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SUMMARY

Deformation monitoring of construction objects glikeams, in laboratory conditions are very
useful for the theoretical design of material bebav modelling. It is typically undertaken
using contact methods, which can achieve accuraeiésr than 0.5mm, but measurements of
displacements can be done point-wise and in onertBian only. In order to enable the use of
non contact methods comparably high accuracies meistnsured; data can be collected
during a dynamically developed phenomenon; disphacgs in three dimensions can be
provided; the data processing and result extrastitinnot be time consuming. In this paper
an application of an automatic photogrammetric @sscis proposed, which satisfies all
previously mentioned prerequisites for monitorihg tlynamic behaviour of concrete beams
when exposed to mechanical strain during a loatisg Accurate geodetic measurements for
the determination of 3D coordinates of control p®@and acquisition of image stereo-pairs by
a system of two calibrated and synchronised digigsmheras mounted on a stable basis are
required. Images are taken in load free state medery loading epoch until the beam reaches
its breaking curve. When all data is collected,dkterior orientation of the first stereo-pair is
calculated by a photogrammetric resection solutionevery epoch an automatic target
localisation algorithm, based on a combination ofnmalized cross correlation and least
squares matching, is applied in order to measuag@point coordinates pre-signed points on
the beam. Afterwards, 3D point coordinates areutaled by a photogrammetric intersection
solution using the results of the template matclasgvell as the stable exterior orientations.
Point displacements from the beginning of the lbgdiest to the total beam breakage are
computed. The experimental results show that thenad accuracy is 0.5-1mm in object
space.
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1. INTRODUCTION

Among the most common engineering applications hie teformation monitoring of
structures or structural components under loadorglitions. There are two main approaches
of observing the structural behaviour: contact aond contact methods. According to the
contact methods, high accuracy instruments, suchiasgauges, extensometers, LVDTs
(Linear Variable Differential Transformers) and réb optics are used to measure
displacements on the surface of the object withy vd@gh accuracy (10-10@@n). Their
greatest disadvantage is their ability to measwiatywise and in one dimension only. In
most cases, due to the strain imposed to the oljestlikely to be damaged as those devices
are really fragile and require a considerable armmadirattention. Also, these are expensive
devices and are not applicable to some parts o$tiineture, due to practical reasons, whose
detection of behaviour is significant for the tésiugh.

Non contact methods provide the opportunity to mezasa large number of points distributed
over the whole object, in three dimensions withpeesable results related to the required
accuracy. Various techniques have been proposedaapited, either low cost or by using
special and expensive instruments, on several eagegreat success and with very accurate
results. Such techniques for indoor- laboratoryliappons are:

- Geodetic techniques implement spatial intersecfion the determination of the 3D
coordinates of specific points, by acquisition afh accuracy angle measurements.
Automation of procedures with the userobotic total stations (RTS) (Gikas, 2008) has
increased the range of applications of this metktmivever it is still impossible to monitor
dynamic deformations because the measuring proeeduime consuming (Tsakiri et al.,
2004).

- Close range photogrammetric techniques with theofiseitomated procedures (automatic
localisation, image correlation, automatic recagnitand measurements) and use of one,
two or more synchronized digital cameras. They lbarapplied in order to acquire 3D
points with increased accuracy and reduced ortigie (Fraser & Riedel, 2000; Psaltis &
loannidis, 2006; Fryer et al, 2007). These techesqean be fast and cost effective
applying various techniques, such as rectificatgiareo-restitution or photo-triangulation
(Luhmann et al, 2006).

- Terrestrial Laser Scanners (TLS), time-of-flightptrase shift, are able to collect dense 3D
point data over the entire object and establisheanpnent visual record, without the
requirement of targets. However, the cost of thameaces is high and their perceived poor
precision (worse than 2mm) has precluded thei{@sedon et al, 2003).

- Structured light 3D scanners are used for measuhagthree dimensional shape of an
object using projected light patterns and a sysiéth one or two cameras and a LCD
projector. Nonetheless, designing such a systeof lsigh cost and as with all optical
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methods, it raises difficulties regarding refleetivsemi-transparent and transparent
surfaces (Fechteler & Eisert, 2008).

