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ABSTRACT

Metallic structures made of ribbed iron bars (ADN-420) are of common use in sheds and supporting structures.
Usually, trusses are constructed with many pieces of ribbed iron bars, combined together through a welding
process. Although ribbed iron manufacturers do not recommend this type of structure it is still frequently
used. The main weakness of these trusses is the welding point because ribbed iron is not a material suitable
for welding. This work presents results obtained from an analysis of welding points between ribbed iron bars
extracted from a collapsed truss, by means of conventional (optical) and digital holographic interferometry (HI
and DHI, respectively). The experiments were divided in two different series of studies. The first series were
performed by HI on metallographic samples while the second series were done by DHI on different welding points.
These results were complemented by metallographic analysis made in an external laboratory. DHI indicated that
the bars did not have important failures but evidenced defects in one of the welding points under analysis. This
information together with metallographic results allowed inferring that the collapse was probably due to an error
in the design of the structure, since the iron bars were out of standard compliance.
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stress

1. INTRODUCTION

Holographic interferometry (HI) is a non-destructive testing at constant evolution. During the last decade, digital
holographic interferometry (DHI) replaced old photographic methods.1 The main difference between HI and DHI
is the use of a CCD or CMOS camera instead of a silver halide plate for recording the holographic image. A
conventional interferogram is generated by superposition of two wavefronts with the same reference wave. The
first wavefront belongs to the object in its normal state (reference state) and the second wavefront belongs to the
object under some external perturbation (loaded state). The interferogram carries information about the phase
change between both states in the form of dark and bright interference fringes superimposed on an amplitude
image.2 In DHI, phase and amplitude information are processed independently. This property allows achieving
digital reconstructions of phase changes. Phase maps on the plane of the CMOS camera, coordinates (ξ, η), at
the normal (1) and loaded (2) state can be calculated as:

φ1(ξ, η) = arctan
= [I1(ξ, η)]

< [I1(ξ, η)]

φ2(ξ, η) = arctan
= [I2(ξ, η)]

< [I2(ξ, η)]
,

(1)

where I1 and I2 are the recorded holographic images at each state and <[·] and =[·] represent their real and
imaginary parts, respectively. The inverse tangent function which, in this case, gives the phase of a complex
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number, yields angles laying in a bounded domain ranging from −π to π. Therefore, each fringe in the interfer-
ogram determines a phase jump which is undetermined up to a quantity 2π. The phase difference between the
two phase maps of eq.(1), i. e. the phase difference resulting from the interference of both wavefronts, can be
directly calculated (modulo 2π) by subtracting the respective phases

∆φ =

{
φ1 − φ2 when φ1 > φ2
φ1 − φ2 + 2π when φ1 < φ2.

(2)

Hologram reconstruction and its subsequent analysis, as is done in conventional holography, is totally unneces-
sary with DHI, since the numerical processing algorithm provides all the information concerning phase changes
over the area under study (thru an inverse Fourier transform).3,4 However, the application of a phase unwrap-
ping algorithm, is needed in order to obtain a continuous phase map. This is a powerful tool for analyzing
displacements or deformations with magnitudes in the order of the wavelength used for illumination.

1.1 Case of study

Metallic structures made of ribbed iron bars (type ADN-420) are of common use for sheds and supporting
structures. Trusses are usually constructed starting from many pieces of ribbed iron bars, of different sizes,
joined together by means of a welding process. However, iron manufacturers do not recommend this type of
iron for these structures it is indeed frequently used. Due to the fact the these iron bars are not suitable for
welding, the main weaknesses of trusses constructed with them might be, obviously, the welding points. In this
work, samples of welding points between ribbed iron bars, obtained from a collapsed structure were studied.
The possible causes of truss breakdown are not well defined, but one of the more strong hypotheses pointed
to a stress problem in the welding points. A second possible hypothesis was that the material (ADN-420)
did not meet standard regulations. In this context, HI and DHI analyses were performed on the welded iron
samples aiming to find welding defects which would reinforce the first hypothesis. Also, the study served to
compare both interferometric techniques. The holographic analysis was divided into two series. For the first
series, a conventional HI study was performed on metallographic samples embedded on bakelite. This is a very
interesting case of study due to the differences between the contrast of iron and of bakelite, being the former
very reflective while the other is near to total absorption. The second series was analyzed through DHI. All of
the samples, from both series one were taken from the most critical area of the collapsed trusses.

