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The study of glass multilayer columns made of
ordinary glass using triplexing technology. The main
disadvantage of using ordinary glass is the fragile
nature of its destruction, it breaks instantly. To avoid
this effect, triplexing technology is used: the glass is
joined in several layers with an EVASAFE polymer
film (Bridgestone, Japan), after which the columns
were heated to a temperature of 130 °C and kept for
30 minutes. The film material is an elastomer (a poly-
mer with highly elastic properties in a wide tempera-
ture range). This allowed restraining parts of frag-
ments of glass structures, making them plastic inside
the bonding plane, increased their reliability, pre-
vented the instantaneous opening of cracks in the
depth of the section.

A method for studying multilayer glass columns
for central-axial compression using the method of
two-dimensional digital image correlation is devel-
oped. Two series of prototypes were manufactured
and tested. The tests were performed on a hydrau-
lic press.

The model of the destruction of glass columns of
different cross-section is investigated and described.
The accuracy of the digital image correlation method
using two-dimensional correlation for glass centrally
compressed columns is estimated. The results of the
digital image correlation method with the results of
measurements of absolute deformations by mechan-
ical devices are compared. Based on the analysis of
the results, the dependences of relative deformations ¢
on the applied load N were determined using the digi-
tal image correlation method. The dependences of rel-
ative deformations £ on normal stresses c=N/A and
dependences of relative deformations ¢ on the outer
glass surfaces on the applied load N are determined
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1. Introduction

Due to the development of such new architectural styles
as deconstructivism and hi-tech [1], materials that convey an
architectural design only through the shape are increasingly
used in construction. It is usually solid concrete, light and
delicate metal, as well as glass, without which futurism is
now impossible to imagine. The role of glass in the modern
realities of construction changes into something more than
the usual enclosure.

On the other hand, there is a problem in glass research,
since such material is characterized by the statistical strength
theory and fragile destruction; the first characteristic compli-
cates the prediction of the critical load, the second, in turn,
makes it impossible to use traditional methods of structural re-
search, because of the possible damage to the devices placed on
the prototype, so we have to resort to optical research methods.
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The method of digital image correlation (hereinafter
DIC) is one of the most common methods of optical design
research. This method is used in Ukraine to study reinforced
concrete and metal structures [2—4]; this method is used
abroad to discover both the dynamic effects [5] and physical
indicators of athletes [6].

Given all the above, these studies are relevant today and
have great potential for practical application in the future in
the world.

2. Literature review and problem statement

The digital image correlation method is an optical re-
search method, based on the comparison of digital images of
the body surface before and after deformation. As a result,
absolute deformation values are obtained. Measurement



occurs by tracking the movements of points on the visible
surface of the body [7].

This method together with mechanical devices was used to
measure the deformations in a number of studies of glass struc-
tures [8, 9], in particular plates. The DIC method was success-
fully performed in the study, but some important parameters
were not specified in the processing of the results, including the
scale of correlation, which is one of the mandatory parameters
according to the recommendations given in [10, 11] and gray-
scale for the analysis of relative deformations.

According to the recommendations [11], when preparing
the test sample for deformation measurement by the DIC meth-
od, it is necessary to pay attention to the following: lighting,
quality of application of the speckle surface, characteristics of
the photo camera (matrix size, protective filters), character-
istics of optics (focal length). Taking into account the above
parameters, it can be stated that the DIC method for deforma-
tion measurement is very sensitive to the influence of external
factors that determine the quality of the image and the clarity
of the speckle surface, especially noise. An attempt to influence
precisely the factors of image quality using templates was made
in experimental studies of DIC parameters [12]. The authors
use the chamotte board principle to obtain maximum image
information for the DIC method. No such optimization was
used in this experiment, and no such improvements have been
made in previous experiments with glass samples [8, 9]. As the
software works better when applying grayscale, therefore, max-
imum image information was obtained for the DIC method.

One of the important qualities of glass is the nature of the
distribution of the physical and mechanical properties of the
material. For glass, the Weibull distribution is used, and more
detailed parameters are described in papers of the distribution
nature of the glass strength characteristics [13]. The form of
this distribution may depend on a curve graph that takes into
account the influence of probability theory. That is, it is not
possible to guarantee the exact strength of glass, but this does
not prevent it from being used in construction [14].

The study of glass columns was conducted using two-di-
mensional correlation, but still there is a question concerning
the sufficiency of such a method to obtain accurate defor-
mation results, provided that the column is deformed in the
process of compression along three axes. For some types of
samples, it is sufficient to simply ensure that the design of
the element is working. In our case, the main element was a
centrally compressed column. The experiments comparing
two different types of correlation have already been per-
formed [15], in this paper the sensitivity of the DIC to the
rotation of the metal plate in the plane was tested and showed
a rather poor result for the two-dimensional correlation.

