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ABSTRACT

In accordance with the advances in technology laligment calculation techniques
are ever developing. Photogrammetry has becomeerptdé in some new

disciplines with the advances in the image proogssiethods. In this study, the
authors have used two different measurement teabgitp determine the angles of
rotation in beam-column connections that are stbfeto reversible cyclic loading.

The first of these is the method that is widelydjséhe conventional method in

structural mechanics experiments, where Linearabdei Differential Transformers

(LVDTs) are utilized; and the second is the phatogmetric measurement

technique. The rotation angles were determinedgusiase techniques in a total of
ten steel beam-column connection experiments. Afiterussing the test procedures
of the aforementioned methods, the results wersepted. It was observed that the
rotation angles measured by each method were Jesge do each other. It was

concluded that the photogrammetric measuremenniged could be used as an
alternative to conventional methods, where eleatrbDTs are used.
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RESUMO
De acordo com 0s avan¢gos em tecnologia, técnicasaldelo de deslocamentos
estdo sempre se desenvolvendo. A Fotogrametriasernornado a ferramenta
preferida em algumas novas disciplinas com os @ssngos métodos de
processamento de imagem. Neste estudo, os autseganu duas técnicas de
medidas distintas para determinar os angulos @dgdotem conexdes de colunas-
de-vigas, as quais estao sujeitas a cargas cickeassiveis. O primeiro destes é
método é amplamente usado, o0 método convenciona@xperimentos mecanicos
estruturais, onde transformacfes diferenciais deawegis lineares sdo usados
(LVDTSs), e 0 segundo é a técnica de medicdo fotngtaca. Os angulos de rotagao
foram determinados usando esta técnica num totdDdexperimentos de conexdo
coluna-de-viga de aco. Ap6s ma discussdo dos proeatbs dos métodos
mencionados, os resultados foram apresentadosisbservado que os angulos de
rotcdo medidos por cada método foram muito semtbagonclui-se que a técnica
de medicdo fotogramétrica poderia ser usada comeonativa para os métodos
convencionais, onde as transformac6es direfendmigariaveis lineares (LVDTS)
sdo usadas.
Palavras-chave: Fotogrametria; Conexdes de coluna-de-viga; Rotacao.

1. INTRODUCTION

The mechanical behavior of steel beam-column cdiorecaffects the internal
force distributions and deformations of steel fraestreictures. The internal forces in
two-dimensional frames (axial force, shear forcegd ahe bending moment) are
transferred to structural members via member cdiore The deformations in the
connections due to axial and shear forces areivelatsmall and negligible when
compared to the deformations due to rotations(CHEN LUI, 1991). Therefore,
the rotations in member connections are of highoitgmce in the mechanical
performance of the frame.

The rotational capacities of the member connectisase obtained from the
experimental data of the relevant studies in tlolarteeal literature. Many studies
have been conducted to determine the rotationahaities of different beam-
column connection configurations around the woTl8Al et al. 1995; YARDIMCI
et al. 1996; YORGUN and BAYRAMOGLU 2001; GARLOCK at 2003;SHI et
al. 2007). In these experimental studies, Linearialde Differential Transformers
(LVDTSs) (either EPC or LVDT), which were positioned the beams and the
columns, were utilized to determine the deformationthe member connections.
With the help of these data, researchers haveettehfferent formulations to obtain
rotation angles in connections (YORGUN and BAYRAMOG2001; Chen et al.
2001; Li et al. 2002).

Recently, topographic laser scanners and photogeariumtechniques have
been used in cases where LVDT readings are diffité number of readings is
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722 Photogrammetric approach in determining beam-column

