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ABSTRACT

An experimental methadbgy to obtain the shear craidg pattern inconcrete
elementss presentedl he methods based on the use of Distributed Optical Fiber
Sensos (DOFS) conneted to an Optical Backscattered Reflectometer (DBR
Using this OBR system and 2D grid conformed by one or twDOFS, the crack
patterns of three partially pigressed concrete (PPC) beams subjected
experimentally tshearfailure, were obtainedor increasing level of load he 2D
distributed fiber optic sensoring meslas formed byattacling the fiberto the
shear span agach beanusing an epoxydhesive The importance of a correct
DOFS attaching procedutte the concrete surfad® obtain acurate resultss
described, and the principadlvantagesf DOFSto complementhe use of discrete
sensors in concrete experimental sheas tgstshown.The proposed technique is
a powerful tool to be implemented in the structural health monitorisgeéarof
concrete structures, where thariableinclined cracks are difficult to monitor by

other experimental techniguesing discrete sensors

Keywords:Distributed Optical FibeSensor (DOFS), Optical Backscattered
Reflectometer (OBR), concrete structuresperimental methodologieshear

crack pattern.

Introduction

In concretebeamssubjected to shear, cradiscome inclined with an anglespect to the

axis of thestructuralelementthat is difficult to predict For this reasorthe mechanism

of diagonal crackingn concrete beanis more complex than cracking due to atmte

or bending, because a diagonal crack is not perpendicular to the vertical and transversal
reinforcenent. Comparedo the case obending where the cracks appear orthogonally

to the beam axis, inase of sheaaction, the inclination of the cracking pattern is an
additional unknowrno the crack width

Additionally, most of the existing guidelineend experimental studigelated to crack
control in concrete structures have been originally developed for tensile and flexural

crackscasesDue to the different mechanisms leadiaghear crackinghese procedures



cannot be applied to obtain sheaack patternslirectly. In concrete elements subject to
shear, failure mechanism is characterized by the occurrence of inclined cracks either
before or after a flexural crack forms and by the shear sliding displacements along the
cracks.

Significant efforts have been developed to clarify and understand the problem of
detectionandlocateshear crackin concrete structuresExperimental approaches have
been performe{Bazant et al 198Borosnyoi et al 20051n thesdeststheexperimental
datahave beenbtainedhroughprocedursusing differentocalsensorswhich generally
produce a discretealueof the studied structural parametdBecause the shear cracking
patten in concrete structures is a 2D problem, a great numbiresédiscrete sensors

are requiredo obtainenougldata to study the principal parameters that destndshear
behaviour For this reason, it i& common practice thahe experimental shearest
preparatiorare more timeconsumingAlso, during and after the test, sevaranual and
observationahctivities have to be performed sues tramg the cracks patterwith a
marking penpr measuing the cracks widtlprogressiorby using visual teleniques It is
important to consider tiseimplications, since several measuring errors could be obtained

in all of these activities

New measuringmethodologies based on the useddtributed optial fiber sensors
(DOFS)havebeen propose(Villalba and Casas 2013, Rodriguez et al 28bh One of

the principal advantages over traditional measuring techniques, is the easy installation of
the sensorsvhich basically consistsnbondinganoptical fiber to a host surfack some

cases the bonding dace corresponding to an existing element, whereas in other cases
the sensors can be embedded into the concrete matrix by bonding them to the reinforcing

bars at the time of constructioDdvis et al. 2016, Davis et al. 20Barrias et al. 2018d