- Videometric methods offer high precision detect@md continuous 3D data but once
again, it is expensive to use high definition syoncized camcorders.

- Microwave (RADAR) interferometry for very high agagy (at the order of microns) but
less robustness, and application possibilities ojeats of limited dimensions (e.g., 3D
ESPI System Q-3 etc).

In this paper a low cost method based on opticdirigues and automate image correlation is
developed and applied, for the achievement of lkigturacy results for monitoring in three

dimensions of pre-signed points on the surface odbaded concrete beam. Geodetic
measurements before the beginning of the loadisigated acquisition of image stereo-pairs
during the loading phase are made, using a systewoccalibrated and synchronized digital

cameras. The measuring process is automated arsthieved accuracy is better than 1mm.
At first, the proposed procedure is described, dpéallowed by conducted loading test, the

data collection and data processing. Thereafter, rédsults and conclusions exported are
mentioned.

2. PROPOSED PROCEDURE

Three main parameters have been taken into coasimierfor the selection of the proposed

procedure taken into account:

— 3D monitoring of a great number of points with aemies up to 1mm or better

— simplicity of the technique and use of low-costtinments; even a non expert could
perform the measurements and apply the proposeeguoe

— on line or almost on line calculation of the result

The method includes (a) measurements and datas#tcmuiat the laboratory and (b) data

processing and compilation of deformation diagramgree dimensions. The steps of each

one of the above two stages are described andatvechart of the procedure is given below

(Figure 1).

(a) Data acquisition in the test field:

- Placement of a pair of calibrated and synchrondigdal cameras in stable positions, so
that the geometry of the two optical bundles aredfixel size in object space will allow
the achievement of high accurate results.

- Reflective targets, which are appropriate for tblei@ement of the most accurate geodetic
distance measurements, are placed as control p@ietessary measurements for the
scaling of the photogrammetric stereo-model systamg, placement of targets, which are
special for automatic image recognition, on thenfsio be monitored on the beam.

- Geodetic measurements (angles and distances) ebtiiel points, with a total station of
high accuracy qualifications.

- Acquisition of an image stereo-pair at load-fregtest(O epoch), using a stable system of
two synchronized and calibrated cameras or videwcoeaders.

- Acquisition of the image stereo-pairs at each epghgaing the test, by using remote control
so that no intervention will be made on the caniepasition and orientation; as an
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alternativevideo recording may be used by two synchronizedwicemcorders.

For the accuracy and quality control of the resultpetition of (i) the acquisition of the

stereo-pair of the last epoch and (ii) the geodetasurements of the control points (for
those that have been placed in stable locatiorepertlent of the movement of the beam).

(b) Data processing:

Recording of the synchronised image frames, deriveth the two cameras, for each
epoch (including 0-epoch).

Image processing (if required) in order to facibtdater automatic procedures for image
matching.

Calculation of the object coordinates of the cdntpwints, using the geodetic
measurements before or/and after the end of thédingatest. Selection of an object
coordinate system the axes of which should haveyaigal meaning for the determination
of the displacements (e.g., x-axis parallel tolthsic displacement direction and so on).
Manual measurement of the image coordinates of@lopbints at the stereo-pair of the 0-
epoch (reflective geodetic targets are not appatgrifor automatic localization and
measurement on the images).

Photogrammetric resection for the calculation @f parameters of the exterior orientation
of each image of the stereo-pair at the load-friedes(0-epoch). In case geodetic
measurements of (at least 4) control points hawn lmeade after the end of the loading
test, a photogrammetric resection adjustmenttlie images of the last epoch follows;

Geodetic measurements at
load - free state (0 epoch)

2

Image acquisition in load-free state and|in

17 every loading epoch j

Automatic process in the image Manual measurements of control points jat

U7

of every loading epoch the stereopair of load — free state
v v
Approximate target detection Photogrammetric resection
(normalized cross correlation) 3
v Calculation of the exterior orientationg
Precise target detection (ALSM) at load-free state
v
Calculation of image coordinates
v y
Photogrammetric intersection for each monitoringn

v

3D calculation of point coordinates

Figure 1: Flow chart of the proposed procedure
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comparison of the two sets of exterior orientafg@mameters of each camera in order to
ensure the precondition that cameras have remastedgle in terms of location and
orientation during the whole duration of the loaypliast.

