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Abstract

The maximum load of shear loaded anchors closke@tige is accompanied by cracks
of huge length. The initiation of these cracks tstaiready at a low load level. In

contradiction to reinforced concrete in this calse lbad transfer is achieved by the
partial already cracked structure which cannotdglaected.

Electronic Speckle Pattern Interferometry (ESPI) is used to analyse the distribution
of strain near shear loaded expansion anchors.rfgtipemicro cracks can be made
visible directly after their initiation and theirack width can be quantified in the range
of micrometers.

Difficulties and possibilities for a two-dimensidnapplication are shown. Due to the
low deformation, various outer influences can fglshe results. A satisfactory output
only can be guaranteed with the knowledge of thebeur of concrete surface, impact
of vibration and outer light etc.

Micro cracks often don’'t grow to visible macro dkadbecause of the big spreading of
concrete tensile strength. They lead already telecation of stress distribution and
therefore they change the flow of forces.

Consequently the localisation of invisible micracks is important for understanding
the whole crack process.

1. Introduction

Anchorage in concrete is applied frequently becafsis flexible use in all kinds of
structures. Especial for anchors close to the édgéensile strength of the surrounding
concrete is the deciding failure criterion.
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For this reason it's important to have an exactwdedge of the real stress near the
concentrated loading and of the development ofaricacks.

The maximum anchor load is accompanied by alreadible cracks. Hence the
detection of micro cracks and their mode of operatire researched by using a non-
contact measuring method.

2. Optical and finite element methods

In the research of Lendenhoff [1] an optical micayse was used to detect micro crack
processing by elaborate preparation technologyo Kshis research it was attempted to
compare the results of ESPI to the crack width mnegsby microscope.

On the one hand it was a problem finding the maraxks and not knowing if they had
already been there in advance. On the other hasre thas no exact definition of the
edge because of superficial spalling, which caussdfficient results.

Supported by finite element method model simulatismg non linear material models
( ervenka et al. 2001 [2]) the qualitative crack psxccould be estimated.

ESPI already was used by Eberhardsteiner [3] atréBearch of biaxial stress of fir
wood. According to the producer of ESPI, in thise@rch this type of interferometer is
used the first time for analysing concrete cracks.

3. Test facilities
3.1 Material testing machine Zwick 2100

Fig. 3.1: L: Testing machine Zwick Z100; R: elongah measure system Makr§4]

The horizontal traverse is moved by an electro mpithspindle drive with shaft joint.
Although tension or compression loads up to 100ded be achieved, the actuation
velocity can be adjusted between 0.5 pm/min andB@@min.

Because of its vibration-free bedding the testingchine is not influenced by outer
vibration. Displacements can be measured by theettsa position or by an external
elongation measure system “Makro”. The change aitjpm of the unloaded traverse
was verified by Makro and ESPI and can be madkénange of micrometers.
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3.2  Electronic Speckle Pattern Interferometry (ESPI)

The principle of a Michelson
interferometer is enhanced to measure the
displacement of each pixel at the observed
surface (ca. DIN A4, 800x600 pixels) in
all three directions (in plane IP and out of
plane OOP) with accuracy up to 10 nm.

The illumination by widened LASER
light has to be uniform, and the influence
of environmental light is reduced by
shading and optical filters.

Fig. 3.2: Speckle interferometer with 4 reflectorras

3.2.1 Formation of speckle pattern

- Use of monochromatic LASER light
as a measurement tool foi
displacement

- Each speckle results from overlaying
laser rays in the particular pixel

- Brightness of each pixel depends o
phase offset of incoming rays cause
by surface

- These subjective speckles represe
the rough surface like a fingerprint

Fig. 3.3: Characteristic speckles, like fingerprif]

3.2.2 Changing of speckles due to deformation
- Wavelength (<1 um) of light forms Beam spliter
the scaling

- Reference beam for interferometry:
Change of distance betweer

Object beam

Reference beam

difference of brightness of eact
speckle

Observation 2

- Full field interferometry: TSR0 SEaTrpiST

Each speckle in the whole field Oty 34 changing of brightness of Speckles due to
vision delivers results caused by deformation[5]

deformation

- Capturing speckle picture of all three
directions by CCD camera
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3.2.3 Measuring of one load step

- Reference state: - Points at the same fringe have nearly same
Capturing speckles of all three deformation in the particular direction
directions (2x in plane, 1x out of- About3 um difference of deformation
plane) of unloaded object between fringes (IP)

- Loading first load step (LS)

- Deformed object:

Capturing speckles without further
movement by CCD camera

- Subtracting speckle pictures: .
Relatively changing of brightness oip
each speckle is made visible

- Fringes show deformation of surfac
of one load step

%ig. 3.5: reference state - deformed object = céat®n
fringes|[5]

3.2.4 Unwrapping of correlation fringes

- Although perturbation is minimized,- Definition of a start point
superposition of objective and Detection of discontinuities in grey value
subjective  speckles and  other Adding an offset (n * 2
influences require software filters
So fringes are processed by filters an
algorithms
. Getting brighter means getting mor¢
deformation

Fig. 3.6: Wrapped phase map unwrapped phase map
(miscoloured)

3.2.5 Sensitivity vector

- Calculating sensitivity vector S for
each pixel out of trigonometry

- Computing 3D deformation by using
phase maps and sensitivity vectors of
all three directions

- Highest sensitivity for out of plane
deformation

The final deformation is arisen by
summing the load steps.

For further information: Gingerl [6].

