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The list below describes the symbols that will be later used in the dissertation.

δ two-dimensional Dirac delta function

µ mean (expected) value of normal distribution

∇C(p0) Jacobian matrix containing the first derivatives of correlation function
C(p0)

∇∇C(p0) second derivatives of correlation function – Hessian matrix

ν Poisson’s ratio

ε strain vector

d displacement vector for given triangle during strain field calculations

N shape functions for strain field calculations

p0 initial guess of solution in the Newton-Raphson scheme

p approximate solution in next iterative step in the Newton-Raphson scheme

S matrix differentiation operator

E Young’s modulus

f reference subset

fm mean luminosity value of the reference subset

g target subset

gm mean luminosity value of the target subset

L two-dimensional function of distribution of luminosity in spatial coordin-
ates

LD digital image

Lmax maximum luminosity value

Lmin minimum luminosity value
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M half of the width and height of the reference and target subsets

P,Q points of the deformable unloaded body

P ∗,Q∗ points of the deformed loaded body

Pi luminosity value for integer pixels

Qi luminosity value interpolated between integer pixels

s two-dimensional sampling function in spatial coordinates

uc corrected horizontal displacement field of the region of interest

uROC horizontal displacement field of the region of compensation

uROI horizontal displacement field of the region of interest

vc corrected vertical displacement field of the region of interest

vROC vertical displacement field of the region of compensation

vROI vertical displacement field of the region of interest

xc, yc distortion center coordinates

xd, yd distorted image point coordinates as projected on image plane using spe-
cified lens

xu, yu undistorted image point coordinates as projected by an ideal pinhole cam-
era
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PCT Parallel Computing Toolbox

PFJ polymer flexible joint

RAM random-access memory

RDP remote desktop protocol

RGB red, green blue (color model)
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ROI region of interest

SEM Society for Experimental Mechanics

SSD sum of squared differences

VT virtual tensometer

ZNCC zero-normalized cross-correlation

ZNSSD zero-normalized sum of squared differences
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Abstract

The presented work focuses on the design and implementation of the vision-based system
for the analysis of structural element’s deformation fields. Proposed system is based
on digital image correlation (DIC) which is an optical and numerical technique that
allows to determine full-field deformation on the surface of the tested specimen. The
deformation field is obtained by using digital images of the specimen surface taken
before and after deformation. The deformation field can be determined by comparing
the grey values based subsets of both recorded images. Furthermore, DIC technique
can be used on samples made of various materials such as steel, concrete, rubber, wood,
composites, glass and others under different loading conditions especially mechanical
but also thermal, electrical and others.

As a development environment for computing and system prototype design MAT-
LAB has been selected. The system’s functionalities have been implemented without
the use of third-party toolboxes. In contrast to commercial solutions in the field of the
optical measurement in which charge-coupled devices (CCD) are used, the system has
been adapted to operate with one or more digital single-lens reflex cameras (DSLR).
However, practical tests using the CCD camera have been also carried out.

The theoretical part of the work includes a definition of a digital image and a
description of the theory of digital image processing. The basic principles of the DIC
method are also presented as well as the description of the vision-based features with the
list of advantages and disadvantages of using the optical measurement systems. Finally,
a shortened deformation theory which is used to determine the deformation fields is
discussed.

The practical part of the work begins with a chapter on the functionality of the
designed system and its interface. Basic and advanced possibilities of system configur-
ation and generation of various types of results have been presented. Next comes the
section on tests designed to validate the system in different ways using synthetically
generated samples as well as samples obtained during real experiments.

The main part of the work presents numerous practical applications of the designed
system in the form of scientific papers. The application of designed system for testing
various types of materials such as concrete, wood, glass and other as well as structural
elements used in the field of civil engineering has been described and discussed.

In this work the use of a vision-based system as an extension to traditional meas-
urement method is proposed in the form of practical examples. On the basis of the
presented results, it has been proved that the use of an optical measurement system
can provide a much wider range of results and can more accurately characterize the
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10 ABSTRACT

behaviour and the properties of the tested material or structural element. It has been
presented how vision-based measurements can bridge the gap between theory, experi-
ment and simulation.

Keywords: digital image, vision-based measurement, optical measurement, digital
image correlation, deformation field, sub-pixel measurement accuracy



Streszczenie

Niniejsza praca skupia się na opisie procesu projektowania i implementacji systemu
wizyjnego do analizy pól deformacji elementów strukturalnych. Zaproponowany system
bazuje na korelacji obrazów cyfrowych (ang. digital image correlation, DIC), będącej
metodą optyczną i numeryczną umożliwiającą wyznaczanie pełnego pola deformacji na
powierzchni badanej próbki. Pole deformacji otrzymywane jest poprzez przetwarzanie
obrazów cyfrowych wykonanych przed i po deformacji badanego obiektu. Może być
ono wyznaczone poprzez porównywanie fragmentów obrazów cyfrowych przekonwer-
towanych do skali szarości. Co więcej, metoda DIC może być wykorzystana do analizy
różnego rodzaju materiałów takich jak stal, beton, guma, drewno, kompozyty, szkło,
poddanych różnego rodzaju obciążeniom - przede wszystkim mechanicznym, ale również
termicznym, elektrycznym i innym.

Jako środowisko deweloperskie do obliczeń i stworzenia prototypu systemu wybrano
środowisko MATLAB. Funkcjonalności systemu zostały zaimplementowane nie wykorzys-
tując zewnętrznych pakietów (ang. toolboxes). W przeciwieństwie do komercyjnych
rozwiązań na polu pomiarów optycznych, w których wykorzystywane są kamery CCD,
zaprojektowany system został przystosowany do funkcjonowania z wykorzystaniem jed-
nej lub większej liczby jednoobiektywowych lustrzanek cyfrowych (ang. digital single-
lens reflex camera). Jednakże przeprowadzono również praktyczne testy z wykorzystan-
iem standardowej kamery CCD.

Teoretyczna część pracy zawiera definicję obrazu cyfrowego i opis teorii związanej z
przetwarzaniem obrazów cyfrowych. Przedstawiono tutaj również podstawowe zasady
metody DIC, jak również opis systemów wizyjnych wraz z ich funkcjami oraz listą
zalet i wad je charakteryzujących. Finalnie, przedstawiono skróconą teorię deformacji
wykorzystywanej do generowania pól odkształceń.

Praktyczna część pracy rozpoczyna się od rozdziału przedstawiającego funkcjon-
alności i interfejs zaprojektowanego systemu. Zaprezentowano podstawowe i bardziej
zaawansowane opcje konfiguracji systemu, jak również generowania różnego rodzaju
wyników. Następnie opisano przeprowadzone testy, które miały na celu walidację sys-
temu. Zawarte zostały tutaj wyniki z testów bazujących na próbkach wygenerowanych
syntetycznie, jak również pochodzących z rzeczywistych eksperymentów.

Główna część pracy prezentuje liczne praktyczne zastosowania zaprojektowanego
systemu w formie artykułów naukowych. Przedstawiono i przedyskutowano zastosow-
anie systemu do badania różnego rodzaju materiałów wykorzystywanych w inżynierii
lądowej takich tak jak beton, drewno, szkło i inne, jak również do testowania różnego
rodzaju ustrojów i elementów strukturalnych.
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12 STRESZCZENIE

Na bazie praktycznych przykładów zaproponowano użycie systemu bazującego na
pomiarze wizyjnym jako rozszerzenia tradycyjnych metod pomiarowych. Na podstawie
zaprezentowanych wyników udowodniono, że wykorzystanie pomiaru optycznego może
zapewnić dużo szerszy niż pomiar tradycyjny zakres wyników, które znacznie lepiej
charakteryzują zachowanie i właściwości badanego materiału. Zaprezentowano, jak po-
miar optyczny może wypełnić istniejącą lukę pomiędzy teorią, eksperymentem i symu-
lacją.

Słowa kluczowe: obraz cyfrowy, pomiar wizyjny, pomiar optyczny, korelacja obrazów
cyfrowych, pole odkształceń, subpikselowa rozdzielczość pomiaru



Chapter 1

Introduction

1.1 Motivation and objective of the research

In recent decades, an undeniable increase in interest in modern measurement methods
is observed. It is connected with very fast technology development and increase of pro-
cessing power of current computers. Simultaneously, traditional measurement methods
are also being improved, but they are still characterized by certain limitations. The
new materials created today require more advanced measurement methods in order to
more fully characterize their properties and its behaviour under load. Furthermore,
due to the specific structure of these materials, it is necessary to measure its properties
with a much higher resolution and accuracy than has been done so far. Also the rapid
development of numerical methods such as finite element method influenced the need to
provide more detailed results from the experiments that could be used to create more
realistic models of the materials or phenomena.

One of the areas that have experienced very fast growth in recent years are vision-
based or in other words optical measurements. This was due to the fact that at the
end of the twentieth century the digital revolution began and the previously created
theory could be put into practice. The development of digital photography has also
had a significant impact on this growth. Analog photos turned into digital images that
could be processed by the computers of the time. Initially, it was difficult due to the
low efficiency of the central processing units (CPU) used during the calculations, but
with the emergence of new electronic circuits, the possibilities of analyzes increased.

In the field of optical measurements, one of the most widely used methods is the
digital image correlation (DIC). Its roots date back to the early eighties of the twentieth
century, when it was proposed at the University of California by local scientists. The
method quickly gained recognition in the community of scientists focused on metrology.
DIC began to be used to determine full displacement and deformation fields in different
materials tests. With the development of the method, new algorithms were created that
allowed to measure displacements with accuracy to the sub pixels, which significantly
extended the scope of its application. Parallel to the development of the method, its
optimization took place in order to accelerate its operation and reduce the demand
for computing power. All these improvements have made today the DIC method used

13



14 1.1. MOTIVATION AND OBJECTIVE OF THE RESEARCH

in many fields from mechanics and materials engineering through biotechnology and
medicine to measurements in micro and nano scale. One of the reasons for this is
the fact that DIC is contactless and non-destructive (ND) measurement method. This
creates new possibilities that are not available when using traditional measurement
methods and conventional sensors.

Nowadays, there are various commercial systems on the market provided by different
companies such as Correlated Solutions, Dantec Dynamics, GOM, Imetrum, Instron or
Zwick and Roell that offer optical measurements based on DIC method. Manufacturers
also offer possibilities for more or less advanced configuration of each system, but the
most important disadvantage of these systems for scientists is that they are closed
source. The operator can configure the system using the configuration options provided
by the manufacturer, but it does not affect every possible aspect of the algorithm’s
operation. What’s more, in most cases it is not possible to access indirect results
calculated by the algorithm, but only to the final ones in the form of visualizations
or plots. This also makes it impossible to delve into the details of conducted image
processing, performed analysis and generation of results.

Taking into account the above facts, the main objective of this work has been defined
as below.

The main objective of this work was to design and implement vision-
based measurement system for the analysis of structural element deform-
ation fields. In addition to its primary functionality, the system can be
used to determine specific mechanical properties of the tested materials or
structural elements.

Additionally, a decision by the Author of this work was made to create a solution
in which access to each fragment of the implemented algorithm and to all intermediate
results will be possible. This approach was to thoroughly investigate the functioning of
the used algorithms and comparison of the obtained results in different configurations
depending on the input data and algorithm parameter values. In the context of the
assumed main goal, some technical assumptions regarding the system were defined:

• the system will be designed in such a way that it allows the widest possible
configuration of all used algorithm parameters;

• access to all intermediate values generated by the algorithm will be made available
to examine their changes during the analysis;

• the system will be easily scalable for testing relatively small material samples as
well as large structural elements;

• the system will also be scalable in terms of the number of used acquisitions devices;

• in contrast to commercial measurement systems, where possible, more than one
method of analysis will be implemented in order to choose the right one for the
conducted test;

• the system will use parallel calculations carried out on CPU and graphics pro-
cessing unit (GPU) to accelerate the computations;



CHAPTER 1. INTRODUCTION 15

• the system functionalities will focus on the testing of the materials and structural
elements used in the field of civil engineering.

1.2 Scope of the work

The dissertation consists of 7 chapters, which are preceded by acknowledgement, list
of symbols, list of acronyms, table of contents and abstract in two languages - English
and Polish. This section ends introductory chapter including motivation and aim of the
research as well as the dissertation structure.

Chapter 2 presents the basics of optical measurements. The basic formal definition
of a digital image is presented. Differences between the analog and digital images have
been indicated. The history and operation of vision-based measurement systems is
presented as well as their advantages and disadvantages. One of the sections in this
chapter deals with the DIC method presenting its principles and genesis. Also sub-
pixel registration algorithms are described as a method to increase the measurement
resolution using DIC method. The process of the specimen surface preparation for
optical measurement is described and discussed in a practical way. The problem of
correcting distortion in optical measurement systems as one of the most important issues
in the field of vision-based measurements is also mentioned. The next part of the chapter
also distinguishes other methods that developed before and in parallel with the DIC
method. The chapter is ended with a short theory of deformation used in combination
with optical measurement to obtain the strain fields on the specimen surface.

Chapter 3 summarizes the designed system functionalities in a brief way. The system
interface is also presented and described.

Chapter 4 presents the results of the system validation process. The results of testing
the system using different types of samples are presented. Described tests were carried
out using synthetic samples generated in an artificial way, as well as using samples
from real experiments. Synthetic samples provided by the Society for Experimental
Mechanics were first used for the validation of the system. The second type of tests
described in this chapter was to use samples from real experiments carried out using
a micrometer and a testing machine. The last type of system validation is the com-
parison of the results obtained using designed system with the results obtained using a
commercial solution for optical measurement. The chapter ends with a short summary
of the conducted test.

Chapter 5 consists of full texts of the papers constituting the doctoral thesis. In
this chapter four papers published in scientific journals indexed in Journal Citation
Reports (JCR) database are included. The articles present the practical application of
the designed system in various fields of civil engineering and structural mechanics.

Chapter 6 is a continuation and extension of the chapter 5. Other practical applic-
ations of the designed system are presented here, which are not included in chapter 5.
The results of testing various types of materials such as concrete, glass, wood and dif-
ferent types of polymers as well as deformation analysis of structural elements such as
reinforced concrete beams, masonry structures and even 3D prints are presented. The
results contained in this chapter have been partially published in other journals as well
as other doctoral theses.
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Chapter 7 includes conclusions and some final remarks. Prospects of future work
are also defined in this chapter.

The structure of the work ends with a bibliography containing references to literature
cited in the presented work, a list of scientific research of the Author of this thesis,
declarations of co-authorship, a list of figures and a list of tables.



Chapter 2

Optical measurements

2.1 Image processing

In recent years, a particularly intensive development of applications of image processing
and analysis methods in practice can be noted. Vision systems are widely used, among
others, in the automotive and pharmaceutical industries, military equipment as well
as in automated production systems and in measuring systems. The development of
processing and analysis of digital images is facilitated by the exceptionally rapid in-
crease in computing power of modern computers. Fundamental assumptions of image
processing methods have been defined decades ago, but due to the insufficient power of
the processors of the time, their use in practice was ineffective or even impossible.

In computer science, digital image processing (DIP) is the use of computer al-
gorithms to perform image processing on digital images [16]. One of the main operations
used in this field are image filtering, binarizing, segmentation, geometric transformation,
transformation between color spaces (eg. RGB, CMYK, HSV) and compression. As a
subcategory of digital signal processing, digital image processing has many advantages
over analog image processing. Digital image processing allows the use of much more
complex algorithms and it bypasses the problem of analog noise and signal distortion
during processing.

An image can be defined as a two-dimensional function L(x, y) of distribution of
luminosity in spatial coordinates belonging to the field of the image [29, 59, 89]. The
value of the L function in coordinates (x, y) determines the intensity (brightness) of the
image at a given point. As the function L determines the intensity of light, its value
can not be negative and is finite, therefore there is a dependence:

0 < L(x, y) <∞ (2.1)

where x and y are the coordinates of a given point in the image. The value of the
L function is proportional to the brightness of the image point. For black and white
images, this function determines the grey level of a given point in the image. For an
analog image, the L function value can be any real number from the interval (0,∞).
In the processing of digitized data, the term digital image is used. A digital image is
an analog image after discretization (sampling) procedure. In turn, the values of the L

17



18 2.1. IMAGE PROCESSING

function for the digital image have been quantized [59, 70, 89, 107]. A digital image can
be interpreted as a matrix in which the row and column number identifies a discretized
image element called a pixel. Each pixel is defined by its coordinates in the matrix and
the value defining the intensity of the image at the point. A two-dimensional sampling
function s(x, y) converting an analog image to a digital image is given by the formula:

s(x, y) =
M−1

∑
i=0

N−1

∑
j=0

δ(x − i∆x, y − j∆y) (2.2)

where δ(x, y) is two-dimensional Dirac delta function, M and N are image width
(number of matrix columns) and height (number of matrix rows) respectively.

The digital image LD can therefore be defined using intensity - L function; and
sampling - s function; with the given expression:

LD(x, y) = L(x, y) ○ s(x, y) (2.3)

A digital image in matrix form can be therefore defined as follows:

LD(x, y) =

⎡⎢⎢⎢⎢⎢⎢⎣

L(0,0) . . . L(M − 1,0)
⋮ ⋱ ⋮

L(0,N − 1) . . . L(M − 1,N − 1)

⎤⎥⎥⎥⎥⎥⎥⎦

(2.4)

Elements of this matrix represent individual discretized points of the digital image
as pixels. The product of the image width (M) and height (N) defines its resolution. It
is usually given in Mpx (mega pixels) and is one of the basic parameters of a digital
image.

In the case of monochrome images - most often used in optical measurements, pixel
values are determined in the grey scale. The grey scale is defined by two extreme values
defining the luminosity range and for analog images is given by the formula:

0 < Lmin ⩽ l ⩽ Lmax <∞ (2.5)

where Lmin and Lmax are the lowest and the highest luminosity values respectively
and l is the luminosity of the given point in the image. During the quantization of the
L function, the interval [Lmin, Lmax] is divided into L sub-intervals of length ∆L:

L ⋅∆L = Lmax −Lmin (2.6)

In the digital image, all brightness values inside the k-th sub-interval are assigned
to an integer value l from the specified range:

L ∈ (Lmin + k∆L,Lmin + (k + 1)∆L) (2.7)

l ∈ {0,1, . . . , L − 1} (2.8)

In the case of monochromatic digital images, the value of the L function is quant-
ized mostly to 256 levels, which corresponds to one byte (8 bits) of data. Each pixel is
described by the integer value from 0 to 255 where 0 corresponds to black color and 255
corresponds to white color. However, there are devices equipped with digital matrices -
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especially cameras equipped with charge-coupled device (CCD) - allowing for quantiza-
tion in a larger range and recording information about the luminosity of each pixel using
10, 12, 14 or even 16 bits. For digital color images, information about the luminosity
value of the pixel is recorded for each component color separately. Therefore, for a color
image in the RGB color space, three values of the luminosity are recorded using 8 bits
for each color value - red, green and blue respectively.

2.2 Vision-based measurement systems

Systems that perform image acquisition and process recorded images to obtain the
information about the analyzed processes or the behaviour of the observed object are
called vision-based systems. The main feature of vision systems is the use of computer
vision, which is a field of science that uses the computing power of computers to process
and retrieve information from images. The aim of computer vision is to automate
the processing of images so that it is close to the possibilities of human vision system
[8, 45, 94]. Computer vision tasks include methods for acquiring, processing, analyzing
and understanding digital images and extracting high-resolution data from the real
world to obtain numerical or symbolic information [48, 51, 69, 91]. Very often, in order
to achieve the goals of its operation computer vision is combined with the methods of
artificial intelligence such as filtering algorithms, artificial neural networks and genetic
algorithms [71, 104–106]. If the purpose of using vision-based system is to examine
the properties of the analyzed object, measure its features or the influence of external
conditions on its properties, such systems are called vision-based measurement systems
or optical measurement systems.

Figure 2.1: The basic configuration of the vision-based measurement system.

The basic configuration of the vision-based measurement system is presented in
figure 2.1. One of the most important elements of such a system is the acquisition
device used to take pictures of the specimen at specific intervals. Images are taken
with a set time interval, and then the sample surface is separated from the background.



20 2.2. VISION-BASED MEASUREMENT SYSTEMS

Depending on the type of performed test, the interval can be adjusted accordingly.
In the case of static tests, when the load is applied relatively slowly, it is enough to
configure the system in such a way that it takes one image for a few seconds. Therefore,
a digital single-lens reflex camera (DSLR) with an electronic trigger installed can be
used for this type of tests. In the case of dynamic tests, it is necessary to high-speed
cameras that allow recording of the test in the form of a sequence of images taken at
high frequency. Most often such a sequence is later saved to a video file without using
image compression. The selection of a device to record the image of the specimen and
the frequency of the images to be taken is important because it directly affects the
volume of data collected for each subsequent sample. It is worth noting that in contrast
to the standard measurement systems, vision-based measurement systems do not collect
information about the tested object directly. Information about the geometrical and
physical parameters of the object is included in the images that must be processed.

Another important element of the vision-based measurement system is the light
source, which is directed to the tested object surface. Depending on the type of tests,
the light must be properly adapted to the used acquisition device. In the case of
dynamic tests, in which tens or hundreds of photographs are taken within a second,
the light source must be sufficiently intense so that the photosensitive elements of the
image sensor are properly illuminated. It is also important that the intensity of light
should be constant throughout the test as far as possible. This is not a prerequisite
for the correct measurement, but its provision accelerates subsequent calculations and
reduces the noise level in the obtained results. It is equally important that the light
color temperature defined in Kelvins (K) should be as close as possible to neutral white
and be in the range 3500-4000K.

The element of the system responsible for storing, processing and analyzing collected
images is a computer with the appropriate software. There are two approaches for ana-
lyzing taken images. The first consists in the direct transfer of data from the acquiring
device to the processing unit and analyzing the images in real time. The advantage of
this solution is that the results from the vision-based measurement are obtained during
the test itself. On the other hand, the disadvantage of such a solution is that a suf-
ficiently efficient transmission protocol and a high computing power of the processing
unit are needed to transmit and process a large amount of data in a short time. This
is often associated with a decrease in the accuracy of the measurements performed in
order to save the computing power of the processing unit. Sometimes, however, even
an approximate determination of the examined value allows for possible correction of
the running test. This is how the most commercial vision-based measurement systems
works. Another solution to this issue is saving the collected images directly in the mass
storage of the acquisition device, and then uploading them to the processing unit for
processing after the test. An undoubted disadvantage of this approach is the fact that
during the test there is no feedback on the change of parameters of the tested object.
On the other hand, such a solution is simpler to implement and does not require a per-
manent connection between the acquisition device and the processing unit. Moreover,
in this case the processing unit is not exposed to adverse conditions that may prevail at
the test site, especially if the test is conducted in the field rather than in the laboratory
conditions. Another advantage is the fact that the collected data can be processed with
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the maximum possible measurement resolution because the processing time itself is not
as important as in the previous case.

In addition to hardware components that are parts of the vision-based measurement
system, there is also software that analyzes and processes collected images. A simplified
diagram of the functioning of the software that supports the vision-based measurement
system is presented in figure 2.2. The basic principle of such software is to perform a
loop during which each image from the sequence is analyzed. Before the extraction of
the properties of the tested object, the image is prepared for analysis by converting it to
the appropriate color space or to the grey scale. Optional operations such as image noise
reduction, gamma correction, contrast correction etc. are also performed. The results
obtained from the analysis of subsequent images can be presented after processing each
of them or collectively after the entire sequence has been processed.

Figure 2.2: Operating procedure of the vision-based measurement software.