Based on many research institutes, the DIC method is
used for concrete research [16] and for full-scale structures in
inaccessible locations when using additional equipment [17].

Therefore, to date, no rules or methods for determining
the deformation parameters of glass columns using DIC have
been identified. This area is poorly studied because glass is a
fragile material. The research itself is quite dangerous, as the
destruction occurs instantly.

The question remains whether two-dimensional DIC is
sufficient to obtain accurate results of deformations, provid-
ed that the column is deformed in the process of compression
along three axes. The research used the experience of apply-
ing the method of DIC for other types of structures — glass,
metal and concrete [2—17].

3. The aim and objectives of the study

The aim of this study was to determine the deformation
parameters of glass columns and verify the reliability of the
results using the two-dimensional method of DIC, to deter-
mine whether the use of two-dimensional correlation was
sufficient to study compression columns, selected hardware
and software settings.

To achieve the aim, the following objectives were set:

— to study the glass multilayer columns for central-axial
compression with recording deformations by the DIC meth-
od and clock-type indicators;

— to determine dependencies and factors influencing the
results of the study of glass columns for the central-axial
compression using the DIC method, taking into account the
indications of clock-type mechanical indicators.

4. Materials and methods for the experimental study of
glass columns using the digital image correlation method

Glass columns of two series of types CS-4 and CS-5 were
tested. The experimental samples were made using triplex-
ing technology of non-hardened M4 glass. EVASAFE poly-
mer film (Bridgestone, Japan) was used to bond the layers of
non-hardened glass. The characteristics of the glass columns
of each series and materials are given in Table 1.

Table 1
Characteristics of prototypes

T S Thickness| Characteristics of glass
e ec- .
Se-| P 2ot Height,| of one Compressive|Specific
.~ |ofcol-| tion, Glass -
ries| ol | mm | layerof strength, |weight,
: s type 3
glass, mm MPa | kg/m
CS-4.1
4 70x1 1 10 M4 2
CS-42 0x100{ 1,000 700 ,500
CS-5.1
100| 1,000 10 M4 700 2,500
I e »

Two series of glass columns differ only in cross-sectional di-
mensions. The first series of columns with section 70x100 mm
(Fig. 1, a); the second series is 35x100 mm (Fig. 1, b).

The glass columns were tested for central compression
with pivotally secured supports. The samples were tested on
a PG-250 hydraulic press. The load was applied in steps of
25 kN until destruction.

In addition to the DIC method, mechanical devices —
Aistov’s PAO-67 deflectometers and mechanical extensom-
eters, which consisted of hourly type indicators with a scale
division of 0.001 mm and two chips placed apart from each
other at a distance of 200 mm, connected by a stainless steel
rod, were used to record movements and absolute deformations
of the samples.

Optical observation was performed using a Canon 60d
SLR digital camera with the following characteristics:

— pixel size — 4.3 microns;

— matrix size —22.3x14.9 mm;

—lens — Canon Zoom Lens EF-S 18-55mm {/3.5-5.6
IS STM.

To use the DIC method, the speckle surface was ar-
ranged by applying white paint on one of the faces of the
column over which black paint was sprayed [7].
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Fig. 1. Columns of series: a — CS-4; b — CS-5

The sample was placed in metal supports in the form of
“boots” [18], which provided swivel work of the sample. The
general view of the test stand is shown in Fig. 2. The layout
of devices on the column is shown in Fig. 3.

Fig. 2. General view of the test stand: 1 — research element;
2 — speckle surface for deformation measurement using the DIC
method; 3 — hinged supports in the form of metal “boots”;
4 — digital camera; 5 — mechanical extensometer; 6 — Aistov’s
PAO-67 deflectometer

At each stage of the study, a photograph of the speckle
surface was taken and the readings of mechanical devices
were recorded. Mechanical devices were removed from the
column when the first visible cracks appeared or when the
load reached 80 % of the predicted destruction value. The

5

process of the speckle surface
photographing continued un-
til the end of the experiment.

The white balance was set
by default as this parameter
could be corrected later.

As the specialized software
used grayscale to analyze rela-
tive deformations using a pho-
to editor, the image settings
change from color scale to
gray one.

