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Abstract: In many civil and geotechnical applications ibfanterest to monitor the strain deep inside tinecsure,
consequently it is necessary to embed the senstwsthie structure’s material. Construction and gelmtical
materials, such as concrete and soil, can be affday local defects, e.g. cracks, air pockets, inoisions. To
monitor these materials at a structural level inecessary to use long-gauge sensors. As the skasoo be
embedded in the host material, its presence cqesasbation of the strain field and influence #eeuracy of the
strain measurement. The aim of this research wadetdtify the critical parameters that influence thiccuracy of
the strain measurement, to study how these parasredfect the accuracy, and to give the recommémuafor the
sensor users. The study was based on finite elearalysis and all involved materials were assuroeldat/e the
Mohr-Coulomb elastic-perfectly plastic behaviorsgitability of the numerical model for the analysias verified
using the experimental results of two cases regartehe literature and one on-site applicatione Etudy revealed
that the most important parameters that influere accuracy of the strain measurement are the gssdof
interaction (strain transfer) between the host netend the anchor pieces of the sensor, the iagioveen
equivalent Young modulus of the sensor and the Yaundulus of the host material, the radius of thehar piece,
and the gauge length. The numerical model and petramstudy are presented in details along withctical
recommendations.

Keywords: long-gauge sensors, accuracy of strain measuresrabgdded fiber optic sensors,

geotechnical applications, concrete structures
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1 Introduction
With reference to their spatial disposition, sessare classified as discrete or point sensors,sor a
continuous or distributed sensors. Discrete senswmasure relative displacement or average strain
between two predefined points. The distance betvleese two points is called the gauge length of the
sensor. With respect to the gauge length, the semse conventionally classified in two groups:rgho
gauge and long-gauge sensors. Traditional sersaris,as strain gauges [1], belong to the grouphatts
gauge sensors. Depending on their type, packagingd,construction material of monitored structure,
strain sensors based on vibrating wires or opfib&rs can function as short-gauge or as long-gauge
sensors [1,2]. The availability of long-gauge sesd@,3,4] has brought new possibilities for stunat
health monitoring and they were proven to be applie for monitoring at a global structural level [5
In many civil and geotechnical applications it fsiterest to monitor strains deep inside the $tneg
consequently it is necessary to embed the senstwsthie structure’s material. In these cases the
packaging of the sensor must provide protectiontfersensing element. This condition implies the afs
mechanically robust materials for the sensor paokagsuch as stainless steel, reinforced or non-
reinforced polymers, etc. On the other hand, ireotd provide with an accurate measurement, (Doal g
interaction between the sensor and the structurst beiguaranteed, i.e., the strain must be tramsfer
from the structure to the sensor within acceptabter limits (ideally, strain should be fully trdased
from the host structure to the sensor) and (2)stresor presence must not perturb the strain fietdeo
monitored structure, i.e. the packaging of the @enwust be non-intrusive. Hence, the packaging lshou
be robust enough to provide for a safe embeddinpefsensor, but in the same time it should be soft
enough in order not to perturb strain field in Hust structure and to guarantee good strain trafrei@
the structure to the sensor. As mechanically rolmaterials are usually stiff, the packaging can
significantly contribute to overall stiffness ofetlsensor. Consequently, the applicability of theseefor
embedding in construction materials depends on aréchl and geometrical properties that have to be
compatible with the material of the monitored stue.
The accuracy of measurement depends also on thia stansfer from the packaging to the sensing
element. However, the imperfection of the straansfer from the packaging to the sensing element is
well understood and presented in literature (e6g[7], etc.), and the resulting errors are, ingtice,
usually minimized by adjusting the gauge factothaf sensor during the manufacturing (i.e., calibrat
of the sensor). That is the reason why this tygeetiior is not studied in this research, and tloesds
made to strain transfer from the host materiahtopackaging.
In spite of its importance, not many published ®sichave been carried out to examine in details the
influence of mechanical and geometrical propertidsthe sensor to the accuracy of the strain
measurement. Torres et al. [8] have studied itstaface short gauge sensors, determining how even
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small differences in mechanical or geometrical praps of its components may induce important srror
in the readings of a fiber optic sensor. Kesavaal.ef9] studied behaviors of two different fibeptiz
sensors embedded in hardened concrete. The firsbisbad stainless steel (stiffer) packaging, wihiée
second had composite (softer) packaging. Both wenepared with surface mounted strain gauges, and
in the case of stainless steel packaged sensggarhiiscrepancy was measured. Glisic [10] compared
“stiff” and a “soft” long-gauge fiber optic sensoembedded in fresh concrete, and noticed important
differences before the hardening of the concrateafier the hardening both sensors measured the sa
deformation. Azenha et al. [11] obtained similaulés with embedded vibrating wire sensors as well.

All the above presented researches provide witlortapt contribution in the area. However, they rid
study the influence of the mechanical and geon@tgmperties to the accuracy of long-gauge serisors

a systematic manner, but rather on a case-by-aase. bn this paper the influence of mechanical and
geometrical properties to the accuracy of long-gasgnsors is examined systematically taking into
account mechanical properties of the host matem@chanical properties of the sensor, geometrical
properties of the sensors namely the gauge lemgthhee size of anchor piece, and mechanical priegert
of the interface between the anchor piece and tisé rhaterial. First the finite element (FE) modeisw
built, then the model was validated using expertaendata, and finally, a parametric study was
performed, influence of mechanical and geometgicaperties to the accuracy of long-gauge sensors is

assessed and practical guidelines for real apitatre derived.

2 Embedded Long-gauge Sensors

Measurements obtained with short-gauge sensorghageneral different from measurements obtained
with long-gauge sensors, and the main differende the information contained in the measurement. A
short-gauge sensor provides with information oaistat a point and allows understanding of strsur
behavior at local material level. A long-gauge senmovides with an average strain value over gean
of points, which is information useful to understagiobal, structural behavior [5].