Fig. 3.7: In plane sensitivity vector [5]
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4. General setup

Vibrations and offset relating to the
speckle interferometer have to be
minimized. Besides the vibration-free
bedding of the testing machine a stiff
connection between the observed
surface and the interferometer is
implicated by aluminium profiles.

Without this preparation every human
step made near the trial could be
noticed by the interferometer.

The influence of outer light and airflow
are minimized, and the surface

condition is adjusted by powder spray. Fig. 4.1: Stiff connection between interferometer

5. Verifying crack width

and concrete, shading to reduce outer light

ESPI provides deformations only relatively to a s#o point in the field of view.
Therefore an analysis across discontinuities @agks) is not possible, so crack width
just can be quantified using “crack bridges”. Thessck bridges can be made by elastic
films connecting both crack edges. Another posgjtig to use the non cracked concrete
aside like a continuous connection between thesdge

In basic experiments a concrete cuboid is chargéd mlying centric reinforcing bar.
‘ ‘

. Speckle

600

e,

In the speckle picture (Fig. 5.2 L) vertical defation is shown by grey values and
fringes. Cracks are made visible by discontinuibéshe brightness. The crack starts at
the left side and ends close to the right concbeteler (white arrows). The vertical
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speckle picture shows a clockwise rotation of tppar and a contrary rotation of the
lower part, which also can be seen in the vertedbrmation image in Fig. 5.2 R.

The results of ESPI were compared with appliedrsyages and inductive displacement
transducer. So besides strain the crack width cdaddverified in the range of
micrometers.
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Fig. 5.2: L: fringes of vertical speckle picture lfeckwise rotation of upper part); R: deformation iage

6. Crack initiation of shear loaded fasteners close tedge
6.1 Experimental setup

Fig. 6.1: Test setup: shear loaded anchor closestlye, bonded steel plate as uniform support

The concrete cuboid is not reinforced. It is supgbrat the bottom by a bonded steel
plate. That way there is no influence of globaéssérnear the anchorage during the trial
and the setup also represents practical application

The area around the anchor is observed by ESPIlhvikiconnected to the surface by
stiff aluminium bars.

6.2 Results and interpretation

At shear loaded anchors the cracks are initiat¢ldeasurface. So superficial deformation

measurement by ESPI detects crack initiation inktdginning and the whole cracking
process can be analysed. Furthermore each formafiamracks causes a qualitative
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relocation of the stress and strain field. By EBRBlalso possible to have a look at the
real superficial deformation and strain during ¢theck process.

1.) The first cracks arise at the local loadinge Toncrete at the load transfer next to the
anchor is under high compressive stress what pesdocthogonal tension and causes
local radial cracks and superficial failure at ayéow load level. Thereafter the
leading in of the main load is relocated deeper.rédea zone of very high three
dimensional compressive stress is developed.

Some trials have shown that large local spalling,aaresult of drilling, shifts the
leading in deeper and so it can delay these radiatks and also enlarge the breaking
load Viax and ductility.

2.) The second group of cracks starts beginning filee anchor orthogonal to the load
direction (Fig. 6.2 L and Fig. 6.4 L) because ofia®te tension failure.
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Fig. 6.2: Vertical, ¥2 \hax L: deformation [um], first micro crack; R: concetrated strain [%c] near anchor

The vertical strain at %2 My in Fig. 6.2 R shows the strain concentration rlearanchor
with a maximum of 0.1 %o which is the breaking elatign of concrete. From this point
on, cracks are initiated and shown by discontiasith the speckle pictures (Fig. 6.4 L).
They just can be quantified till both edges ark atinnected by non cracked concrete in
the field of vision.

On account of the direction of the lasel
rays the ESPI method is more sensitivi
to out of plane (OOP) deformation.
Although the main crack direction is in
plane, crack initiation can be best seel
in OOP speckle pictures. So during the
trial this direction is observed.

19660

Also vibration, offset and other
perturbation can be detected best thi
Way . 199.73:207.02

Fig. 6.3: 3D- OOP- deformation [um] at %2 Wi
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Fig. 6.4: % of Vhax L: speckle picture of one load step; R: vertiadéformation [pum]
3.) Finally a mechanism analogue to a simple bearuilt which produces bending

tension stresses at the edge. This causes onesteatikg from the edge which could be
made visible by ESPI in other trials using a déferadaptor.

Crack width of left horizontal crack

Crack width [pm]

480 160 140 120 100 80 60 40 20 0
Horizontal coordinate [mm)]
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Fig. 6.5: L: Course of left horizontal crack widthiR: example of cracks also opposite load direction

Many trials also show that the first crack isnvays the decisive one and/or the final
macro crack has the same origin but a differergatiion. Also sometimes many cracks
appear in the beginning, and in the end just orherh is visible to the naked eye, and
betimes cracks occur opposite to the load dirediienin Fig. 6.5.

RN SR N

This depends not only to the geometry but also dmaidental material behaviour
around the anchor.

7. Summary

Highly sensitive Electronic Speckle Pattern Intesfeetry (ESPI) is adjusted for
concrete as a new field of application. An experitaksetup is developed for maximal
accuracy of the results. Cracks create discont@suiivhat complicates analysing the
crack width. As a result of basic trials, cracks$ owly can be analysed qualitatively but
also can be quantified.

So it's possible to observe crack initiation nda toncentrated leading-in as well as its
growth precisely even far before maximal load isicteed. Furthermore the real
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deformation of the observed surface in all threedions in the range of micrometers
and the strain concentration around the anchomae visible.

All these effects improve a better understandinghef flow of forces in the cracked
concrete and will be worked out by cracking modefllowing research.
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