Like any measuring system, also the vision-based measurement systems are char-
acterized by its special advantages and disadvantages. The undoubted advantages of
optical measurements include the following features.

• Optical measurements are non-contact measurements, which means that it is not
necessary to interfere in the structure of the tested object by placing sensors or
other measuring elements on it.
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• Optical measurement can be carried out using appropriate lenses from a large
distance from the tested object. This is particularly important in a situation
when the specificity of the conducted test may have an impact on the measuring
equipment or sensors and when access to the analyzed object or its part is difficult
(e.g. the center of the long bridge span).

• Low measurement cost considering the number of measuring points that can be
used in the analysis. In the case of optical measurement, tens or hundreds of
virtual sensors can be placed on the specimen surface. When using traditional
measuring systems, the use of a large number of sensors is expensive and prob-
lematic due to their size. Moreover, placing a large number of traditional sensors
on a relatively small sample can have a negative effect on the obtained measure-
ment result. In the case of vision-based measurement systems, it can be assumed
that the more measuring points, the more profitable the system itself is. This is
the opposite situation to that known from traditional measuring procedure.

• In contrast to traditional measurements, in optical measurements the same data
collected during the test can be repeatedly processed in order to obtain new results.
This makes it possible to impose a new virtual sensor on the surface of the sample
after completion of the test and measure the parameters of the object at the
selected point without having to rerun the test. This is particularly useful in the
case of innovative research, the course of which has not been defined in the norms
and recommendations of the standardization institutions.

• Even when using a large number of measuring points, it is possible to obtain the
measurement resolution at the level of traditional measurements using accelero-
meters and strain gauges.

• Optical measurement works well in situations when using a traditional sensor
is impossible, because it exceeds the size of the sample itself. Therefore, it is
possible to test very small samples or samples composed of thin layers of different
materials.

• Due to the measurement in a large number of points simultaneously, more ad-
vanced visualization of results is possible. In addition to the standard plots of
measured parameters at selected points, it is possible to generate full-field dis-
placement and deformation maps which can present the phenomena occurring in
the specimen under load.

While the disadvantages of vision-based measurement systems include the following
features.

• If one camera is used, measurements are limited to a two-dimensional space on
the surface of the specimen. What is more, the use of two cameras to enable
measurement in three-dimensional space increases the cost of the measurement
system.
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• During an optical measurement it is necessary to maintain a constant relative
position of the specimen and the acquisition device. Changing this position may
adversely affect the result or make it completely impossible. It is necessary to avoid
situations in which the flooring, on which the acquisition equipment is placed,
vibrates or moves independently to the sample.

• In order to obtain the best results with the smallest noise, it is necessary to
maintain uniform lighting conditions throughout the test.

• In the case of vision-based measurement in a small number of points, the cost of
the measurement system is relatively high.

Taking into account the above summary of the advantages and disadvantages of vision-
based measurement systems it can be assumed that in many cases their use is justified,
as they provide more results and information about the specimen behaviour than tra-
ditional measuring systems. However, it is necessary to take into account also the costs
of such a system and assess whether its use is profitable.

2.3 Principles of Digital Image Correlation method

Digital Image Correlation (DIC) is an optical method for full-field displacement meas-
urement of the surface of the specimen. It was originally developed in the early 80s of the
20th century at the University of South Carolina [75, 78, 92, 97, 98]. The efficiency, ver-
satility and practicality of this method allowed it to be applied to many fields of experi-
mental mechanics and material engineering [3, 27, 28, 31, 38, 39, 60, 64, 67, 68, 76, 100],
mechanical engineering [88, 90], biomechanics [101], medicine [49] and especially civil
engineering or structural health monitoring [65]. Most DIC applications are related to
measurement in two-dimensional space, but there are also systems based on stereovision
that use more than one camera to measure the displacements of the surface subsets in all
three directions [61]. However, the issue of stereovision and so-called three-dimensional
DIC (3D-DIC) [10, 34, 40, 73] is not the subject of this work.

Nowadays the DIC method is widely used to determine the full deformation fields of
various materials or composites, which can be used to better characterize and describe
the mechanism of deformation of these materials [3, 9, 19, 20, 54, 55, 81, 114, 116]. Using
this method, it is also possible to determine the physical and material parameters of the
tested samples such as Young’s modulus and Poisson’s ratio [17, 21, 102, 118, 119] and
others [7, 11, 41, 50, 64, 67, 84–87, 117]. Very often determined material parameters
and deformation fields are used for validation of numerical analyzes based mostly on
the finite element method (FEM) [7, 56, 96] as well as theoretical analysis [22, 52, 86].

The DIC method is based on the mutual correlation of digital images of the specimen
surface taken during the test execution. From the images taken during the test, the
region of interest (ROI) is separated from the image background. When generating
full displacement or deformation fields, the ROI is divided into smaller grid elements.
ROI can be filled using one consistent grid or as can be seen in figure 2.3 using several
independently spaced sub-grids. Elements of such a grid are referred to as subsets or
markers. In most cases, the grid elements are in the shape of squares or rectangles, but
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sometimes the mesh is composed of triangular or cross-shaped elements. The primary
value determined by the DIC method is the displacement of the mesh elements, which
are treated as rigid bodies and are not subjected to deformations. The displacement
of each grid element is most often assigned to the center point of the element or its
upper left corner if squared elements are used. The visualization of displacements of
grid elements can be made using the vector field or displacement paths assigned to each
grid element. The effect of this type of visualization has been shown in the figure 2.4.
On the basis of the obtained displacements of the grid elements, in the first place, a full
displacement field can be generated, on the basis of which a full deformation field can
be determined.

Figure 2.3: Grid of subsets placed on the surface of runway beam of gantry crane.

Figure 2.4: Analysis of displacement for masonry prism from the left: the horizontal
component; the vertical component; the resultant of maximum displacement; measure-
ment points’ displacement path.

In addition, it is also possible to analyze individual markers placed on the surface
of the sample independently. This approach is used in situations where it is necessary
to determine the displacement of only a specific point, e.g. measure the deflection of
a loaded element - then one marker is used; or when it is necessary to determine the
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deformation of the element on a specific base - then two markers are used.
The basic principle of the DIC method shown in figure 2.5 is to match two points

of the image recorded before and after the deformation of the observed specimen. To
achieve this, the neighbourhood of the point P on the image of the undeformed sample
is selected. This neighbourhood is called a subset of the reference image. Due to the
fact that the digital image is defined in a discrete form by means of an intensity matrix
for each pixel, the point P symbolizes a single pixel and the subset is the part of the
reference image. Selected subset is used to track its corresponding location in the image
presented deformed sample. To track the position of a point it is not enough to select
only one pixel because its position on the deformed image could be ambiguous. For this
reason, to track the position of the point its neighbourhood is analyzed, which, due to
a random sample surface reduces the probability for incorrect matches. Increasing the
size of the neighbourhood of the point selected for the analysis reduces the likelihood
of incorrect matching. On the other hand, this increases the demand for the computing
power needed to perform the analysis. The best match of the reference subset on the
deformed image is called target subset. A schematic illustration of this process is shown
in figure 2.6.

To obtain the similarity of degree between the reference subset f and target subset g
of size 2M + 1 by 2M + 1 pixels, a correlation criterion must be defined. The commonly
used correlation criteria can be divided into two groups - cross-correlation (CC) criterion
or sum-squared difference (SSD) correlation criterion [35, 108]. The definitions of these
criteria are given in table 2.1.

As can be noticed, the criteria in table 2.1 are interrelated. For example, the zero-
normalized cross-correlation (ZNCC) criterion can be derived from the zero-normalized
sum of squared differences (ZNSSD) criterion [72].

Figure 2.5: Principle of the Digital Image Correlation method: sketch of the subset (a,
c) and measurement points on the surface of a specimen (b, d) before (a, b) and after
(c, d) deformation [103].
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Table 2.1: Selected cross-correlation criterion.

Cross-correlation (CC) Definition

CC
M

∑
i=−M

M

∑
j=−M

[f(xi, yi)g(x′i, y′i)]

Normalized CC (NCC)
M

∑
i=−M

M

∑
j=−M

[[f(xi, yi)g(x
′

i, y
′

i)]
fg

]

Zero-normalized CC (ZNCC)
M

∑
i=−M

M

∑
j=−M

{[f(xi, yi) − fm] × [g(x′i, y′i) − gm]
∆f∆g

}

Sum of squared differences (SSD) Definition

SSD
M

∑
i=−M

M

∑
j=−M

[f(xi, yi)g(x′i, y′i)]2

Normalized SSD (NSSD)
M

∑
i=−M

M

∑
j=−M

[f(xi, yi)
f

− g(x
′

i, y
′

i)
g

]
2

Zero-normalized SSD (ZNSSD)
M

∑
i=−M

M

∑
j=−M

[f(xi, yi) − fm
∆f

− g(x
′

i, y
′

i) − gm
∆g

]
2

Where in table 2.1:

fm = 1

(2M + 1)2
M

∑
i=−M

M

∑
j=−M

f(xi, yi) (2.9)

gm = 1

(2M + 1)2
M

∑
i=−M

M

∑
j=−M

g(x′i, y′i) (2.10)

f =

¿
ÁÁÁÀ

M

∑
i=−M

M

∑
j=−M

[f(xi, yi)]2 (2.11)

g =

¿
ÁÁÁÀ

M

∑
i=−M

M

∑
j=−M

[g(x′i, y′i)]2 (2.12)

∆f =

¿
ÁÁÁÀ

M

∑
i=−M

M

∑
j=−M

[f(xi, yi) − fm]2 (2.13)

∆g =

¿
ÁÁÁÀ

M

∑
i=−M

M

∑
j=−M

[g(x′i, y′i) − gm]2 (2.14)
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To avoid a situation in which the best matching procedure of the reference subset
is performed on the entire image after deformation the search area is narrowed down
using offset value. It results from the assumption that the images contained in the
processed sequence should be taken with such an interval that the deformations of the
specimen presented at each of them are relatively small. Hence, in turn, the need to
adjust the time interval to the character of the performed test is necessary. What is
more, the offset defining the search area of the best match of the reference subset should
be chosen correctly in order to avoid the situation when best match location is outside
the search area. The idea of the offset definition has been shown in figure 2.6.

Figure 2.6: Pattern tracking technique with specified offset.

(a) (b)

Figure 2.7: Difference in cross-correlation coefficient value distribution for high-contrast
(a) and low-contrast (b) subsets.

The reference subset is compared with the corresponding area in the target image
at each point in the search area. In this way full-field cross-correlation coefficient distri-
bution can be computed. The next task of the algorithm is to find the maximum value
of the cross-correlation coefficient in its distribution field. It is worth mentioning here
that in order to determine the maximum value correctly, analyzed images must have a
high contrast. The higher the contrast of the pattern applied to the specimen surface is,
the more distinct the peak of the cross-correlation coefficient can be observed. Differ-
ences in the cross-correlation coefficient distribution for low and high contrast images
are shown in figure 2.7. This procedure results in determining the displacement of the
target subset relative to the reference subset to the nearest pixel. However, in most
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cases the determination of displacements of markers with an accuracy to whole pixels
is insufficient.

2.3.1 Sub-pixel registration algorithms

In order to obtain the resolution offered by traditional sensors in optical measurement,
it is necessary to use sub-pixel measurement. This is necessary in cases where the
deformations of the test sample are relatively small. Without sub-pixel measurement,
it is impossible to detect micro-deformations and visualize changes in the specimen
surface that are not visible to the naked eye. Sub-pixel measurement is also used to
obtain a more smooth curve describing the change of the observed parameter (e.g.
deflection of the beam, crack width etc.).

One of the basic approaches to sub-pixel measurement is to reduce the step for
the best match analysis into part of the pixel. This operation ensures obtaining a
measurement resolution equal to the size of the adopted step e.g. 0.1 or 0.01 pixel
[77]. However, this requires interpolation of intensity values between pixels that has
been shown in figure 2.8. This leads to an increase in the size of the intensity matrix
and has a significant impact on the amount of computing power needed to complete
the task. On the other hand, such an approach is relatively easy to implement and is
characterized by good quality of returned results.

Figure 2.8: Interpolation of the sub-pixel values.

One of the most commonly used interpolation methods for DIC are the bi-cubic poly-
nomial interpolation or b-spline (bi-cubic and bi-quintic), which are robust algorithms
capable of providing high accuracy at a relatively low computational cost [13, 62].
Zhang et al. [120] proposed adjustments of fine-search algorithm in order to minimize
additional computational-cost.

Fast Fourier Transforms
As it was mentioned earlier, most of the approaches to displacement measurement

employs direct image correlation principles for matching subsets and extracting full-
field displacements and then full-field deformations. Another way for performing the
matching process that employed Fast Fourier Transforms (FFTs) was developed by Chen
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et al. in 1993 [18]. Using well-known Fourier Transform properties relating frequency
content to local displacement, the peak location in the frequency domain of an FFT
was shown to be a viable alternative for estimating local displacement components for
those applications where in-plane strains and rigid body rotations are small.

Peak-finding algorithm
Another way to obtain sub-pixel measurement is to use peak-finding algorithm.

Peak-finding algorithm is run after finding the integer-pixel displacement search al-
gorithm – a peak position is detected in the local discrete correlation coefficient matrix
surrounding pixel that has maximum cross-correlation coefficient. To approximate local
correlation coefficient matrix several methods can be use e.g. Chen et al. [18] used bi-
parabolic least-squares fitting, Hung et al. [46] proposed algorithm known as Fast and
Simple and used two-dimensional quadratic surface fitting, Sjodahl et al. [93] employed
Fourier series to expand the discrete correlation function, Paepegem et al. [110] based
peak-finding on the centre of mass localization of the correlation peak.

Iterative spatial domain cross-correlation algorithm
Another proposal to minimize searching time is to use nonlinear methods. Sutton et

al. [97] altered DIC with Newton-Raphson scheme to determine diffrenetial corrections,
several improvements to this method where made by Bruck et al. [15] and Vendroux
and Knauss [111].

A classic Newton-Raphson scheme used in DIC is given as:

p = p0 −
∇C(p0)
∇∇C(p0)

(2.15)

where p0 is initial guess of solution (consisting of six deformation parameters),
∇C(p0) is Jacobian matrix containing the first derivatives of correlation function C(p0),
∇∇C(p0) are second derivatives of correlation function – Hesian matrix; and p is the
approximate solution in next iterative step. In order to additionally speed up computa-
tion time Newton-Raphson method may be replaced by quasi-Newton-Raphson method
[113].

2.3.2 Specimen surface preparation

One of the most important steps in the vision-based measurement is the proper prepar-
ation of the surface of the tested sample. To ensure a high value of the cross-correlation
coefficient it is important that the sample surface is as non-uniform as possible. In
some cases, the material of which the test object is created provides adequate surface
heterogeneity. This is the case for some types of concrete, wood and soil but this is
certainly not the case for example for steel, aluminum or glass.

If the surface of the sample is not non-uniform enough, it is necessary to apply an
artificial random pattern on it. This is usually done using spray paint or felt-tip pens.
The components of the applied pattern should be strongly contrasting with each other
for this reason the two colors of paint are most often used - one is for the background
and the second one is used to create randomly distributed dots. Depending on the
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original shade of the specimen surface, the background color may be suitably selected
for it and be white or black. The aim of this action is to ensure the widest variety of
illumination values of adjacent pixels on a digital image of the sample surface.

Depending on the used lens and the resolution of the acquisition device, the size of
the dots must be appropriately adopted so that they form at least one pixel in the digital
image of the specimen surface. The use of dots smaller than one pixel will cause errors
related to the impossibility of proper tracking of sub-images. Examples of correctly
prepared specimens can be seen in figure 2.9.

Figure 2.9: Examples of properly prepared specimens’ surfaces.

Figure 2.10: Properly prepared aluminum specimen.
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In most cases, it is also required that the surface of the test sample does not generate
reflections and flares. This mainly applies to samples made of various types of metals.
In this case, before applying the speckle pattern to the specimen surface, it should
also be matted using a sander or sandpaper. An example of an appropriately prepared
aluminum sample can be found in figure 2.10. The surface of the sample was first
cleaned, then matted using fine-grained sandpaper, cleaned one more time and after
these steps a random pattern was applied to its surface in the form of black dots.

There are also cases in which applying a pattern on the specimen surface using
paint is not possible. This applies, for example, to historical objects. What’s more,
sometimes it is not necessary to determine the full field of deformation on the specimen
surface, but only the deformation between specific points using fixed base. In this case,
it is possible to place artificial markers on the surface of the sample or construction.
Similarly to the random pattern applied to the surface of the sample, the markers should
be characterized by high contrast of its components. They should consist of random
dots or clear visible geometric figures that contrast with the marker’s background (e.g.
circles, squares, lines). Sometimes markers in the form of so called quick response codes
(QR codes) are used [103]. The advantage of artificial markers is that they can be easily
removed from the structure, and non-invasive adhesives or tapes are used to fix them
on the specimen surface. Placing the marker on the construction does not damage its
surface. Different types of markers are shown in figure 2.11. The use of markers on the
actual structure was in turn shown in figure 2.12.

Figure 2.11: Different types of markers used in measurement points.

Figure 2.12: The use of markers on the actual structure.
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As it can be noticed after analyzing the examples presented in this sub-section,
the appropriate preparation of the surface of the test sample significantly influence the
shape of the surface describing the distribution of the cross-correlation coefficient value.
Therefore, all efforts should be made and sufficient time should be devoted to adjusting
the surface of the sample to the nature of the study and the used equipment such as
acquisition device and camera lens.

2.3.3 Distortion correction

One of the issues that must be taken into account in each vision measurement system is
the correction of distortion. In geometric optics, distortion is a deviation from rectilinear
projection which is a projection in which straight lines in a scene remain straight in an
image. Image distortion is a form of optical aberration.

There are two types of distortion - tangential (angular) and radial. Tangential
distortion occurs when the plane of the observed object is not parallel to the plane of
the lens which is shown in figure 2.13. The easiest way to eliminate this type of image
distortion is to position the optical device in such a way that the matrix on which the
light falls is set in a plane parallel to the plane containing the surface of the observed
object.

Figure 2.13: Scheme of tangential (angular) distortion.

Parallel to tangential distortion, there are also three basic types of radial distortion,
however image distortion can be irregular or follow many patterns. The most commonly
encountered radial distortions are radially symmetric and can usually be classified as
barrel distortions or pincushion distortions. There is also moustache distortion which
is not radially symmetric. In figure 2.14 three mentioned types of radial distortions has
been shown. In barrel distortion, image magnification decreases with distance from the
optical axis and the apparent effect is that of an image which has been mapped around
a sphere. In pincushion distortion, image magnification increases with the distance from
the optical axis. The visible effect is that lines that do not go through the centre of the
image are bowed inwards, towards the centre of the image, like a pincushion. A mixture
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of both types, referred to as moustache distortion occurs much less often. It starts out as
barrel distortion near the image center and gradually passes into pincushion distortion
towards the image edges, making horizontal lines in the top half of the frame look like
a handlebar moustache.

Figure 2.14: Schemes of three types of radial distortion.

In contrast to tangential distortion, radial distortion can not be eliminated by chan-
ging the alignment of the acquisition device and the specimen because this type of dis-
tortion is strongly connected with the optical properties of the used lens. Most lenses
available on the market are characterized by barrel-type radial distortion. In lenses with
a variable focal length, this type of distortion is the highest for short focal lengths and
decreases with its increase. The solution to this problem based on hardware elements is
the use of a telecentric lens, but they are several or several dozen times more expensive
than standard zoom-lenses. Furthermore, they offer a much smaller field of view (FOV)
and can only be used for testing relatively small samples of a few millimeters and a few
centimeters in size. An indirect solution is the use of fixed focal length lenses, which
are in most cases characterized by minimal radial distortion.

In the field of Mathematics, barrel and pincushion distortion are quadratic, meaning
they increase as the square of distance from the center of a image. In mustache distor-
tion the fourth degree term is significant, thus in the center, the second degree barrel
distortion is dominant, while at the edge the fourth degree distortion in the pincushion
direction dominates.

Radial distortion can be corrected using Brown’s distortion model [14] also known
as the Brown–Conrady model based on earlier work by Conrady [24] using calculations
based on equations 2.16, 2.17 and 2.18.

xu = xd + (xd − xc)(K1r
2 +K2r

4 +⋯) + (P1(r2 + 2(xd − xc)2)+
+2P2(xd − xc)(yd − yc))(1 + P3r

2 + P4r
4⋯)

(2.16)

yu = yd + (yd − yc)(K1r
2 +K2r

4 +⋯) + (2P1(xd − xc)(yd − yc)+
P2(r2 + 2(yd − yc)2))(1 + P3r

2 + P4r
4⋯)

(2.17)

r =
√

(xd − xc)2 + (yd − yc)2 (2.18)
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where (xd, yd) are distorted image point as projected on image plane using specified
lens, (xu, yu) are undistorted image point as projected by an ideal pinhole camera,
(xc, yc) is distortion center, Kn = nth is radial distortion coefficient and Pn = nth is
tangential distortion coefficient.

The Brown–Conrady model corrects both for radial distortion and for tangential
distortion caused by physical elements in a lens not being perfectly aligned.

Region of compensation technique.
A different approach to the problem of distortion correction is the use of a region of

compensation (ROC) [74]. The basic principle of this technique consists of correcting
the deformations in the specimen by using a region that does not deform but only
follows the specimens’ body movements. The region used for compensation is shown in
figure 2.15.

Figure 2.15: Region of compensation (ROC) placed over the region of interest (ROI).

It is in the form of frame attached to the specimen surface. The main hypothesis
behind this methodology is that the ROC moves only rigidly with the whole specimen
and it is not deformed under loading of the tested specimen. Another assumption is
that the ROC cannot influence the behaviour of the tested specimen. To correct the
measurement in the ROI, a polynomial is fitted into the displacements of the ROC
and subtracted from the original measurements on the specimen surface as can be
seen in figure 2.16. The displacements of the ROC can be modelled as a second-order
polynomial, as the strain field is expected to be constant or linear:

uROC = a0 + a1x + a2y + a3xy + ax2 + a5y2 + a6x2y + a7xy2 + a8x2y2 (2.19)

vROC = b0 + b1x + b2y + b3xy + bx2 + b5y2 + b6x2y + b7xy2 + b8x2y2 (2.20)
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Using this fitted displacement of the ROC, the region of interest (ROI) containing
the specimen surface can be corrected as follow:

uc = uROI − uROC(x, y) (2.21)

vc = vROI − vROC(x, y) (2.22)

These corrected displacement fields can then be used to determine the corrected
strain field. It is worth of noting that that correcting the image will remove out of
plane movement as well as it will also correct for rigid body motions and lens distortions
because all the movement of the ROC is compensated [115].

Figure 2.16: (A) region of compensation, (B) region of interest and (C) compensated
field [115].

2.4 Other optical methods

It is worth mentioning that the early history of image-based measurements appears to
reside in the field of photogrammetry, for which there is a wealth of literature. As it
can be found in works by Doyle [30] and Gruner [36], the discussions of perspective
and imagery date back to the writings of Leonardo da Vinci in the second half of the
fifteenth century and his related studies in the early 90s of the fifteenth century. Key
developments over the next three centuries, including the work of Heinrich Lambert who
developed the basic mathematics relating perspective and imaging, had great impact
after photography was invented [99]. With the invention of photography, developments
in the field of photogrammetry have often been separated into four consecutive phases
- plane photogrammetry (1850–1900), analog photogrammetry (1900–1950), analytical
photogrammetry (1950–1985) and digital photogrammetry (1985–present) [53].