Construction and geotechnical materials, such asrete and soil, can be affected by local defexttsh

as cracks, air pockets, and inclusions. All thesteals introduce discontinuities in the mechanical
material properties at a micro and meso-level. Miogicative for structural behavior, however, are
material properties at the macro-level. For examalthough reinforced concrete consists of hardened
cement paste, matrix filled with aggregates ofetdéht sizes, and steel reinforcing bars, reinforced
concrete structures are mainly analyzed at the arlagel as built of a virtually homogenous matesial
cracked reinforced concrete [12]. Therefore, foudtiral monitoring purposes it is hecessary to use
sensors that are insensitive to material discoititgsuobserved at the micro- and meso-levels wstile

providing reliable measurements at the macro-ldwebther words, it is not of interest to know #eact
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strain in each component of the material — hardeeadent paste, aggregate, and steel — but to égalua
the behavior of the resulting material as a whdlee value of a measurement performed using long-
gauge sensor represents an average strain valng #le sensor's gauge length which is commonly
attributed to the midpoint of the sensor. In aromlbgeneous material, the gauge length of a defmat
sensor can cross several discontinuities thateénfla the measurement and its interpretation. Ehis i
illustrated in Figure 1 and described in Equatibn[b], which shows that for sensor whose gauggtlen

is delimited by anchor pieces andB, the measured straifz s depends on the strain distributign(x)
between anchor piecésandB, the number and the magnitude of dimensional absuod discontinuities

Awg; (e.g. crack openings, inclusions, etc.) betw&amdB, and the gauge length

Long—gauge sensor Cracks IncI usions
7.% // O\(M

Ly Gauge length Is

Figure 1. Long-gauge sensor in an inhomogeneousrialfcourtesy of SMARTEC SA).

fc,s=A|| 1J'gxs(x)dx+—ZAWdl 1)

S S)(A

A short-gauge deformation sensor has a gauge lesptirter than the distance between two
discontinuities or comparable to the dimensionthefinclusions in the material monitored. Thereftine
measurement performed with short-gauge sensorgdagdy influenced by local defects; it provides
information related to local material propertiesl @ not suitable for global structural monitoring.

A long-gauge deformation sensor is by definitioseasor with a gauge-length several times longer tha
the maximal distance between discontinuities or tteximal diameter of inclusions in a monitored
material. For example, in the case of cracked oetefd concrete, the gauge length of a long-gaugsose

is to be several times longer than both the maxintdistance between cracks and the diameter of
inclusions. The main advantage of this measureigdntits nature: since it is obtained by averadimng
strain over long measurement basis, it is not @rfted by local material discontinuities and induasi
and the measurement contains information relatgtbtzal structural behavior.

Based on the discussion presented in this sedtivision between short and long-gauge sensor depend
on the properties of the material of the monits&dcture. Measures [2] proposes the length of B0as

the limit between short and long gauge lengths.sTdivision can be acceptable for homogeneous
materials, such as steel, or for some inhomogeneoaterial with very small distances between
discontinuities and very small inclusions, suchnamtar. However, the proposed division cannot be

4



O 00 N o u b~ W N R

W W W W N N NN NNKNNNNNRPR RPB P B B B B p p B
W N P O W 0 N O U1 B W N P O O KO N O UL M W N P O

Influence of mechanical and geometrical propexifesmbedded long-gauge strain sensors to the
accuracy of the strain measurement

applicable for other inhomogeneous materials, sigcboncrete, where the aggregate size can be as big
32 mm, and the distance between the structurakerd@0 to 200 mm. Thus a simple division between
short- and long-gauge sensors cannot be estahbliahddt depends on the host material propertigs (e
50 mm-long sensor is “long-gauge” if applied taestbut it is “short-gauge” if applied to concrete)
Several types of long-gauge sensors developedgitivenlast decade and a half [2,3,4] were desifpred
embedding in concrete and soils. Thus, they camigeowith direct measurements of the strain in the
interior of structure or soil. For structures, theasurements performed with embedded sensorsegre fr
of errors that may be induced in the case the sgmse installed on the surface of the structurg @ue

to thermal influence to sensor anchoring pointffedinces in strain at surface and in interior fué t
structure, non-linear distribution of strain inustiure’s interior, etc.). For soils, the surfacstatied
sensors cannot provide with detailed informatiogareing interior, and the embedded sensors provide
with unique solutions to assess the internal strasoils. An example of long-gauge sensors dutirey
embedding in the concrete is shown in Figure 2.

% ;,4, b3

i#

4
A .“
-

Figure 2. Embedding in concrete of long-gauge ssnsensor indicated with arrow).

The long-gauge sensors have, in general, two tgpesrors that are inherent to their geometrical an
mechanical properties. The first is inherent tossen gauge length and variability of the strairdfie
between the sensors anchoring points. The analf/ffiss error exceeds the contents of this papdrcam
be found in literature [5,13]. The second type mbeis related to the level of the strain trangfem the
host material to the sensor, which mainly depemdthe size of anchoring pieces of the sensor, dlugg
length, and the mechanical properties of both émsar and the host material. This second typerof &

the topic of this paper and is in detail analyzed presented in the next sections.

3 Numerical Model
In order to analyze how the geometrical and medaamiroperties of both the packaging and the host

material affect the strain measurements, a studgdan validated FE modeling was performed. The
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software used for this study was PLAXIS 2D-Ver. §12]. In order to simulate various possible
scenarios of the behavior of the sensors embeddeaist material, the following assumptions were enad
a) Most of long-gauge sensors available on the mgekgt see Figure 3):
- are composed of cylindrical bodies and they arallspsymmetric with respect to their center-line;
- are additionally symmetric with respect to thenglanormal to center-line at the middle of the
sensor;
- have gauge length several times larger than t&sesectional dimensions;
The above three features of the long-gauge sea#iovs to reduce the analysis from complex three-
dimensional space, to simpler, two-dimensional-BpHce as shown in Figure 3 and Section 3.1.
b) The host material can be modeled using Méhr-Coulootistitutive equations for elastic, perfectly
plastic material [15].
¢) Mechanical interaction at the interface betweendtesor and the host material can be modeled

using so-called “interface” elements and Méhr-Caulbaconstitutive equations.

3.1 Description of the Finite Elements, Boundaryditions, and Loads

To analyze the behavior of embedded sensor, #daraed that the host material is subjected to imifo
uni-directional load. In the general case, thegmes of the sensor perturbs the strain field, tupbints

“far enough” from the sensor, in both vertical dratizontal directions, the perturbation can be eetgld
[16]. Thus, the volume of the host material undealgsis can be reduced to include the part which is
perturbed and a small neighboring zone of non-peetlimaterial in all directions. The dimensionshaf
specimen were determined based on a sensitivithy stnd a radius of 1m and height of 4 m (half-heigh
of 2 m) were chosen. As the sensor is axially sytrimeahe analyzed volume is also axially symmetric
and has a shape of cylinder. The external bounafaifye cylinder is in non-perturbed zone which ridyo
subjected to vertical unidirectional strain (nopteements in horizontal plane) and, thereforeait be
considered as laterally confined. Due to symmefrthe applied load and the symmetry of the sensor
with respect to plane normal to the axis of thesseronly one half of the cylinder was analyzedn&al
geometrical properties of the sensor and host mahtesed in this study are shown in Figure 3.