The relative deformation
was then analyzed using the
GOM Correlate program. Be-
fore starting the general anal-
ysis, it was important to bring
the image data to a 1:1 scale
and select the parameters for
correlation. Guidelines and
recommendations were used
for this purpose [19]. Next, two
types of elements were created
for research according to the
recommendations: the first is a
plane element that considered
deformations on a given plane
(it was created to reflect the

nature of deformation on the plane), the second one
is a point element, a fixed-size facet with a fixed pixel
binding. Between the two such point elements, a DIC
extensometer was placed, which actually duplicated the
mechanical extensometers described above, which were
placed on the extreme surfaces of the column. The ap-
pearance and layout of these elements are shown in Fig. 4.
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Fig. 3. Layout of devices: 1 — test column; 2 — speckle
surface for deformation measurement using the DIC
method; 3 — ME-1 mechanical extensometer; 4 — ME-2
mechanical extensometer; 5 — ME-3 mechanical
extensometer; 6 — ME-4 mechanical extensometer;

7 — Aistov’s PAO-67 deflectometer
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Fig. 4. Layout of the plane element and
extensometer 1 and 2 in the GOM Correlate program

Using the constructed digital image correlation
extensometer, the analysis of relative deformations
and comparison of the obtained results with
the readings of mechanical extensometers were
performed.

3. Results of studies of glass multilayer columns
for central-axial compression using the method of
two-dimensional digital image correlation

3. 1. Columns CS-4.1 and CS-4.2

The columns of the type CS-4.1 and CS-4.2 with
a cross section of 70x100 mm collapsed at different
loads as during testing the CS-4.2 column, the
plywood gasket in the supporting metal “boot” was
damaged, which created additional eccentricity. The
CS-4.1 column collapsed at a load N.4.1=985 kN and
the CS-4.2 column — at N42=705 kN, respectively.
The nature of the destruction is shown in Fig. 5. The
columns of this series had a bend in two planes, most
of which occurred in a plane perpendicular to the
layers of glass.

During the processing of the results obtained
with the help of DIC, the fact of the eccentricity oc-
currence for the CS-4.2 column is perfectly reflected
in the isofields of structure deformation in the verti-
cal direction (Fig. 6).

According to the results of the study, a graph of
the dependence of the relative deformations on the
magnitude of the applied load for mechanical exten-
someters, located on the extreme layers of glass, was
constructed. For the CS-4.1 column in Fig. 7, for the
CS-4.2 column in Fig. 8.

According to the results of the experiment, rel-
ative deformations were determined using the DIC
method and graphs for extensometer 1 and 2 were
constructed (Fig. 9, 10).

Comparison of the results of relative deforma-
tions obtained by two methods of measuring the
deformations of columns is shown in Fig. 11, 12.

Fig. 5. Nature of destruction of columns of the 4!" series: a — CS-4.1
column; b — CS-4.2 column
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Fig. 6. Comparison of gradients of isofields of relative deformations
for columns: a — CS-4.1; b — CS-4.2
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Fig. 9. Graph of the dependence of relative deformations ¢
on applied load N when using DIC for the CS-4.1 column
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Fig. 10. Graph of the dependence of relative deformations ¢
on applied load Nwhen using DIC for the CS-4.2 column
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Fig. 11. Combined graph of the dependence of relative
deformations ¢ on rated stress 6=N /A, for the CS-4.1 column
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Fig. 12. Combined graph of the dependence of relative
deformations ¢ on rated stress 6=N /A, for the CS-4.2 column

3. 2. Columns CS-5.1 and CS-5.2

Columns of type CS-5.1 and CS-5.2 with a cross-section
of 35x100 mm were destroyed at the same loads and with the
same nature of destruction (Fig. 13).

Fig. 13. Nature of destruction of CS-5.1 and CS-5.2 columns

The CS-5.1 column collapsed at a load of N;51=300 kN,
the CS-5.2 column — at a load of N;5,=302.5 kN.

According to the results of the studies, the graphs of the
dependence of the relative deformation on the applied load
according to the mechanical extensometer readings were
constructed for the CS-5.1 column (Fig. 14) and CS-5.2
column (Fig. 15).

The same graphs are constructed for the extensometer 1
and 2 for the CS-5.1 (Fig. 16) and CS-5.2 columns (Fig. 17).
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Fig. 14. Graph of the dependence of relative deformations
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Fig. 15. Graph of the dependence of relative deformations
€ on the outer glass surfaces on applied load N for the
CS-5.2 column
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Fig. 16. Graph of the dependence of relative deformations ¢
on applied load Nwhen using DIC for the CS-5.1 column
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Fig. 17. Graph of the dependence of relative deformations ¢
on applied load N when using DIC for the CS-5.2 column

A combined graph of the dependence of relative deforma-
tions ¢ on rated stress 6=N/A was constructed for the CS-5.1
(Fig. 18) and CS-5.2 columns (Fig. 19).
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Fig. 18. Combined graph of the dependence of relative
deformations ¢ on rated stress c=N/ A, for the CS-5.1 column
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Fig. 19. Combined graph of the dependence of relative
deformations ¢ on rated stress c=N/ A, for the CS-5.2 column

As can be seen from the graphs in Fig. 18, 19, the read-
ings of mechanical devices and the results obtained by the
DIC method differed in the nature of deformations.