First work in the area of image correlation - in those days using the analog approach
- was performed in the early fifties of the twentieth century by Gilbert Hobrough, who
compared analog representations of photographs to register features from various views
[44]. As digitized images became available in the sixties and seventies of twentieh cen-
tury, researchers in artificial intelligence and robotics began to develop vision-based
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algorithms and stereo-vision methodologies in parallel with photogrammetry applica-
tions for aerial photographs [99]. While digital image analysis methods were undergoing
impressive growth, much of the field of experimental solid mechanics was focused on
applying recently developed laser technology. Holography [33, 37, 42, 58], laser speckle
[26], laser speckle photography [5, 6, 32, 63, 109], laser speckle interferometry [66, 95],
speckle shearing interferometry [47, 57], holographic interferometry [112], moiré inter-
ferometry [79] and ultra high density moiré interferometry [80] are typical examples of
the type of measurement techniques developed for use with coherent light sources [99].

With the development of the DIC method in the scientific world, it began to dis-
place other optical methods and is now the most widely used method of vision-based
measurement. This method appears in commercial solutions, as well as a method widely
used by scientists.
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2.5 Deformation theory

Since the DIC method is an optical measurement method widely used for full-field
deformation measurement, an introduction to deformation theory is discussed in this
section.

Considering deformable and unloaded body with two selected points P and Q with
coordinates (x, y, z) and (x + dx, y + dy, z + dz) respectively, we can define differential
line segment on this body. When the external load is applied, the shape of the object
and the location of the points P and Q will change to P ∗ and Q∗ respectively. Like
before, using points P ∗ and Q∗ it is possible to define the differential line segment in
the deformed body [23]. The described scheme is shown in figure 2.17.

Figure 2.17: Deformable body before and after deformation.

Change of location (displacement) of the single point in the undeformed body can be
defined as (u, v,w) and using standard coordinate system (X,Y,Z) the values (u, v,w)
can be described as functions of positions as follow:

u = u(X,Y,Z), v = v(X,Y,Z), w = w(X,Y,Z)
P ∗ = (x∗, y∗, z∗) = (x + u(P ), y + v(P ), z +w(P ))

Q∗ = (x∗ + dx∗, y∗ + dy∗, z∗ + dz∗)
Q∗ = (x + dx + u(Q), y + dy + v(Q), z + dz +w(Q))

(2.23)

Combining equation for P ∗ with first form of equation for Q∗ it can be defined as:

Q∗ = ([x + u(P )] + dx∗, [y + v(P )] + dy∗, [z +w(P )] + dz∗) (2.24)

Solving the equation for the values of the deformed differential components (dx∗, dy∗, dz∗)
it can be obtained that:

(dx∗, dy∗, dz∗) = (u(Q) − u(P ) + dx, v(Q) − v(P ) + dy,w(Q) −w(P ) + dz) (2.25)
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and the terms u(Q)−u(P ), v(Q)−v(P ), w(Q)−w(P ) can be expanded into Taylor
series based on point P . The linearization of these series leads to the approximation of
these terms:

u(Q) − u(P ) ≅ ∂u
∂x
dx + ∂u

∂y
dy + ∂u

∂z
dz

v(Q) − v(P ) ≅ ∂v
∂x
dx + ∂v

∂y
dy + ∂v

∂z
dz

w(Q) −w(P ) ≅ ∂w
∂x

dx + ∂w
∂y

dy + ∂w
∂z

dz

(2.26)

Approximations for the deformed differential terms can be also defined as:

dx∗ ≅ (1 + ∂u
∂x

)dx + ∂u
∂y
dy + ∂u

∂z
dz

dy∗ ≅ ∂v
∂x
dx + (1 + ∂v

∂y
)dy + ∂v

∂z
dz

dz∗ ≅ ∂w
∂x

dx + ∂w
∂y

dy + (1 + ∂w
∂z

)dz

(2.27)

The finite-strain-tensor equations can be derived directly from the equation 2.27. If
the points P and Q have been originally oriented along the x direction, then dz = dy = 0

and the strain tensor is equal to the engineering strain as below:

εxx =
du

dx
+ 1

2
[(du

2

dx
) + (dv

2

dx
) + (dw

2

dx
)] (2.28)

In a similar way, the remaining components of the tensor can be determined. It is
worth noting that such a procedure will lead to determination of the tensor for three-
dimensional space, while the digital images used in optical measurements are defined in
two-dimensional space. For this reason, it is necessary to adopt two assumptions and
simplify the strain tensor [23].

First of all, it should be assumed that the out-of-plane displacements do not affect
the in-plane image structure and pixel intensities. This assumption can only be met in
theory due to the fact that in the vast majority of cases, even when the test sample is
loaded in only one direction (e.g. during the uniaxial tensile tests) it deforms in such a
way that displacements of individual points are out-of-plane and they have a minimal
impact on pixels intensity. Therefore it is necessary to make a second assumption that
the out-of-plane derivatives are much smaller than the in-plane partial derivatives, for
example:

∂w

∂x
≪ ∂u

∂x
(2.29)

Considering the above assumptions strain components εz, εxz and εyz are not cal-
culated and the main components are defined as following:

εxx =
∂u

∂x

εyy =
∂v

∂y

εxy =
1

2
(∂u
∂y

+ ∂v
∂x

)

(2.30)
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In designed system strain fields are calculated from displacements measured at points
of interest (grid points). First, region described by convex hull of points of interest is
triangulated. Using bilinear functions, interpolation of displacement is constructed on
resulting mesh. To obtain strain values, derivatives in both x and y direction are
computed, first two strain components are as in equation 2.30 and the third component
of ε(x, y) is computed as shear strain:

γxy =
∂u

∂y
+ ∂v
∂x

(2.31)

A simplified scheme of described process is shown in figure 2.18. It is worth to
mention that prepared system is designed in such a way that it allows to compute
different strain measures. System is also adjusted to replace triangulation method and
interpolation using shape functions with finite difference schemes.

Figure 2.18: Scheme of strain fields calculation using displacement fields.



40 2.5. DEFORMATION THEORY



Chapter 3

Designed system

The designed system was created in the MATLAB programming environment. It con-
sists of 89 script files, one of which is the main script that runs the basic calculation
algorithm of the program. All script files consist of approximately 9400 lines of code,
2700 of which are the main script. The system does not use any external toolboxes
provided by other MATLAB users or third party companies. The only two toolboxes
that are used to a very limited extent are the add-ons built into MATLAB: Computer
Vision System Toolbox for distortion correction and Parallel Computing Toolbox for
parallel computing using CPU and GPU.

The system also includes 17 scripts that are additional tools designed for specific
tasks, the most important of which are:

• tool for displacement and deformation fields generating,

• tool for generating animations presenting the changes in the displacement and
deformation fields,

• tool for generating markers grid with masking areas,

• tool for generating vector fields basing on the markers displacements,

• tool for generating markers path during the loading process,

• tool for obtaining the distortion parameters,

• tool for crack’s width estimation,

• tool for manual selection of the markers for the analysis.

The name of the designed system - CivEng Vision is based on three words: Civil,
Engineering and Vision, since it was designed and tested mainly for operation in the
field of civil engineering. The word Vision was used in the context of vision-based
measurement, which is the most important function of the system.

In the context of the used hardware, the system is adapted to use images taken
using DSLR cameras and CCD cameras with various resolutions. In order to acquire
images using the CCD camera, an original application in C++ programming language

41
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was prepared that allows user to preview the current camera image and to take single
images with a specific interval. In most cases, the system was used with DSLR cameras,
but in the studies described in section 6.7, CCD camera was also used in parallel with
DSLR camera. Pictures taken by the cameras are saved on memory cards and then
transferred to the permanent memory of the computer for processing.

3.1 System interface

The configuration interface of the program is based on a text file. The configuration
file contains all configuration variables that can be changed before performing calcu-
lations and affect the obtained results. Parameter values are single values or vectors
which components define a more detailed given option. For example, parameter named
optUpdateMarkers can take one of three values:

• 0 - if no markers updating should be performed,

• 1 - if all markers should be updated after specific interval of images,

• 2 - if markers should be updated if their cross-correlation coefficient value is below
the fixed limit.

However, parameter named optDetectAnomalies is a vector that consists of three
components:

• the first component is a flag that determines whether anomaly detection procedure
should be carried out, this component can take the value 0 if not and 1 if yes,

• the second component is the sensitivity parameter of the algorithm for the provided
anomalies detection,

• the third component is the number of closest neighbourhoods for the carried out
anomalies analysis.

The updating markers option and the procedure of anomaly detection is described
in detail in section 3.2. At the moment, the configuration file consists of 46 configurable
parameters with a detailed description of their functions and accepted values.

The second part of the program interface is a graphic window showing current
results, which is shown in figure 3.1. This window consists of seven sub-areas responsible
for displaying specific information about the image processing and calculations.

1 - Processing progress
The window header contains information about the progress of the calculations.

From the left there is the number of processed photos in relation to all the photos in
the sequence, the number of the currently processed image along with the number of
the last image in the sequence, percentage progress of the calculations made, the time
needed to perform one iteration for a single image and the time remaining to complete
the calculations for the entire sequence.
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Figure 3.1: Interface of the designed system.
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2 - Markers displacement
The second subregion presents the markers displacement in two-dimensional graph.

The dark blue color indicates the displacement of the markers for the currently processed
image. The blue color indicates the displacement of the markers for the last image, and
the light blue color for the last but one processed image. Markers marked in red are
the markers which were detected as anomalies. Markers displacements are given on the
graph in pixels. The use of this graph allows detecting any irregularities in the performed
test, for example it is possible to indicate the situation when in the uniaxial tensile test
the tested specimen was stretched with the eccentric loading which caused a bending
moment. This case is shown in figure 3.2. It is worth noting that the displacement
in the X direction is shown using a different scale than in the Y direction and it is
relatively small but for some specimens this may be an important observation.

Figure 3.2: Markers displacement graph for specimen stretched with the eccentric load-
ing which caused a bending moment.

3 - Cross-correlation coefficient value map
The map in the center of the window presents the distribution of the cross-correlation

coefficient value. The color scale is automatically adjusted to the defined lower limit
of this coefficient value. As can be seen in figure 3.1, the markers have a clearly lower
value of the cross-correlation coefficient in the middle of the tested surface. This agrees
with the nature of the test being carried out, because the central part the specimen is
the most deformed one and there are numerous spalling effects in the final phase of the
test. Knowledge about the distribution of the cross-correlation coefficient value is very
valuable, because it allows to determine the zones on the surface of the specimen, in
which a random pattern is not prepared properly as well as it can indicate places where
the sample is significantly destroyed.
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4 - Markers horizontal displacement
This graph shows the markers horizontal displacement during the test. A thick

dark blue line indicates the average horizontal displacement of all markers, while the
two thin blue lines define the maximum and minimum horizontal displacement of the
markers. A thick red line means the average increase in the displacement of markers
between consecutive processed images. The dotted red line indicates the maximum
displacement increment recorded among all markers. The dashed red line indicates the
predefined offset for the best fit searching in the horizontal direction. The idea of the
offset is discussed in section 2.3 and showed in figure 2.6. Knowledge about the values
presented on this graph is very useful in the process of selecting the offset value, which
significantly affects the speed of the calculations, if it is adequately small.

5 - Markers vertical displacement
This graph shows the data formatted in the same way as the above but for the

vertical direction.

6 - Updated markers number
This graph presents the number of updated markers. Observing this value changing

in time, it is possible to easily determine the moment when the surface of the specimen
has changed due to its damage or strong deformation. If this value is larger from the
very beginning of the test, it means that the marker size and offset for the best fit match
were incorrectly configured.

When using virtual tensometers, this graph is replaced with a graph showing the
results of strains read by VTs. An example of such a graph is shown in figure 3.3.
Each curve is described by a VT number consistent with the order in which the virtual
sensors are provided and numbered on the specimen surface.

Figure 3.3: Graph presenting strain values measured using virtual tensometers.

7 - Cross-correlation coefficient value
This graph shows the change in the value of the cross-correlation coefficient over

time. The thick green line indicates the average value of the cross-correlation coefficient
for all markers, while the thin green line indicates the smallest recorded value of this
coefficient. The dotted line indicates the lower limit of the coefficient below which the
markers are updated.
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8 - Anomalies number
This graph presents the number of detected anomalies. As with the graph of the

number of updated markers, it can also be deduced from these results when significant
surface changes occur in the specimen. If this value is large from the very beginning of
the test, it means that the marker size and offset for the best fit match were incorrectly
configured.

3.2 Main functionalities

This section describes the main functionalities of the designed system with comments
on the configuration options for each of them. As mentioned in chapter 1, a lot of
effort has been made to make each of the available system functions as configurable as
possible.

Measuring points selection
There are several ways to choose points for the analysis. Some of them are appro-

priate in cases when it is necessary to determine only the displacement of the analyzed
point or group of points, while other methods are more suitable in cases when it is
necessary to determine the deformation of the specimen under loading.

The simplest method to select points for analysis referred to as markers is to select
them individually using the computer mouse. This case can be further divided into
the choice of square or rectangular markers depending on the graphic structure of the
marker on its surface. In case of square markers, the selection of each marker is limited
to one mouse click in the middle of the square, while for rectangular markers, the
selection of each marker consists of two mouse clicks in the upper left and lower right
corner of the created rectangle. Using square markers also their size must be defined as
a global value, same for all of the selected markers. Differences in selecting square and
rectangular markers are presented in figure 3.4. Markers are denoted as green square
or rectangle, while red crosses indicates the points of mouse clicks.

(a) (b)

Figure 3.4: Square (a) and rectangular (b) marker selection.

Another way to select markers is to determine the grid of markers on the specimen
surface. In this way it is possible to create two types of markers grid. First one is
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a standard grid which covers the whole ROI using square markers. The second one
is called sparse grid in which the markers are arranged in certain distances from each
other. To create both grids, click in their upper left and lower right corner. To create
both grids, it is necessary to mouse click in the upper left and lower right corner of the
area to be meshed. The standard grid requires only one parameter defining the size of
the marker, while a sparse grid requires two parameters - the size of the marker and the
distance between adjacent markers. Both types of grids are most often used to generate
deformation fields on the sample surface. Sparse grid is used to speed up the processing
of the images, since less markers are used in calculations, but the deformation fields
generated with it are more fuzzy and, for example, it is more difficult to determine the
exact location of the cracks and strain concentration zones. The difference between
these two grids is presented in figure 3.5. A standard marker grid has been used in most
of the examples described in chapters 5 and 6, while an example of using a spare mesh
is shown in section 5.1.

(a) (b)

Figure 3.5: Standard (a) and sparse (b) grid of markers.

In order to determine the strain profile along the test specimen, a linear way of
selecting markers was developed. To create single horizontal or vertical line of markers
it is necessary to make two mouse clicks at the beginning and at the ending of the
expected line. Based on coordinates of points that were indicated by the user, the system
automatically creates a horizontal or vertical line. The system configuration also allows
user to determine the number of markers that will be part of the created line. After
selecting this option of markers selecting, the procedure of calculating the deformation
profile is automatically activated in the system. The deformation measurement takes
place between each subsequent pair of markers, therefore the number of strain values is
always one less than the number of markers. Examples of use the linear selecting the
markers are shown in section 5.4 and figure 3.6a.

In a situation where it is necessary to determine the transverse strain values in the
tested specimen, it may be useful to mark the markers in the form of two parallel lines.
In this case it is necessary to use three mouse clicks - at the beginning of the first line,
at the end of the first line and to determine the distance between the lines anywhere
on the second line. This type of markers selection can be also used to calculate the slip
value between two structural elements. Some examples of using this type of selection
are presented in sections 5.4, 6.1, 6.7 as well as in figure 3.6b. In case of transverse strain
distribution calculation, each pair of markers at the same height can be automatically
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converted into a virtual sensor called a virtual tensometer (VT). Virtual tensometers
will be described in detail later in this section. The number of markers needed to fill
the entire length of both lines is calculated automatically and they are set in such a
way that each pair has a common edge.

(a) (b)

Figure 3.6: Single line (a) and double line (b) based markers selection.

In the situation when it is necessary to determine the Poisson’s ratio, a special
marker selection scheme developed in the system should be used. In this case, one click
at the selected point creates four markers arranged in the shape of the cross. The user
can define the distance between markers. If only one value is defined, the distances
between vertical and horizontal markers will be set to be equal. If the user defines two
distances, the first one will determine the distance between vertical markers and the
second one between horizontal markers.

Figure 3.7: Markers selection for Poisson’s ratio measurement.

An example of using this type of selection can be seen in figure 3.7. After using
this method of selecting markers, the system will automatically start the procedure
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of calculating the Poisson’s ratio as the ratio of transverse strain to longitudinal strain
calculated using both pairs of markers. Results obtained for the specimen made of foam
and presented in figure 3.7 are shown in figure 3.8.

Figure 3.8: Results of the Poisson’s ratio estimation for foam specimen.

Finally, the list of markers localizations and dimensions can be loaded from the
comma-separated values (CSV) file. In case when only two columns of data are given in
the file, they are treated as horizontal and vertical coordinates respectively. In case when
four columns of data are provided in the file, they are treated as horizontal coordinate,
vertical coordinate, width and height of each marker respectively. The system has been
designed with a special tool that facilitates manual pointing of markers on the specimen
surface and saving their properties to the appropriate file.

Markers grid refinement
In case when marker dimensions are limited due to the dots size in random pattern

placed on the specimen surface it is possible to make the grid of markers more dense.
Making the grid of markers more dense in this case, however, has a different character
than e.g. in FEM, because grid (mesh) elements are not divided into smaller ones. To
obtain the deformation fields based on higher number of measuring points, the grid is
refined in such a way that on the standard grid additional markers are created with
the specified offset from the original ones. In case of first level of the grid refinement,
over the original grid, three other grids of markers are created - first, shifted by half of
the size of the marker horizontally, second one shifted by half of the size of the marker
vertically and third, shifted by half of the size of the marker in both directions. Using
the first level of the grid refinement the total number of markers is four times greater
than in the original grid. Using the second level of grid refinement newly created grids
are shifted by 1/4 of the size of the marker and the total number of markers is nineteen
times greater than in the original grid. The comparison of the standard the grid and
the grid with first level of refinement is shown in figure 3.9. It is also worth of noting,
that described configuration parameter works only when standard grid selection of the
markers is used.
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(a)

(b)

Figure 3.9: Standard (a) and refinement grid of markers (b).

Deformation fields generating
One of the main functions of the designed system is generation of deformation fields.

Normal strain fields in X and Y direction as well as shear strain field are generated on
the base of displacement fields according to the procedure described in section 2.5. The
system allows the user to configure which fields will be printed after each iteration for
each image in the sequence. The following fields are available:

• displacement field in X direction,

• displacement field in Y direction,

• strain field in X direction,

• strain field in Y direction,

• shear strain field.

All selected displacement fields and deformation fields are shown in separate win-
dows, independent of the main window presenting collective results which is described
in section 3.1. Presenting the determined displacement and deformation fields, the most
commonly used color scale is called jet. An example of this type of color scale is presen-
ted in figure 3.10. In this scale the highest values of presented results have red color
and the lowest values are denoted in shades of blue. This type of color scale has been
used throughout this work to unify the presentation of results, but it is also possible to
change it to one of those listed in figure 3.11.

During the calculations, the color scale is updated by default with currently obtained
extreme values, but in designed system it is also possible to permanently assign the
specific extreme values to it. One of the configuration options in the system also allows



CHAPTER 3. DESIGNED SYSTEM 51

user to preserve the symmetry of the color scale in such a way that values close to zero
are always marked in green.

Figure 3.10: Color scale named jet.

Figure 3.11: Different color scales available in the system.

The designed system also allows user to smooth the displacement and deformation
maps. Separate parameters defining the level of displacement and deformation maps
smoothing are defined before the calculations. Smoothing the map is useful when the
measurement takes place at the limit of the optical measurement accuracy and the
received data is subject to high noise. However, it should be remembered that the ap-
plication of too high smoothing coefficient may result in smoothening areas representing
small concentration zones of real deformations or micro-cracks.

Taking into account the way of generating the deformation fields described in section
2.5, it can be noticed that the area on which each deformation field will be generated
will always be smaller than the field on which the displacement field is defined. This
is due to the fact that the points on which the 3D surface is generated are centers of
triangular elements, not their corners, as is the case with the displacement fields. For
this reason, the system has a configuration parameter that allows to enable extrapolation
of deformation fields in such a way that their area coincides with the area on which the
displacement fields are generated. The user can also choose how to extrapolate these
values - linear or using polynomials.

During the calculations, the results that are necessary to generate the displacement
and strain fields are saved to a separate file. Thanks to this, it is possible to re-generate
maps presenting fields of displacement and deformation without performing once again
time-consuming and resource-intensive calculations. In order to make it possible, a
separate application was designed, which on the basis of the collected data allows to
generate maps with any configuration parameters.
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Deformation fields masking
In the case when the ROI is rectangular, no masking of the deformation fields

is required, but there are also cases when the specimen has different shape and the
analyzed area also has an irregular shape. There are also situations when a hole or
incision occurs in the specimen, which should be eliminated from the area in which the
deformation fields are generated. To generate masked deformation fields it is necessary
to provide as input parameter an image with the area marked in red, which is to be
excluded from generating deformation fields. The image with the masking area should
have same resolution as processed images and should be saved using lossless image
compression algorithm or as uncompressed bitmap. Some examples of the masking
images are shown in figure 3.12.

(a) (b)

Figure 3.12: Masking images for deformation fields generation. Sample with incisions
(a) and sample with LVDT sensors and cables placed on its surface (b).

Virtual Tensometers
To obtain the strain value in specific point on the specimen surface using defined

measuring base virtual sensor called virtual tensometers (V Ts) can be used. In brief,
VT is a pair of two markers spaced apart from each other at such a distance as the
measuring base is equal to. V Ts can be placed on the specimen surface in various
configurations and at different angles.

Figure 3.13: Examples of the use of virtual tensometers.
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Some examples of using V Ts are presented in figure 3.13. V Ts are also automatically
numbered according to the order in which they are selected. By using the configuration
parameter associated with VT, it is possible to create all sensors as orthogonal. In this
situation, it is not necessary to precisely click on the points that are the ends of VT,
because the second point is automatically adjusted to the first one in such a way that
the measuring base is parallel to one of the X or Y axes. The system automatically
detects the direction of the VT by checking the horizontal and vertical distance of the
points and selecting as the measuring base the direction in which this distance is greater.
When using non-orthogonal V Ts, in addition to measuring the deformation along the
measurement base, it is also possible to enable automatic calculations in the X and Y
directions.

Sub-pixel measurement techniques
In the designed system three sub-pixel measurement techniques described in 2.3.1

are developed:

• interpolation of sub-pixel values,

• Fast Fourier Transforms,

• coarse-fine search algorithm.

Appropriate technique is selected by the configuration parameter given by the user.
In most of the cases presented in this dissertation, the first method based on interpola-
tion of sub-pixel values and image processing with higher resolution was used, because
the performed tests using samples described in chapter 4 showed that it gives the best
results with the lowest noise.

If the first method based on interpolation of values between pixels is used, the largest
load of the calculation unit should also be considered. For this reason, a modification of
the standard technique has been made, which consists in the fact that the determination
of full-pixel displacement takes place using original dimensions of the reference and tar-
get subset but in the next step, when the sup-pixel measurement takes place, the subset
are narrowed. Thanks to this, sub-pixel calculations requiring the highest computing
power are performed on much smaller matrices containing interpolated values between
pixels.