Due to axial symmetries, the host material and dtesor are analyzed in two-dimensional confined
space, as shown in Figure 3. They are modeled d&inwde triangular elements. The element provades
fourth order interpolation for displacements ane tlumerical integration involves twelve Gauss int
(stress points). Each node has two translatiorgreds of freedom per nodegndy direction). The finite
element mesh used in the parametric study has d@hdents, 8327 nodes and 12120 stress points. The

mesh has been thoroughly refined at the sensoit@witinity. The mesh is shown in Figure 3.



O 00 N o u B W N B

W W W W NN NN NNKNNNNNRPR P P B P B B B p p
W N P O O 0 N O U1 B W N P O O KO N O UL M W N P O

Influence of mechanical and geometrical propexifesmbedded long-gauge strain sensors to the
accuracy of the strain measurement

Uniform vertical loads are applied at the top bamd In the parametric study presented later in the
paper, the applied loads range from zero to thenfired compressive strength of the material. Sthee
points on the vertical boundary are in non-pertdrbone, they can experience only vertical
displacements and thus have horizontal constraimtz Bottom boundary is the plane of symmetry of
the sensor and consequently, it has vertical caingsronly.

The interaction between the sensor and the hosdrialts modeled by “interface” elements. For a 15-
node triangular element the corresponding “interfalements is defined by five pairs of nodes.Ha t
FE formulation the coordinates of each node padridentical, although the interface has an assigned

“virtual thickness”, which is necessary to defihe tmaterial properties of the interface.

FEM mesh
Host material

=

1/2=1,0m
|

4 Planc of symmetry

Sensor 1 "‘
1/2=0,2m v FUik

Figure 3. Geometrical properties and mesh of géRé&anodel used in the parametric study.

The geometrical properties presented in the nextsegtions are used in the parametric study predent
in Section 4. For validation of the general FE mgmtesented in Appendix A, the dimensions, boundary
conditions, and loads were adjusted to real vadmelsconditions, as found in the tests.

3.2 Modeling the Host Material and the Sensors

The model of each material was created dependinghenreal material that the model intends to
represent. Five different materials were considévetiost material in the parametric study, randnogn

a stiff soil to a hardened concrete. The plastitab®r of the materials was characterized using M6h
Coulomb constitutive equations for elastic, petfeptastic material. The model involves fiparameters,
namely Young modulug, Poisson’s ratia, the cohesiom, the friction angley, and the dilatancy angle

w. Dilatancy angle was considered equal to zero,chvhig typical value for the materials under
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consideration. According to the Mohr-Coulomb’s eribn, the unconfined compressive strength of the
material,f' .o, can be derived from the values of the cohesiahtlaa friction angle, see Equation (2):
o= 2[clcosp
© 1-sing

The Young modulus was related to the unconfinedpressive strength of the material. Equation (3] [17

(2)

was used in those instances where the materiahsidered to represent a “concrete”:

Eq = Eq |:qfc/ femo )% )
whereE,; is the elastic modulug, is the compressive strength, afggh, E.o have values as defined in
CEB-FIB Model Code 90 [17Fcmo= 10 MPaEy, = 21.5 GPa.

Equation (4) was used for materials consideredais”:

E, =kOf'y, 4
wherek = 250 is typical value for low to medium plastjcitohesive soils with medium overconsolidation
ratio, and the relationship betweggn andE.; can be found e.g. in [18].

The mechanical parameters used to model the hotgriala are shown in Table 1 for both the
verification of the general FE model given in ApgenA, and the parametric study presented in Sectio
4.

Table 1. Mechanical parameters of the host maseuisgd in the FE models.

| Id. | Host material [cMPa] | o[ | f[MPa] [E4[GPal] v |
Used to verify the FE model (Appendix A)
1 |Kesavan et al. [9] 24.90 30 86.26 441 0,20
2 |Lengetal.[19] 9.30 30 32.22 31.8 1.20
3-a | Streicker bridge fresh concrete, lower limit 0.0% 52 0.14 0.025 0.3(Q
3-b | Streicker bridge fresh concrete, upper limit 0.0B 5 2 0.10 0.036 0.30
Used in the parametric study (Section 4)
a | Stiff soil (e.g. well compacted low plasticity clay 0.20 30 0.69 0.2 0.2%
b | Hard soil / Soft rock (e.g. weak mudstone) 1.50 30 5.20 1.3 0.22
¢ | Concrete in initial phase of hardening 0.20 3( 0.572 8.0 0.20
d Low strength concrete 3.20 30 11.02 22.2 0|20
e |Concrete 5.90 30 20.44 27.3 0.20

The sensors are assumed to have two qualitativigreht components: anchor pieces at its endsaand
straight bar, which packages the sensor. It isnaséid that the sensor measures the average strain
between the two opposite edges of the bar. Thecarmuieces are assumed to be made of steel, while
different materials were chosen for the bar. Allssg components were assumed to have a lineaicelast
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behavior. The geometrical and the mechanical ptigseof sensors used for the verification of the FE
model in Appendix A were those of the real sensmad in the tests. However, for parametric study
presented in the next section, an equivalent sessosed with the assumed geometrical properties as
follows:
- Anchor piece has a shape of disc with thicknes8.@f m, which ensured that the anchor piece is
rigid relative to the host material; radii of 0.82d 0.05 m were studied.
- Bar has a shape of cylinder with diameter of 8 nomsimplify the modeling and the analysis, the
diameter of the bar was constant in the study;different gauge lengths were studied, 0.4 m and 2.0
m (in the FE model half-lengths of 0.2 m and 1.€espectively were represented due to symmetry).
In reality there may be a large variety of possig@metrical properties of the sensor, and analyalh
of them would be time consuming and inefficient.aadition it would be difficult and impractical to
propose general guidelines applicable to a spewfit sensor. That is why the equivalent sensor was
introduced and analyzed in parametric study. Atbarmiis developed on how to convert any real sensor
into equivalent sensor (see further text and Exginess). Hence, the analysis of equivalent sensikems
the research results universally applicable tospggific real sensor.
Four different types of sensor were consideretiéngarametric study. For all types of sensors tiovhar
pieces were assumed to be made of steel with Ymeuplus of 200 GPayhile the Young modulus of
the bar was varied. Three FE models representetiiesensors as used in validation tests. Thesersens
feature a wide range of mechanical properties asemted in Table 2. An imaginary sensor with

intermediate bar stiffness was added in ordeflitthg gap in the stiffness range, see Table 2.