very large, and also in fire experiments. Gordod kichti (2004) used topographic
laser scanners to obtain deformations that occuaiious loading configurations in
three different sets of experiments. In the stuthey verified the vertical
deformations in wood and steel beams and also iwoad bridge that were
measured using conventional methods utilizing thpographic laser scanning
technique. Gordon and Licht2007) measured the vertical displacement of two
beamsby terrestrial laser scanners (TLSs). Theyh@thending test on both timber
and concrete beams. They proved that laser scaareln attractive alternative or
additionalmeasurement technique to the traditionethods, not only for beams in
both laboratory and field environments, but alsotf@ other structural deformation
situations. Ceylan and Gusi2011) determined the values and directions of the
deformations by using a topographic laser scarifiee. results of this study were
consistent with the results obtained by conventianathods. Deflections in a
concrete beam subjected to flexural load-testingeweeasured by Lichti et al. 2012
with range camera. Chounta and loannidis (2012)liegppan automatic
photogrammetric process for monitoring the dynab®bavior of concrete beams
when exposed to mechanical strain during a loatisgy They calculated 3D point
coordinates by a photogrammetric intersection smlutin 2012, Valenca et al. first
obtained the creep deformation in a large-sparfariad concrete beam, then steel
beam-column connections, and lastly the deformatiore pedestrian bridge using
photogrammetric methods. Valenca made the measutdmesetting 60 static and
70 dynamic targets on beam-column connections ofibdermediate columns. The
authors attached almost all of the dynamic targetshe web and flange of the
column, which were focused on the deformation ef ¢blumn. After taking 1450
readings in the connection, the authors determihedRMS (root mean square) of
the three-dimensional displacement as 0.003 mmar@i Lichti (2012) measured
dynamic deformation in concrete beam with range erasm They compared the
results with laser displacement sensors and shdhatdbeam movements with
small amplitude (4mm) and low frequency (1Hz) canrbcovered from the time
series with sub-millimeter accuracy. Mustaffar le{2012) also measured structural
beams and columns under various loads by takingesseries of imageg digital
cameras. They had dandull-scale load tests on structural componentse Th
measures of structural beam and column displacemearte analyzed using digital
close range photogrammetric technique. Photogranmumetitputs were compared
against the results obtained from the LVDTs to detlt the deformation and
displacement of beam and columns. Kwak et al. (RGkhieved submillimeter
accuracy for the calculation of both vertical deflens and horizontal
displacements to unite two methodologies of phatognetric reconstruction—
image-matching-based reconstruction and model-basage fitting.
Photogrammetric methods for measuring of deflestion structural elements
are not a new technique. 10 cycling tests on beacolumn connection of steel
frame were measured both with LVDT-based conveationethod. On the other
hand, the photogrammetric measurement techniqueusess for 10 cycling tests on
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beam to column connection of steel frame. This pleead easy technique is used
firsty on measuring the rotation capacity of stdehme beam to column
connections in the literature for cycling tests.

In this study, the feasibility of the photogramnetechnique as an alternative
to conventional measurement methods was discussdtiei steel frame beam-
column connection of a corner steel column, whics vBubjected to reversible
cyclic loading. While only the deformations in tieember connections can be
determined by using LVDTSs, with photogrammetric heoets, it is possible to obtain
three-dimensional deformation values in any parbeéms or columns. For this
purpose, the deformation measurements in beam-colwmnnections were
conducted by both LVDT-based conventional method #re photogrammetric
measurement technigue. The results of both measutsrwere then compared.

2. MATERIALSAND METHODOLOGY

The test specimens were manufactured to reprekentdnnection of a steel
structure with moment frame (Figure 1). Hinge supp@vere used at the column
ends and the specimens were subjected to revecsitlie loading.

Figure 1 - Design philosophy of the test specimens.
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2.1 Test Specimen Specifications
Ten beam-column connections were tested duringstperiment (Figure 2).
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724 Photogrammetric approach in determining beam-column

Figure 2- Beam-column connections

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Speéime

Specimen 7 Specimen 8 Specimen 9 Spediine

Specimen 6

The displacements were verified in all experimehtsading controls were
made in compliance with FEMA-351and based on thelesyin the study of
Pachoumis et al. 2010. The cycle-rotation grapgirésented below in Figure 3.

Figure 3 - Loading used in experiments.
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2.2 Measurement Method Used In Experiments
During the experiment, in order to determine thspldicements on the test
specimens, two separate methods were used simoltslye These methods were:
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* Conventional measurement technique, which is conlynarsed in
structural engineering experiments. The measurememre done by
placing LVDTSs on the test specimens.

« Photogrammetric methods, which is based on evalgdtie photographs
taken during the experiment from a predeterminedtion.

2.3 Conventional Measurement TechniqueviaLVDT

The same method was used to measure the rotationthei member
connections of the test specimens. In order to uredbe displacements, electronic
LVDTs were used. Displacement data read by LVDTsewensferred to the data
acquisition system via cable. Similarly, the loggléed to the system was read from
the load cell. LVDTs were calibrated before everperiment. Also all LVDTs
were rigidly connected to a rigid platform. Thisopess was repeated for every
experiment.