The system also offers the option of choosing the listed below interpolation types of
sub-pixel values:

• cubic interpolation based on based on a cubic convolution,

• cubic spline interpolation, based on a cubic spline using not-a-knot end conditions,

• modified Akima cubic Hermite interpolation.

In the configuration parameter, user can determine the accuracy of the sub-pixel
measurement. The smaller the value, the more time-consuming and resource-consuming
the calculation will be.
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Markers updating
During calculations there may be a situation where the cross-correlation coefficient

for the selected marker (subset) drops drastically. This may be due to the occurrence of
a very large rotation of the structure, which significantly changes the arrangement of the
random pattern inside the marker. Another example is a situation in which there is a
physical change on the surface of the specimen - a crack appears or the surface fragment
becomes detached due to the mechanical or thermal load. In such situations, the value
of the cross-correlation coefficient decreases significantly and the results obtained locally
are subject to a crucial error value.

To prevent such situations, the designed system offers the option of updating markers
in two different ways. The first way is to automatically update all markers with the
designated interval of processed images. For example, all markers can be updated
every fifth processed image. The number of images after which the markers will be
automatically updated depends on the user’s decision. The second, more sophisticated
method of updating markers is to determine the limit value for the cross-correlation
coefficient, after which the single marker will be updated. The lower value of the cross-
correlation coefficient is set by the user before the calculations.

Regardless of the choice of the marker update method, the further process is the
same. If an update is needed for a given marker, its original image is removed from the
computer’s memory, and in this place a new image is created from the fragment of the
previously processed image. In most cases presented in this work, the lower limit of the
cross-correlation coefficient value 0.95 was used.

If the cross-correlation coefficient value is high for all of the markers during the test
the updating procedure can be completely disabled.

Anomalies detection
Despite the efforts made at the stage of sample preparation and adjustment of

image processing parameters, it is possible that the tracking of a particular marker will
be impossible. This may be, for example, due to the appearance of a glare or flare on
the surface of the sample or the disintegration of the sample at a particular location.
The inability to correctly track marker results in the appearance of anomalies in the
form of single markers whose displacements are disproportionately large in relation to
all neighbouring markers. Subsequently, it causes incorrect re-scaling of displacement
fields maps as well as the formation of artificial strains on the deformation fields. The
effect of the appearance of anomaly is visible in figure 3.14. In this case, the anomaly
occurred due to the reflection of light from the smooth surface of the machine head.

To prevent such situations, the system uses an algorithm of anomalies detection
based on the k-nearest neighbours algorithm [4, 25]. One of the basic parameters that
must be defined by the user is the number of nearest neighbours to be analyzed. Other
parameter defined by the user is the algorithm sensitivity which can be set any positive
value. The sensitivity value is related to the distance from the mean value µ in Gaussian
obtained using selected neighbours. The smaller the value of this coefficient, the more
markers will be detected as anomalies.

Due to the nature of the algorithm used, anomaly detection only works when select-
ing markers using a standard or sparse grid.
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Figure 3.14: Effect of the appearance of the anomaly in the deformation field.

Distortion correction
In the designed system, there are three options for distortion correction. Two of them

are described in section 2.3.3 as method based on Brown-Conrady model and region of
compensation method. In the case of the first method, a separate tool was created,
which was based on calibration images shown if figure 3.15, determines the appropriate
distortion correction fields. In the case of the second method based on ROC, system
user also has the option of using the tool for determining the displacement field on the
ROC surface, which is then used to correct the displacement field on the ROI.

(a) (b)

Figure 3.15: Distorted (a) and undistorted (b) calibration image.

In order to verify the correctness of implementing the first of the described methods,
also a solution based on Computer Vision System Toolbox for MATLAB was implemen-
ted. The operation of this tool is also based on the processing of calibration images in
the form of checkerboards and determination of distortion parameters for a particular
camera model, used lens and specific focal length. A schematic example of how the
tool works is shown in figure 3.16. The distortion parameters obtained as a result of
the tool operation can be saved to a file and then loaded into a designed system for the
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correction of processed images.

Figure 3.16: Calibration images arranging using Computer Vision System Toolbox for
MATLAB.

Parallel computing using CPU and GPU
Due to the fact that the nature of the calculations performed by the main algorithm

is strongly iterative and repetitive, a decision was made to develop parallel calculations
in designed system. It required a complete redesign of the system, which was initially
created to perform calculations sequentially, using only one core of the CPU.

The parallel calculation was made on two levels - CPU and GPU. Parallel com-
puting using CPU has been designed using Parallel Computing Toolbox (PCT) for
MATLAB, while parallel computations using GPU were designed using Compute Uni-
fied Device Architecture (CUDA) and so-called gpuArrays. Calculations were performed
on processing unit equipped with a six-core processor Intel i7-8700K with clockspeed
3.70GHz and Hyper-Threading (HT) technology as well as a graphics processing unit
GeForce GTX 1080 equipped with 8GB of Random Access Memory (RAM) and 2560
CUDA cores.

The system configuration allows the user to choose how many processor cores to
perform parallel computations and whether parallel computations using GPU are to be
enabled.

Figure 3.17 shows a comparison of time results for the same task on different con-
figurations of parallel calculations. The task consisted in performing one iteration of
calculations consisting of 12788 markers, size 25 px and sub-pixel measurement accuracy
0.0125 px. The parallelization has been subjected to about 90% of the whole program
code, including the most sensitive part of the algorithm responsible for full and sub-pixel
calculations.

When analyzing the results presented in figure 3.17, it can be noticed that the
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acceleration values obtained for calculations performed only on the CPU agree with
those postulated by Amdahl’s law [43].

Figure 3.17: A comparison of time results for the same task on different configurations
of parallel calculations.

Web-based interface for results viewing
Due to the fact that the calculations performed by the designed system can take up to

several hours, the web interface was designed for results viewing. After each iteration,
the current results are sent to the server using the file transfer protocol (FTP). The
results can be accessed from any web browser, also in the mobile version. This allows
the user to have remote control if the calculations are running correctly and whether
they should be continued without. In this situation, it is not necessary to login to the
processing unit using the remote desktop protocol (RDP).

For each type of calculation performed, a window screenshot containing a summary
of the results and described in section 3.1 is sent to the server. If at the same time
user enabled the procedure of generating displacement and deformation maps, they are
also sent to the server and available to the user via a web browser. Moreover, if the
calculations are performed on several processing units, the results from all of them are
sent in parallel and presented on the website. A progress bar is also created for each
processing unit, informing about the progress of the calculations. Screenshot showing
the web interface of the designed system is shown in figure 3.18.
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Figure 3.18: Web-based interface for results viewing.



Chapter 4

Validation of the designed system

Before practical implementations of the system, it has been tested using various types
of input data. For the tests image sets created both experimentally and synthetically
have been used. Since the original values obtained from the optical measurement are
displacements of the analyzed points on the specimen surface, the tests have been
based mainly on the comparison of the results obtained with the use of traditional
measurement and synthetically generated samples with the results obtained from the
optical measurement.

4.1 Society for Experimental Mechanics image samples

One of the well known and good documented sample sets for testing DIC-based software
are the samples provided by the Society for Experimental Mechanics (SEM). Available
samples are included in the so-called DIC Challenge programme which purpose is to
supply the image correlation community with a set of images for software testing and
verification. Details of the creation of the images have been well described in a published
paper so it is easy to understand how the images have been created and what kind of
test they concern [82].

(a) (b)

Figure 4.1: Main image sets provided by SEM with high (a) and low contrast(b) values
with randomly selected markers used for displacement calculations.

59
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Two primary sample image set have been created by numerically binning a 14-
megapixel image to supply subpixel shifted images that have been obtained quasi-
experimentally. The main difference between both sets is the contrast value in the
generated images. First set includes high contrast images and the second one is based
on images with low contrast.

(a) (b)

Figure 4.2: Results of horizontal (a) and vertical (b) displacement calculations for main
image sets provided by SEM with high contrast values.

(a) (b)

Figure 4.3: Results of horizontal (a) and vertical (b) displacement calculations for main
image sets provided by SEM with low contrast values.

In each of the two image collections there are 122 images including the reference
images with 0.1 pixel shifts from 0 to 1 pixel in both the x and y directions [83].
Differences between two image sets and speckle patterns can be seen in figure 4.1. For
both image sets 10 markers have been randomly selected and displacement calculations
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have been carried out for each marker. Also for each image with specific shift value mean
displacements of all analyzed markers have been calculated and presented in figures 4.2
and 4.3. As can be seen, the obtained results correspond to the expected one.

Another image set provided by SEM contains 21 images including the reference
image with 0.05 pixel shifts from 0 to 1 pixel in both the x and y directions. All images
from the set are affected by the noise. Sample image from the set with 10 randomly
selected markers can be seen in figure 4.4. Results of displacement measurements for
all markers can be seen in figure 4.5. For each image displacements of the markers have
been averaged. As can be seen, the obtained results correspond to the expected one.

Figure 4.4: Sample image from set provided by SEM with added noise (σ=1.5).

(a) (b)

Figure 4.5: Results of horizontal (a) and vertical (b) displacement calculations for image
sets provided by SEM with added noise (σ=1.5).
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Similar to previous one image set contains 11 images with noisy data and pixel shifts
equals to 0.1 from 0 to 1 pixel in both the x and y directions. As before, 10 markers have
been selected randomly and the displacements in both directions have been calculated
and averaged. Image pattern from the analyzed image set with selected markers can be
seen in figure 4.6. Displacement calculations results have been presented in figure 4.7.
As can be seen, the obtained results correspond to the expected one.

Figure 4.6: Sample image from set provided by SEM with added noise (σ=8.0).

(a) (b)

Figure 4.7: Results of horizontal (a) and vertical (b) displacement calculations for image
sets provided by SEM with added noise (σ=8.0).

To test system performance for samples with variable exposure levels SEM provides
the image set containing 11 images with different exposure levels. This image set uses
a real speckle image synthetically shifted by 0.1 pixel in both directions from 0 to 1
pixel. Differences in the brightness of images from the set can be seen in 4.8. Results
of displacement calculations for 10 randomly selected markers have been presented in
figure 4.9.
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Figure 4.8: Sample images from set provided by SEM with variable exposure levels.

(a) (b)

Figure 4.9: Results of horizontal (a) and vertical (b) displacement calculations for image
sets provided by SEM with variable exposure levels.

SEM also provides image set based on real experimental speckle image shifted via
binning. Image set contains 11 images with 0.1 pixels shifts from 0 to 1 pixel. Sample
image from the set with 10 randomly selected markers can be seen in figure 4.10. Results
of displacement calculations for this image set have been presented in figure 4.11.

Figure 4.10: Sample images from the set based on real experimental speckle image.
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(a) (b)

Figure 4.11: Results of horizontal (a) and vertical (b) displacement calculations for
image set based on real experimental speckle image.

4.2 Micrometer tests

In order to evaluate the quality of the system, experimental studies have been also
carried out using a high accuracy analog and digital inside micrometers. According to
the catalog and calibration note, the measurement accuracy of used tools has been set
to ±0.005 millimeter with the measurement resolution equals to 0.001 millimeter. In
order to enable optical measurement, on the micrometer anvil heads two markers in
the form of concentric circles have been placed that can be seen in figure 4.12. The
micrometer has been also placed in a solid stand that have prevented the measuring
tool from moving itself.

Figure 4.12: Test stand for testing using micrometer.
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During the performed tests, micrometer’s anvil head has been moved by the spe-
cified values and then the measuring tool readings have been compared with the optical
measurement results. Results of the comparison can be seen in figure 4.13.

(a)

(b)

Figure 4.13: Comparison of the optical measurement and micrometer readings (a) and
error value between optical measurement and micrometer readings (b).

4.3 Testing machine

To test the system performance under real conditions, additional tests using a testing
machine have been carried out. The test consisted in the optical measurement of dis-
placement of the machine heads presented in figure and the comparison of the results
with the reads obtained from the machine software. Markers have been placed on the
heads of the machine and then the machine heads have been spaced from 0 to 110 mm

every 10 mm. Test stand for these tests can be seen if figure 4.14.
Comparison of the optical measurement with the machine readings for the first test

has been presented in figure 4.15.
The second test consisted in uniformly moving the machine heads from 110 to 0 mm

and simultaneously optical measuring the distance between the heads. Comparison
of the optical measurement with the machine readings for the second test has been
presented in figure 4.16.



66 4.3. TESTING MACHINE

(a) (b)

Figure 4.14: Test stand for the tests using testing machine (a) and close-up of heads
with markers.

(a)

(b)

Figure 4.15: Comparison of the optical measurement and testing machine readings (a)
and error value between optical measurement and testing machine readings (b) for the
first test.
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Figure 4.16: Optical measurement for the second test when testing machine heads have
been moved uniformly.
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4.4 Comparison with the commercial solution

The last set of tests consisted in comparing the results obtained from the designed
system with the results generated by a commercial optical measurement solution. In this
case videoXtens video extensometer by Zwick Roell has been used. The extensometer
provides non-contact measurement of tensile, compressive and flexural deformations of
all types of materials. An accuracy class of the extensometer has been set to class 1 by
EN ISO 9513 norm for field of view under 200 mm.

Performed comparative tests consist in tensile tests of aluminum specimens in order
to determine the Poisson’s ratio (ν) of the tested material. Markers suitable for each
optical system have been placed on both of the specimen surfaces which can be seen in
figure 4.17.

(a) (b)

Figure 4.17: Specimen layout with markers suitable for videoXtens (a) and CivEng
Vision System (b).

During the tests longitudinal and transverse strain values have been measured and
the Poisson’s ratio has been calculated for each specimen with different dimensions.
Comparison of the results obtained from both systems has been presented in figures
4.18-4.20. The main difference in the results is related to the sampling frequency of
both systems. Data in a commercial solution is collected at 50Hz, that can be useful
in dynamic tests, while the designed system takes one image every 10 seconds. In both
cases the presented results are raw data without the use of smoothing and filtering
the data. As can be seen, the results obtained from the commercial solution are much
less stable and burdened with high noise and should be smoothed out before further
calculations.
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(a) (b)

(c) (d)

Figure 4.18: Comparison of the longitudinal (a, b) and transverse strain values registered
by Zwick Roell videoXtens (a, c) and CivEng Vision (b, d) for the first sample.
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(a) (b)

(c) (d)

Figure 4.19: Comparison of the longitudinal (a, b) and transverse strain values registered
by Zwick Roell videoXtens (a, c) and CivEng Vision (b, d) for the second sample.
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(a) (b)

(c) (d)

Figure 4.20: Comparison of the longitudinal (a, b) and transverse strain values registered
by Zwick Roell videoXtens (a, c) and CivEng Vision (b, d) for the third sample.
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4.5 Summary

The analysis of the results presented in this chapter leads to the conclusion that the
resolution and accuracy of the optical measurement is comparable to traditional meas-
urement methods and can be used to determine very small displacements, which in
the next step leads to generation of the deformation fields and strain values in specific
points of the specimen surface.

The maximum value of sub-pixel the measurement error obtained during the tests
based on the artificial samples provided by SEM did not exceed 0.015 px and reached
just 0.014 px for the main image set characterized by very low contrast. This value
converted into metric units is in the majority of cases much lower than the measurement
resolution offered by traditional sensors. For this reason, the optical measurement can
be compared with traditional measurement systems, and the results it offers can be an
extension of those obtained in the traditional way.

Similarly, the results obtained from real experiments showed very high measurement
resolution of the designed system. It is worth noting that these tests were burdened
with all the imperfections of vision-based systems such as noise in digital images and
the occurring image distortion and even then they presented a measurement resolution
comparable to traditional measurement.

Finally, the test of comparing the designed system with a commercial solution con-
firmed its effectiveness. What’s more, it has been shown that the results obtained with
the designed system are characterized by much less noise level and are more unambigu-
ous in the case of their further use, e.g. for the evaluation of material parameters such
as Young’s modulus or Poisson’s ratio. The reason for this situation is to be found in
the use of an acquisition device with a much larger digital matrix resolution than in a
commercial solution.
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Full texts of the papers constituting the
doctoral thesis

This chapter presents the full texts of the scientific papers indexed in the Journal Cita-
tion Reports (JCR) database constituting the submitted doctoral thesis. Before each
paper a short summary of its contents was presented as well as details of what the
designed system was used for within the scope of the specific article.

The bibliographic information on the attached articles with the number of points
assigned to the journal in which the specific article is published and the Impact Factor
assigned to the journal1 is presented below.

Article I - Tekieli M., De Santis S., de Felice G., Kwiecień A., Roscini F., Ap-
plication of Digital Image Correlation to composite reinforcements testing, Composite
Structures, 160, pp. 670-688, 2017. 40 points, IF=4.52.
DOI: 10.1016/j.compstruct.2016.10.096

Article II - Kwiecień A., Krajewski P., Hojdys Ł., Tekieli M., Słoński M., Flexible
adhesive in composite-to-brick strengthening - experimental and numerical study, Poly-
mers, 10(4), 356 (23 pages), 2018. 40 points, IF=2.94.
DOI: 10.3390/polym10040356

Article III - Rodacki K., Tekieli M., Furtak K., Contactless optical measurement
methods for glass beams and composite timber-glass I-beams, Measurement, 134, pp.
662-672, 2019. 30 points, IF=2.22.
DOI: 10.1016/j.measurement.2018.09.061

Article IV - Kałuża M., Hulimka J., Kubica J., Tekieli M., The methacrylate
adhesive to double-lap shear joints made of high-strength steel-experimental study, Ma-
terials, 12(1), 120 (18 pages), 2019. 35 points, IF=2.47.
DOI: 10.3390/ma12010120

1Values of the current Impact Factor as of January 31, 2019.
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COMPOSITE REINFORCEMENTS TESTING

5.1 Article I - Application of Digital Image Correlation to
composite reinforcements testing

Article I presents an application of DIC method to composite reinforcements testing.
The paper presents the use of two vision-based measurement systems - CivEng Vision
and the freeware open source 2D digital image correlation MATLAB software Ncorr
[12]. Images of the surface of the tested samples was taken using DSLR cameras in
both cases.

The CivEng Vision system was used to test the composite reinforcement specimens
at the Cracow University of Technology (CUT), while the Ncorr software was used
at Roma Tre University in Rome, Italy. In addition, images of the specimen surface
taken by the scientists in Rome were processed by the CivEng Vision system. Obtained
from two vision-based systems were compared with each other. The same results were
also compared with the results obtained from traditional measurements based on linear
variable differential transformers (LVDT), digital sensors integrated in testing machines
at both test stands and extensometers.

In order to present the possibilities of the vision-based measurement systems and to
extend the range of results obtained using traditional measurement systems, color maps
showing the fields of deformation on the surface of the tested specimens were generated.
Optical measurement was also used for the calculation of the textile-to-matrix slippage
as well as the slip value between substrate and reinforcement at the loaded end of the
specimen.

Comparative studies have shown that the measurement of the two vision-based sys-
tems used is consistent with the results obtained from the traditional measurement
systems. It was also shown that the root mean squared error (RMSE) for the measure-
ment conducted using CivEng Vision system is in some cases lower than in case of use
Ncorr software.
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a b s t r a c t

Digital Image Correlation (DIC) is a full-field contactless optical method for measuring displacements in
experimental testing, based on the correlation of the digital images taken during test execution. It is used
in several fields of experimental solid mechanics, but its potential application to the characterization of
composite reinforcements has not been fully investigated yet. In this paper DIC is used in tensile and
bond tests on composite reinforcements comprising different textiles and matrices. Results obtained
by two DIC software programs are validated by comparison with displacement and strain transducers.
DIC provides additional information on damage pattern (crack location and width) and composite-to-
substrate load transfer mechanism (effective bond length and local stress concentrations). It also offers
the advantageous possibility of selecting several measurement points after the test, overcoming some
drawbacks of traditional transducers. On the other hand, since only on the outer surface of the specimen
is monitored, no information is directly available on the textile embedded in the matrix. The combination
of DIC and traditional sensors in laboratory testing allows improving the understanding of the mechan-
ical behaviour of composite reinforcements and the identification of their fundamental properties.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Strengthening systems with composite materials are currently
widely used for the repair and upgrade of existing structures, since
they provide a remarkable strength improvement with minimum
encumbrance and mass increase, are easy to install and are versa-
tile. Composite reinforcements comprise a high strength textile,
arranged in unidirectional or multidirectional fabrics, made out
of aramid, basalt, carbon, glass, polyparaphenylene benzobisoxa-
zole (PBO), steel, or natural fibres (flax, hemp, jute). The textile is
bonded to the surface of the structural element by means of either
an organic (epoxy, polyester or polyurethane resin) or an inorganic
(cement or lime mortar) matrix. Composites with organic matrix
are named Fibre/Steel Reinforced Polymers (FRP/SRP) when epoxy
resins are used [1,2], or Fibre/Steel Reinforced Polyurethanes
(FRPU/SRPU) if the matrix is a highly deformable polyurethane
[3,4]. Differently, mortar-based composites are known as Fabric
Reinforced Cementitious Matrix (FRCM) or Textile Reinforced Mor-
tar (TRM), or, when comprising steel textiles, Steel Reinforced
Grout (SRG) [5].

In the last two decades, the effectiveness of externally bonded
composites for structural rehabilitation has fostered, on the one
hand, the industrial development and the spreading of field appli-
cations, and, on the other hand, the scientific research. Experimen-
tal investigations have been carried out on small-scale specimens
to derive tensile behaviour, adhesion to the substrate, and durabil-
ity. Tests on medium/large scale specimens and in the field pro-
vided information on the performance of reinforced structures
and helped optimizing the strengthening solutions. The experience
gained so far has highlighted the importance of identifying in a
reliable way the mechanical properties needed for the strengthen-
ing design, such as (i) under tension, the ultimate strength and the
corresponding strain, the stiffness, and the crack spacing, and (ii)
under shear, the reinforcement-to-substrate strength and the rela-
tive displacement (slip). Nevertheless, in some cases, it may be dif-
ficult to measure displacements and strains accurately with
traditional sensors, such as potentiometers, LVDTs, laser transduc-
ers, extensometers, and strain gauges. In direct tensile tests, crack-
ing, sliding in the gripping areas or uneven load distributions may
affect test results without being detected properly, especially when
mortar-based composites are under investigation. The reliability of
strain and stiffness data relies on the number of cracks that
develop within the gauge length of the transducer, but, since out-
side this latter mortar cracking and textile rupture/sliding are not

http://dx.doi.org/10.1016/j.compstruct.2016.10.096
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detected, the portion of the specimen monitored by the instrument
may be not representative of the actual overall behaviour. On the
other hand, local strain measurements provided by strain gauges
are not particularly useful to detect the global (average) response.
Moreover, the damage of the textile or of the matrix may disrupt
the reading of the measurement devices, making displacement/
strain data unavailable or unreliable. In shear bond tests,
reinforcement-to-substrate displacement may be so small that its
measurement, at least in the initial part of the test, and for dis-
placements in the order of 0.1 mm or even less, may be influenced
by possible settings of the specimen or deflections of the testing
setup. It may be influenced even by the noise of the electric signal
of the instrument, if its resolution is not particularly good. Finally,
the use of traditional sensors may complicate the preparation of
the setup (due to their encumbrance), or entail a high cost, related
to the use of disposable strain gauges or optical fibres, or to possi-
ble damage to instrumentation.

