(€,,4) the loading/unloading cycle (i.e. at zero load conditions), normalized to the maximum applied

load gFamax In formulas:

7E = mearg,, &.q) (7

On the other handlenoting bye(t) = e(t)/qi-a(t) = qi-<(t)/qFa(t) T 1 the instantaneous relative error at tithe mean
error ME is defined as the average relative error computed waibsignificantapplied forcs, i.e. under forces larger
than a given threshold force reechosen agfan = 0.314 kN (n fact corresponding to 1 MPa akial stressn the

nominal bar section without the cavityn formulas:

ME=g& , "t |DF,(t) > DF,,, ®
In all tests, and particularly in tests #1 & a temperatre drift T}, is visible during testing, certainly attributable to

environment al ef f ect Bis alsd measmumapimsideatiecaviey durirsg thie gegt, iaanresuft of the
nearlyadiabatic thermodynamic process occurring inside the caditigsg highrate loading variations (prior to the
initiation of the heat conduction process). Presently, not enough experimental information is available to discriminate
between the effects of, respectivaiyl, a n dr orgthe thermal calibration (Eq. 4), the case whegl, a n dI damot
coincide. For simplicity, Eq. (5) has been here applied by assuiing Tgbut further indepth investigations are
necessary on this aspect, possibly requiring the installation of further temperature sensors vaiththg®urface of)

the bar. This is left for future work

It is important topoint outthat thewhole systemjncluding sensor and acquisition systésmot currently optimized to

handlehigh deformation rate atynamic loads.

Table 2. Zeroerror ZE andmean erroME for the seven tests
Test| Zero error(ZE) (%) Mean erro(ME) (%)
S1 S2 S3 S1 S2 S3
#1 |-0.09% |-1.03%|-0.37%| -2.99% | 1.65% | 0.41%
#2 | 0.13% | 0.75% | 1.49% | 2.65% 1.30% | 1.46%
#3 |-0.71% | -3.20%| -2.88% | -4.34% | -2.98% | -3.81%
#4 |-3.62% |-3.41%| 0.43% | 1.83% 5.63% | 3.75%
#5 | 3.21% | 1.42% | 0.91% | 7.49% | 2.62% | -0.03%
#6 | 3.61% |-2.20%|-2.57%| -6.51% | -5.67% | -10.08%
#7 | 0.71% | 261% |-0.74%| -8.45% | -5.73% | -9.44%
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Fig. 8. Axial load test #5: (a) measured pressure; (b) measured tempe@treepfstructed foredependent volume;
(d) applied vs estimated foe. Note: voluméo-force calibration as from test #1.
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Fig. 9. Axial load test 8: (a) measured pressure; (b) measured temperatyirecpnstructed foredependent volume;
(d) applied vs estimated force. Note: volutogforce calibration afrom test #1.
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Fig. 10. Axial load test #7: (a) measured pressure; (b) measured tempeueepiistructed foredependent
volume; @) applied vs estimated force. Note: volutogforce calibration as from test #1.

5.4 Axial tensile testuntil rupture

The sameénstrumentedaris finally subjected to a monotonic uniaxial tensile test until rugtugrder toanalyseits
responsafteryielding.

To predictits mechanicatesponseainder sucha test,and particularly thénfluenceof the cavity ontheyield strength,

the ultimate strengthand the ductility of the bay preliminary rupture tensile testwe first conducted on nen
instrumentedarshostinga single transversal through holéis preliminary test alsbelped in defininghe ampitude

of the loadstepsduring the axial tests of thastrumentedar. Figure1l refers to a 20mrbarin which a cylindrical
through holehas been drilled having a 4mm diameter. Figure 11a shows the deformed cavity just before rupture,
clearly highlightirg the concentration of plastic strains around the hole. Figure 11b shoeas/ityearea after rupture.
The yield strength anithe ultimate strengtlappear to beeducedoy around21% and19%, respectivelywith respect to

a sound basamplecoming from tle same lotConsidering the 24% reduction of the drilled section, this means that a
slight increase in the yield and ultimate stresses is obsefedductility appears, instead, to be more significantly

reduced



(@) (b)
Fig. 11. Preliminary ensle testuntil rupture of anonrinstrumentedarwith a single cylindrical through holéa)
before rupturg(b) after rupture