- Automatic localisation by matching techniques andomatic measurements of image
coordinates of the monitoring points at the stgraws of every loading epoch. Matching
procedure is made in two stages: approximate pasitof possible templates of all targets
are located using normalized 2D cross correlafioaj position of the template is defined
through Least Squares Matching.

- Photogrammetric intersection for the calculationthe# object coordinates of each one of
the points (targets) to be monitored in all epochs.

- Calculation of the displacements of each point hre¢ dimensions. Diagrams were
constructed which show the horizontal and vertaiaplacements of points through the
loading epochs.

2.1 Automatic detection

Automatic detection of the targets on the images lsa achieved using various matching

techniques. Since photogrammetric targets withstéinditive pattern, known shape and size
are used for the test, template matching is a prapgice. The detection of the targets in each
image is conducted in two stages. The first stadgka approximate detection of the targets, in
which the approximate positions of possible tengdare located. These are used as initial
values for the next stage, the precise detectidrerevthe final position of the template is

defined with sub-pixel accuracy.

The approximate positions are acquired using naoeel2D cross correlation. In normalized
cross correlation, the template lays on every pisgosition on the image and then the value
of the coefficientp (Equation 1) is calculated for every position. Tl position of the
template is that wheggehas the maximum value.

u+Rv+C

2. 2196, 1) — 9,0t —u, j -v) - 1]

p(u’V) - U+R‘/i+:; = u+Rv+C (1)
\/ZZ[QG, J)—GW]ZZZ[t(i —u, j-v)-{J?

where:g = image function of the reference
t = image function of the template
R = rows of the template
C = columns of the template.

This can be done easier and quicker if the lodatisas restricted to specific parts of the
image (i.e. blobs). This is achieved by image lgsion thresholding, according to which a
statistical criterion is calculated. At first, tiage is transformed into a binary raster and
then the criterion is calculated repetitively utiié minimum value is acquired. The minimum
value represents the most appropriate thresholgev&lor every blob as well as the template,
the tone mean is calculated with regards to théerewn. Afterwards, the normalized
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correlation factor is recalculated for both the pdate and the image, while the approximate
image coordinates are defined.

The precise detection of the targets is achievenith Least Squares Matching (LSM), based
on adaptive least squares correlation (Grin, 1986 method is tagged as “adaptive”,
because it can be executed in a self-tuning modsnimg that the parameter set to be
estimated can be automatically corrected in ordeolitain a most appropriate estimation
model set-up, with respect to the specific sigaitent of the patches to be matched.

The function of the method requires the import pédfic parameters, which are: template
size, maximum shift, maximum rotation and maximummber of iterations, color correction
(optional), template image, image for the adjustimeenter image coordinates on the
template, approximate values (as acquired by teeiqus stage). The procedure is iterative.
Every time the template is detected on the reseaatiow the execution is interrupted. Since
the shape of the template is defined repetitivelyvall, it is highly likely that the calculated
values of grey level are no longer integral, so timage is resampled using bilinear
interpolation.

In some cases the solution vector converges vewlwl that it oscillates, or it even
converges to a false solution. These cases indg&atere correlation problems and require
further attention (Grtin, 1985). The problem of weakmpossible correlation stems from that
the data sets do not have sufficient signal contentallow for a reasonably accurate
correlation. Although such a situation is signalizg/ an inflation of the standard deviations
of one or both shift parameters values, the sizého$e standard deviations do not always
represent a suitable quantitative measure for in@uat of insecurity of the correlation. False
correlation threatens if the data of the picturadew allows for multiple solutions and if the
first approximations for the least squares proa@ssnot close enough. The least squares
estimator might then converge to a side-minimum.