Figure 1. Simple diagram of a double way holographic recording technique.
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2. METHODOLOGY

The technical protocol to analyze iron structures includes metallographic studies, resistance to compression
and traction, a bending test according to IRAM standards (IAS U 500-102)5 and this work contributes and
complement those tests with a HI analysis of welding points and iron bars. Due to the fact that the holographic
analysis requires to induce some kind of perturbation to the samples, they were subjected to volumetric expansion
by means of thermal excitation and left to cool freely at room temperature. In this way, the interferometric
analysis was performed during thermal contraction of the samples after being heated to some temperature
around 50 ◦C. HI and DHI, as were performed in this work, are reversible in time. This means that if the lowest
temperature hologram is taken as reference, the interferogram obtained with higher temperature holograms would
describe a thermal expansion sequence. In contrary, if the highest temperature hologram is taken as reference
the sequence of interferograms would represent a thermal contraction.

For the first series, to which the conventional HI technique was applied, a previous metallographic analysis
has demonstrated the absence of non-metallic deposits, corrosion and strange alloys.

The double way holographic technique is based on the utilization of a double optical path. Using a beam
splitter, the light emitted by the laser is divided into two beams (reference and object beam) with a 1:1 intensity
ratio between them. Double exposure conventional HI involves the use of two different holograms that are
recorded on the same photographic film. The first hologram is taken when the object presents a volume V1, and
the second one when the object has a volume V2 (with V2 > V1, in this case). The reference beam is kept the same
for both exposures. If the difference between the optical paths of both exposures is several laser wavelengths, the
resulting hologram consists of an interference fringe pattern superimposed on the object’s image. This method
allows studying both static and dynamic movements of a rough surface with a high level of precision.

For the second series, four different samples (1 to 4, from now on) under thermal contraction were studied
using the DHI method. Samples 1 and 2 were bars between two welding points of a collapsed truss, cut and
polished to eliminate burrs. Samples 3 and 4 were V-shaped welding points that were studied from two different
views to find cracks or stress zones (see Fig. 2).

Figure 2. (a) Transverse cut of sample 3, (b) front viewsample 4 and (c) bottom view of sample 4.

To study the second series, a Gabor’s double optical path scheme and double exposure technique was used.
In this set-up the object was illuminated with a spherical wavefront, through a 15 µm spatial filter and located
in front of the CMOS camera. A reference spherical wave front, emanating from a 5 µm spatial filter, also
illuminates the camera. The angle between the camera’s optical axis and the reference beam is smaller than 8.3◦

(see Fig. 3). The difference between this set-up and Gabor’s “in-line” optical mounting is the use of a beam
splitter just in front of the recording device (film or camera).

2.1 Film processing

The holograms of the first series were recorded on PFG-03 Slavich holographic films, that were exposed to a 30
mW He-Ne laser for an 8 to 10 s time period in order to achieve adequate optical density levels. The sample

Proc. of SPIE Vol. 8785  87852M-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/21/2014 Terms of Use: http://spiedl.org/terms



It

Figure 3. (a) Gabor’s “in-line” set-up and (b) modified “in-line” Gabor hologram arrangement without mirror and beam
splitter.

was kept at different temperatures for each partial exposure (with ∆T = 3 ◦C). To obtain the holographic
interferogram, a Photographer Formulary Inc.’s JD-2 holography processing kit was employed. The process
consists of four steps:

1. Developing: submerging the film during 4 to 6 min in a solution at 32 ◦C.

2. Fixing: a 10 min distilled water bath.

3. Bleaching.

4. Washing: 5 min under a water flow.

After this chemical procedure, the film is placed on a film holder and illuminated with the reference beam. The
virtual image of the object appears on its initial position and the interferogram is superimposed on this image,
appearing as a fringe pattern. Afterwards, a digital photograph is taken for processing on the PC.