A comprehensive summary of the civil engineering applications of DOFS can be found

in Rodriguez et al. 2015c and Barrias et al. 201& DOFS is able to measure strain
and/or temperature along the whole filveith a high spatial resolutioby using the
Rayleigh backscattering lightThis monitoringsystem uses sweptavelength coherent
interferometry to measure the Rayleigh backscattered as a function of position in the
optical fiber (LUNA 2013).An external stimulus (like a strain or temperature change)
causes temporal and spectral shifts in the local Rayleigh backscatter pattern. These
temporal and spectral shifts can be measured and scaled to give a distributed temperature

or strain measureme(amiec 201p

Among these methodologies, the use ofdpécal backscattered reflectome(@BR)
system highlights, since the high spatial resolution and accuracy are its main
characteristics.The optical fiber cable connected to an OBR system, becomes a DOFS
with thousands of measnog points, Villalba 2010). This paper is based on some
previousexperiences by the authors whéne OBR systemvasused in the etection
locationand assessent ofthe crackwidth in concrete structuresubjected tdoending
(Villalba 2010, Villaba and Casas 201Rpdriguez eal 2015). Also, it is an extension

of a previous paperRodriguez et al 2@b and Rodriguez et al, 201L6n which,

preliminaryshearexperimental data in two PPC concrete beams presented

Monitoring of shear crack pattern in concree elements

In order b fully characterizehe shear crack patteofia concrete elemerit,is important
to determinghe crack evolutiosince the beginning dtfs detection and locatiomo do
this, the following parameters are establishsdhown in the Fig.: anangleq is defined

betweenthe horizontal ais and the shear crack inclinatidrajectory The shear crack
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width wq is obtainedusing its two component&imx and wmy With respectto classic
orthogonal axesAt the same time, slidingdisplacement along the crack is produced

by the shear displacemerfsee Fig1l).

Wiy

Fig. 1. Schematic representation of shear crack pattern in a concrete element

Due to the complexity of the response to shdaployingseveraltypes of sensors to
cover the possible cracked zone is a common practice during aesteaor this reason
different types ofmonitoringsetups had been established to obtain crack patterns during
a shear tesDne examplés shownin Fig. 2, based otthe use of strain gauges to conform

strain rosettes
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Fig. 2. Stran rosettes conformduay strain gauges a concrete bearior a shear lab test
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Other example(Fig. 3) is the use of strain rosettes conformed lingar variable
differential tranducers(LVDT) or potentiometers. Alsd@ is commonto use discrete
strain gauges distributed time surfacend also embedded and attactethe horizontal

and vertical reinforcemefiars(Stoerzel and Randal, 20115

L/ '
sG e Q\'T

-

\:\\:\\l\
SG-Rosette
N |

T LVDT
SG=Strainght Gauge

Fig. 3. Strain rosettes conformed byDT’s and embedded strain gauges in adncrete
beam for a shear lab te€ftoerzel and Randal, 2015

Although discrete sensors as strain gauges or LVDT’s provide useful information about
structural behavior, these sensors are limited to detect and valuate cracks width in
concrete beamdJsuallyto cover this limitationa great numbeof discrete sensorare

deployedto measure in different points atwlobtain thecomplexshear crack pattern

Due to the explained limitations and based on the promising results obtained in the crack
pattern identification of concrete elements in bending by using DOF&SEQ8R system
(Rodiiguez et al.2014), a novel methodology is proposed for the assessment of shear

crack patterns in concrete elements.



ProposedM ethodology to obtain the shear crack pattern

Based orthecase of crack pattern identification of concrete elements in bendiral{a

2010, Villaba and Casas 201Rpdriguez et al 2014Rodriguez et al 2@k, Rodriguez

et al 20bb, Rodriguez et al 2@), the proposednethod for the shear case is based on
the analysis of the distribution adtrainsalong aDOFS However, due to thenknown
inclination of the shear crack$o detectandlocatethe cracka monitoring method must

be established to determine #teaindistributionin at least twgerpendiculadirections.
Thus, an arrangement with one or tk@FSis proposed to form grid within the area

in which these cracks are expected to o¢zone of maximum shear within the element)

A schematic representation of this mesh is shown iMtFigs in the case of bending, a
peak in the strain profile measured by the fiber will appear in the location where a crack
will form. This will be used to detect and locate the crack. The strain profiles in two

orthogonal directions will serve to obtain tinelination of the crack.
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Fig.4. Rectangular 2D mesh formed by B®FSfor the characterization of shear

cracking.