Table 2. Description of the real sensors considerd¢ide models.

Es oD ID As Ao EdAs

Id. Description Materials | [GPa] | [mm] | [mm] | [mm?] | [mm?] | [kN]

1 E%;) SMARTEC sensor (Glisic Polyethylene 1 8 6 22.0 50.3 22.0
(In) - Intermediate sensor* Brass 108 8 716 419 50.504.8
3 |(Le) - Sensor by Leng et al. [19] Steel tube 200 3 *.6* 5.3 7.1 |1060.3
(Ke) - Sensor by Kesavan et al. [9] Steel rod 200 5 0 19.6 3927.0

4 | (steel rod with a silicone rubber Silicone rubber 1 11 5 75.4 75.4
coating) Overall 42.1 11 95.0 |4002.4

*not real sensor, included for study purposes; *pvided by authors, assumed based on markettsear

Figure 4 shows the geometrical properties of thgiral sensors and those of the equivalent sersed u

in the FE analysis.
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Ranchor =0.02 or 0.05m

Cross-section of the bar of a

\ anchor 2 =0.05m real sensor (variable)

5.7 6 ob
‘R

>
anchor 1 =0.02 m

Sensing element, Lbar=0.4
attached to the ends, or2.0m
free within the bar

iR bar=4mm
Lbar/2=0.2 '
orlOm

§® Cross-section of the bar
of the equivalent sensor

LN\

(a) (b)

Figure 4. Geometry of the sensors considered ipanemetric study. (a) Geometrical properties ef th

equivalent sensor used in 2D FE analysis. (b) Bgsicnetry of the original sensors.

Since the dimension of the cross-section of theob#ne equivalent sensor was kept constant tolgynp
analysis, the mechanical properties of the bar fioale to be modified, in order to for model to dbta
similar mechanical properties as the real sen3tis study demonstrated that two embedded senstirs wi
different diameters cannot be assumed equivaletitely have the same axial stiffness only (i.e., the
product of Young modulus and the area of the csestion ‘EA"), but the mechanical properties of the
host material and the geometrical properties of rfmleled and real sensors have to be taken into
account. If the diameter of the bar of the realsseris different than the diameter of the bar & th
modeled sensor, then the contribution of the haderial that fills the space difference betweenrted
and modeled equivalent sensor has to be accountaekrall stiffness of modeled sensor.

Let E;, As, andAo be the Young modulus, the area of the cross-sediud the outer area of the bar of the
real sensor respectivelpg 7(OD*ID?)/4, Ac=7OD%4, whereOD andID are outer and inner diameters
of the bar); leE, be the Young Modulus of the host material andHetbar of the modeled sensor, which
is to be considered as equivalent to a real séreodiameter of 8 mm and the area of the crosseect
A’ = 7844 =50.3 mn3; then the equivalent Young modulbs is expressed by Equation (5):

10
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E; - EsAs+Em,(Aé_Ao) (5)
A

Equation (5) demonstrates that the propertiesehtist material need also to be taken into acoshanh

converting real sensor into equivalent sensor.dahows the Young modulus of the equivalent genso
with bar diameter of 8 mmA(s = 50.3 mm). Properties of host materiadse quoted in Table 3 are

presented in Table 1.

Table 3. Equivalent Young moduli for 8 mm diametensor bars in different host materials.

SENSOR E: [KN/mm?, HOST MATERIAL
Id. Description a | b | ¢ | d ] e
1 |(Gl) - SMARTEC sensor (Glisic [10]) 0.44
2 | (In) - Intermediate sensor* 10.04
3 |(Le) - Sensor by Leng et al. [19] 2124 | 2221| 2797 40.17 44.58
4 | (Ke) - Sensor by Kesavan et al. [9] 79.47 78.47 72/509.85 55.28

3.3 Modeling of the Interface between Different diatls

The interaction between the host material and #res@s was modeled by using special “interface”
elements with Mohr-Coulomb’s constitutive modelffBient properties of the interface elements were
set for different sensor components. The studyshasvn that the deformation is practically completel
transmitted from the host material to sensors dlreranchor pieces, i.e. only a negligible parthaf t
deformation is transmitted through the interfaceveen the sensor bar and the host material. Thus, a
“non-frictional” interface elements were used todmbinteraction between the bar and the host nadteri
i.e., the interaction between the bar and the hwterial was neglected. The interaction between the
anchor piece and the host material is strongertandsets of properties of the interface elementsewe
studied:

- Rough interface: the interaction between the anpihere and the host material was assumed to be
very good; a strength reduction factor of 0.5 wetst@ represent this “rough” interface (the redurtti
factor relates the interface strength, which inekuttiction and adhesion, to the host materiahgtie
that includes friction angle and cohesion; propsribf the host material are given in Table 1). A
reduction factor of 0.5, typical in the analysiswvadll-soil interfaces (see [14] and [18]), has been
chosen. Nevertheless, previous sensibility analyaie shown that increasing the interface strength
reduction factor over 0.5, and up to 1.0, has digibtg influence on the results.

- Smooth interface: the interaction between the anpleze and the host material is significant, kit n

as good as in the case of a rough interface; ascwhef 0 MPa and a friction angle of 11\were
used; these values describe, for example, a snsvegh— concrete interface, as per Calderén et al.
[20], Adam et al., [21,22,23] or Johansson and tGffl[24,25].

11
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The general FE model was first validated (see agipek) and then used in the parametric study (®ecti

4). The validation of the model is crucial, butdbes not represent the main topic of the paper.
Consequently, in order to simplify organizationtioé paper and emphasize the main results, it issthov
in Appendix A, while the parametric study (whichcempasses the main topic of the paper) is presented
in the next section.

4 Parametric Study

It was demonstrated in Appendix A that the mechariehavior of embedded long-gauge sensors and
surrounding host material can be accurately reprediby the developed FE models. A parametric study
presented in this section uses developed FE modgrerate results for a wide range of possiblemen
and host material properties, with aim to undestaow variations in these properties would influenc
the accuracy of the measurement performed by thdelnd sensors if embedded in modeled host
material. In order to evaluate the accuracy of wemilong-gauge sensor, the relative difference (or

relative error) was defined as follows:

ES _gv

Ge[%)] = [100 @)

whereg, is modeled non-perturbed strain in host mateirial, the one that would take place if the sensor
did not exist, and; is the modeled strain measured by the sensotheeone that would take place if the
sensor is embedded in the host material.