In order to overcome the drawbacks of traditional measurement
methods, full-field contactless optical techniques have been devel-
oped, such as Moiré photography [6], Particle Image Velocimetry
(PIV) [7], 3D Vision [8] and Digital Image Correlation (DIC) [9]. This
latter has been widely used for tests on materials in mechanical
engineering and a relatively advanced knowledge has been devel-
oped on testing setups and data processing [10]. DIC has already
been successfully used also in experiments on composites, devoted
to FRP-to-concrete [11–13], FRP-to-masonry [12,14,15] and FRPU-
to-masonry [16] bond behaviour, characterization of FRCMs [17],
in large-scale testing [18–20], and in combination with other
non-destructive techniques [21]. Nevertheless, the potential appli-
cation of DIC to all the steps of the characterization of composite
reinforcements has not been fully investigated yet.

This paper, after a brief recall of the principles of Digital Image
Correlation (Section 2), shows its application to direct tensile tests
on dry textile specimens (Section 3) and composite coupons (Sec-
tion 4), as well as to shear bond tests (Section 5). DIC was used in
combination with traditional measurement devices (displacement
transducers and extensometers) as a tool for improving the
mechanical characterization of composite reinforcements and
developing a deeper understanding of their behaviour. Two DIC
software programs (CivEng Vision [22–24] and Ncorr [25]) were
used and their results were compared to each other as well as to
those provided by traditional transducers for mutual validation.
Finally, an overview of the advantages offered by DIC with
respect to conventional sensors and of some of its limitations is
provided.

2. General principles of Digital Image Correlation

Digital Image Correlation (DIC) is a full-field optical method for
measuring the displacement of the surface of an object. It was orig-
inally developed in the early 1980s [26]. Its effectiveness and prac-
ticality have made it a particularly useful tool for recording

specimen deformation in several fields of experimental solid
mechanics, material science and mechanical engineering [27,28],
civil engineering and structural health monitoring [29], biome-
chanics [30], and medicine [31]. Most applications deal with in-
plane (2D) displacements, but the increase of computer perfor-
mances has recently allowed to detecting the tri-dimensional dis-
placement field of the specimen surface [32].

The DIC method is based on the correlation of the digital images
taken during test execution. Each picture is converted from RGB
colour space to greyscale and is treated as a matrix. Each element
of such matrix corresponds to a pixel representing one specific
point of the specimen surface, and its value is based on its intensity
(from black to white). To calculate the in-plane displacement of the
surface of the specimen, a computational grid is defined on the pic-
ture or on a portion of it, named Region Of Interest (ROI). The pic-
tures taken before and after deformation are correlated and the
points of the grid in the ROI are matched, i.e., their position after
deformation is identified as that associated to the peak of the cor-
relation coefficient. A number of correlation criteria exist, which
differ in the computational effort required in calculations and in
robustness. The one suggested by recent works as the most robust
and reliable is the zero-normalized sum of squared differences
(ZNSSD), since it is insensitive to illumination lighting noise [10].
To improve the reliability of the correlation, not just two pixels
but two subsets of pixels, centred at each point, are correlated to
each other (Fig. 1). Subsets may be either square or circular and
their size (or radius) typically ranges from 5 pixels (faster analysis
but lower robustness) to 50 pixels (longer runtime but better reli-
ability). Optimization algorithms have been recently developed to
determine the subset size based on the properties of the speckle
pattern [33]. The displacement of each point of the grid corre-
sponds to the relative distance between its positions in the
deformed image (point P’ in Fig. 1c) and in the undeformed one
(point P in Fig. 1a). The displacement of another point (Q) provides
the deformation of the subset. The displacements and deforma-
tions of all the subsets defined in the ROI provide the deformation
of the real specimen (Fig. 1b, d). DIC results (like all results
obtained using computer vision based systems) are originally com-
puted in pixels and then converted into millimetres. The pixel-to-
millimetres conversion factor can be calculated from the focal
length and the distance from the considered specimen surface to
the optical sensor, or, more easily, determined knowing at least
one real dimension. Resolution and accuracy are associated with
the resolution of the optical sensor installed in the camera. As a
first approximation, the method provides measurements with the
resolution of the size of one pixel, but sub-pixel interpolation algo-
rithms can lead to a resolution of 1/50th or even 1/100th of the
pixel [10]. Finally, the displacement field directly obtained by this
procedure is discrete (as displacements are provided at the nodes
of the computational grid), and it is then interpolated with pre-
defined shape functions (e.g., bi-cubic spline [34]) to obtain a con-
tinuous field.

Fig. 1. Principle of the Digital Image Correlation method: sketch of the subset (a, c) and measurement points on the surface of a specimen (b, d) before (a, b) and after (c, d)
deformation.
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The application of Digital Image Correlation needs particular
care in the preparation of experimental setup. First, a speckle pat-
tern, consisting of black dots randomly distributed over a white
background, needs to be realized on the specimen surface, by
means of spray or airbrush painting (Fig. 2a). The size of the spots
in the speckle pattern influences the accuracy of the results [35], so
a suitable balance needs to be identified based on specific setup
conditions. If the surface of the specimen is particularly rough,
its natural texture could ensure by itself sufficient contrast that
no additional preparation is required (Fig. 2b). As an alternative,
in order to measure the displacement of specific points, artificial
markers can be placed on the specimen (Fig. 2c–e), which also pro-
vide information on real dimensions (Fig. 2d, e), useful to deter-
mine the pixel-to-millimetres conversion factor. Second, to
minimize the error of the measurement, a high-resolution camera
should be used and placed on a stiff frame, ensuring the parallelism
between the surface of the specimen and the sensor. Finally, light-
ing conditions should be kept stable and even during test execu-
tion and, to this purpose, led spotlights offer better conditions
than incandescent lamps.

3. Tensile tests on dry textiles

Direct tensile tests were carried out on dry textile specimens to
derive their tensile strength, Young’s modulus and ultimate strain,
which are all necessary for the design of externally bonded rein-
forcements. Tests were carried out with a Universal Testing
Machine, and the load was applied under displacement control
up to the tensile rupture of the specimen (Fig. 3). Textiles had
600 mm total length and were clamped in the wedges of the test-
ing machine making use of aluminium tabs, to ensure a uniform
load distribution and prevent local damage of the filaments [36].
Global displacements were acquired by an LVDT integrated in the
testing machine, recording the relative displacement from end
plate to end plate with 0.05% accuracy and 10 lm resolution. The
corresponding average strains were derived as the recorded dis-
placement divided by the initial distance between the clamping
wedges, with a resolution in the order of 25le. Local strains were
detected by an extensometer having 50 mm gauge length,
+25/�5 mm range, 0.12% accuracy and 1le resolution, placed in
the middle of the specimen and fixed to one yarn of the textile.
Both devices acquired data at 10 Hz sampling frequency. Digital
Image Correlation was used to calculate the average strain over
the free length of the specimen (e.g., excluding the gripping areas).
To this purpose, couples of artificial markers (metal plates pro-
vided with speckle pattern) were fixed to the specimen with mag-
nets and their displacement was measured by DIC. Digital images
were taken at constant time interval of 5 s by a digital camera posi-
tioned at 1.20 m from the specimen. Two led spotlights were used
to keep stable and even illumination. Pictures had 6016 � 4016
pixels, corresponding to a pixel size of 0.11 mm. Sub-pixel interpo-

lation led to a displacement resolution in the order of 1–2 lm.
Given the initial distance from the markers, varying from test to
test in the 350–400 mm range, the corresponding strain resolution
was in the order of 2–3le. Digital images were processed with
both CivEng Vision and Ncorr software programs. The stress–strain
response curves were derived starting from data provided by all
the displacement/strain measurement methods and compared to
each other.

Fig. 3a shows a tensile test performed on a specimen of carbon
fabric, and the resulting stress–strain response is plotted in Fig. 4a.
The curves related to the abovementioned strain measurement
methods (LVDT integrated in the testing machine, extensometer,
digital images analyzed by CivEng Vision and Ncorr DIC software
programs) display a very good agreement for the whole test up
to failure, highlighting the reliability of all the acquired strain data.
The root mean square error (RMSE) between DIC and LVDT was
0.034% in case of CivEng Vision and 0.060% for Ncorr. The agree-
ment with the LVDT measurement proved that the specimen did
not slide in the clamping wedges, while that with the extensome-
ter indicated that no local stress concentrations (which may be
related to non-uniform stress distribution among the yarns or to
local rupture of the filaments) occurred. Finally, the correspon-
dence between the two DIC programs proved that the experimen-
tal setup was properly prepared and that the method is reliable,
independently from the specific algorithm (i.e., software program)
used for image correlation analysis.

In the test on carbon textile shown in Fig. 3a, the markers had
the same width of the specimen, so DIC provided an average strain

Fig. 2. Detail of the speckle pattern (a) and of the natural texture (b) for the measurement of the displacement field on the surface of the specimen, and artificial markers
without (c) and with (d, e) indication of real dimensions.

Fig. 3. Setups for direct tensile tests on carbon (a) and glass (b) fabrics.
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measurement, while the behaviour of individual yarns was not
investigated. Differently, in the test shown in Fig. 3b, performed
on a specimen of glass mesh comprising three yarns, a couple of
markers was placed on the middle bundle (M) and another couple
of markers was placed on the bundle on the left side (L). By doing
so, DIC measured the strain of the two bundles individually, pro-
viding information on the load distribution among them. The same
goal could have been achieved by using two extensometers or by
gluing two strain gauges, one per yarn, but, apart from the cost,
these would have provided local measurements. The stress–strain
response curves (Fig. 4b) provided by the markers (M) placed on
the central yarn and analysed using both DIC software programs
(CivEng Vision and Ncorr) resulted basically superposed to each
other and to that of the extensometer (placed on the same yarn),
which validates both test data and measurement methods. The
RMSE between DIC and extensometer on the central yarn was
0.030% and 0.093% for CivEng Vision and Ncorr, respectively. Slight
differences were found between the middle yarn and the left one,
as well as between the middle yarn and the average measure pro-
vided by the LVDT, indicating a non-uniform load distribution. The
RMSE between DIC and LVDT on the left yarn was 0.104% for
CivEng Vision and 0.072% for Ncorr. Finally, it should be noted that,
due to the slight movements of the markers, DIC data are noisier
that those of the traditional instruments, especially at the begin-
ning of the test. An improved method for fixing the markers could
provide better results, especially when individual bundles are
monitored like in this case.

4. Tensile tests on composites

The tensile behaviour of composites (especially those with inor-
ganic matrix) is affected by crack occurrence. For lower stress val-
ues, the matrix is un-cracked and significantly contributes to both
the load-carrying capacity and the stiffness of the system. Under
increasing stress, cracks appear progressively. Finally, when the
crack pattern has stabilized (no new cracks appear), both the
Young’s modulus and the strength mainly rely on the textile (even
if the matrix, although cracked, is still able to provide a certain load
redistribution). The development of cracks highly complicates the
measurement of strains with transducers and extensometers
placed on the matrix, due to the local concentrations and to the

brittle variations that are associated to cracking, making displace-
ment/strain data not particularly useful or even unreliable in some
cases. It has been observed [36] that the base length of the mea-
surement device needs to be large enough to include a sufficient
number of cracks. However, even if some relationships may be
established between the properties of the composite (tensile
strength and Young’s modulus of the matrix, and textile-to-
matrix bond/interlocking) and the crack pattern (average distance
between cracks), the exact number and location of cracks is hardly
predictable. It may vary randomly from test to test, and crack spac-
ing is not even uniform along the specimen. On the other hand, the
transducer integrated in the testing machine may overestimate the
strain in case of sliding of specimen with respect to the clamping
wedges, or of the textile with respect to the matrix. Finally, strain
gauges provide very local strain data, which may differ largely
from the overall behaviour of the composite, require higher efforts
(they need to be glued on the textile before the manufacturing of
the specimen), complexity (cables may complicate the realization
of the coupons and influence cracking), and cost (they are
disposable).

Direct tensile tests were carried out on prismatic composite
specimens (coupons) of reinforcement systems (Fig. 5) comprising
steel, carbon or basalt textiles and either organic (epoxy resin) or
inorganic (cement or lime mortar) matrices. To apply the load,
specimens were either gripped in the clamping wedges of the test-
ing machine (Fig. 5a) or clamped with bolted steel plates contain-
ing hinges (Fig. 5b). In both cases, the ends of the specimen were
reinforced to ensure uniform load distribution and limit damage
to the matrix [5]. Specimens had 600 mm total length, the gripping
areas were 80–100 mm long and the free length resulted 400–
440 mm long. Tests were performed with a Universal Testing
Machine. The load was applied under displacement control and
recorded by an integrated load cell. Stresses were derived by divid-
ing the load by the cross section area of the textile, as it is usually
done to prevent results from being affected by possible changes of
the thickness of the matrix. The global displacement (from end
plate to end plate) was recorded by the LVDT of the testing
machine (10 lm resolution), while a local strain measure was
acquired by an extensometer with 50 mm gauge length (1le reso-
lution). In addition, two displacement transducers (1 lm resolu-
tion) were placed on the matrix by means of aluminium plates to

Fig. 4. Stress–strain response curves of direct tensile tests on carbon (a) and glass (b) fabrics.

M. Tekieli et al. / Composite Structures 160 (2017) 670–688 673



obtain a displacement measurement over a segment of about
250 mm excluding the gripping areas (Fig. 5). Strains were derived
by dividing the measured displacement by the nominal base of dis-
placement measuring devices, with resulting strain resolution
between 4le (potentiometers) and 25le (integrated LVDT).

Digital Image Correlation was used to record the displacement
field of the entire surface of the specimen. To this aim, in some
cases, the monitored surface was prepared with a speckle pattern,
made out of randomly distributed black dots over a white back-
ground (Fig. 5a). For other specimens, instead, no specific prepara-
tion was made and the natural texture due to the surface
roughness was used (Fig. 5b). Artificial reference markers were also
used to detect possible rigid translations of the whole setup (that
are actually due to movements of the camera), as well as to get
the pixel-to-millimetres conversion factor automatically. Both
CivEng Vision and Ncorr software programs were used to process
the digital images (taken during the tests at 5 s time interval), with
the aim of measuring the displacements (and deriving the stress–
strain response curves) as well as of detecting information on dam-
age pattern (crack number, location, and width, and corresponding
evolution during test execution).

4.1. Measurement of displacement and strain

Direct tensile tests were carried out on different types of com-
posite reinforcements (Fig. 6) and their results are represented in
terms of stress–strain response curves (Fig. 7), in which displace-
ment/strain measurement methods are compared. Fig. 6a presents
a test carried out on a specimen of Steel Reinforced Polymer (SRP),
comprising a unidirectional textile made out of steel cords embed-
ded into an epoxy resin [12]. The surface of the specimen, including

the visible portions of the aluminum tabs, was prepared with a
speckle pattern for DIC application. Two couples of points were
selected for deriving strain measurements, as their relative dis-
placement divided by their initial distance. One couple of points
(identified by letter A in the picture) included nearly the whole
length of the coupon, excluding the aluminum tabs, to measure a
mean strain over the entire length of the specimen, while the other
one (B) included its central portion to derive local strain values
comparable to those of the extensometer. This latter provided lar-
ger strain values than the LVDT (Fig. 7a), due to the occurrence of
cracking within its measurement base (developing progressively
between stresses 1000 N/mm2 and 1700 N/mm2). A good agree-
ment was found between DIC analyses (carried out with both
CivEng Vision and Ncorr) and traditional transducers, the RMSE
ranging between 0.021% and 0.076% (Fig. 7a). The agreement
between DIC (points A) and LVDT proves that no sliding occurred
in the clamping wedges (otherwise the LVDT would have provided
a larger strain), while that between DIC (points B) and extensome-
ter indicates that, despite the damage of the matrix, the informa-
tion provided by the extensometer, which is physically fixed to
the specimen, are reliable in this case.

The test shown in Fig. 6b was carried out on a specimen of Steel
Reinforced Grout (SRG), comprising stainless steel cords embedded
in lime mortar. In addition to the LVDT integrated in the testing
machine and the extensometer, two linear potentiometers were
placed on the mortar with metallic plates, in order to measure glo-
bal strain data on a base of 250 mm, excluding the gripping areas.
In order to derive axial strains, two points were selected on the
mortar matrix at the beginning of the GFRP reinforcement that
were placed in the gripping areas to ensure a uniform distribution
and to prevent mortar crushing. The distance between these two

Fig. 5. Experimental setups for direct tensile tests on composite specimens with (a) and without (b) artificial speckle pattern on the surface of the specimen.
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points was therefore slightly larger than the base length of the
potentiometers and shorter than that of the integrated LVDT. The
response curves show a good agreement among all the stress–
strain curves, the RMSE between DIC and LVDT was 0.053% for
CivEng Vision software and 0.028% for Ncorr (Fig. 7b). Indeed, in
this case, the crack spacing was sufficiently small (about 30 mm,
on average) with respect to the measurement base of the devices
(even that of the extensometer, which has the smallest base), as
well as uniform along the specimen, that test data were not highly
influenced by the position of the cracks. Strains provided by DIC
appear unreliable at the very beginning of the test, probably
because the measurement of small displacements was affected
by non-negligible noise.

The same setup was used in the test shown in Fig. 6c, carried
out on a specimen of Fabric Reinforced Cementitious Matrix
(FRCM) comprising carbon textile and cement mortar. In this test,
after the initial stage in which the mortar was uncracked and the
stiffness of the composite was very high due to the high stiffness
and strength of the mortar in tension, the stress–strain response
showed large load drops associated to crack occurrence. The pro-
gressive damage development strongly influenced the readings of
the instruments, such that their data display a lower agreement
than in the previous tests. Three load drops, one per crack, are
clearly identifiable in the response curve provided by the LVDT
integrated in the testing machine, which, as said before, monitors
the whole length of the specimen, without being able to detect
possible sliding in the griping areas. The first two cracks developed
near the GFRP wrapping at the ends of the coupon, while the third
crack appeared in the middle. This crack was the only one detected
by the potentiometers. The strain measured by these latter ones
suddenly increased after the formation of the crack but remained
smaller than those recorded by the integrated LVDT. Finally, no
cracks occurred within the measurement base of the extensometer,
which, therefore, provided much lower strain values than the other
devices. DIC provided the displacement field on the entire surface

of the specimen. In order obtain a strain measure for the stress–
strain response curve (and for comparing data with other measure-
ment method), two points were selected, one on the reinforcement
near the gripping area and another one in the central portion of the
specimen, in the middle between two cracks. This particular choice
was based on the observation of the stress transfer mechanism
between textile and matrix (Fig. 8). The occurrence of cracks yields
a variation of the shear stress distribution at the textile-to-matrix
interface and of the axial stress distribution in the textile and in the
mortar. Apart from the cracked sections, in which all the axial force
is obviously carried by the textile, the development of cracks
requires that, in a zone near the crack edge, the textile-to-matrix
bond is partially lost and that a relative sliding between textile
and mortar appears. At a certain distance, the bond is fully
restored, but the textile-to-matrix load transfer has not completely
developed yet and a certain relative slip still exists (shear lag zone).
Finally, beyond a certain distance from the edge of the crack
(depending on the textile-to-matrix bond/interlocking and on the
ratio between the stiffness of the two constituents), the slip
between textile and matrix is null and the stress in both of them
is constant [37]. Clearly, DIC only provides information on the
outer surface of the matrix, and no direct measurements are avail-
able on the textile. Nevertheless, since the response of the compos-
ite is generally referred to the textile, the virtual markers should be
selected where the textile-to-mortar relative sliding is null and,
therefore, the displacement of the matrix corresponds to that of
the textile. In principle, this holds in the middle between two
cracks due to symmetry, even when the cracks are so close to each
other, or the textile-to-matrix bond is so poor, that the zone with
uniform stress vanishes.

The response curves provided by CivEng Vision and Ncorr show
two load drops associated to the development of the two cracks in
the measurement length (Fig. 7c). As a general trend, the strain val-
ues agree with those recorded by the LVDT (the RMSE between DIC
and LVDT was 0.493% for CivEng Vision software and 0.513% for

Fig. 6. Direct tensile tests on composite specimens of Steel Reinforced Polymer (a), Steel Reinforced Grout (b), FRCM with a carbon textile and a fibre reinforced cement
mortar (c), and FRCM with basalt fabric and lime mortar (d). All specimens are clamped in the wedges of the Universal Testing Machine.
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Ncorr). DIC data are however notably noisier than those of the
other devices, especially at the time instants when cracks occurred.

In the test carried out on a FRCM composite with basalt fabric
and lime mortar, shown in Fig. 6d, four cracks developed, two near
the gripping areas and two in the middle of the specimen. One
crack occurred in the 50 mm measurement base of the extensome-
ter, which, however, overestimated the strain, since the saturation
crack spacing (average distance between cracks in the last stage of
the test, when the crack pattern was stabilized) was larger
(85 mm). Conversely, two cracks were included in the portion of
the specimen recorded by the potentiometers, which provided
and underestimate of the strain, because their base length
(200 mm) was larger than twice the saturation crack spacing.
Therefore, neither the portion of the specimen monitored by the
extensometer nor that detected by the potentiometers can be con-
sidered fully representative of the overall mechanical behaviour of
the specimen. Taking advantage of the possibility of selecting the
measurement points after the test, two couples of points were used
for DIC analyses. In order to validate DIC results, a first analysis was
carried out with Ncorr using two points (indicated by letters A in
Fig. 6d) about 200 mm apart, such that two cracks were included
in it. The resulting strain data were comparable to those of the

potentiometers with RMSE of 0.225% (Fig. 7d). A second analysis
was carried out with CivEng Vision taking two points (B) at
50 mm distance and including one crack, leading to a good agree-
ment with results provided by the extensometer (RMSE = 0.509%).
Finally, an analysis was performed with two points (C), one in the
middle between two cracks and one on the lower GFRP reinforce-
ment. This latter measurement base was about 250 mm long and
included three cracks. In this case, a very good agreement was
found with strain data provided by the integrated LVDT (the RMSE
was 0.348% for CivEng Vision and 0.145% for Ncorr).

Fig. 9 shows the testing setup used to run direct tensile tests on
two SRG specimens comprising stainless steel cords embedded in a
hydraulic lime mortar, analogous to that shown in Fig. 6b. In this
case, however, the coupon was clamped by bolted steel plates pro-
vided with spherical hinges (that avoid the presence of possible
parasitic bending moments) rather than in the wedges of the test-
ing machine and, therefore, the gripping pressure was lower. The
stress–strain response curves, basing on LVDT transducers mea-
surements, are plotted in Fig. 10a. The difference in gripping pres-
sure led to a lower peak stress (compare Figs. 10a with 7b),
because the textile slipped out of the matrix in the clamping areas
without reaching the tensile rupture. After slippage initiation, the

Fig. 7. Stress–strain response curves from different displacement/strain measurement methods of direct tensile tests on composite specimens of Steel Reinforced Polymer (a),
Steel Reinforced Grout (b), FRCM with a carbon textile and a fibre reinforced cement mortar (c), and FRCM with basalt fabric and lime mortar (d).
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displacement applied by the testing machine was localized at the
main crack near the end of the specimen. This was associated to
a stress reduction and to a decrease of the strain in the central por-

tion of the coupon, monitored by the two LVDT transducers applied
to the mortar matrix (that indeed recorded a strain decrease). Con-
versely, the strain recorded by the LVDT integrated in the testing

Fig. 8. Stress transfer mechanism between textile and matrix: cracked composite specimen, identification of the stress transfer zones, and schematic distribution of textile-
matrix slip, stress in the textile and stress in the matrix.