To check the feasibility and reliability of the proposed method, a set of tests were carried

out in 3partialpre-stressed concre{@PC)beams as explained in the following sections.



Experimental Program
Laboratory tests on thrgeartially pre-stressed concrete beaws8 m in lengthwere
performed The three beams wesdso instrumented withstandarddiscrete sensor®

compare the results from the fiber optic sen¢Besran, et al., 2014, Celada, 2015

Specimens

The crosssection dimensions and the arrangement of the tranalargl longitudinal
reinforcingsteeland psttensioningtendonare presented in Figs. 5 a@dnd in Table

1. The main differences in the beams are the amount e$tpgssing andhe shear
reinforcement The diameter of stirrups is the same (6 mm) but with different spacing
(seeTablel). In Tablel, sp is thesteelstress at jackinghe beams are pettnsioned

by different number of strands within the duct. The layout of the-feosioning is
inclined in one parof the beanand straight in the rest
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Fig. 5. Crosssection ofl-beams



Table 1. Main characteristics of the beams

_web Reinforcing steel Prestressingteel Stlrru_ps
thickness spacing
Beam
(mm) | Upper Botom Strandg area (mm) |sp (Mpa)| (mm)
-1 120 6 D10 |8 D25+2 D10 2 300 1312 250
-2 120 6 D10 |6 D25+2 D10 2 300 1312 150
-3 180 6 D10 |6 D25+2 D10 4 600 1303 250
2.00m
9D6 @ 0.25m D8 @ 0.10m
I 7D6 @ 0.25m
0.25m 1.75m | 3.60m } 2.10m 0.25/m
8.00m
BeamI-1
2.00m
D8 @ 0.10m 15D6 @0.15m
0.50m
I 13D6@0.15m
0.25(m 1.75m 3.60m | 2.10m 0.25/m
[
o2
2.00m
D8 @ 0.10m 9D6e@0.25m
0.50m
I 7D6@0.25m
0.25(m 1.75m 3.60m \ 2.10m 0.25|m
|

8.00m

BeamI-3

Fig. 6. Definition of reinforcing and prestressing steleéams dimensiorand details.




The mechanical properties of the concrete are presented in TableeBe §mis the
concrete compresa strength, & is the concrete tersistrength and E is the concrete
elastiaty modulus.The values oétare the maximum tensile strain, whictaighreshold

value. When this value is reached in the concrete, the crack appears.

Table 2. Concrete mechanical properties

fcm fct E Erct
(Mpa)|(Mpa)| (Mpa)| me
-1 325 | 4.6 (36440126
[-2 293.5( 4.15 |27264{ 152
-3 414.6( 5.86 134261171

Specimer

Testsetup

To detect and locate the crackn each of the three beamsXOFS arrangement
connected tahe OBR systenwas proposefbrming a 2Dgrid in the shear zone. These
gridswere formed in theveb of thebeam with @DOFSof 10 m and another of 5 m in
length, inthe beam t1. Subsequently, in the two remaining bedrgsand 13, the 2D
grid was formed only with ®OFSof 10 m in length.

Althoughin generakimilar meshes were formed, in each ofté®ted beamthere were
differences due to their placemeftom Figs. 6 to 8, each of these configurations is
shown.In these 2D configurations, the horizongaid sections were nominated as A, B,
C, D, E and FThe vertical sections were nominated using the numbers 1 to 10

To have a comparative reference of the results obtained with the OBR sgsttamdard
instrumentatiorconsisting orseveral strain gaugé&sdeployedn the reinforcing and pre

stressingsteel to measure their strain in selected locatioWs complete and detailed
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description of this instrumentation available inCelada, 2015From the large amount

of deployed sensors, only the results relevant for this research will be considered in the
following.

The data obtained in ¢lstraingauges embedded in the passive steel placed shts

areais considered In Figs. 6 to 8 are locatedhe number oftrain gauges that were
embedded in the stirrups eachbeam

The position of eacktraingauge in the stirrups is indicated and they are identifi€al as

The stirrups were numbered frdsh to SG and it can be seen that in general more than
one strain gauge was placatbngthe height of each stirrul, h2, h3 andh4). The

objective is to measutée variation oktrainalong the length of the stirrup.