Theinstrumentedaristhen tested until rupture (Figure 12). For compariwidh the measurementgsrovided byunits
S, & andS;, three highaccuracystrain transducsrare also positioned across the cavities thebar, measuring the
axial elongatiorDL; (i = 1 to 3)of thebarover a length of 25 mm around each yFigure12g. Rupture occurs in

correspondence to the upper of the three cavitieim (Sgure 12b)
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Fig. 12. Monotonic tensile test until rupture of the instrumeihi@d



Results areeported in Figures 1f® 15. Figures 13a and 13b show the time histories of #ppliedaxial load andhe
outputof the threestrain transduceysespectivelyFigure 13cshowsthe correspondindorce-displacementelations for
the threestrain transdugrs Thetensile test is conducted kagsigning alisplacement control time histotg the bar
through the test machineith adisplacementate manually varied during the test dependinghencurrent response of
boththe barandthe sensing equipme(figure 13b) In particular the displacementate is kept lower at the beginning
of the test, when thbar structural behaviouis linear elastic and iteangentialstiffness is maximum, anihcreasd
later, whensignificant inelastic deformatior@ccur andhe tangential stiffness decreasgl®reover, he displacenant

is stoppedwice, respectivelyaround1000s and 2000 sn orderto verify the state of the sensors, amubther time
later, around 2800 dn orderto removethe strain transducerbefore tte bar rupturemight possibly damage therithe
resultingirregular elongationcontrol law (Figure 13b)explainssomeirregularities in the load time histarglearly
apparent irFigure 13a, andmaller onesn the loaddisplacementurves visible inFigure13c. The latterthreecurves
describe an almost identicabnlinear trendcatching he local inelastic response of thar acrosseach cavity This
response appears substantially lineaafgroximatelyDF < 50 kN, andbegins experiencing large plastic deformations
startingat aboutDF = 125 kN representing the local yielding of thararound thecavities At the instant ofemoving
thethreestrain transducershe applied load (155 kN) is only slightess than the ultimate loadached during the test
(159 kN)but the elongationgequal to about 4% over the 25mm base ofsti@in transduceysare stillmuchless than

their ultimate valuesbtained at rupture.



200 . . T 1.2
— Around S1
1F — Around S2
150 - | Around S3
038
Z =
f 100 | E s
4 3
0.4+
50 -
02+ /‘
(a) (b)
0 : : : 0 : : ‘
0 1000 2000 3000 4000 0 1000 2000 3000 4000
t(s) £(s)
200
150 - |
_ — Around S1
2 — Around S2
24 100 Around S3| |
ke
<
50 1
()
0 | | 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2
ALI_ (mm)

Fig. 13. Monotonic tensile teésintil rupture: (a) applied force; (b) elongations measured by thedtreée transducers
around each measuring unit; (c) fodisplacementelations for the threstraintransducers.

Figure ¥ showsthe results obtained from the threg S and S measuring unitsln complete analogy with Figures 5

to 10, Figure 14 reports the time histories of, respectively, the measured pressure and temperature variations (Figures
14a and 14b), the reconstructed fedependent volume variations (Figure 14c) ared applied ersis the estimated

force variationgFigure 14d). With respect to the results obtained from the previously described linear elastic tests,
however,two main differencesare observedThe first, most evident difference is the failure of the sepkystem
occurringfor S, S and S at approximately = 850 s, 1500 s and 1850 s, respectivBlaling &ilure corresponds to
reachingmuchhi gher pressure gext@r&aondsl 3 LR thosereg&ienced during
thelinearé ast i ¢ t e st.# theé inbawaaygtis testhorcd @ajiationdDF had never exceeded 40 kN, whilst
hereDF = 135 kN when the first cavity opens ab# = 152 kN when all the cavities are opdme reason for the