2.2 Digital processing algorithm

For DHI of the second series, the image reconstruction was achieved by a processing algorithm that was developed
using the MATLAB R© interface. The algorithm flowchart is schematized in Fig. 4. In this case, in a similar
way as in HI, it was necessary to take (at least) two digital images of the same object at different conditions.
Here again, a volumetric contraction induced by free cooling at room temperature was analyzed. In DHI, the
principal advantages are the possibility of acquiring a sequence of images in a wide temperature range and the
ease of digital processing as compared to developing photographic films in HI. For the analysis, the samples were
heated to a temperature near 50 ◦C and left to cool freely at room temperature. The first hologram was set
as reference and the rest of them were compared to it. This allows to compare multiple temperature values in
only one experiment. As will be seen in the results, interference fringes reached their maximum definition at
∆T = 1 ◦C and ∆T = 3 ◦C.

3. RESULTS

3.1 First Series

For the first series, only one hologram was taken to find irregularities on the metallographic sample, that was
previously analyzed by other methods to find intercrystalline corrosion or non-metallic inlays. These tests gave
a negative result, which means that the sample was in good metallographic conditions. HI test was performed
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Figure 4. Image reconstruction algorithm for DHI method.

as previously mentioned. The fringe pattern revealed an uniform behavior during thermal expansion, without
any apparent localized residual stress (see Fig. 5). Fringes presented an uniform distribution and a smooth
curvature.

Figure 5. (a) Photograph of metallographic sample and (b) image enlargement on the region of interest.

3.2 Second Series

A large number of holograms were obtained from the 4 samples, and the results obtained are described in the
following sections.

3.2.1 Samples 1 and 2

Samples 1 and 2 were extracted from between two welding points of a collapsed truss. Both of them showed an
equal behaviour under similar experimental conditions. More than sixty different interferograms obtained by DHI
technique were analyzed during cooling. The thermal contraction process gave as a result straight interference
fringes with a spatially homogeneous distribution over the surface under study, without any apparent irregularities
(see Fig. 6). The inclination angles of the fringes indicated that the thermal contraction was not normal to the
observation direction, due to the difference between observation and illumination angles. All DHI images of these
samples showed homogeneous fringe patterns (like those presented on Fig. 6) that may indicate the absence of
both residual stress and non-metallic inlays in the material. Any of these defects could cause disturbances during
thermal expansion or contraction with subsequent inhomogeneities in the fringe distribution.
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Figure 6. Reconstructed amplitude image and interferogram of sample 1 (∆T = 2.5 ◦C) (left) and sample 2 (∆T = 1.3 ◦C)
(right).

3.2.2 Sample 3

Sample 3 is a V-shaped welding point that was tansversally cut at the middle in order to inspect the metallic
union in detail. As a remarkable feature, this welded union presented a hole which can be seen with different
amplifications in Fig. 7 (a)-(c). This cavity is a consequence of a defective welding and inside it, beneath the
surface, it is possible to see a little bubble (not so clear in Fig. 7).

Figure 7. Details observed on a longitudinal cut of the welding zone (sample 3).

More than fifty holograms were acquired, divided in three different sequences. The working temperature
range to induce thermal expansion, and subsequent contraction, was defined between 48 ◦C and 38 ◦C. Each
hologram was acquired after a temperature variation of ∆T = 1 ◦C respect to the previous one. Fig. 8(a)

Figure 8. (a) Reconstructed amplitude image of sample 3, (b), (c) and (d) inergerograms of the same sample after cooling
at different temperature intervals.

shows a raw reconstructed amplitude image of sample 3 (left) and three different interferograms of the region
of interest. The temperature interval is shown below them. The first interferogram from the left (∆T = 1 ◦C)
presents an homogenous fringe distribution without evidence of residual stress. The second fringe (starting form
the top) was interrupted by the hole on the surface, but this did not seem to correspond to an inhomogeneity
during contraction.
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In DHI images for ∆T = 3 ◦C and ∆T = 4 ◦C, fringes are more compact due to a larger temperature interval.
The hole became evident on both holograms and a fringe disorder can be observed in the surrounding area. For
∆T = 4 ◦C the black circle indicates an area with an apparent residual stress, which might be due to the bubble
beneath the surface that was observed trough the microscope (Fig. 7).