T
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Fig. 6. SFOD arrangement for thellbeam shear test.
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Fig. 7. SFOD arrangement for thed beam shear test
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Fig. 8. SFOD arrangement for the3 beam shear test.
DOFS bonding procedure

Only basic guidance on the bonding of the DFOS was supplied by the sipplieA,

2017). Thiswas focused inbondingthe sensorsonto a relatively smooth metallic or
composite surfaces amu short lengthsHowever, based on th@evious experiences by

the authors in deploying this type of sensors in concrete structures, the following protocol

was folowed up(Villalba and Casas 2013asas et al. 20)4s presented in figures 10

to 13

Fig. 10. Cleaning process of the concrete surface
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Fig. 10 shows the cleaning process with alcohol of the concrete surfacehedim to
eliminate the presence of dust and impurities that may affect the bonding of the fiber to
the surfaceAfter that,theselected surfaces were prepared to develop suitable bond areas
as shown in Fig. 1IThe proposed DFSpath is marked with discrethesivepoints

before lying the fiber (Figure 12 left).

Fig. 11. Stroke path of the fiber to form a 2D mesh in the beam cutting area

After this, the final step is to apply theonding agenand cure it into the monitored
surface(figure 12 right) A commercial gluas epoxy or cyanoacrylate could be applied
Some experiencegHoult et al 2014 Regier 2013 Barrias et al. 2018b)chave shown

that in the laboratory environmetite installation with epoxy produces bettesultsthan

using cyanoacrylate adhesiviesoncrete surfaces

According tothat a commercial bicomponent epoxy adhesive (Araldit) was applied to
the bond area. A small brush was used to cover theI¥th epoxy avoiding applying
adhesive in excesRodriguez et al 2015, Regier and Hoult 2D&4 shown in Fig. 12

The bond thickness (amount of epoxy between the fiber and the surface) should be

minimized to ensure that the fiber is truly resting on the surface of the monitored structure
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as shown in the Fi@3. (LUNA, 2017). Finally, a view ofthe installed optical fiber is

shown in Fig. 14.

Fig. 12. Presentation and bonding of the optical fiber towebof the concrete beam.

Ensure a thin bold line enough epoxy is applied around the fiber

: INCORRECT
Bond line too thick Not enough epoxy around the fiber

Fig. 13. Correct an Incorrect adhesive application around the DOFS (iasel UNA,

2017).
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Fig.14. View of installed optical fiber

The type of sensor usedLUNA, 2012), is a silica (glass) single mode filyimide
coated with an overall diameter of 155 microfi$ie diameter of the cladding is 125
microns, which makes the coating thickness araolfdnicrons. The core diameter is
around 5 microns. Theolyimide protects the sensor frostratches and environmental
attack.The principal reason to use a practically nude fiber, is to transfer any strain or
temperature variatiomom the host materiab the fiber core in thbest waywithout any

other material between themiaghe case of packaged fibgiBarrias et al 2018).

In general the DOFS is strong in tension but weak in shear, therefore care needs to be
taken in the DOF8uring deploymento avoidrupture To prevent thisjs recommended

to unwind carefully the DOFS from the spool atwlattach down a maximuf 1 m of

the DOFS only using small adhesive dots to hold the DOFS in the planned route without

any previous layer of adhesive the surfac€Barrias et al 2018).
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Measurement system

OBR system uses sweptavelength coherent interferometry to measure the Rayleigh
backscattered as a function of position in the optical fiarexternal stimulus (like a

strain or temperature change) causes temporal and spectral shifts in the local Rayleigh
backscatter pattern. These temporal and spectral shifts can be measured and scaled to give
a distributed temperature or strain measurer(f®amiec 201R This process is shown in

Fig. 15. More information on the system characteristics is available in Casas et al. 2014

and Rodriguez et al. 2015.