The measurement used in steel frame systems ienpeesin Figure 4. The
vertical displacement at the end of the beam waasared by LVDT 1, and the
vertical displacement at mid-span was measured\WyTL2. Since the column’s
top and bottom ends were fixed, they did not m@\so a load cell located at the
end of the beam measured the load applied to thebe

Figure 4 - Load measurement and potentiometeritotsaised in the experiment
setup.
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726 Photogrammetric approach in determining beam-column

2.4 Photogrammetric M easurement M ethod

In addition to the conventional method, photogramnime measurement
methods were also used in order to determine t@atiement in the experiments.
Photogrammetry is the art and science of determitire position and shape of
objects from photographs, the result of photogratrimeneasurements may be
numbers (i.e. coordinates of object points in adkdimensional coordinate system),
plots (i.e. maps and plans with planimetric detaitl contour lines, together with
other graphic representation of objects), and imaderimarily rectified
photographs) (KRAUS, 1993).

In each of the experiments, after each cycle, gragths were taken from different
angles. Photographs were taken using a Samsung di§i# camera. Focal length
of the camera was 5mm and sizes of the photognaphes 4000x3000 pixels.

In order to conduct photogrammetric measuremehts cbordinates of eight
fixed points (control points) were determined priorthe experiment. Four fixed
points were marked on the rigidwall, and the othfensr were marked on two
systems of free rigid steel tubes. Therefore, thesetrol points hadn’'t been
changed their location during the experiments.THeased on these fixed
coordinates, the points of which deformations canreasured are marked (Figure
5).

Figure5 - Fixed points marked in experiments and the paintthe specimens.
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The X, Y, and Z coordinates of these control poimése repeatedly measured
with an electronic distance measurement (EDM) imsént and their averages were
calculated. The precision for the control pointswg= m,=m, =+ 1 mm.

The photographs were analyzed by the photogrammmetnethod in
PhotoModeler software. An adjustment process wasiged in bundle adjustment
method with the help of eight control points. Ortbe adjustment process was
completed, 3D coordinates of the marked points \ascertained, and with the help
of the 3D coordinates, the angles were calculatethe XZ plane.

The digital camera was calibrated using PhotoMadelsftware. The
calibration values were given in Table 1.

Table 1 - The Calibration Values of Camera.

FocallLength 5.289 mm
Xp (principalpoint x ) 3.300 mm
Yp (principalpoint y) 2.536 mm
F., (Format width) 6.535 mm
F, (Format height) 4.900 mm
K, (Radialdistortion 1) 0.001455(m#
K, (Radialdistortion 2) -0.000044(mfn
P; (Decenteringdistortion 1) -0.000333 (MM
P, —(Decenteringdistortion 2) 0.000941(Mm

Five pictures were taken from a distance of 7 nsefer all cycles of all
experiments. The camera was placed on a tripodn Jabove ground, in five
positions, as given in Figure 5. Two to five imagesre used in the adjustment
process. Root Mean Square Error (RMSE)was geneoditgined within £ 1mm
accuracy from the results of the adjustment proddessured points were marked
on figure 5.

2.5 Calculation of rotation values

Rotation is the angular deformation due to incregséxternal loads in a
connection or joint. Rotational capacity of a sysie the maximum rotation (elastic
+ plastic) that can occur in that system. This bancalled total rotation. Plastic
rotation capacity is the maximum value of plastitation that a system can resist.
Total rotation @) is calculated as the ratio of beam end displacér@® to the
distance between beam end and column dxis-(D/2). A deformed beam-column
connection can be seen in Figure 6. In Figurg,@s the distance between beam
end, where the load is applied, and the flangé®tblumn.

6= —° (1)

D
Lb+E
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In the conducted experiments, total rotations veateulated using Equation 1.
The displacement, which was read from the LVDT bfmkled P1, was divided by
the distance between the centerline of the colunthlead location on the beam to
obtain total rotation for each experiment. The tiotaof the beam can be clearly
seen in Figure 7.

Figure 6 - Deformed shape of a beam-column conmecti

i Ly+(D/2)

Figure 7 - The rotation of the beam.

I

3.RESULTS
In this study, the behavior of beam-column conmmagtiunder reversible cyclic
loads was investigated. For this purpose, ten éxgets that included a beam-
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column connection were conducted. Two separate adstivere used to determine
the displacements. Using these methods, the rotatitues at the joint/connection
of the specimens were obtained. Rotation values\ery specimen calculated from
each method are presented in Figure 8. Rotatiaresdbr Specimen 1 to Specimen
10 are given in Figure 8-a., Figure 8-b., Figure. ,8-igure 8-d., Figure 8-e., Figure
8-f., Figure 8-g., Figure 8-h.,Figure 8-i., Fig@¢. respectively.For all experiments
rotation values were measured in all cycles andpeoed against the results
obtained from the LVDTs. Results showed the diffiees obtained between the
photogrammetric technique and results obtained friia LVDTs were not
significant. Rotation values are evaluatedby ugjogse root of the mean squared
error (RMSE).