Figure 9. (a) Reconstructed phase map of sample 2 and (b) interferogram of the same sample.

3.2.3 Sample 4

Sample 4 is shown in Figs. 2 (b) and (c). Fifteen holograms were taken by DHI in a temperature interval
∆T = 10 ◦C. The object surface was placed carefully such the contraction was as most perpendicular to the
camera’s optical axis as possible, which is usually called the observation angle of pure z deformation (see Fig.
9). In this way, all DHI images presented homogenous concentric fringes without traces of residual stress. The
apparent inhomogeneity centered at the bottom is due to the superposition of the holographic image and its twin
image, which is commonly present in DHI reconstructed images.

4. DISCUSSION

Two optical interferometric methods, five samples and more than two hundred DHI images were analyzed to
find residual stress, non-metallic inclusions or welding imperfections. Moreover, a metallographic sample was
studied by HI and metallographic analyses. The results of the three methods agreed regarding the behavior and
characteristics of the material. However, metallographic analysis yielded a non-fulfillment of IRAM standards in
relation to the bending properties of ribbed iron bars (ADN-420).

The interferograms shown in Fig. 8 indicate defects on the welding point. This anomaly, a hole with a bubble
inside, could be detected using just a microscope. However, at ∆T = 4 ◦C, the interferogram showed possible
residual stress around the hole present in the welding’s amalgamation point, that could only be observed through
HI and DHI. Unwrapped phase diagrams provided more information about this finding, as shown in Fig. 10 (a),
presenting a clear discontinuity in the unwrapped phase map that could not be resolved by the guided methods
of the unwrapping algorithms. This discontinuity indicated local anomalies in the material, most probably due
to the presence of the hole and those imperfections underneath the surface which were shown in Fig. 7. Also, the
phase discontinuities on the defect’s surroundings suggested the existence of residual stress in the welding point.
Fig. 10 (b) shows, for the sake of comparison, the unwrapped phase map of sample 1, which did not present any
discontinuity, as opposed to sample 3 of Fig. 10 (a). The noise observed at the edges of these two figures is due
to random phase variations in the empty zone around the object.

5. CONCLUSION

Different tests were performed on several samples obtained from a collapsed structure, built with ribbed iron
bars. They were firstly analyzed in an external metallographic laboratory and, subsequently, by HI and DHI. In
this work, the results obtained by the holographic methods were presented, for which more than two hundred
interferograms were acquired and inspected. For this purpose, all samples were subjected to a thermal excitation,
and holograms were acquired during their free cooling (i.e. during thermal contraction) at room temperature.
Only one sample (referenced as sample 3) presented apparent evidence of a defective welding point. By simple
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Figure 10. Comparison between three dimensional plots of the unwrapped interferometric phase maps for two different
samples, (a) sample 3 with ∆T = 3 ◦C and (b) sample 1 with ∆T = 4 ◦C. It should be noted a discontinuity on the
welding point of sample 3, which might be due to the existence of residual stress.

visual inspection at naked eye it was possible to observe a hole inside this welding point, besides several defects
inside it. Also, after the holographic study, discontinuities in the interferometric phase map might indicate the
existence of residual stress in its surroundings. This defective zone, if also present in other welding points of
the structure, might have caused weakness on the structure when subjected to continuous thermal expansion
or contraction, which is unavoidable during the alternation between day and night hours. Furthermore, a non-
fulfilment of material standards was reported by the metallographic laboratory. In engineering science, the
non-compliance with standards is considered as the principal cause of failures. Both HI and DHI, combined with
thermal excitation of the sample, are useful qualitative techniques to study and characterize several materials
and junctions or welding points, as was realized in the present work.
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