Both types of strain were calculated for differdodd levels, ranging from zero to the unconfined
compression strength of the host materfal)( In order to highlight comparison between diffdre

materials a “characteristic error” was definedhasdne that takes place at a load equ@l76f’ .

4.1 Studied Parameters and Cases
The following variables were considered in the patic study:

- Host materials: five different host materials warelyzed with Young moduli ranged between 0.2
and 27.3 GPa; the materials’ properties are predeit Table 1; to simplify presentation, the
materials are briefly namea] b, ¢, dande, with “a” being the softest an™ being the stiffest;

- Sensors: four types of sensor materials were stedildheir properties are given in Tables 2 and 3
and Figure 4; equivalent Young moduli for the sessanges from 0.44 to 79.47 GPa; for simpler
presentation the sensors are nar@din, Le, andKe, as shown in Table 2, withGil” being the
softest andKe" being the stiffest; the following geometrical perties of the sensor were used:

= Gauge length: two lengths were analyzed: 0.4 m2abn (half-lengths of 0.2 m and 1.0 m);
= Radius of the anchor piece: two radii were analy®e@R m and 0.05 m (see Figure 4);
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- Interface between the anchor and the host matdwial: types of interface were analyzed! “

corresponds to the “rough” interface, whilg ‘torresponds to the “smooth” interface (see Secsp

the interface between the sensor bar and the hatsrial was considered as “non-frictional”.
The above cases include a wide range of paramtbi@rsimulate the most common materials found in
civil and geotechnical engineering, and the mostroon sensor types applied in practice and allovafor

comprehensive parametric study. A total of 136 F&iMulations were carried out.

4.2 The Results of FE Analysis

Figures 5 and 6 show typical outcomes of the FHyaisa Figure 5a compares the displacement field in
the vicinity of two sensors with identical interéati”, host material b’, sensor type Ke”, and gauge
half-length ‘0.2’ (full length of 0.4 m), but different radii of ahor piece (0.02 m and 0.05 m). The
image on the left is mirrored to highlight the diftnce from the image on the right: the displacémen
field in host material is more perturbed by thesserwith a smaller radius of the anchor piece.

Figure 5b shows the relative shear field (rationeein deviatoric stress and shear strength) for the
presented sensors. Again, image on the left isomgid: The shear stress field in host material isemo

perturbed by the sensor with a smaller radius efthchor piece.

Anchor radius Anchor radius Anchorradius Anchor radius
0.05m 0.02m 0.05 m ‘ 002m .o
; J\\ ~ 1,08mm 1 : —1 0.95
I 1 I 1]t —1 0.90
[ I | om
. 11 0,90 mm 1| 1 | 0.80
11 1! If 11 — 075
|11 il |l —— 070
_____ S I —— 065
1 %: 0,72 mm L
< y E —— 0.60
—— 0.5
L — T 0.50
0,54 mm 0.45
0.40
0.35
0 © 036mm 030
0.25
0.20
0.15
0.10
0.05
= = = = = = B R e e R e e R e e e o 0.00
a) Displacement field b) Relative shear field

Figure 5. a) Displacement fields and b) relativeashfields (ratio between deviatoric stress andshe
strength) for cases/b/0.2/Ke/0.05 (left image) and ifb/0.2/Ke/0.02 (right image).
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Figure 6 exemplifies the stress-strain curves abthiby FEM simulation for host materiad”; sensor
half-lengths of 0.2 m (full length of 0.4 m), armligh anchor-host material interfade Subjected to the
full range of loads. The curves show the differangenerated by varying the stiffness of the seasdr
the size of the anchor pieces. The results in Eigushow that the relative error is by absolutaieval
larger for stiffer sensors, and in the case ofdbesors with the same stiffness the relative asrduy
absolute value larger for sensor with smaller raditianchor piece. For very stiff sensors with $mal
anchor pieces a non-linear stress-strain relat®nnaticed (e.g. see case#a/0.2/Ke/0.02 or
“i/a/0.2/Le/0.02), thus the relative error increase by absolutee/for higher load levels.

To simplify evaluation, a “characteristic error” svdefined as the relative error at the loa@.@6f" .

Figures 7-9 show the characteristic error as atifioimof Young modulus of the host material.

-4000
Non-perturbed
-3500 | — A= i/a/0.2/G1/0.02
et /3/0.2/G1/0.05
8000 7| _ o i/a/0.2/Ke/0.02
e i/3/0.2/Ke/0.05
-2500 -
= i/a/0.2/Le/0.02
2 2000 i/3/0.2/Le/0.05
E ~ i/a/0.2/1n/0.02
w
-1500 e =i/a/0.2/In/0.05
-1000 ke
-500 ///// .”’,,‘
=
0 -100 -200 -300 -400 -500 -600 -700 -800
Stress [kPa]

Figure 6. Stress-strain curves of the sensorsrfdiadhost material, 0.4 m long sensors (0.2x2 m) and
rough anchor-host material interface (

(50 ) 80 -
. 3 Rough interface (“i”) 2o 2 —— i/0.2/G1/0.02
- Half of gauge-length 0.2 m = == i/0.2/1n/0.02
= & 60 —+— i/0.2/Le/0.02
5 2 —e— i/0.2/Ke/0.02
o o 50
.é é 40 - % - i/0.2/Gl/0.05
z >>5 R - ® - i/0.2/In/0.05
8 k= - %~ i/0.2/1e/0.05
® m© - - 2
5 5 2 Y - i/0.2/Ke/0.05
0leg =
30 0 1 2 3 4 5 6 7 8
Young modulus of host material [GPa] Young modulus of host material [GPa]
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Figure 7. Characteristic error for 0.4 m-long sensgith rough anchor-host material interface; I

range of host material Young moduli; right: zoomawer range of Young’s moduli.

Figures 7 and 8 show that for the rough interfatgeneral, the characteristic error rapidly desesaas
the Young modulus of host material increases. kample, in materialg, d, ande, the characteristic
error is small, and the sensor properties do rfaieénce significantly the characteristic error. Housr,

the characteristic error in soft materials (e.gtemialsa andb) strongly depends on the sensor properties,

and softer sensors with larger anchor pieces amgklogauge lengths generate smaller errors.
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Figure 8. Characteristic error for 2.0 m-long sensgith rough anchor-host material interface; Idft

range of host material Young moduli; right: zoomawer range of Young’s moduli.