3. LOADING TEST

The loading test was conducted in the LaboratoryEarthquake Engineering of the School
of Civil Engineering of the National Technical Uergity of Athens, Greece. The reinforced
concrete beam is of a rotated T shape; a graphegmlesentation of the beam and its
dimensions are shown in Figure 2a. The verticaloiethe beam is pegged out using a hinge.
The force during the loading test is executed enujpper part of the vertical leg of the beam.
The area of the beam under study, in which crack®gpected to happen, is the intersection
area of the horizontal and vertical legs of theh@yed beam. The weakest areas are those
around the two right angles of the intersection.

Thirty four black and white square targets (0.9>c9cm), which constitute the points to be
monitored, were placed close to the horizontal wedical edges of the beam and on the
whole surface under study. Distances between tigets were about every 10 cm, with
increased density in the areas around the two tomkethe beam (Figure 4). During the
loading test seven more targets were attachedetd#am’s surface in places were shear
cracks were formed, in an attempt to be measurgdr@5).
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(@) (b) Figure 3: Photo of the cameras
Figure 2: Representation of the beam; (a) the dimensiods asetup. The base of the two cameras
the location of the force (F) are shown, and (litief the on a stable tripod, and the PC for
intersection and dimensions of the area under study the operation control and the
storage of the image frames

Beside the photogrammetric targets, nine reflectargets were placed to serve as control
points. Due to lack of stable areas around the b&awmhthe reflective targets were placed on
the beam itself. Finally, in photogrammetric regecttadjustment only 6 of these control

points were used (3 on the beam’s surface), thatitot of which is numbered and marked

with a yellow outline in Figure 4.

Figure4: A photo of the beam with the area under studsh wie distribution opoints to be
monitored (rectangular b/w targets) and controhtso{numbered and marked in yellow), at load-free
state
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A configuration of two calibrated and synchroniZRdsler A404k/kc digital cameras were
used for the image acquisition. In order to keegrthelative orientation stable during the
loading test, the two cameras are mounted on deskatse, at a distance of approximately
60cm from each other; the base and the cameramaked in red outline in Figure 3. Interior

orientations of the two cameras are calculated naatically with bundle adjustment by

processing stereo pairs of a 2D chess-b@ardkos, 2012); the resuldse given in Table 1.

Table 1. Interior orientations of the left (I) and righ)) €amera respectively

c_|1=4078.04 pix £ 0.91 «Cr=4088.94 pix + 0.91

¢, |=4072.23 pix + 0.89 yCr=4091.10 pix =+ 0.90

Xo I= 22.19 pix £+ 1.39 Xr= 3.76 pix £ 1.36

Yo I= 13.18 pix + 1.29 yr= -1253 pix = 1.25
k1l |= -6.572313e-009 + 1.031158e-010 k1_r 7958950e-009 + 1.008159e-010
k2 | = 9.255619e-017 + 4.921238e-017 k2 r948703e-016 + 4.606968e-01[
pl | = -4.130962e-007 + 3.318374e-008 pl r A86428e-007 + 3.319799e-008
p2_| = 1.926336e-007 + 2.702347e-008 p2_r 758409e-007 + 2.552702e-008

Each one of the cameras contains a high quality SMénsor with 2352x1726 pixels (4MB),
with optical size of 1¥4” (3.175 cm) and pixel siZeum. A basic characteristic is that they
have a very high frame rate (96 fps at full resohjt Thus, a dense acquisition of
synchronized image pairs becomes possible, forcteation of a video recording of the
loading test. In general, the system is appropf@téhe monitoring of dynamic phenomena
as a camera frame grabber is used to collect amldate the data, and connect the camera and
the PC via the special Camera Lihinterface, which enables a maximum data transorissi
rate of 680 MB per second.

The approximate distance between the cameras’arabthe beam was set at 2m, so the pixel
size of the images is 0.5 mm in object space aadrtage scale approximately 1:70. That
way the prerequisites to achieve the accuracy reaugints are fulfilled. As the position of the
configuration was desired to be stable during thele test, the use of a remote control for
the acquisition of the stereo-pairs was considassbssary.