g T

OBR E
Interrogation
—
System Incident (—’\—) 50m
light

Back-scattered

& = strain

T = temperature light

Af = frequency shift
Af
b

Intensity

frequency (MHz)

Fig. 15. OBR measurement procéBodriguez et al2015)

Continuous strain data with high spatial resolution and great accuracy are the main
advantages of OBR. This structural monitoring technique enables distributed strain
measurements with millimetigpatial resolution. Several experiences have demonstrated
the feasibility of using this technique either in the structural monitoring of existing

concrete structurg®arrias et al. 2018 and in laboratory test¥/{llalba et al 2012.
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The main components of the OBR system are:

Optical DitributedSystem Interrogator

8 channels Fiber Optic Switch

A optical wire connection

DOFS with FC/APC terminal and 5, &dd20 m of length.

= =2 A -4 -

Lap Top

The few components of OBR system, results in an easy and quick installation, makes this
system a very practicébol for structural monitoring in field and laboratoraAn OBR

general view is shown in Fid6.

8 channels fiber optic switch

System
interrogatog

Optical connection

Lap Top

Fig. 16. OBR system components

The main OBR system technical specificatiamfighe equipment used in the test®
shown in Table.

Table 3. OBR sgtemmain charactheristics

Palameter Specificaion
Maximum Sensing Length 50 m
Minimum Sensing Length 0.5 mm
Acquisition Rate 2.5 Hz
Strain Range (+/-) 15000m e
Temperatug (-50 a 30C C)
Dimensions (36 x 32 x 17 cm)
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Testexecutionand results

The beamswvere testedunder statidoad, applied graduallyand withsix loading and
unloading cycles. The applied force was controlled by displacement of 1 and 2 mm / min,
until the three concrete beams failed. Téeding sequensaare shownn Figs. 17, 18

and 19 using a stitch lineAlso in these figureshe load level associated with DOFS

failureis indicatedwith a point.

Beam I-1
- = = lLoad
450 - DOFS 1 (Horizontal) DOFS 1 Failure (360kN)
400 - = DOFS 2 (Vertical)
350 @ |0ad 262kN L-s
300 - i :
— - e 1
izso - 70 .
- 200 ' \ ' :
\ 1
3 150 - ! < '
- ]
100 - I
I
50 X
0 : . . r r r r —
_50; 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time(s)

Fig. 17. Load history of beamll, part of the testecord withDOFSandfiber break point
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450 -
400 -+
350 -
= 300 -
= 250 -
200 -
150 -
100 -
50 A

kN

©

Loa

Fig. 18.

Beam |-2

- - -Load DOFS 2 Failure (357 kN)
——DOFS -
esmm Load 260 kN \ I, \\

0 2000 4000 6000 8000 10000 12000
Time (s)

Loadhistory of beam-R, part of the testecord withDOFSandfiber break

point
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Beam I-3
- - -Load )
500 1 DOFS 3 Failure (397 kN)

——DOFS
450 .’
400 |  ====—Load 258 kN y | .’

w
o O
o o

Load (kN)
N N W
S 3

-
(2]
o

100 A

(2]
o

-
—
—— e e e = o e =

]
0 2000 4000 6000 8000 10000 12000
Time (s)

o

Fig. 19. Load history of beam3, part of the testecord withDOFSandfiber break
point

In thefirst test, the2D grid wasmade up ofwo distributed sensors DOFS3Morizonta)
and DOFS2(vettical). In this case, it was not possible to obtain simultaneously the
horizontal and vertical strains, as showith blackand redcontinuous linein Fig 17. In
the other two tests, the use of a single DOFS for monitoring lwytholmtal and vertical
strains made possible the simultaneous measurement.
Thestrainrecordswere captured every 5 seconds, and the spatial resolution was 1 cm.
In Fig. 20 is shownthe strain distribution registered with the OBR systefor the
horizontal fiberin beam 11 for a load level o#46.5 kN Due to the low level of load
applied, thestrainat all pointsis lower than the crackingnd therefore no cracking is still

visible.