6. Discussion of the results of using the method of two-
dimensional digital image correlation in the study of
glass columns

According to the results of studies and comparisons of
graphs of relative deformations, depending on the applied
load, it can be stated that the above-described method of
using two-dimensional image correlation is not effective
in the study of glass columns for central-axial compression
(Fig. 7-19). There are many reasons for this, first of all, the
type of correlation. Perhaps, in this case of the research,
the three-dimensional image correlation will be much more
successfully performed. Another important element is the
optimization of software for further processing of images,
correlation is the relationship between phenomena and quan-
tities, which, in turn, depend on a number of other important
mathematical factors, and now the available version of the
software does not allow influencing these factors.

The advantages of using the correlation method accord-
ing to these experiments can be attributed to the flexibil-
ity of presentation of results and a large amount of stored
information, since in the future there is a much greater



prospect for processing not only relative deformations, but
also other deformation characteristics of the studied ele-
ment. Another advantage is the convenience of presenting
information — visual perception is much more pleasant to
the observer. The duration of the correlation is also worth
noting, it continued even when the mechanical devices
were put out of operation.

As we can see from the graph in Fig. 11, there is a visible
difference in the readings of the devices of the two different
measurement methods. For the CS-4.1 column, according
to the readings of mechanical devices, the relative defor-
mations grew uniformly throughout the experiment, in
contrast to the values obtained with DIC, which grew
uniformly to a load N=100 kN, but after that the relative
deformations have no longer increased so rapidly.

The readings of mechanical extensometers for the CS-4.2
column differ from those of the CS-4.1 column. The reason
for this was the eccentricity mentioned above. The values of
the ME-4 are of this nature for the same reason. The nature of
the dependence of relative deformations for the ME-3 device
remained unchanged, but its deformation values for this de-
vice increased. For the readings obtained by the DIC method,
the eccentricity was reflected in only a small difference in
the readings. As for the previous column, the difference in
the readings of devices of the two methods is noticeable and
inevitable.

Analyzing the results of the destruction of columns of
two series of different sections, the difference in the nature
of the destruction of these elements is worth noting. You
can visually notice the difference at the stress concentra-
tion point (the break point of the column), for both types
of samples it is different — for CS-4.1 and CS-4.2 columns,
the concentration has a diagonal distribution across all glass
layers of the column, even in the presence of eccentricity; for
CS-5.1 and CS-5.2 columns — this is a straight line. It can
be stated that in the columns with the larger cross-section,
each layer collapsed alternately with the change of stress
concentration along the height, although for the observer,
the moment of destruction occurred in an extremely short
period of time, and in the columns of the smaller cross-sec-
tion — destruction of all layers occurred simultaneously.

Another important feature is the readings of devices on
the CS-5.1 and CS-5.2 columns. It should be noted that the
DIC method is not sufficiently accurate, but the nature of
relative deformations always coincides with the character

on mechanical devices. Taking this into account, it can be
stated that glass structures do not have large cross-sec-
tions, but rather cross-sections with undeveloped faces in
the direction from the plane are subjected to another kind
of influence and work similar to bending structures. That
is, glass elements that work on central compression also
perceive other factors of influence.

According to the results obtained, it can be argued that
the two-dimensional DIC is not sufficient to obtain accu-
rate results of deformations of glass columns. Therefore,
in the future it is necessary to study glass columns using
three-dimensional digital image correlation.

7. Conclusions

1. Studies of glass columns for central-axial compres-
sion revealed the presence of additional influences of a
certain order that affect the operation and nature of the
destruction of multilayer glass columns. The method of
digital image correlation has proved to be a convenient
optical method, but because of photo-fixation in one plane
it is inefficient to use it as a reference method for studying
glass columns. Comparative analysis of this method with
mechanical devices revealed no dependencies that could be
described by simple mathematical functions, which compli-
cates further processing of the results of this method. The
reasons for such inaccuracies in the results are the follow-
ing factors: insufficient use of two-dimensional correlation
in studies of such elements as glass columns; imperfection
of the analysis and its optimization.

2. The method of digital image correlation is not new,
but the prospects for its further study and implementation
in many fields of research are quite realistic, but with the
need to further study in different scenarios. In the columns
of a larger cross-section, each layer collapsed alternately
with the change of the stress concentration in height,
although for the observer, the moment of destruction oc-
curred in an extremely short period of time, and in the col-
umns of a smaller cross-section, the destruction of all layers
occurred simultaneously. The use of two-dimensional cor-
relation in the study of glass columns for compression is not
possible, because the columns are deformed in the direction
of the three axes in space. For the study, it is necessary to
use three-dimensional DIC.
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