The geodetic measurements on the control pointe wenducted with a use of an industrial
total station Leica TDA 5005, of high accuracy sfieations: the angle accuracy is ¥.and
the distance accuracy is 1 mm + 2 ppm. The thregedsional object coordinates of the
control pointswere determined through multiple resections witls Brrors less than 0.7 mm,
which are quite satisfactory.

The loading test begun with the acquisition of fingt pair in the load-free state (0-epoch).
Afterwards, the beam is imposed to mechanical rstraitil shear failure occurs. It was
strained successively by forces of altering diget(e.g., the force at thé #poch was +18Nt,
at the 29 epoch -32 Nt and so on) and of gradually increpsiue. Thus, the value of the
strained forcevaried from +18 Nt at the®lepoch to +143 Nt at the 3&poch, and from -32
Nt at the 2% epoch to -157 Nt at the BX(last) epochlt took 32 loading epochs and 7 hours to
reach ultimate breakage. Two additional sterecspaiere acquired at the end of the test
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(images of the last epoch), due to verificationseau
4. DATA PROCESSING AND RESULTS

First the recording and storage of the image frafmesach epoch took place; it was noticed
that stereo-pair of the #4epoch was not recorded. Measurements of the imagelinates of
the 6 control points and the 34 points to be meoaddphotogrammetric targets) at the load-
free state (Figure 4) were made and the parametehe exterior orientation of the cameras
were calculated by photogrammetric resection; tipgsameters are considered to be stable

for the rest of the loading test. The parametedstaa rms error of the adjustment are given in
Table 2.

Table 2: Results of the exterior orientations of the leftl aight camera respectively

Left image Right image
Xo 3.5884 m 41724 m
Yo 1.9767 m 1.9977 m
Z0 4.7483 m 4.7535 m
® 0.0627 grad 0.0215 grad
[0) 0.0025 grad 0.0163 grad
K -0.0049 grad -0.0050 grad
o 1.50 pixel 1.59 pixel

For the precise detection of the photogrammetngeta on thestereo-pairs of th81 loading

epochs is achieved using a software based on addpaist squares correlation. Every time
the template (the image of the targest)detected on the research window, the execusion i
interrupted and the precise positions of the teteee calculated, accompanied by on-screen
diagrams, providing visualization of the correlatiprocess. In Figure 5 the diagrams of the

changes of the parameters of the algorithm are shovan example of fast and successful
convergence.

-.Figure T: cunvefgency of the affine shift para... - ..Figure 8: convefgency of the affine param'eter'... -
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Figure5: Example of convergence of the shift parametefs) (and the affine parameters (right)

During the execution of the second stage (precistection) of the automatic detection
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process the phenomenon of impossible and falselation appeared in some cases. In Figure
6 a diagram is shown with an example of failureahvergence (left) and false detection of
the target (right). The main cause was the lowaigontent of the parameters dataset, which
originally derived from the weak lighting condit®ithroughout the loading test. That had a
respectable impact on the whole process, thusiegedépendence on manual measurements
for the determination of image coordinates from omage to the other. However, the
successfully tracked targets were calculated witipsxel accuracy.

Fiie  Edt Wiew Insert Tools Desktop Window Help ¥ File Edit ¥iew Insert Tools Desktop window Help Y

DEES A0 EL-E0E] | [Daads (s |R@PLEL-|E[0E] »
@ Mote new toolbar buttons: data brushing & linked plots % 51 Play vide X @B Note risw toolbar buttons: data brushing & linked plots ﬂ@l Play vide X