Fig. 9. Direct tensile tests on Steel Reinforced Grout specimens with bolted plates clamping: experimental setup and grid of markers on the surface of the specimen (a), failure
mode by textile slippage and virtual markers for slip measurement (b).
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machine (Fig. 5b) continued reading an increasing strain (note that
the test was run under displacement control, and that the displace-
ment recorded by the integrated LVDT was the control parameter,
Fig. 10a).

DIC analysis was performed using CivEng Vision, with the grid
of virtual markers selected in the post-processing phase on the
mortar matrix displayed in Fig. 9a. Load-slip curves (Fig. 10a)
agreed with the strain data provided by the LVDT transducers that
monitored the central portion of the coupon, the RMSE being 2.24%
for one specimen and 6.34% for the other specimen. Another DIC
analysis was carried out with the two virtual markers shown in
Fig. 9b to monitor the crack at the end of the specimen, near the
gripping area where textile-to-matrix slippage activated. The

increase of crack width is shown in Fig. 10b, highlighting that slid-
ing initiated at a strain of about 0.8% for the first specimen and 0.6%
for the second one and, in both cases, suddenly increased up to
about 12 mm.

4.2. Detection of crack pattern

The crack pattern (location of cracks, distance between cracks
and crack width) and its evolution under increasing load represent
important information on the textile-to-matrix load transfer
mechanism, which may affect the durability of the system, as the
occurrence of cracks exposes the textile to the aggression of the
external environment. An attempt to derive information on the

Fig. 10. Direct tensile tests on Steel Reinforced Grout specimens with bolted plates clamping: stress–strain response curves provided by different measurement methods (a)
and textile slippage vs. strain in the middle portion of the coupon (b).

Fig. 11. Evolution of the vertical strain field (a) and of vertical strain and displacement profiles along the vertical midline of the specimen for the identification of the number
and location of cracks at the end of the test (b).
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Fig. 12. Direct tensile tests on FRCM composites comprising carbon textile and fibre reinforced cement mortar (a, c) and basalt fabric and lime mortar (b, d): stress–strain
response curve (a, b) and crack width (c, d).

Fig. 13. Experimental setups for shear bond tests (a) and location of the grid of virtual markers on the surface of the specimen (b).
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evolution of the crack pattern and width was proposed in [36] by
means of cyclic tests, which, however, require much longer time
and provide information on the average crack width at zero load,
at the end of the unloading cycles. Despite Digital Image Correla-
tion assumes that the displacement field is continuous on the sur-
face of the specimen, it can be used to derive information on the
crack pattern, as shown in Fig. 11, in which the analysis of an FRCM
specimen comprising a basalt mesh embedded in a hydraulic lime
mortar is represented as sake of example. The strain field recorded
by DIC (Ncorr) on the surface of the specimen is plotted for subse-
quent time instants corresponding to 20%, 40%, 60%, 80% and 100%
of the maximum stress ft. Strong concentrations clearly appear
near the cracks (Fig. 11a). The contour plots provide the location
of the cracks and the stage in which they appear, well before they

become visible to the naked eye, or even hardly detectable by
visual inspection. Conversely, the portions of mortar matrix
between two adjacent cracks remain undeformed. Note that the
strain value provided by DIC within the crack is unreliable. The
profiles of the strain and of the displacement were computed along
the vertical midline of the specimen, as an average over a 10 mm
wide strip widthwise. The former (strain profile) indicates the
number and location of cracks, making it possible to compute auto-
matically their number and spacing (Fig. 11b). In this case, at the
end of the test (100%ft), 8 cracks were identified, whose distance
varied between 16 mm and 48 mm and was, on average, 36 mm.

In order to compute the crack width, two points on the two
sides of the crack were selected, such that the subsets of pixels
around each of them did not cross the crack, not to compromise

Fig. 14. Load-slip response curves provided by different measurement methods in shear bond tests on SRPU on brick substrate (a) and on SRG on masonry substrate with the
error induced by out-of-plane rotations (b) and without out-of-plane rotations (c).
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the reliability of DIC results. Since the portion of the specimens
where these two points are located (i.e., the mortar matrix near
the edge of the crack) is basically undeformed (Fig. 8, 11b) their
relative displacement reasonably corresponds to the crack width.
This latter, for the specimen under consideration, ranged between
0.5 mm and 2.5 mm at the end of the test (100%ft). Furthermore, at
this stage, the sum of the widths of the eight cracks was 9.1 mm,
which agrees with the relative displacement between the ends of
the specimen.

This approach for crack pattern analysis was applied to the
direct tensile tests on FRCM composites described in the previous
section and shown in Fig. 6c (carbon textile embedded in fibre
reinforced cement mortar) and 6d (basalt fabric and lime mortar).
The occurrence of cracks is associated to the stress drops in the
response curves (Fig. 12a, b). The evolution of crack width is shown
in Fig. 12c and in Fig. 12d, in which the numbering of the cracks
goes from the top to the bottom of the specimen. The plots show
that the width of a crack slightly reduces when a new crack forms,
due to the stress reduction; for most of the test all the cracks have a

similar width, which is in the order of 0.8–1 mm for the first test
(Fig. 12c) and of up to 2 mm for the second test (Fig. 12d). Con-
versely, when approaching the failure, only one crack significantly
enlarges (up to a width of about 5 mm, in both specimens), while
the width of the other ones remains stable.

5. Composite-to-substrate shear bond tests

Shear bond tests provide the maximum load that can be trans-
ferred from the structural element to the externally bonded rein-
forcement. This load represents the limit of effectiveness of the
strengthening system unless pins or transversal composite strips
are applied to prevent detachment, or unless the tensile rupture
of the textile, as for wrapping applications, governs failure. Shear
bond tests are carried out either with a testing machine or with
movable actuators, making use of a stiff steel frame to ensure the
correct alignment of the specimen. The load is recorded by the load
cell integrated in the testing machine or by an external load cell.
Not only the maximum load, but also the stiffness and the relative

Fig. 15. Vertical strain fields of the SRP strip and of the substrate in shear bond tests on brick (a) and brick masonry substrates (b).
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displacement between substrate and reinforcement at the loaded
end of the bonded area (usually named slip) are needed for he
strengthening design. The slip is generally recorded by displace-
ment transducers [38], but it may be so small that devices with
very high accuracy and resolution need to be used. Moreover, the
possible out-of-plane movements of the specimen, which may be
caused by misalignments or setting of the setup at the beginning
of the test, may lead to unreliable slip data characterized by an ini-
tial phase with apparent negative displacement. Finally, the
encumbrance of the transducers may complicate the preparation
of the setup. To overcome these problems, strain gauges or optic
fibres can be glued to the textile, and the recorded strains are then
integrated to calculate the slip. Nevertheless, apart from the cost
associated to the use of disposable devices, this method may
underestimate the slip, as they provide local measurements (thus
possibly failing in capturing strain concentrations) and/or may par-
tially detach from the textile.

Within this study, bond tests were carried out on reinforce-
ments comprising epoxy resin, highly deformable polyurethane,
or mortar matrix. Brick units and masonry prisms were used as
substrates. The slip was measured by means of two LVDTs with
accuracy of 0.1% of the ±5 mm full stroke and 1 lm resolution,
which were fixed to the unbonded textile by means of metal plates
(Fig. 13a). The average of the two transducers was taken as a mea-
sure of the displacement of the textile, in order to prevent the
result from being affected by possible in-plane rotations of the
metal plate, due to uneven load distribution in the textile width-
wise. Digital Image Correlation was used to measure the slip and
to record vertical displacement and strain fields over the bonded
area (to estimate the effective transfer length and detect possible
local strain concentrations). To this aim, the whole surface of the
bonded area was selected as ROI and a computational grid was
defined in it. Fig. 13b shows the subsets associated to the nodes
of the grid. Each subset (or virtual marker) had 50 pixel � 50 pixel
size. As in direct tensile tests, some specimens were prepared with
a speckle pattern on both the bonded area of reinforcement and
substrate to apply DIC, while in other specimens the natural tex-
ture of the surface was used without any specific preparation. By
doing so, the incidence of the presence, or lacking, of the artificial
speckle pattern was investigated. Finally, an artificial marker was
placed on the unmoving upper steel plate to detect apparent move-

ments of the setup, which are actually caused by movements of the
digital camera. The resolution of DIC was in the order of 2 lm,
which is close to that of the LVDTs.

5.1. Measurement of reinforcement to substrate relative displacement

In shear bond tests, Digital Image Correlation was used, in addi-
tion to LVDTs, to measure the slip. Two points were selected on the
substrate (one per each side of the reinforcement), near the loaded
end of the bonded area. Another point was selected on the metal
plate glued to the textile to fix LVDTs. Two LVDTs were used and
two points were selected for DIC analysis because of the possible
small in-plane rotations of the specimen. To apply DIC, the metal
plate was provided either with the speckle pattern or with artificial
markers (Fig. 13b).

The load-slip curve of a shear bond tests carried out on Steel
Reinforced PolyUrethane (SRPU, steel cords embedded into polyur-
ethane matrix) bonded to a brick substrate, is shown in Fig. 14a.
The response is linear at the beginning of the test and then displays
a nonlinear pre-peak phase. The post peak response is gradually
softening, the load progressively reducing under increasing slip.
In this test, failure occurred by pull-out of the steel cords from
the matrix. Despite a small mismatch at the beginning of the test,
the comparison between the slip provided by LVDTs and by DIC
shows a good agreement (RMSE = 2.092%).

Fig. 14b, c show the load-slip curves of two shear bond tests
carried out on Steel Reinforced Grout (steel cords embedded into
a lime mortar) bonded to a masonry prism. In one case (Fig. 14b),
the displacements measured by the LVDTs are negative in the first
phase of the test, due to an out-of-plane rotation of the unbonded
textile that is not completely straight under low load values. The
measurement provided by DIC exhibited an initial very stiff phase,
in which slip is basically null, followed by an increase of the rela-
tive displacement after slippage activation. The RMSEs between
DIC and LVDTs were relatively high, 9.70% and 10.80% for CivEng
Vision software and Ncorr, respectively. This behaviour detected
by DIC appeared more reasonable than that detected by LVDTs
and was therefore taken as reference. It’s worth noting that this
information about the error induced by out-of-plane rotations
would not have been available otherwise. The response of another
test in which out-of-plane rotation did not occur are plotted in

Fig. 16. Vertical strain profiles along the bonded area of SRP bonded to brick (a) and brick masonry (b) substrates.
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Fig. 14c. In this case, the curve provided by the LVDTs shows a good
agreement with those obtained by both CivEng Vision
(RMSE = 0.40%) and Ncorr (RMSE = 0.47%) software programs. On
the other hand, DIC data showed higher noise than that of the
LVDTs, due to the unavoidable movements of the metal plate fixed
to the textile.

5.2. Detection of strain field and effective transfer length on
composites with organic matrices

In composite reinforcements with epoxy resin (Fibre/Steel Rein-
forced Polymers FRP/SRP), no detachment nor sliding generally
occur between textile and matrix. Similarly, in Fibre/Steel Rein-
forced Polyurethanes (FRPU/SRPU), a cohesive failure at the
textile-to-matrix interface may occur but it activates only at col-
lapse. Furthermore, in both cases the matrix does not exhibit
cracking. Therefore, the strain measured on the surface of the rein-
forcement corresponds to that of the textile and of the composite-

to-substrate interface. In order to record the strain fields on the
bonded area and derive information on the reinforcement-to-
substrate stress transfer, Digital Image Correlation was used in
shear bond tests. In all cases, the bonded length was 200 mm long
and 50 mm wide. Clay bricks or masonry prisms (comprising four
brick units and three 10 mm thick mortar joints) were used as
substrates.

The analysis of the strain field over the bonded area of SRP sys-
tems applied to brick substrate (Fig. 15) indicates that strains are
basically homogeneous and progressively extend starting from
the loaded end of the bonded area, during load increase (Fig. 15a).
Conversely, on masonry (Fig. 15b), periodic concentrations can be
seen at the units, while the strain at the bed joints remains rela-
tively low, suggesting that the load transfer mainly takes place
between the reinforcement and the bricks due to their higher stiff-
ness with respect to the mortar [39]. Furthermore, the bricks of the
masonry prisms are suddenly involved in the load transfer as soon
as the stress crosses a joint. The strain profiles along the centre line

Fig. 17. Vertical displacement (a) and strain (b) fields by DIC measurements in shear bond tests of SRPU on brick substrate.
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of the bonded area are plotted in Fig. 16. The comparison of the
curves at 60% and 80% and again at 80% and 100% Fb (Fb being
the bond strength) clearly shows such sudden involvement of the
bricks in the load transfer mechanism.

The strain profiles also provide information on the effective
transfer length, which is defined as that needed for the develop-
ment of the full bond strength (i.e., that beyond which no strength
increase is obtained). On brick substrate (Fig. 16a), the strain pro-
files recorded at 90% and 100% Fb exhibit a change in the concavity
with respect to the profiles recorded at lower loads, indicating that
the debonding process was activated. It is more difficult to identify
this trend in the strain profiles on brickwork, due to the variability
associated to the concentrations at the units. In both cases, how-
ever, the curves approximately reach the zero at about 150–
170 mm, which may be taken as an estimate of the effective trans-
fer length.

As said before, in FRPU/SRPU reinforcements, failure can occur
either by detachment or by sliding between textile and matrix
[4]. Therefore, the strain measured on the surface of the reinforce-
ment corresponds to that of the textile and of the composite-to-
substrate interface only until the adhesion between textile and
matrix is lost, when approaching the collapse. Before this moment,

the strain field recorded by Digital Image Correlation on the
bonded area represents in a sufficiently reliable way the shear
stress transferred from the substrate to the reinforcement. Tests
were carried out on SRPU reinforcements bonded to brick substrate
over a bonded are of 200 mm � 50 mm. The displacement and
strain fields recorded by DIC are shown in Fig. 17 for load levels
ranging from 20% Fb to 100% Fb. Displacements (Fig. 17a) gradually
increases from the loaded end of the bonded area (lower edge) to
the unloaded free end of the reinforcement (upper edge). When
approaching Fb, vertical strips associated to larger displacements
appear, which are related to the nonuniform displacement of the
steel cords within the matrix (some cords start sliding before the
others). A similar trend is also exhibited by the strain field
(Fig. 17b). Differently from SRP (Fig. 15a), in this case the entire
bonded area is involved in the reinforcement-to-substrate stress
transfer, indicating that the effective transfer length may be longer
than 200 mm, thanks to the use of a highly deformable polyur-
ethane matrix in place of a (stiffer) epoxy resin. Similar observa-
tions were made in [16], but a clear indication of the SRPU-to-
substrate effective transfer length has not been achieved yet and
thus this issue would deserve further investigation, also with the
help of DIC.

Fig. 18. Shear bond tests on an FRCM reinforcement with basalt textile and cement mortar: crack pattern (a), failure mode (b), vertical displacement field (c) and strain field
(d) recorded by DIC.

Fig. 19. Shear bond tests on an FRCM reinforcement with glass textile and lime mortar: crack pattern (a, b), vertical displacement field (c) and strain field (d) recorded by DIC.
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5.3. Detection of crack pattern on mortar-based composites

Figs. 18–20 show the results of shear bond tests carried out on
two FRCM reinforcements, comprising either a basalt mesh with
cement mortar or a glass fabric in lime mortar. Both were bonded
to a masonry prism for a length of 260 mm and a width of 50 mm.
In the basalt FRCM, one crack developed (Fig. 18a) and failure
occurred by tensile rupture of the fibres in the bonded area
(Fig. 18b). In the load-slip response curve (Fig. 20a), a load drop
associated to the occurrence of this crack (at the load of about
2kN) is clearly identifiable. In the glass FRCM, the lime mortar
being weaker and more deformable than the cement one, several
cracks formed at the bed joints of the prism substrate (Fig. 19a),
and were associated to slight load drops (Fig. 20b). Failure occurred
by detachment at the matrix-to-reinforcement interface. Digital
Image Correlation was used to measure the reinforcement-to-
substrate relative displacement and, despite the larger noise, a
good agreement was found with LVDTs (Fig. 20a, b), providing a

validation of both recorded data and measurement methods (RMSE
was 1.022% and 1.208%, for basalt and glass FRCM composites,
respectively). DIC also recorded the displacement and strain fields
over the bonded areas of the reinforcements, allowing detecting
crack occurrence. The contour plots (Figs. 18c,d and 19b, c) show
that the outer layer of matrix remained basically undeformed,
while displacement drops (associated to strain peaks) are concen-
trated at the cracks. Given the non-null slip, this result is an indi-
rect evidence of the sliding of the textile bundles within the
matrix. The analysis of the vertical displacements of the virtual
markers (subsets of pixels at the points of the computational grid)
highlights the different behaviour of the two considered compos-
ites. In the basalt FRCM with cement mortar (Fig. 20c), the occur-
rence of the crack made the slip increase suddenly from 0 to
0.3 mm. Then, the displacement of the composite below the crack
resulted in enlarging of the crack width up to 0.85 mm at the end
of the test. Differently, in the glass FRCM with lime mortar
(Fig. 20d), strain and displacements of the whole bonded area

Fig. 20. Shear bond tests on an FRCM reinforcements with basalt textile and cement mortar (a, c) and with glass textile and lime mortar (b, d): load slip response curves (a, b)
vertical displacements of the points of the computations grid vs. slip (c, d).
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Table 1
Comparison of traditional sensors with DIC.

Test Aim Limits of traditional sensors/procedures Potentialities and limits of DIC

Tensile tests on dry textile
specimens

Evaluation of global (average) and local
strain and of tensile modulus of elasticity

Transducer integrated in the testing machine
� Unreliable in case of textile slippage in the gripping areas

Extensometer
� Difficult application (especially on steel cords)
� Unreliable after the rupture of the cord/yarn on which it is
applied

� Affected by possible local strain concentrations
� Strain gauges
� Difficult and time consuming application (especially on
steel cords)

� Very local value

Potentialities
� Global measure not influenced by slippage in the gripping areas
� Possibility of detecting the strain of each individual yarn (if one couple
of markers per yarn is installed)

� Possibility of detecting the strain field changing along of each individual
yarn (if the speckle pattern or the natural texture at the yarn surface is
installed)

Tensile tests on composite
specimens (both FRP/SRP and
FRCM/SRG)

Evaluation of global (average) and local
strain and of tensile modulus of elasticity

Transducer integrated in the testing machine
� Unreliable in case of slippage in the gripping areas

Extensometer
� Affected by location of cracks (useful only in the
uncracked stage)

� Difficult application on specimens of large cross-
section

Transducers applied on the mortar matrix
� Difficult and time consuming application
� Underestimate in the initial phase of the test due to
friction

Potentialities
� Global measure not influenced by slippage in the gripping areas
� Several measurement points can be selected to evaluate strain after the
end of the test, based on crack pattern (reliability not affected by crack
location)

Limits
� No direct information available on the textile embedded in the matrix

Detection of crack pattern (number and
width of cracks, evolution)

Through monotonic test
� Detection only of the cracks visible to the naked eye.
Difficult during the tests, impossible at its end in case of
matrix chipping

� No detection of crack width and location
Through cyclic test
� Time consuming
� Detection of average residual crack width at zero load
(after unloading)

Potentialities
� Automatic detection of cracks (even if/when non visible to the naked
eye) and of their occurrence, number, width, and distance at any load
value

Limits
� Cracks may induce noise
� Strain values in the cracks are unreliable

Shear bond tests on FRP/SRP and
FRPU/SRPU reinforcements

Detection of slip Transducers
� Difficult and time consuming application
� Difficult detection of the slip in the initial phase of the test
due to friction

� Sensitive to misalignments or deflections

Potentialities
� No problems related to encumbrance of transducers
� Insensitive to setup deflections or misalignments

Limits
� Noise data in the initial phase of the test
� No direct information available on the textile embedded in the matrix

Detection of strain profiles along the
bonded area and evaluation of effective
transfer length

Strain gauges
� Difficult and time consuming application (especially on
steel cords)

� Very local value

Potentialities
� Strain field detected on the whole bonded area
� Detection of strain concentrations and uneven distribution

Shear bond tests on FRCM/SRG
reinforcements

Detection of slip As in tests on FRP/SRP As in tests on FRP/SRP
Detection of strain profiles along the
bonded area and evaluation of effective
transfer length

Strain gauges
� Difficult and time consuming application (especially on
steel cords)

� Very local value
� To be applied on the textile before specimen
manufacturing

� Possible incidence of gauges and cables on crack occur-
rence and bond behaviour

Potentialities
� No problems related to encumbrance of transducers
� Insensitive to setup deflections or misalignments

Limits
� Unreliable detection of the strain in the textile and at the reinforce-
ment-to-substrate interface. Inapplicable to this aim

Detection of crack pattern (number and
width of cracks, evolution)

� Detection only of the cracks visible to the naked eye.
Difficult during the tests, impossible at its end in case of
matrix chipping

� No detection of crack width

Potentialities
� Automatic detection of cracks (even if/when non visible to the naked
eye) and of their occurrence, number, width, and distance at any load
value

Limits
� Cracks may induce noise
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increased gradually at the whole bonded surface. The points of the
grid could be grouped in three main sets (separated by the cracks
at the mortar joints) but this trend is not easily identifiable. In
mortar-based reinforcements, the occurrence of cracking in the
matrix and the loss of adhesion with the textile make it impossible
to use DIC for deriving information on the deformation of the tex-
tile, because the displacement of the outer layer of mortar differs
from that of the fibres or cords embedded in it. Therefore, in this
case, differently from composites with organic matrix, it is not pos-
sible to investigate the strain field at the reinforcement-to-
substrate interface and to estimate the effective transfer length.

6. Conclusions

Digital Image Correlation (DIC) was applied to the mechanical
characterization of composite reinforcements, in combination with
displacement transducers and extensometers. DIC successfully
provided the strain in direct tensile tests on dry textile specimens,
equipped with appropriate artificial markers, and on composite
coupons, whose entire surface was monitored. In shear bond tests,
DIC measured the reinforcement-to-substrate relative displace-
ment. Two software programs were used and the agreement of
their results with those provided by traditional devices validated
test outcomes and demonstrated that DIC can effectively be used
in experimental tests on composite reinforcements, and is reliable
independently from the specific software program selected for
image processing.

DIC provided additional information that would have been
unavailable otherwise (Table 1). In direct tensile tests, it measured
the average strain on the entire length of the specimen excluding
the gripping areas, thus indicating possible slippage at clamping
by comparison with the integrated transducer, without being
affected by crack occurrence or local strain concentrations. It
allowed investigating the stress distribution among fibre bundles
of dry textiles. In tests on composites, DIC provided time instants
occurrence, number, location, width and distance, of cracks, even
before they become visible to the naked eye and automatically.
In shear bond tests on composites with organic matrix (epoxy resin
or polyurethane), DIC indicated local stress concentrations and led
to the estimation of the effective transfer length.

The whole surface of the specimens being monitored, DIC offers
the advantageous possibility of selecting the measurement points
after the test based on the crack pattern that has actually devel-
oped, so its reliability is not affected by crack location. Further-
more, the maximum number of virtual markers can be selected,
with negligible increase of time and no additional cost. Finally,
being contactless, DIC does not entail any risks of damage to
instrumentation, and is generally less affected by the limitations
related to the stroke or encumbrance of conventional transducers.

On the other hand, since only the outer surface of the specimen
is monitored, no direct information is provided on the textile
within the matrix. Therefore, virtual markers need to be selected
in the middle of two cracks where, due to symmetry, the displace-
ments of matrix and textile coincide. DIC also requires a particular
care in the preparation of the specimen and of the setup. Finally, it
provides data with lower resolution and higher noise in some
cases, and at lower sampling frequency (in the order of 1 Hz or less
with ordinary digital cameras) than traditional devices (10 Hz of
better). Clearly, much higher acquisition frequencies (in the order
of 100 Hz or even more) could be attained with fast recording cam-
eras but, the resolution being kept unvaried, this would require
longer runtime for image processing.