failure is probably the imperfect quality of the sealing betwbensteefeedthroughand the electripins, a topicstill

under developmentsing different sealing technologies and/or more compliant shapes of the steel tap ring are possible

countermeasures currently under considera#dter opening, the pressure measured by the sensors rapidly increases



and then eventually stabilizes at the value of the environmental pressure (in all three cases larger than the initial
reference pressumm corresponding to the sealing of the cayitfter opening, the calculation of volume variations

and the prediction ate force in thébarbecome obviously meaningless. In Figure &4d 14dhe volume variation
reconstruction and théorce predictionare therefore interrupted, for each measuring unit, at the instant of the
corresponding sealing failuréOn the other handtemperature variations after opening basically track ambient
excursions (Figure 14b), with the only exception of the immediate aftermaths ledrthgpture(occurring around =

3800 s) where a sudden temperature increase is observed, particuladygrolsablycaused by the thermal energy
released during rupture.

The second fundamental difference is the evidence of the inadequacy of the reconstructed volume variations (Figure
14c) to track the applied force variations beyond the linear elastic odirtge bar mechanical behaviouFigure 14d

clearly shows thaty using the linear correlation expressed by Eq. (6) with the proportionality coefficighatandks

obtained from test #1, the estimated force thisories increasingly diverge from taepliedforce time history as the

bar enters into the inelastic domain. At the instant of sealing failure, the estimated forces are in fact 10 to 20 times
larger than the actual one, and this ratio would have been even much greater if the cavitiesfrertedotocusing on

the initial stage of the test, the same Figure 14d shows thasthenedinear correlation provides a very good
matching until abous0 kN for the whole of the three measuring units, after that becoming progre$sssehccurate.

This proves, on the one hand, that all the tests reported in Séc8amrally correspond to thbar linear response
domain, and, more importantly, on the otlremd that the presence of the holes significamdgucesthis linear

domain with respect tdandard nordrilled bars, as a consequence of the stress concentration around thie is@éso
important tonotice that the present monotonic test does not allow to definitely conclude about the elastic or inelastic
nature of the observed nonlinearifhis is left for future investigations. In any case, tinadejuacy of thelinear
correlation between volume variation and applied fgnapposed measuring system to track inelastic forces is well
expected and obviously due to the cavity volume variatiinesting reflecting not thstaticbut thekinematic statef

the bar (like, in fact, ordinary strain gagedlith this premisejt still might be of interest to understand whetttes

cavity volume variatiorcanaccurately track thear displacemenbeyond the linear elastic rangEigure 15a reports

the experimentally obtained correlations between the reconstructed cavity volume variations and the applied force,
confirming that linearity is confined within theitial range ofDF = 50 kN (roughly correponding to(DV/Vg)e = 2 &).

Similarly, Figure 15b reports the experimentally obtained correlations between the reconstructed cavity volume
variations and thelisplacemerst acrossthe cavities measured by the thgeain transducerd.ike in Figure 15a,in

Figure 15bstill linearity appearsestricted to the sammitial range ofDLi = 0.025 mm andlV/Vo)rk= 2 a, but her e



sensitivity of the volume to thdisplacementaippears much more stable. Especially, the three curves in Figure 15b
clearly appear praptional to each other. This suggests that a nonlinear relation between volume variatibas and
elongation, similar to that expressed by the curves reported in Figure 15b, might be used to accurateliheraokaig

deformations of the instrumentedr, even in the fully nonlinear range of its mechanical response.
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Fig. 14. Monotonic tensile test until ruptur@) measured pressure; (b) measured temperature; (c) reconstructed force
dependent volume; (d) applied vs estimated forcee Natlumeto-force calibration as from test #1.