Figure 9 shows that for the smooth interface, inegal, the characteristic error strongly dependshen
sensor properties. Stiffer sensors (elkg™and “Le”, but also 1n”, depending on geometrical properties)
with smaller anchor pieces and shorter gauge Isngéimerate large characteristic errors regardhess t
stiffness of the host material. Nevertheless, ssi@sors (e.g.Gl” and to certain extenti”) with larger

anchor pieces and longer gauge lengths can prewttienore accurate measurements. Detailed analysis

of all results is presented in the next section.
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Figure 9. Characteristic error for a smooth andimst material interface; left: sensor gauge-lergthal
to 0.4 m; right: sensor gauge-length equal to 2.0 m

4.3 Analysis of Results and Recommendations

The results presented in previous sub-section Iglshpw the importance of the long-gauge sensor and
host material properties, and their influence te #tcuracy of the strain measurement. To achieve an
accurate strain measurement in a given host mhteiieg embedded long-gauge sensor, the geometrical
and mechanical properties of the sensor have tatefully chosen. The most important findings a$ th
study and the consequent recommendations for #rs o§long-gauge sensors are given as follows:

- Host material: in general for all the sensors medeh this study, the higher stiffness of the host

material had as a consequence lower error in thalated strain measurement. This trend is shown in
Figures 7 and 8; the only exception is sendé@’ When a smooth anchor-host material interface is
considered; the main reason for this behaviorasfélat that at the equivalent elastic modulus ef th
sensor Le’ depends on the host material properties (see tiegud), and the stiffness of the
equivalent sensor increases with increase of tfinests of the host material (see Table 3); thessen
“Ke” has a “changing” equivalent modulus of elasti¢itp, but its value decreases with increase of
the stiffness of the host material; in addition theange is not as accentuated as in the case of the
sensor Le".

Sensor _equivalent stiffness: the sensors with g sy equivalent stiffnessgA’<22 kN), such as

the sensor Gl”, has an excellent accuracy, and relative errdryisbsolute value smaller than 4%
regardless the other geometrical and mechanicgbepties; other geometrical and mechanical
properties, if appropriately chosen, can signiftgaimprove the accuracy of the strain measurement;
in fact the sensors that feature higher stiffnemsdnto have the other geometrical and mechanical
properties suitably selected in order to achiewepi@ble accuracy of the measurement.

Interaction between the anchor piece and the hattnal: quality of interaction between the anchor

piece and the host material has the largest infleiea the accuracy of the measurement as it centrol
the goodness of the strain transfer from the h@gerial to the sensor; a weak interaction, i.e.aino
interface {ii” ), has as a consequence very large errors in thi@ sheasurements for sensors which

stiffness is medium to high, such d<" or “Ke"; these two sensors practically should not be ued
their anchor pieces have low interaction with tbethmaterial, unless their length is longer than,2

and anchor pieces have radius of 0.05 m; even thenglative error is by absolute value not smalle
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than 2 to 5%; the increase of interaction betwéenanchor piece and the host material can improve
the accuracy of the strain measurements severastiimnis therefore recommended to use exclusively
sensors with anchor pieces that strongly interattt the host material; interaction can be improved
by indenting the lateral areas of the anchor piecesby increasing their overall roughness; if acjo
interaction is achieved, then practically all tlensors except the sensdfe’ can be used in host
material with Young modulus higher than 3 GPa, tred“Ke” sensor can be used for host material
with Young modulus higher than 8 GPa for gaugetlengot shorter than 0.4 m.

Radius of the anchor piece: has also importanténite, especially for stiffer sensors suchkae 6r

“Le"; for these sensors the increase of radius ofti@hor piece from 0.02 m to 0.05 m improves the
accuracy more than two times; while this statenserélid for “smooth” anchor pieces regardless the
stiffness of the host material, for “rough” anclpdeces this statement is valid only for host materi
with Young modulus smaller than 3 GPa approximat&igugh” anchor pieces with large radius
perturb too much the strain field in their surroimgdwhich causes increase in the error of the
measurement; thus if the interaction between tleh@npiece and the host material is good, then
larger anchor pieces are recommended only if tiffmests of the host material is less than 3 GPa
approximately; however, if the interaction is wetden the increase of the radius of anchor piexes i
in general recommended.

Gauge length: as the strain and displacement fasldthe most perturbed in the areas surrounding
the anchor pieces, the error of the strain measemedecreases with the increase of the gauge length
because the error due to perturbation is distriboteer longer length; in the case of “rough” anchor
pieces the relative error is by absolute value kmtian 5% for all sensors (regardless the sizbef
anchor pieces) if the host material stiffness ghar than 1.5 GPa, while for the 0.4 m long settsor
same is valid only if the material stiffness istiegthan 5 GPa, thus for softer host materialsdbes

an increase in anchor pieces, it is recommendaddensors with larger gauge lengths.

The results revealed that the quality of interactetween the anchor piece and the host matega| tfie
“roughness” of the anchor interface) has the bigadkience to the accuracy of the strain measuréme
The second most important parameter that influetfeesccuracy of the strain measurement is the rati
between the equivalent Young modulus of sensotlad® oung modulus of host material. This statement
was further verified by observing the dependendd®ttharacteristic error on the ratio of two madul
Figure 10 left shows that for a given sensor geonglauge lengths and the anchor piece size), tkere
parabolic correlation between tB&/E,, ratio and the characteristic error (note thatdaeis in the figure

is in logarithmic scale), having provided that #rehor-host material interface is “rough”.

However, Figure 10 right shows that in the case tfmooth” interface, the characteristic errorit for

E'JEn > 0.1, but an explicit dependence rule cannotshabished due to large scatter of the resultss Thi
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confirms that for a “smooth” interface the behawidrthe sensor is dependent not only on the gegmetr

and the elastic properties of the sensors and dise rhaterial, but also on some other factors. Among

them, the plastic effects in the host material@umding the anchors appear from analysis to domnittnezt

performance of the sensors ©1/E, ratios over 0.1.