The combination of traditional sensors and DIC allows improv-
ing the identification of fundamental properties of composite
reinforcements in laboratory testing and contributes to the

achievement of a deeper understanding of their behaviour and to
the development of optimized systems.
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STRENGTHENING, EXPERIMENTAL AND NUMERICAL STUDY

5.2 Article II - Flexible adhesive in composite-to-brick
strengthening, experimental and numerical study

Article II investigates composite-to-brick strengthening systems with flexible adhes-
ive made of polyurethane (Carbon Fibre Reinforced Polyurethane (CFRPU) and Steel
Reinforced Polyurethane (SRPU)) and epoxy resin (Carbon Fibre Reinforced Polymer
(CFRP) and Steel Reinforced Polymer (SRP). The specimens were tested in a single
lap shear test (SLST). LVDT displacement transducers and CivEng Vision system were
used to measure displacements and strains.

It was decided that it would be reasonable to compare the results obtained using
traditional and optical measurement systems to prove the effectiveness of the second
system. The comparison of the results obtained from the LVDTs and CivEng Vision
system for selected specimens are presented in form of load-slip response curve in the
shear bond test on CFRP laminates and steel fiber textile. As before, root mean squre
error values was computed for optical measurement and they varied from 0.6% to 2.9%,
so it can be stated that a good correlation between DIC measurements and LVDT has
been observed. Thus, further calculations using an optical measurement system have
been carried out to expand the set of results originally received using LVDTs and to
generate strain fields on the specimen surface, as is described below.

As in Article I designed system was used to generate the deformation fields on
the tested specimens’ surface. A comparison of strain distributions presented for speci-
mens with epoxy and polyurethane adhesives indicated that both applied measurement
methods (strain gauges and DIC) confirmed the occurrence of strain concentrations at
the loaded end and on the short effective bonding length when stiff epoxy adhesives are
used.

The results obtained from the video measurement were compared with the results
from the numerical analysis based on FEM.
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Abstract: This paper investigates composite-to-brick strengthening systems with flexible adhesive
made of polyurethane (Carbon Fibre Reinforced Polyurethane (CFRPU) and Steel Reinforced
Polyurethane (SRPU)) and epoxy resin (Carbon Fibre Reinforced Polymer (CFRP) and Steel Reinforced
Polymer (SRP). The specimens were tested in a single lap shear test (SLST). LVDT displacement
transducers (LVDT – Linear Variable Differential Transformer) and digital image correlation method
(DIC) based measurement systems were used to measure displacements and strains. The obtained
results were applied in a numerical analysis of the 3D model of the SLST specimen, with flexible
adhesives modeled as a hyper-elastic model. The DIC and LVDT based systems demonstrated a good
correlation. Experimental and numerical analysis confirmed that composite-to-brick strengthening
systems with flexible adhesives are more effective on brittle substrates than stiff ones, as they are
able to reduce stress concentrations and more evenly distribute stress along the entire bonded length,
thus having a higher load carrying capacity.

Keywords: strengthening; masonry; CFRP; CFRPU; SRP; SRPU; flexible adhesives; experimental tests;
DIC measurements; shear bond tests; numerical analysis

1. Introduction

Composite strengthening of masonry structures is now one of the most popular methods for
improving load capacity and ductility of existing masonries. The rapid increase of applications in practice
of such systems is visible, particularly in Italy, where earthquakes severely damaged many structures
over the last decades. The first composite strengthening applications were introduced, in practice, with
the use of stiff epoxy resin adhesives. When maximum loads were reached, these adhesives caused
serious damages to masonry substrates. In addition, these strengthening methods were found to be
irreversible to and incompatible with masonry substrates, a factor that resulted in the heritage structure
authorities’ disapproval of their application. Moreover, the effectiveness of such composites bonded on
stiff epoxies was determined to be low, because of the short effective bonding length and the generated
high stress concentrations, responsible for the fracture in a brittle substrate. This problem prompted the
search for a new, more compatible and effective strengthening system that utilized mineral mortars or
highly deformable polyurethanes.

Fibre Reinforced Polymers (FRP) have been investigated intensively and applied in practice
for structural strengthening over the last decade [1–5]. The stiff and brittle adhesives, as epoxy
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resin [6–8] or mineral mortars [9–14], are applied in composite strengthening systems composed of
various high strength fibers, bonded to concrete and masonry substrates. Composite reinforcement
textiles, made of various fibers, are divided into groups according to the fiber and matrix/adhesive type.
There are various known strengthening systems that are bonded using stiff epoxy matrices (FRP—Fibre
Reinforced Polymers or SRP—Steel Reinforced Polymers) and stiff mineral matrices (FRCM—Fibre
Reinforced Cementitious Mortar, TRM—Textile Reinforced Mortar, SRG—Steel Reinforced Grout).
In such systems, peaks of stress concentration were observed [15] with low effective bonding lengths
(inversely proportional to the stiffness of the adhesives), causing fracture damages to brittle substrates
when the maximum fracture energy was reached. The real behavior of FRP systems, strengthening
full scale masonry specimens, was presented in [16,17], where stiff epoxy adhesives fully utilized the
fracture energy of the brittle substrate. This research clearly presented that a longer bonding length of
a stiffly glued composite does not increase the bond strength (because of the limited fracture energy)
until additional strengthening systems are applied (the vacuum method and the anchor spike method).
As a new approach, this studied proposed highly deformable polyurethane adhesives, which allow
the bond strength to increase significantly by increasing the effective bonding length, even without
fully utilizing the fracture energy of a masonry substrate [18].

In the last few years, the applications of flexible polyurethane adhesives FRPU/SRPU (Fiber/Steel
Reinforced Polyurethanes) were tested on masonry substrates [18–24]. The effectiveness of composite
strengthening, bonded on flexible adhesives to concrete substrates was also demonstrated [25,26].
This confirmed that highly deformable polyurethane adhesives introduce additional ductility in a
strengthened structure, without the loss of global strength and stiffness in comparison to structures
strengthened with composites bonded on stiff epoxy adhesives. The results showed an increase in
maximum load, ultimate slip, and ultimate work for the composite systems with flexible adhesives,
in comparison to the same parameters for systems with stiff adhesives.

The application of polymeric resins in the strengthening of masonry structures is not
recommended by authorities, because of prior negative experiences with epoxy resin adhesives and
injections. The observed problems were caused by mechanical, thermal, and chemical incompatibility
when stiff and high strength epoxies caused damages to weak masonry substrates, especially heritage
ones [27]. To avoid these significant disadvantages, a new family of organic materials, based on highly
deformable polyurethanes of low stiffness, was developed. These materials, presented in this paper,
fulfill the requirements of the authorities. They are mechanically compatible with masonries, do not
generate dangerous stresses during thermal expansion, are chemically neutral, and are reversible,
confirmed in various tests [19,28,29], including durability tests under authority supervision [22].

The flexibility of an adhesive layer is the key issue when considering the reduction of stress
concentration and stress redistribution, and it can be effectively observed using a digital image
correlation method (DIC) [30]. This novel method of measurement has already been successfully
employed in mechanical testing on composites. DIC has been used in the investigation of the
FRP-to-concrete [31–33] and FRP-to-masonry [32,34,35], FRCM composites [36] bond behavior,
and large-scale testing [37,38]. The potential application of DIC to all steps of the composite
materials with both polymer and mortar matrices characterization, to be used as externally bonded
reinforcements, has not yet been deeply investigated and is discussed in detail in [30].

The motivation and objective of this study was to confirm that those less stiff polyurethane
adhesives, rather than the classically used, stiff epoxy resins, allow for an increase in the effective
bonding length of composite-to-masonry strengthening, and thus, the bond strength of a system.
By increasing in this way, the load capacity was expected to be proof of the flexible adhesive’s
ability to increase the effectiveness of composite-to-brick strengthening systems, in comparison to
stiff ones. To confirm this phenomenon, experimental tests were carried out using two measuring
systems: traditional and DIC based CivEng-Vision software ver. 1.2 [30] (developed at the Cracow
University of Technology (CUT)). A 3D numerical approach was also applied using linear and nonlinear
numerical models of the tested materials. Polyurethane flexible adhesives have a hyper-elastic behavior;



Polymers 2018, 10, 356 3 of 23

thus, the appropriate Mooney-Rivlin model was adopted for numerical analysis, which was applied
previously, in the analysis of the CFRPU (Carbon Fibre Reinforced Polyurethane) [18] and SRPU (Steel
Reinforced Polyurethane) [22] systems. Specimens of composite-to-brick strengthening systems were
tested in a single lap shear test (SLST) at CUT with a flexible adhesive made of polyurethane (CFRPU
and SRPU) and epoxy resin (Carbon Fibre Reinforced Polymer (CFRP) and Steel Reinforced Polymer
(SRP)). The SLST set-ups used at CUT were similar to those recommended by RILEM TC223MSC and
RILEM TC250CSM [6,13,23,39].

The use of various testing and analysis methods allowed for a reliable comparison of behavior
and effect of the stiff and flexible adhesive’s application in bonding of composites to a brittle substrate,
as well as a presentation of differences in strain distribution along the bond length. The load capacity
and ductility behavior were compared for various strengthening systems through the presentation
of load-slip curves, whereas a lack of the full utilization of the tested substrate fracture energy was
validated by the observed failure modes. On the other hand, the load capacity vs. adhesive stiffness
clearly presents how the effective bond strength changes with the modification of the adhesive elastic
modulus. In addition, the strain distribution, determined by various methods (strain gauges, DIC,
and numerical calculations), illustrated effective bonding length and the presence of strain (and thus
stress) concentrations when composites were bonded using stiff and flexible adhesives.

2. Laboratory Tests

The experiment was divided into two parts. First, some preliminary tests on the carbon textile
( CFRP and CFRPU) and ultra high steel textile (SRP and SRPU) based strengthening systems were
carried out, in order to understand the influence of the stiffness of the matrix on the composite-to-brick
bond behavior. In these tests, the set-up used in Round Robin Tests (RRT) of RILEM TC223MSC [6,23]
was applied, with bond length of 200 mm. In the second phase, the other two strengthening systems
were analyzed: CFRP laminates and ultra-high strength steel textile bonded to brick substrates. In these
tests, the set-up used in Round Robin Tests (RRT) of RILEM TC250CSM [13,39] was applied. In all
second phase tests, three different adhesives were adopted in order to determine their bond properties.
An optical measurement system was used to measure the displacement and strain fields of the samples
throughout the tests.

2.1. Materials and Specimen Preparation

All of the tests were carried out on a single type of substrate, namely single clay bricks.
The bricks RossoVivo A6R55W were of the following dimensions: 250 mm long, 120 mm wide,
and 55 mm thick (the same as those used in RILEM TC250 and RILEM TC223 experiments [6,13,39]).
The strengthening systems were made from a combination of carbon textile, two various steel textiles
or CFRP laminates with four various adhesives: epoxy based (Sikadur 330 and Sikadur 30) [23],
polyurethane (PS) [15], and polyurethane (PT) [40]. These were applied following unidirectional
strengthening composites (50 mm-wide): carbon (FIDCARBON UNI 320 HT240) textile and steel
(FIDSTEEL 3X2-B 12-12-500 [6,41] and Kerakoll GeoSteel G2000) [42] textiles (Figure 1). Their weights
were 320 g/m2, 1800 g/m2 and 2000 g/m2, respectively. Additionally, pultruded CFRP laminate,
also 50 mm-wide (a half of Sika CarboDur S1012 laminate) and 1.2 mm-thick, was used in the tests [43]
(Figure 1d). The mechanical properties of epoxy and polyurethane adhesives were obtained from the
producer’s data sheets. The main mechanical properties of the adopted materials are given in Table 1.

The specimens for the single-lap shear tests were prepared by bonding a single, 50 mm-wide strip
of textile or CFRP laminate along the centerline of the bed face of a single brick. As the steel fiber textile
consists of steel micro-cords fixed to a fiberglass micromesh, two sides of this textile were considered:
side M (glass mesh side) and side S (steel cords side). The composite was located at a distance of
20 mm from the upper header face (unloaded side) and 35 mm from stretcher face. The bond length
was equal to 200 mm. The length of a free, un-bonded strip was about 400 mm. The geometry of the
specimens is presented in Figure 2.
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In total, ten various types of specimens were prepared and tested. The notations used in
the research and short descriptions of tested specimens are presented in Table 2. The name of
the specimen consists of: type of reinforcement (C—carbon fiber textile, S1—steel fiber textile S1,
S2—steel fiber textile S2, CP—pultruded CFRP laminate); type of adhesive/matrix (E—epoxy-based,
PS—polyurethane PS, PT—polyurethane PT). Additionally, labels “/M” and “/S” were used for
textiles with glass mesh side and steel cords side placed towards the substrate, respectively. They are
also grouped according to the test set-ups used in the first (TS-1) and the second phase (TS-2), as is
described later in this paper. All specimens were manufactured according to RILEM TC223 and RILEM
TC250 requirements [6,9–13]. Several of the tested specimens are presented in Figure 3.

Figure 1. Textiles and laminates adopted in research: (a) carbon textile; (b) steel textile S1—detail;
(c) steel textile S2—detail; (d) CFRP strip.

Figure 2. Specimen geometry, dimensions in mm.

Figure 3. Manufactured single-lap shear test specimens—from left to right (3 in each group):
CP-E, CP-PS, S2/S-E and S2/S-PT.
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Table 1. Mechanical properties of the materials used in the tests.

Material/Mechanical Property Value

Clay Brick 1.

compressive strength 19.8 N/mm2

flexural strength 3.66 N/mm2

splitting tensile strength 2.46 N/mm2

Young’s modulus 5760 N/mm2

Epoxy adhesive/Sikadur 330/ 2

tensile strength 30 N/mm2

Young’s modulus 4500 N/mm2

strain at peak load 0.90%

Epoxy adhesive/Sikadur 30 Normal/ 2

tensile strength 26 N/mm2

Young’s modulus 11,200 N/mm2

Polyurethane adhesive/PS/ 2

tensile strength 2.5 N/mm2

Young’s modulus 16 N/mm2

strain at peak load 45%

Polyurethane adhesive/PT/ 2

tensile strength 20 N/mm2

Young’s modulus 700 N/mm2

strain at peak load 10%

Carbon textile/FIDCARBON UNI 320 HT240/ 1

tensile strength 2735 N/mm2

Young’s modulus 234,000 N/mm2

nominal thickness 0.170 mm

CFRP plate/Sika CarboDur S1012/ 2

tensile strength 2900 N/mm2

Young’s modulus 165,000 N/mm2

plate thickness 1.2 mm

Steel textile S1/FIDSTEEL 3X2-B 12-12-500/ 1

tensile strength 2997 N/mm2

Young’s modulus 195,000 N/mm2

nominal thickness 0.231 mm

Steel textile S2/Kerakoll GeoSteel G2000/ 3

tensile strength 3083 N/mm2

Young’s modulus 183,000 N/mm2

nominal thickness 0.254 mm
1 According to [6], 2 specified by manufacturer, 3 according to [44].

Table 2. Tested specimens.

Notation No. of Specimens Description of Strengthening System Test Set-Up

C-E 5 carbon fiber textile embedded in epoxy based matrix Sikadur 330 TS-1

C-PS 5 carbon fiber textile embedded in polyurethane PS matrix TS-1

S1/M-E 5 steel fiber textile S1 embedded in epoxy based matrix Sikadur
330—glass mesh side towards the substrate TS-1

S1/M-PS 4 steel fiber textile S1 embedded polyurethane PS matrix—glass mesh
side towards the substrate TS-1

CP-E 3 pultruded CFRP laminate bonded using epoxy based adhesive
Sikadur 30 TS-2

CP-PS 3 pultruded CFRP laminate bonded using polyurethane PS adhesive TS-2

CP-PT 3 pultruded CFRP laminate bonded using polyurethane PT adhesive TS-2

S2/S-E 3 steel fiber textile S2 embedded in epoxy based matrix Sikadur
30—steel cords side towards the substrate TS-2

S2/S-PS 3 steel fiber textile S2 embedded polyurethane PS matrix—steel cords
side towards the substrate TS-2

S2/S-PT 3 steel fiber textile S2 embedded polyurethane PT matrix—steel cords
side towards the substrate TS-2
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2.2. Test Set-Ups and Experimental Procedure

In the tests, a single push-pull configuration for the test set-ups was used. The reinforcement
of the composite is bonded only on one side and is pulled while the brick is restrained and partially
compressed [6,9–13].

The specimens used in the first phase of the experiments (TS-1) were placed in a balanced
C-shaped steel frame with a brick rotation blockade (Figure 4a). The frame was placed in the universal
testing machine (Zwick 1455 20 kN; Zwick Roell, Ulm, Germany) and fixed at the top using a ball hinge.
The free end of the reinforcement was clamped in wedge grips and loaded. Aluminum tabs were
used at the free end of textile/strip to avoid slippage at the clamps and to guarantee a homogeneous
stress distribution. The load and the slippage between the substrate and strengthening were measured
during the tests. One LVDT (HBM WA/20MM-L) for slippage control was used at the loaded end
and the second one (HBM WA/50MM-L) was used at the unloaded end (Figure 4b). In this phase of
tests (TS-1), four strain gauges were glued along the centerline of the reinforcement to control strain
changes (Figure 4b).

The specimens used in the second phase (TS-2) were placed in an L-shaped steel frame, stiffened
with two steel ribs to avoid rotations and distortions of the tested specimens (Figure 5). The supporting
L-shaped frame was connected to the testing frame of a universal testing machine (Zwick Z1600 Zwick
Roell, Ulm, Germany) by ball-and-socket joint. The free end of the textile/strip was passed between two
aluminum guide rollers to ensure that the strengthening remains parallel to the surface of the substrate
during the entirety of the test. In order to avoid slippage at the hydraulic clamps and to guarantee
homogeneous stress distribution, two aluminum tabs were glued to the free end of textile/strip. In this
case, two LVDTs (HBM WA/10MM-L), placed in the plane of textile/strip, were used to measure the
slippage between the brick and composite reinforcement (Figure 5c). Additionally, the DIC method
was used to measure displacements and strains. In order to provide an accurate load measurement,
an additional force transducer HBM U2B 20 kN was used. The details of the test set-up TS-2 are
presented in Figure 5.

All tests were performed under displacement control, with the displacement rate equal to
0.3 mm/min. The loads and displacements were acquired with an acquisition rate of 5 Hz.

The test setups were described and discussed in details in [6,18] and in [9–13] for TS-1 and
TS-2 respectively.

Figure 4. (a) Test set-up TS-1 with supporting C-shaped steel frame; (b) scheme with location of strain
gauges and LVDTs, dimensions in mm.
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Figure 5. Test set-up TS-2: (a) side view; (b) front view; (c) detail—LVDTs. 1: Supporting L-shaped
steel frame; 2. Tested specimen; 3. Loaded end of CFRP/textile; 4. LVDTs: L1—left one, L2—right one;
5. Stiffening rib; 6. Counterweight; 7. Camera for digital image correlation method (DIC); 8. Force
transducer; 9. Ball-and-socket joint; 10. Aluminum guide rollers; 11. Testing frame; 12. Testing
machine hydraulic clamp; 13. Aluminum section attached to loaded end of CFRP/textile; 14. LVDT
holder-to-brick fastening.

2.3. DIC

The digital image correlation method (DIC) has been widely described and used for tests on
materials in mechanical engineering. The DIC has also already been successfully used in experiments
on composites, devoted to various fibers, matrices, and substrates on small specimens. The optical
measurement system (CivEng Vision) used for the analysis of tested specimens has been developed by
Tekieli and Słoński at CUT [45–47].

The DIC method is based on the correlation of the digital images obtained during the test,
which are treated as a two-dimensional matrix consisting of pixels. Each pair of the pictures taken
before and after partial deformation are correlated, and the points of the grid based on the specified
image subsets (Figure 6a) are matched and identified as that associated to the highest value of the
correlation coefficient. This coefficient is calculated between the reference subset “f” and the target
subset “g”, whose dimensions are equal and are M × N pixels using the zero mean normalized cross
correlation method, as described by the formula below:

CCZMN =
∑M

i=1 ∑N
j=1

((
f (i, j)− µ f

)
×
(

g(i, j)− µg
))

√
∑M

i=1 ∑N
j=1( f (i, j)− µ f )2 ×

√
∑M

i=1 ∑N
j=1
(

g(i, j)− µg
)2

(1)

where µf is the luminosity of the reference subset and µg is the luminosity of target subset.
The displacements of the image subsets obtained using DIC are originally computed in pixels

and then converted into millimeters. To achieve this, the transition factor is used and calculated earlier
using a calibration pattern.

In most cases, a speckle pattern, consisting of contrasted dots randomly distributed over a
background, needs to be created on the specimen surface. It is also possible to place some artificial
markers (Figure 6b) on the specimen to influence the accuracy of the results in specific points. Both of
these are presented on the tested specimens (Figure 5).

To increase the resolution of the optical measurement, a subpixel interpolation is made. Based on
the integer values of the pixels’ intensity, sub values are computed using cubic spline interpolation.
Therefore, it is possible to gain an optical measurement resolution level of one hundredth of a pixel.
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Figure 6. (a) principle of the Digital Image Correlation method; (b) the artificial marker with indication
of real dimensions—[30].

2.4. SLST Results

The failure modes, obtained for specimens with textiles and CFRP plate, were specified and
grouped separately, according to their differences. In the case of the CFRP ones, five characteristic
failure modes were observed: type I—debonding of the plate with cohesive failure within the substrate,
type II—detachment at the adhesive-to-substrate interface, type III—cohesive debonding within the
adhesive, type IV—detachment at the plate-to-adhesive interface, type V—tensile failure of the plate
(Figure 7a). The textile wet lay-up systems could also fail in five ways: type A—debonding of the
composite with cohesive failure within the substrate, type B—detachment at the matrix-to-substrate
interface, type C—cohesive failure in matrix/debonding at the textile-to-matrix interface, type D—
textile slippage within the matrix, type E—tensile rupture of the textile (Figure 7b) [6,9–13].

Figure 7. Possible failure modes for: (a) externally bonded CFRP strips; (b) textile wet lay-up systems
on brick/masonry substrates.

The main failure mode, which was observed during the tests performed using the set-up TS-1
(specimens C-E, C-PS, S1/M-E and S1/M-PS), was cohesive failure within the substrate (type A)
(see Figure 7a). In two cases (specimens C-PS-1 and C-PS-2) a non-standard failure mode occurred
(due to shear failure of the brick), most likely caused by the configuration of the set-up TS-1 (introducing
bending moment in a substrate) and some defects in the bricks [18]. This prompted the changing of
the test set-up TS-1 to the test set-up TS-2 for further tests. In the first phase of the tests, the average
failure loads were equal to 7.03 kN and 12.40 kN for carbon textile embedded in epoxy-based (C-E)
and polyurethane PS matrix (C-PS), respectively. Specimens reinforced with steel cords S1 failed at a
load of 6.78 kN for epoxy-based matrix (S1/M-E) and 12.02 kN for polyurethane ones (S1/M-PS).