The RMSE is calculated as square root of the mgaarsd errorg);

8=Xi-Xj ) (2)

RMSE = [H= @3)

whereXiis the rotation calculated by the help of photograstry, X; is the rotation
calculated by the help of conventional methods and the number of the
experiments here.

The RMSE values of rotation, which were obtainechgigach method, were
calculated as 0.000867 rad, 0.000784 rad, 0.0008640.000958 rad, 0.000677
rad, 0.000922 rad, 0.000438 rad, 0.000965 rad,00®&® rad, and 0.000917 rad,
respectively. As can be seen from the resultsriemum and maximum RMSE
values were 0.000438 rad and 0.000965 rad, respbcti

Figure 8 - Comparison of rotation values obtainsithgieach method.
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The values shown in Figure 8-a, Figure 8-b, Figdte Figure 8-d, Figure 8-e,
Figure 8-f, Figure 8-g, Figure 8-h, Figure 8-i, Hig 8-jwere calculated using
Equation 1 for each specimen using both methods.di$placements measured by
LVDTs, which were placed on the specimen prioth® ¢xperiment, were digitized
and organized. These displacements were obtairreglafth loading. In addition to
this, the same displacements were observed usanghbtogrammetric method. In
the photogrammetric method, the photographs wekentaising a digital camera,
which was calibrated in every step of the experiniewas observed that the angles
of rotation, which were obtained from each methwedre very close to each other.
In the calculations, it was seen that the RMS walobtained from electronic
LVDTs and photogrammetric measurement method haeage between 0.000438
rad and 0.000965 rad.These values clearly indeat@l differences in measures of
deflection.

In this study ten beam to column connections werestigated with both
electronic LVDTs and photogrammetric measurent odshn the literature for the
first time. For Specimen 1, Specimen 4, Specimersigeen cycles and for
Specimen 2, Specimen 3, Specimen 5, Specimen @jrége 7, Specimen 8 and
Specimen 10eighteen cycles were measured with blbtronic LVDTs and
photogrammetric measurement method. So, (16*3)Sfoecimen 1, Specimen 4,
Specimen 9 and (18*7)for Specimen 2, Specimen &ci&gn 5, Specimen 6,
Specimen 7, Specimen 8 and Specimen 10 totallycy¢les were measured. The
RMSE valuesfor all 174 measurements,small diffeepnecision of rotation
valuesshow thatphotogrammetricmethodology instéadeatronic LVDTS.

When the two methods were compared, it was evithenthe photogrammetric
measurement method was quite simple (easy) andiffasbmparison to using
LVDTs. When using LVDTSs for displacement measuretpitris mandatory to use
1-2 LVDT per desired displacement measurement.titigrreason, in experiments
where many displacement measurements are neededuthber of LVDTs that
should be used is substantially high. This elorgdbe preparation period and
sometimes it is impossible to place the LVDTs. Chre tcontrary, in the
photogrammetric measurement method, not only th@ections but also the whole
system is photographed, all of the displacementhensystem can be determined
easily. In the photogrammetric measurement metlsirte there are intrusive
aspects such as marking and placing LVDTs, the \hehaf the specimen can be
fully observed and recorded.In conclusion, photogreetric measurement method
may prevent the limitations of LVDTSs.

4. CONCLUSION

In this study, an attempt was made to obtain thglacements/rotations in ten
beam-column connections that are subjected to siolercyclic loads using both
LVDTs and the photogrammetric measurement method.
Considering the ease of use and the closenesssoltgeit is concluded that the
photogrammetric measurement method can be safedyl ws determine the
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732 Photogrammetric approach in determining beam-column

displacements and rotations in the beam-columnextions.The performanceof the
photogrammetric measurement method was confirméedy wkata collected during
all 174 cycling steps. The results were compardtl two different methodologies,
and they showed compatibleresults under 0.000963RMSE. Using the proposed
method instead of LVDTs eliminates expensive andof@us task ofLVDT
preparation and placing. Also no sensor will be a@ged during the experiments.
3D measurements of all points will be measuredthmtggrammetric method unlike
1D measurement limitation of LVDTs. Moreover, ligidt range of measurement
disadvantage will be prevented by this method. Iinaphotogrammetric
measurement method which offers the advantagesnaidil-purpose, inexpensive
and effective full field three dimensional measueaintechnique can be used in all
conditions during the cycling tests instead of LMDT
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