) 80+ i/0.2/0.02 ) 80
Rough inter- o|® 027005 Smooth inter- .
_ face (“I") /1.0/0.02 _ face (“ii” .
& 607le i/1.0/0.05 X 60,
£ 50 £ 50 >
o v g o
o = -
7 40 / T 40
g 30 / g 30 :
o c
2 20 / £ +200; *
(&) # / o ¢ - .
/ n" -
10 S 101w
,77,,(, /// - o e . .
= P e S Bs('s¥ie o 8 o
0.01 0.1 1 10 100 1000 | {0.01 0.1 1 10 100 1000
./ Enl] B/ Enl]

Figure 10. Characteristic error vs. ratio betwegnivalent Young modulus of sensBfs and Young
modulus of host materidd,,, left: for rough anchor-host material interfacg tight: for a smooth anchor-
host material interface “ji".

5 Conclusions

A parametric study based on FE analysis has besieadaout in order to study the influence of
geometrical and mechanical properties to the acgushmeasurement of embedded long-gauge sensors.
Involved materials were assumed to have the Mohi@ab elastic, perfectly plastic behavior. A
suitability of the FE model for the analysis wagified using the experimental results of two cases
reported in the literature and one on-site appboain which three sensors with different gaugegtbs
were embedded in the concrete (see Appendix A).sthay revealed the influence of geometrical and
mechanical properties of the host material andsémsor to the accuracy of the strain measurement.

The goodness of the interaction between the arjlece and the host material (roughness of the ancho
piece) was found to be the most influential propedccurate measurement necessities sensors with
anchor pieces that have a very good interactioh thi¢ host material. (i.e., “rough” anchor piecdsje

ratio between the equivalent Young modulus of seagd the Young modulus of the host material also
have strong influence to the accuracy of the measent, and lower ratios provide with more accurate
measurement. Longer gauge lengths provide with rmccaerate measurements, since the error generated
in the proximity of the anchor piece is distributager longer measurement basis. Finally, the rbkhe

radius of anchor piece is also important: for sthdoterfaces bigger radius provides with more aateur
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measurement, while in the case of the rough integfdigger radius provides improvements only if the
sensor is embedded in a very soft host materia.féllowing recommendations result from this study:
- To use sensors which anchor pieces provide withd goteraction with the host material; lateral
surfaces of the anchor pieces should be indentgdweerall surface made rough;
- To use sensor with low ratio between the equivadoting modulus of sensor and the Young
modulus of the host materidt'¢/E);
- If the ratio between the equivalent Young modulfisemsor and Young modulus of the host material
(E'4JEy) is high, then bigger anchor pieces are recomntende
- To use sensors with long gauge length, howeveesskee gauge length can introduce other types of
errors in structures and soils where the straid Sagnificantly varies along the gauge length [13]
For most sensor configurations a gauge factor caradjusted in order to take into account and
compensate for the strain transfer error, havirnyided that geometrical and mechanical characiesist
of the sensor and the host material are known. Mewyehis is not applicable for those configuration
that lead to significant error since for them takationship between real and measured strain iSrreatr,
especially at high stress levels (see Figure 6).
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APPENDIX A. Validation of Numerical Model

The aim of the work described in this appendixoisverify that the FE model developed in Section 3
represent the behavior of a system consisting cfrabhedded long-gauge sensor and the host material.
The validation of the model is carried out using thata from two laboratory tests and a real on-site
application. The data of laboratory tests was regoin literature [9] and [19]. In these tests Huest
material was hardened concrete, but the stiffnEsecsensor bar was different, as well as the dgioms

of the anchor pieces. The on-site application mlesiwith the measurements of three sensors with
different gauge lengths embedded in non-hardenecrete [13].

A.1 The First Laboratory Test (Kesavan et al. [9])

Kesavan et al. [9] report the results of a 60 mnmglembedded sensor consisting of a 5 mm-diameter
steel rod with sensing optical fiber, covered vé&tB mm-thick silicone rubber coating. At both ettus
sensor has anchor pieces in form of 4 mm-thicK siise with diameter of 25 mm, attached to the logd

a nut. The sensors were embedded in 300 mm longretencylinders with diameter of 150 mm, and
tested under uniaxial compression load that rea@®€dkN (11.3 MPa). The strain measured by the
embedded sensor was compared to measurementsfolittedectrical strain gauges placed at the serfac
of the concrete cylinders. The FE model was sétlbsvs:

- A vertical outer boundary and the upper boundaryeveet free in both directions; boundary at the
bottom was set free only in horizontal directioar(straints were imposed in the vertical direction);

- Due to geometrical irregularities existing at tbp surface of the nut, a “rough” interface elenisnt
set at the contact between this upper surfacetandancrete, while the “smooth” interface element i
used at the contact between the anchor piece ancoticrete; the interface between the bar and the
concrete was kept “non-frictional” (see Section 3);

- Geometrical and mechanical properties of the ceacemd the sensor are taken from [9] and
presented in Tables 1-3; the properties of interflements are given in Section 3.3.

Figure A.1 shows the mesh, geometrical properéied,interface properties used in the FE model,galon
with the comparison between the FE model and sterésults. The relative difference between FE hode
and measurements was for the embedded sensohdes$%; thugomparison demonstrated that the FE

model reproduced well the experimental results\aidiated the FE model.
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Figure A.1. a) FE model of the sensors reportdd]irb) FE model — detail, c) test results vs. Fedel.

A.2 The Second Laboratory Test (Leng et al. [19])
Leng et al. [19] reported the results of an 80 ronglembedded sensor consisting of a steel tubeQiith
of 3 mm and the anchor pieces in form of 5 mm-thitdel discs with diameter of 10 mm. The lateral
surfaces of the discs are indented in order to hetter interaction with the host material. As ffaper
does not report on the thickness of the steel tabmarket search was performed to find the most
common available dimension, and as a result awitiean ID of 1.5 mm was found and used in the FE
model. Sensitivity study has shown that small vemaof the ID does not influence the results of th
validation because it does not affect significatitly equivalent Young modulus of the sensor.
The fiber optic sensing element was attached at efthe steel tube. The strains are then obtdiyed
dividing the relative displacement between the emds of the sensor by the original distance between
them. The sensors were embedded in 200 mm-longretencylinders with diameter of 100 mm, and
tested under compression loads up to 12.7 MPa.sTiains measured by the embedded sensor were
compared to those measured by electrical straigegaplaced at the surface of the concrete cylinders
The sensor had a steel tube extension at the lam@hor piece that reached the bottom of the comcret
specimen. A thick silicone-rubber protection foe fiber optic cable was placed beyond the uppen@nc
piece of the sensor. Consequently, the sensor atasymmetric with respect to the horizontal pland a
only axial symmetry was taken into account in tRerfodel (sees Figure A.2). The FE model was set as
follows:

- A vertical outer boundary was set free in bothatioms; rigid beam linear elements were set at uppe

and lower boundary to simulate the steel plateh®testing equipment;
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- A “rough interface” is set at the contact betweas ipper surface of the nut and the concrete, while

“smooth” is used at the contact between the angiere and the concrete (see Section 3); the

interface between the bar and the concrete was‘keptfrictional” (see Section 3);

- Geometrical and mechanical properties of the caecamd the sensor are taken from [19] and

presented in Tables 1-3; the properties of interflements are given in Section 3.3.