1t
05+
ol L
E —8— all = x-shift
: —B— b1 = y-shif
0 5 10 15

o, ofertions
Figure 6: Example of low convergence or partial divergeotthe shift parameters (left) and false
detection of a target (right)
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Figure 7: Left image of the 28 epoch’s stereo-pair; cracks are marked on the b€&aepoints 12
and 27 for which displacement diagrams are givenpaarked in yellow circle; the points from which
the upper angle of the beam was calculated areadankblue circle
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Until the 21 epoch 34 (photogrammetric) targeth skisted, were detected and measured;
between the 21 and the 22 epoch 7 targets werel addee region close to the upper angle of
the beam, where the most and bigger cracks hadehapp(Figure 7). In the last four {29
32'% epochs several targets were detached, espeaiatlye corners of the beam, due to a
surface damage of the material. 3D object coordmatf all points to be monitored are
calculated by intersection solutions for every estepair. The accuracy of the determined
coordinates with the proposed procedure varies fpomt to point, but generally it is better
than 1mm. Furthermore, the comparison between Ehelect coordinates of the %last)
epoch and those derived from each one of the thdektional stereo-pairs (which were
acquired successively after the end of the loathst) showed insignificant deviation in point
displacement, confirming the reliability of the ués.

Diagrams of the 3D displacements of points in abgpace through the loading epochs were
constructed; dx-along the horizontal leg of thermbeay-along the vertical axis in object
space, dz-along the axis which is vertical to tharb. In Figures 8 and 9 the diagrams of the
displacements per axis and the movement on the’'beamface plane through the epodis,

the points 12 and 27 are shown; point 12 lies etoge to the upper angle of the beam while
point 27 is close to the edge of the vertical Iéghe beam. From those diagrams but also
from the study of the relevant diagrams of all maormng points, it is derived that the
displacement along the third axis (dz) it reaclamsl in some cases it exceeds, 1cm (from the
load-free state). So, the displacement in thisctiva is significant, usually of the same size
with the dy displacement, and it should not be rgdoduring the study of the behaviour of
the beam, as it practically happens when the meamnts of the displacements are made
with methods that provide results only for onevad dimensions.

One more parameter that is of significant imporéafor the detection of the behaviour of the

beam and can be calculated with the proposed puoeedthout additional measurements are

the angles formed by the two legs of the beams Isuficied to place targets along the

horizontal and vertical edges of the beam. For gainm this test the upper angle of the beam
is shaped by the lines defined by the points 318112 respectively. At a load-free state the
value of this angle is very close 100 grad (théed#ince is due to construction weaknesses).
In Figure 10 the fluctuation of the value of thegl@nthrough the epochs is shown.
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Figure 8: Displacements diagrams of point 12 through thechg, along the dx, dy and dz axes. At the
bottom the movement of the point on the beam’saserplane through the epochs is shown
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Figure 9: Displacements diagrams of point 27 through therbp along the dx, dy and dz axes. At the
bottom the movement of the point on theam’s surface plane through the epochs is shown
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Figure 10: The size of the upper angle of the beam (angleden lines 3-9 and 13-12)

5. CONCLUSIONS

In this paper a simple and low cost technique igligped for the deformation monitoring of
a concrete beam during a loading test. The majearatdges of the proposed procedure are
the calculation of displacements in three dimersiand the achievement of high accuracies
in monitoring of a great number of points scattesadhe surface of the beam by using a non
contact method. In the described application testdisplacements of the points are calculated
with accuracies better than 1mm in the object space

The necessary hardware for the application ofrtieshodis onlytwo cameras. It is better to
use large format synchronized cameras so thatctipgisation of images from a larger distance
(which would reduce the accuracy of the calculadexplacements) will be avoided. Also,
instead of doingaccurate geodetic measurements (where there isea foe specialized
hardware) thebject coordinates of the control points can bevddrfrom the use of specific
calibrated constructions, e.g., frame(s) with pgead points of known coordinates, which
should be placed around or close to the beam. Byway the establishment of a fully
automated process is facilitated. Especially i tisi combined with the use of appropriate
coded targets for the points to be monitored agtatihg conditions in the test field so that the
matching techniques will lead to accurate automadgitection and localisation without weak
or false correlation results. In addition, resddé&tter than 0.5 pixel that were achieved with
the localisation algorithm used, will providbe use of multi-patch correlation, utilizing
neighbourhood conditions, with the adjacent patdwogdrolling and stabilizing each other, as
well as the incorporation of additional geometricainstraints, such as the collinearity
condition or the use of epipolar geometry.
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