20



Beaml-1

Load =46.5 kN
o €
Section A L
e
0.35
80
N Section G
0.3 \ . 60
- —\
Section B
0.25+ \ 440
E Section F y, |
- 4 -
= B A -20
%" 0.2 } " Section C
T L
-0
0451 |
\\_Section D N
-20
0.1
SectionE
0.05[, - L | 1 ] 1 1 I 1 ]
1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.4 1 0.9
Length (m)

Fig. 20. Strain dstribution inDOFSof beam 11 with Q = 46.5 kN.

In Fig. 20 it can be seeow in Sections A, B and G dDOFS1 of beam 11, mean
compressivestrainsare slightly higher thamd0 me In sections C and, Fhe strainsare

close to Om ewhich indicates the proximity of these sectidbmshe neutral axis. This
coincides practically with the center of gravity of the section, since the behavior of the
sectionstill remains in the elastic range.

With respect to section D (Fig0), which is located in the lower part of theb tensile
values slightly lower than 46h eare observed practically over the entire length of the

DOFSL. However, in the area of section E, between 1.7 and 1.8 m with respect to the
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reference system tensikdrains appearclose to80 m e which indicatesthe feasible
appearance of a crack inglarea when the beawill be subject to a higher load level.
In Fig. 21, thestraindistribution in beam-R is shown for a load level of 47 kilmost
equal to that of beaml. It can be seen that, very similar to the case of behnséction
A and B presentcompressie stressebetween-40 and-80 melt. can also be seen that
sections C and D are found basically subjetetsile strainsn sectionC, the straingre
very close to Gn edue to their proximity to the neutral axis of the sectldowever, n
section D thestrainspresent values that range between 40 anche&@wer still to the

maximumtensilestrain of the concreteAgain, no crackig wasvisible in the beam for

this level of load

Beam -2
Load =47 kN
Section A
_— r ~
0.35- / /_
. -
0k Section B
E _
}::n 0.25 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
El
- Section C
0.2~ \\
0.5 [
SectionD \ -
\U n\ — — B L _ u_/
015 Diﬂ ‘II 1I2 1I4 118 1I8 ll*
Length (m)

Fig. 21. Strain dstribution in theDOFSof beam 12 with Q = 47 kN.
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A similar behaviour for a load level of 47 kN is also observed in the béahig). 22)

Beam|-3
Load =47 kN pe
0.4
Section A 60
0.35 f‘ \ 0 E
@
| | f g
- 20 =
0.3 Section |B |
{ |
-0
|

51 52 S3 5S4 S5 | S6 57 S8 ' S9 | s10

0.25
' |
\ | SecciénC

ozl | | T 1 1 | 1

b
=

b
s

{
T
\
(
l
I— Compression

L]
]

045 SeccionD .

Fig. 22. Strain dstribution in theDOFSof beam 13 with Q = 47 kN.

Tovalidate DOFS strain data obtained during the tests, the meas sairdedetween

2D grid vertical sectionsindinstrumented stirrupsear to these sectiomgere compared

(Figs 6 to 8). Tables 4 to 6 show some strain data at different load levels obtained in
stirrups S1, S3 and SBomparedo DOFS vertical sections 2, 4 andréthe beam-R,

which is the one that presents best correspondence between location of strain ghuges an
DFOS(see Figure 7 for location of stirrups &3 and S5 and vertical sectionsi2and

6 in beam 12).

23



In the last two columns of these tables, #iveragestrain dateaof the straingauge and
vertical section of the SFORlose to an instrumented stwp are compared.The
correlation is acceptahlespecially between 67 and 142 kithere the presence of shear
cracks isstill notimportant Concerning the comparison of the values, it should be noted
that straingauges arattached to the stirrups aednteddedinto the concrete, whereas
DOFS is bonded in the external surface andleterogeneousurface such as concrete.

A complete description of &seresultsis available inRodriguez 2017.

Table 4.Beam 2. Stirrup S1 Srains at different heights, mean value and comparison

with mean strain of DOFS in vertical section 2.