Figure A.2 shows the mesh, geometrical properséied,interface properties used in the FE model,galon

with comparison between the FE model and the ésstlts. The relative difference was less than 5% fo

medium and high strain values (> 1@6), and less than 10% in general. Thus comparis@nag

demonstrated that the FE model reproduced wekxtperimental results and validated the FE model.
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Figure A.2. a) FE model of the sensors reportd@]irb) FE model — detail, c) test results vs. Fedel.

4.3 The On-site Tests

The “south-east leg” (SE-leg) of the Streicker Bdadat Princeton University campus is a curved

continuous girder, made of post-tensioned con@etesupported by weathering steel columns [26]. The

bridge has been equipped with long-gauge fibereg@nsors with absolute measurement error estimated

to 4 ue (4010° m/m). The Streicker Bridge project has broad neseand education aims, but only a part

of the research relevant to the topic of this papgresented here. More details about the othres aif

the project and the monitoring system can be fouanliterature [13,26]. The aim of this section & t

verify if the FE models can reproduce the resultiined by sensors that have different gauge lsngth

installed in real, on-site conditions. Since thpldged sensors have very low stiffness, the strainsfer

from the hardened concrete to sensors is very §@jd That is why the research focuses to analysis

dormant period of concrete, i.e. before the hydratif cement started. Once the hydration startes, t
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thermal actions create very complex strain fielt tare difficult to analyze at the scale of tHisdy.
Thus, this study is limited to the first 90 minutbat followed the embedding.

In order to assess the influence of the gauge hetiogthe average strain measurement, three serddgys:
AB,, andAB;, with gauge lengthisg=0.3 m,Lag=0.6 m, and_,z=1.2 m were embedded in concrete
close to each other, at the same distance fromeghtre of the gravity, parallel to the elastic lofethe
beam, in the zone with constant cross-sectionhaars in Figure A.3. The view to sensdB, andAB;

before pouring of concrete is shown in Figure Abk (sensor ABis behind the two other sensors).

j_s?ls Post tensioningcable : T
' i — : o~
h - -
L \po,m-g; 2
Abutment Point “B,” £
Point “B;” 3
Point “A” 8
. ! Sensors
Cross-section ) | ( *‘
around sensors [ e e i e |
R = o RN RN TN e N N =
Cross-section | & "( 7 I ( 7 4\&{) T P

above abutment | ——y ! = :
s = e eiinetoissseessgesue)

Figure A.3. Position of the sensors in the struetur

Figure A.4. Sensors ABand AB; before pouring of concrete; anchoring points adiciated with arrows.

The sensors were loosely attached to rebars bfengouring to secure their position. Previous stuas
shown that for this type of attachment the inflleen€ the proximity of the rebars to measuremerthef
sensor is negligible [10]. The geometrical and ragatal properties of the sensors are given in Bable
3. Besides the mechanical properties included éntables, the coefficients of thermal expansiothef
sensor ¢;s) and of the concrete at very early agegs)(are also of importance. According to [10] the
following coefficients can be adopted:

- Sensor (material Polyethylene): ars = 20010°%1/°C).

- Host material (concrete at very early age): orm= 2010°%(1/°C).
Pouring of the concrete was performed on Octobe2@B9 at 8:47 am. The dormant period of concrete
is determined to be 90 minutes based on temperateasurements, i.e., until 10:17 am. During the

dormant period there were no loads applied to @&tacrhowever the strain was generated as the
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temperature of concrete tended to equalize withathbient temperature, i.e. dropped for 0G5This
thermal strain was converted into equivalent meiciadistrain for the purposes of analysis (see Eguoat
A.1). The thermal contraction of concrete at threatmn of sensors was expected to be uniform, e i
strain transfer from concrete to the sensors ifeperthen the three sensors would have measurgthsi
values. However, the three sensors measured sigmily different strains, which indicated that #iein
transfer was not perfect, and the length of theaeninfluenced the measurement.

Three FE models were created in order to reprothe®bserved behavior of the sensors. Since
there were no loads applied and the chemical mectiue to hydration did not induce volume charges
that stage (dormant period), it was assumed that stihain experienced by sensors is caused by
temperature variation, which effect was converte@quivalent mechanical strain and introduced é th
FE models by inserting thermal stressts;

Ao, =a; ATE,, Ao, =a;,ATE, (A.1)

wheredT is the temperature variation at very early age.

The mechanical properties of the concrete at varlyeige can be assumed to be similar to those of a
loose-medium dense silty sand or sandy silt. It tvaisce assumed that they range between the limits
given in Table 1. These limits fall within the tgpi range for loose-medium sands [27]. Both axml a
planar symmetries were considered, and the FE muaieket as follows:

- To reproduce the real conditions, the FE model eaadined at the bottom and vertical boundaries.
Vertical boundary contours have horizontal consteawhereas the bottom boundary had vertical
constraints; the dimensions of the specimens haga bonsidered large enough (0.5 m wide and 2 m
high) so that the boundaries do not influence &tgaliior of the sensor or the surrounding material;

- A “smooth” interface is used at the contact betwden anchor piece and the concrete, while the
interface between the polyethylene sensor partt@doncrete was kept “non-frictional” (see Section
3);

- Geometrical and mechanical properties of the sera@r given in [10]; the properties of the coreret
at very early ages can be assumed similar to thibaéoose-medium dense silty sand or sandy silt, a
presented in Tables 1-3 [27]; properties of therfate elements are given in Section 3.3.

Figure A.5 shows the mesh, geometrical propertesl interface properties used in the FE model.
Comparison between the FE modeling results andrtbasurements is given in the same figure. The
absolute difference between FE model and measutsmas Sue which was close to the error limit of
the sensor (4); hence, the comparison in general demonstratatdttle FE model reproduced well the

results obtained from on-site application, and eqgagntly, validated the FE model.
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