Load S1Ghl S1Gh2 S1Gh3 S1 mean |DOFSsec2

(KN) pm/m pum/m pum/m pm/m pm/m
67 4.0 4.9 9.9 6.3 14.1
77 4.1 5.2 11.5 6.9 15.6
88 4.6 5.7 13.2 7.8 17.5
95 6.5 7.4 14.5 9.5 18.6
100 6.2 7.6 15.7 9.8 19.0
115 17.4 12.9 18.1 16.1 22.6
124 29.8 17.4 19.8 22.3 24.6
142 43.2 27.7 26.2 32.4 30.4
203 537.2 1398.7 1109.1 1015.0 944.5
213 705.4 1559.9 1276.2 1180.5 219.7
224 811.3 1658.6 1384.9 1284.9 1267.8
290 2243.4 3170.5 2140.3 2518.1 3078.3
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Table 5.Beam 2. Stirrup S3. Strains at different heights, mean value and comparison

with mean strain of DOFS in vertical section 4.

Load S3Ghl S3Gh2 S3Gh3 S3 mean [ DOFSsec4
(kN) pm/m um/m pm/m pm/m pm/m
67 2.7 5.6 18.8 7.2 -1.6
77 -6.0 4.4 21.0 6.4 -2.6
88 -35 6.4 24.7 9.2 4.1
95 2.9 -0.7 21.6 8.0 -3.8
100 15.9 7.5 24.6 16.0 -3.9
115 13.8 2.3 26.2 14.1 0.7
124 111.4 108.2 31.0 83.5 4.2
142 242.0 424.4 37.9 234.8 13.8
203 1292.7 1951.0 1410.8 1551.5 1910.3
213 1438.5 2059.1 1615.1 1704.3 2236.2
224 1609.0 2162.7 1794.7 1855.5 1400.7
290 3072.0 3329.9 3056.5 3152.8 3891.3

Table 6.Beam 2. Stirrup S5. Strains at different heights, mean value and comparison

with mean strain of DOFS in vertical section 6.

Load S5Gh1 S5Gh2 S5Gh3 S5 mean | DOFSsec6
(KN) pm/m pm/m pm/m pum/m pm/m
67 -12.1 -5.5 15.0 -0.9 4.0
77 16.9 3.4 18.9 13.1 2.0
88 -59.6 -13.9 23.1 -16.8 2.3
95 46.5 -35.8 13.6 8.1 2.5
100 142.2 -15.9 4.9 43.8 16.4
115 199.6 304.7 14.5 172.9 -4.3
124 237.7 676.0 -0.8 304.3 55.6
142 266.9 961.1 256.8 495.0 95.1
203 922.3 1680.7 1693.5 1432.2 2147.5
213 1083.3 1804.5 1785.8 1557.9 1355.0
224 1284.5 1914.9 1881.2 1693.5 1917.3
290 2389.3 2898.5 2943.5 2743.8 3355.5
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Crack detection

During the test and to establish the ordef appearance of the crakbe OBR system
was programmed trecordstrain dateevery 5salongthe SFODlength Also and thanks

to 1 cm OBR spatial resolution, the strain variation in the web could be obthirtacs
way, both strain profiles in horizontal and vertical direction were obtained
simultaneousl. The strain evolutiorversusload level from 47 to 171 kNn the three
tested beams are shown from Figs. 23 to 28. In these fidwésitizontaland vertical
stitch line indicatesthe concretemaximumtensile strain. A value over thishreshold
indicateghat cracking starts. Withiprevious established coordinate system, the locaition
of the crack were obtained

The strain evolution before crackiagd the crack appearancan be detected, localized
and quantified in terms of micrstrains The detection localizationand progressionf
one or more crackas load is increase representedsingbold points.Once the shear
crackpoints have been located, it is also possible to obtain the cracking patterns in the
webfor increasing load levels as presented in figuréd&t9oads of D6, 115 and 171 kN
respectivelyA complete description of thihear crack pattermsavailable inRodriguez

2017.

26



Fig. 23.Srain distributionin horizontal sections A,G andd beam {1 at different

load levels
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