Those specimens with CFRP strips failed mainly due to the debonding of the plate with a cohesive
failure within the substrate (type I). Only CP-PS specimens experienced a mixed failure mode—apart
from type I failure mode, detachment at the plate-to-adhesive interface (type IV) and debonding at the
adhesive (type III) were observed (see Figure 8). Peak loads reached 13.51 kN (CP-E), 17.48 kN (CP-PT),
and 22.35 kN (CP-PS), for epoxy-based, polyurethane PT, and polyurethane PS adhesives, respectively.
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In the case of composites reinforced with steel textile S2 (the second phase of tests), the type of
failure mode observed depended strongly on the type of matrix. Specimens S2/S-PS failed due to
debonding at the textile-to-matrix interface (type C), whereas specimens S2/S-E and S2/S-PT failed
due to a cohesive failure within the substrate (type A) (see Figure 9). The average failure loads were
8.46 kN (S2/S-E), 13.81 kN (S2/S-PT), and 15.16 kN (S2/S-PS) for epoxy-based, polyurethane PT,
and polyurethane PS matrices, respectively.

Table 3 shows the experimental results: specimen notation, failure mode, the maximum load Fmax,
the calculated average value of the maximum force Fmax.av, corresponding coefficient of variation CoV,
the maximum experimental tensile stress in the reinforcement σmax, exploitation ratio η. All parameters
were computed with reference to the cross-sectional area of the reinforcement. The exploitation ratio η,
was defined as σmax over the tensile strength of the related reinforcement (see Table 1).

Typical failure modes obtained in the tests are presented in Figures 8 and 9.

Table 3. Experimental results of bond tests.

Type of
Composite Specimen Failure

Mode Fmax (kN) Fmax.av (kN) CoV (%) σmax
(MPa) η (-)

CFRP C-E-1 A 6.32
C-E-2 A 7.71
C-E-3 A 8.85 7.03 17.3 852 0.31
C-E-4 A 6.05
C-E-5 A 6.23

CFRPU C-PS-1 - 1 12.73
C-PS-2 - 1 14.40
C-PS-3 C 11.64 12.40 12.8 1503 0.55
C-PS-4 A 10.18
C-PS-5 A 13.05

SRP S1/M-E-1 A 6.66
S1/M-E-2 A 5.76
S1/M-E-3 A 6.91 6.78 9.6 597 0.20
S1/M-E-4 A 7.53
S1/M-E-5 A 7.02

SRPU S1/M-PS-1 C 11.06
S1/M-PS-2 A 12.31 12.02 7.7 1059 0.35
S1/M-PS-3 A 13.18
S1/M-PS-4 A 11.53

CFRP CP-E-1 I 13.69
CP-E-2 I 12.64 13.51 5.9 135 0.05
CP-E-3 I 14.20

CFRPU CP-PS-1 I/IV 21.44
CP-PS-2 III/IV 24.45 22.35 8.2 224 0.08
CP-PS-3 I 21.16

CFRPU CP-PT-1 I 17.42
CP-PT-2 I 16.62 17.48 5.1 175 0.06
CP-PT-3 I 18.39

SRP S2/S-E-1 A 8.83
S2/S-E-2 A 8.32 8.46 3.8 655 0.21
S2/S-E-3 A 8.23

SRPU S2/S-PS-1 C(D) 15.80
S2/S-PS-2 A 15.58
S2/S-PS-3 C 16.07 15.16 6.6 1174 0.38
S2/S-PS-4 C 14.75
S2/S-PS-5 C 13.61

SRPU S2/S-PT-1 A 13.15
S2/S-PT-2 A 14.31 13.81 4.3 1070 0.35
S2/S-PT-3 A 13.96

1 Non-standard failure mode due to shear failure of the brick.
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Figure 8. Failure modes observed during the tests of CFRP strips: (a) CP-E-2 failure mode type I;
(b) CP-PS-1 failure mode type I/IV; (c) CP-PS-2 failure mode type III/IV; (d) CP-PT-1 failure mode
type I.

Figure 9. Failure modes observed during the tests of composites reinforced with steel textile S2:
(a) S2/S-E-2 failure mode type A; (b) S2/S-PS-2 failure mode type A; (c) S2/S-PS-5 failure mode type C;
(d) S2/S-PT-3 failure mode type A.

The force-slip curves obtained in the tests for TS-1 and TS-2 are presented in Figures 10 and 11.
Slips given in Figure 10 (TS-1) were taken from the LVDT located at the loaded end of the brick
(transducer LE—see Figure 4b), whereas the slip in the Figure 11 (TS-2) was calculated as an average
slip from transducers L1 and L2 (see Figure 5). Visible in Figure 10 (TS-1), instabilities of load-slip
curves were caused by a non-stable support of specimens in the C-shaped steel frame. This also could
influence a lower load and displacement capacity of the specimens tested in TS-1, in comparison to
the same obtained for the specimens tested in TS-2. Another reason of the lower load capacity and
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displacement capacity of the steel specimens tested in TS-1 (S1/M), in comparison to the same tested
in TS-2 (S2/S), could be related to the presence of a glass mesh between the steel fibers and the brick
substrate. In the case of S1/M, the glass mesh reduced the bonding area between the adhesive and
steel fibers, whereas the lack of this mesh in the contact zone (S2/S) assured full connection between
the adhesive and the whole steel reinforcement area. This allowed for a reduction of shear bond stress,
and thus, for higher ultimate loads (compare Figures 10b and 11b).

Figure 10. Slip-load curves for TS-1: (a) carbon fiber textile and (b) steel textile.

Figure 11. Slip-load curves for TS-2: (a) externally bonded CFRP strip and (b) steel textile.

Strains along the bond length were determined, in order to better understand the bond behavior
of the tested strengthening systems. In the case of TS-1 strains, were measured using strain gauges
(T0 to T3) applied to the surface of the reinforcement, as shown in Figure 4b. For tests TS-2, strain maps
were determined using an optical method, assuming that the DIC method used in the test is reliable
enough for this type of specimens [30]. Appropriate strain profiles, obtained from strain gauges for the
maximum loads and determined in the center line of bond length (for specimens tested using TS-1),
are presented in Figure 12. On the other hand, Figures 13 and 14 presents maps of strains (from DIC),
obtained from DIC for 80% and 100% of maximum loads (for specimens tested using TS-2).
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A comparison of strain distributions presented for specimens with epoxy and polyurethane
PS adhesives indicates that both applied measurement methods (strain gauges and DIC) confirm
the occurrence of strain concentrations at the loaded end (Figures 13a and 14a) and on the short
effective bonding length (about 100 mm) when stiff epoxy adhesives are used (exponential strain
shape—Figure 12a,c). On the other hand, flexible polyurethane adhesives distribute the strains along
the bonding length more evenly (triangle strain shape—Figure 12b,d), activating the entire bonding
area (Figures 13c and 14c).

Figure 12. Envelope and mean distribution of strain profiles along bond at Fmax for tests TS-1: (a) C-E
specimens; (b) C-PS specimens; (c) S1/M-E specimens; and (d) S1/M-PS specimens.

Figure 13. DIC (CivEng-Vision) maps of strains in y direction at 80% Fmax and 100% Fmax for specimens:
(a) CP-E-3; (b) CP-PT-2; and (c) CP-PS-2.
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Figure 14. DIC (CivEng-Vision) maps of strains in y direction at 80% Fmax and 100% Fmax for specimens:
(a) S2/S-E; (b) S2/S-PT-1; (c) S2/S-PS-1.

3. Numerical Analysis

The finite element method (FEM) based numerical analysis of stiff and flexible adhesives
was performed to qualitatively compare the results of shear stress distributions and shear strain
distributions for bonding materials measured in experiments and computed in numerical simulations
of SLST, using Abaqus code.

3.1. Material Model Description for Polymer

The hyper-elastic material model for flexible adhesives was based on the Mooney-Rivlin theory
in which the strain energy density function (in the stretch λ domain) is given by the equation:

WM−R = C10(λ
2 +

2
λ
− 3) + C01(

1
λ2 + 2λ − 3). (2)

The parameters C10 and C01 of the hyper-elastic material can be determined by using a uniaxial
tension test. For consistency with the linear elasticity theory, in the limit of small strains, the Young’s
modulus E0 and the shear modulus G0 can be expressed by the parameters C01 and C10 as follows:

E0 = 3G0 = 6(C10 + C01) (3)

G0 = 2(C10 + C01). (4)

3.2. FEM Model Description of SLST

A full 3D model of the SLST specimen was defined in Abaqus 6.14-2 software for the C-PS,
S1/M-PS, C-E and S1/M-E specimens (TS-1), respectively, by assuming a symmetrical half of the
composite-adhesive-brick assembly. The adhesive layer was modeled with C3D8HR elements and
the mechanical behavior of the adhesive layer. In the case of the polyurethane PS, this material was
described by the hyper-elastic model with two parameters C01 = 0.652 MPa and C10 = 1.211 MPa,
after [18]. In the case of the epoxy (Sikadur S330), the material was defined as the isotropic linear
elastic (E = 4.5 GPa and ν = 0.29). The strips were modeled with C3D8R elements, and the materials
were assumed to be isotropic linear elastic materials (E = 195 GPa, ν = 0.2 for SRP and E = 234 GPa,
ν = 0.23 for CFRP). The brick was modeled using C3D8R elements and the isotropic linear elastic
material (E = 5.76 GPa, ν = 0.2). The load of the SLST specimen was defined, as in the experiment,
by the displacement rate of the strip (0.3 mm/min). The analysis for the C-E and S1/M-E specimens
was linear, and for the C-PS and S1/M-PS specimens the analysis was fully nonlinear.

The FEM model described above simulates the slip only by assuming a nonzero thickness of the
adhesive layer which can be seen in Figure 15 as a layer between the strip on the top and the brick
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below. The interactions between the strip and the adhesive layer and between the adhesive layer and
the brick were assumed to have the form of a tie constraint in Abaqus.

3.3. Numerical Results for Shear Stress Distribution

The shear stress maps for S1/M-E and S1/M-PS specimens are presented in Figure 15 (using a
similar scale). The presented results confirm that the polyurethane PS adhesive allows for the reduction
of high stress concentrations, in comparison to the case of using epoxy adhesive, and is also able
to more evenly distribute the shear stress along the bond surface. The shear stress maps for C-E
and C-PS are very similar to the previous maps, thus they are not presented here. A comparison
of shear stresses was presented for three cases: S1/M-E (epoxy) with Fmax for S1/M-E (Figure 15a);
S1/M-PS (polyurethane PS) with Fmax for S-E (Figure 15b); and S1/M-PS (polyurethane PS) with Fmax

for S1/M-PS (Figure 15c). This confirms the observations that stiff (epoxy) adhesives cause stress
concentrations at the loaded end and activate the short effective bonding length.

Figure 15. Shear stress distributions computed for: (a) S1/M-E with Fmax for S1/M-E; (b) S1/M-PS
with Fmax for S1/M-E; and (c) S1/M-PS with Fmax for S1/M-PS.

3.4. Numerical Results for Shear Strain Distribution

The shear strain maps for S1/M-E and S1/M-PS specimens are presented in Figure 16 (using
similar scale). The shear strain maps for C-E and C-PS specimens are very similar to the previous maps,
thus they are not presented below. The presented results for strain distributions also confirm that the
polyurethane PS adhesive allows for the reduction of high strain concentrations, in comparison to the
case of using epoxy adhesive, and is also able to more evenly distribute the shear strain along the
bond surface.



Polymers 2018, 10, 356 15 of 23

Figure 16. Shear strain distributions computed for: (a) S1/M-E with Fmax for S1/M-E; (b) S1/M-PS
with Fmax for S1/M-E; and (c) S1/M-PS with Fmax for S1/M-PS.

4. Discussion

4.1. DIC Ability to Analyse Stiff and Flexible Adhesives in Composite Strengthening

The optical measurement system used in this research is not a commercial solution, but rather
an original solution developed at CUT. It was decided that it would be reasonable to compare the
results obtained using traditional and optical measurement systems to prove the effectiveness of
the second system. The comparison of the results obtained from the LVDTs and DIC method for
selected specimens are presented in Figure 17, with root mean square errors (RMSE) computed for the
presented data. They varied from 0.6% for S2/S-PT-1 to 2.9% for CP-PS-3, so it can be stated that a
good correlation between DIC measurements and LVDT has been observed for both CFRP laminate
and steel fiber textile reinforced composites. Thus, further calculations using an optical measurement
system have been carried out to expand the set of results originally received using LVDTs and to
generate strain fields on the specimen surface, as is described below.

DIC allows for the presenting of maps of strains calculated for the entire bonded area. The strain
maps in the vertical direction, calculated for the load levels of 80% and 100% Fmax (Figures 13 and 14),
allow for the observing of uneven changes in strain distributions (making failure process more
understandable), which are unable to be noticed using traditional measurement devices. DIC confirms
the observations obtained from strain gauges (see results for TS-1) that an effective transfer length of
composites with flexible adhesive/matrix is longer than the bonding length of strengthening systems
with a stiff epoxy adhesive/matrix.

On the other hand, DIC records displacements only on the visible surface of the specimen,
so no more direct information is provided on the textile embedded within the matrix for wet lay-up
strengthening systems. It should be noted that only if there is a full bond between the reinforcement
and matrix strains measured at the composite surface can be treated as strains of the entire composite.
Only in the case of FRP laminates, which are loaded in their plane, strains recorded using DIC can be
considered as strains of the composite.
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Figure 17. Load-slip response curve provided by LVDT and DIC measurement methods in the shear
bond test on: (a) CFRP laminates and (b) steel fiber textile S2; (RMSE—root mean square errors of
LVDT and DIC comparison).

4.2. Differences in Work of Brick Specimens Strengthened with Composites Bonded on Stiff and
Flexible Adhesives

Figure 18 shows a comparison of the average failure loads obtained in the tests performed on
different strengthening systems. Regardless of the type of strengthening system, higher failure loads
were observed for those specimens made with flexible adhesives/matrices. The application of flexible
adhesives/matrices allowed for an increase in strengthening-to-brick bond capacity compared to stiff
(epoxy) ones. The differences in failure loads for flexible and stiff adhesives/matrices varied between
65% for CFRP laminate and 79% for steel fiber textile S2/S.

As can be seen in Figures 10 and 11, both the slope of force-slip curves in the first (linear) phase
of tests and the slip values at failure load depend on the modulus of elasticity of the material of
matrix/adhesive. The stiffer the material used, the smaller the slip at the failure load and a steeper
slope of force-slip curve has been observed. The modulus of elasticity of the adhesive/matrix material
also influenced the failure load. As is presented in Figure 19, regardless of adopted strengthening
system, the failure load increased with a decrease in the stiffness of matrix/adhesive. It should be
noted here that the bond strength depends not only on the mechanical parameters of the adhesive,
but also on the mechanical parameters of the substrate. The research presented here was conducted
only on one type of substrate—clay brick. This type of substrate was chosen because these bricks
are characterized by low coefficients of variation in their strength parameters [6]. When structural
strengthening of a historical structure is considered, the large variance of brick strength, even within
one masonry wall, should be taken into consideration [48]. In particular, designers should be aware
that bond strength is also conditioned by the conditions of the bricks, and it strongly depends on
environmental factors like moisture and salt crystallization, which can occur in historical buildings.
These phenomena determine not only the brick’s mechanical degradation [49], but also the bond
strength of the composite strengthening system [19]. The influence of moisture and salt crystallization
should be taken into account in future research, especially on the FRPU strengthening system.

Additionally, the failure loads presented in this paper were obtained from short-term (quasi-static
loading) single lap shear tests. It should be noted that after an application of the strengthening on an
existing structural element, the strengthening will be under dead and live loads, so long-term effects
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occur. In this case, the influence of slow crack propagation, which can cause deboning after some years,
should be considered [50,51].

Figure 18. Average failure loads obtained in tests presented with their standard deviations.

Figure 19. Average failure load (Fmax,av) versus modulus of elasticity of adopted adhesive (Eadh) for
various textiles/laminates (C-carbon textile, S1, S2—steel textiles, CP—CFRP strip).

The difference in stiffness was also taken into consideration in the numerical analysis when
models parameters were matched. Figure 20 illustrates a good agreement in stiffness between the
load-slip curves, determined both experimentally and numerically.

During the tests conducted using test set-up TS-1, the axial strain of the composite along its
bonded length was measured and recorded for all tested specimens at the maximum load. The average
strain profiles are presented in Figure 21a. In the case of the specimens with epoxy resin reinforced with
carbon and steel fabrics, the curves are exponential with an effective transfer length of about 100 mm.
The strain profiles for the polyurethane matrix are almost linear and the required bond length is likely
longer than the adopted one. A similar strain distribution was obtained in the numerical analysis
(Figure 21b). Small differences are observed, in comparison to the experimental ones (Figure 21a),
caused by inaccuracies of the numerical model.
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Figure 20. Comparison of load-slip curves from experimental tests (TS-1) and numerical analysis:
(a) carbon fiber reinforced composite C and (b) steel fiber reinforced composite S1.

Figure 21. Typical mean strain profiles along bonds at Fmax: (a) experimental tests TS-1 and (b)
numerical analysis.

A discussion on the strain distribution along the bond length can be had, based on the strain
maps obtained using the DIC method. In figures “a” of Figures 22–25 the strain for a stiff epoxy
adhesive/matrix at its failure load is presented, while in Figure 22b, Figure 23b, Figure 24b, Figure 25b,
the strain for flexible polyurethane adhesive/matrix at the load equal to failure load of epoxy ones
is shown. So, these figures (“a” and “b”) provide information on how the load applied to the
reinforcement is transferred to the brick. It can be noticed that, in the case of epoxy, a shear stress
between the strengthening and substrate concentration occurred close to the loaded end, whereas the
flexible PS allowed for a more uniform distribution of shear stresses. Using a flexible polyurethane PS
matrix causes the effective bond length to be longer than it is for the epoxy one. This phenomenon is
clearly visible in the case of the CFRP strips, for which the strain maps are presented in Figure 24a,b.
The conclusions made using the DIC method are similar to those observations obtained from numerical
analysis (see Figure 16). Additionally, the strain distributions for the specimens with polyurethane
matrix/adhesive at their failure load are presented in Figure 22c, Figure 23c, Figure 24c, Figure 25c.
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Figure 22. DIC (CivEng-Vision) maps of strains for specimens: (a) S2/S-E-3 at a load Fmax(S2/S-E-3);
(b) S2/S-PS-1 at a load Fmax(S2/S-E-3); (c) S2/S-PS-1 at a load Fmax(S2/S-PS-1).

Figure 23. DIC (CivEng-Vision) maps of strains for specimens: (a) S2/S-E-3 at a load Fmax(S2/S-E-3);
(b) S2/S-PT-1 at a load Fmax(S2/S-E-3); (c) S2/S-PT-1 at a load Fmax (S2/S-PT-1).

Figure 24. DIC (CivEng-Vision) maps of strains for specimens: (a) CP-E-3 at a load Fmax(CP-E-3);
(b) CP-PS-2 at a load Fmax(CP-E-3); (c) CP-PS-2 at a load Fmax(CP-PS-2).
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Figure 25. DIC (CivEng-Vision) maps of strains for specimens: (a) CP-E-3 at a load Fmax(CP-E-3);
(b) CP-PT-2 at a load Fmax(CP-E-3); (c) CP-PT-2 at a load Fmax(CP-PT-2).

5. Conclusions

In the calculations of FRP/SRP and FRCM/SRC (TRM/SRM), the influence of adhesive
properties is neglected (an assumption of perfect contact between the composite and substrate
is considered in guidelines, e.g., ACI 440.2R-08, CNR-DT 200/2004). The results presented in
this paper indicate that properties of adhesives in composite-to-substrate strengthening systems
should be taken into consideration. This is the case, especially, when flexible adhesives (made
from special polyurethanes—i.e., PS and PT) reduce the shear stress concentrations and redistribute
them to the larger bond area, making the composite strengthening system of a higher load capacity.
This phenomenon was confirmed in this paper, as well as in other papers that present tests results
made on FRPU/SRPU systems in various European laboratories, by experimental and numerical
analysis (with flexible adhesives modeled using the hyper-elastic model). The analysis confirmed
that composite-to-brick strengthening systems with flexible adhesives are more effective on brittle
substrates than stiff ones, since the flexible behavior of adhesives is relevant and should be taken into
consideration in analysis and calculations.

The use of flexible adhesives in composite-to-substrate strengthening systems creates new
opportunities for practical applications of composite materials, when adhesive properties are taken
into consideration in calculations and experimental investigations. This is a novel approach towards
the implementation of composite systems, which will require confirmation in future research.

The optical measurement allows for the obtaining of better results on the point grid without
increasing the number of sensors; however, this information is not directly accessible and requires
processing of the collected material, contrary to conventional measurements in which the measured
value is available directly from the sensor. It should also be noted that an optical measurement can be
performed in specific lighting conditions. A stable base for the components of the vision system must
also be ensured.

When structural strengthening of a historical structure is considered, additional phenomena,
which were not analyzed in this paper, such as environmental factors, variability of mechanical properties
of materials in existing masonry structures, long time behavior, etc. must be taken into consideration.
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30. Tekieli, M.; De Santis, S.; de Felice, G.; Kwiecień, A.; Roscini, F. Application of Digital Image Correlation to
composite reinforcements testing. Compos. Struct. 2017, 160, 670–688. [CrossRef]

31. Carloni, C.; Subramaniam, K.V.; Savoia, M.; Mazzotti, C. Experimental determination of FRP—Concrete
cohesive interface properties under fatigue loading. Compos. Struct. 2012, 94, 1288–1296. [CrossRef]

32. Napoli, A.; de Felice, G.; De Santis, S.; Realfonzo, R. Bond behaviour of Steel Reinforced Polymer
strengthening systems. Compos. Struct. 2016, 152, 499–515. [CrossRef]

33. Carloni, C.; Subramaniam, K.V. Investigation of sub-critical fatigue crack growth in FRP/concrete cohesive
interface using digital image analysis. Compos. Part B Eng. 2013, 51, 35–43. [CrossRef]

34. Ghiassi, B.; Xavier, J.; Oliveira, D.V.; Lourenço, P.B. Application of digital image correlation in investigating
the bond between FRP and masonry. Compos. Struct. 2013, 106, 340–349. [CrossRef]

35. Caggegi, C.; Chevalier, L.; Pensée, V.; Cuomo, M. Strain and shear stress fields analysis by means of Digital
Image Correlation on CFRP to brick bonded joints fastened by fiber anchors. Constr. Build. Mater. 2016, 106,
78–88. [CrossRef]



Polymers 2018, 10, 356 23 of 23

36. Arboleda, D.; Yuan, S.; Giancaspro, J.; Nanni, A. Comparison of strain measurement techniques for the
characterization of brittle, cementitious matrix composites. In Proceedings of the 5th International Conference
on Structural Engineering, Mechanics and Computation (SEMC), Cape Town, South Africa, 2–4 September 2013;
pp. 1567–1572.
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46. Tekieli, M.; Słoński, M. Digital image correlation and Bayesian filtering in inverse analysis of structures.
In Recent Advances in Civil Engineering: Computational Methods; Cecot, W., Ed.; Wydawnictwo Politechniki
Krakowskiej: Kraków, Poland, 2015; pp. 111–124.
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5.3. ARTICLE III - CONTACTLESS OPTICAL MEASUREMENT METHODS

FOR GLASS BEAMS AND COMPOSITE TIMBER-GLASS I-BEAMS

5.3 Article III - Contactless optical measurement methods
for glass beams and composite timber-glass I-beams

The main purpose of the Article III is to present the concept of timber-glass I-beams
and the accuracy of optical measurement methods for structures made from glass. The
investigation of simply supported glass beams using quasi-static four-point bending tests
was the main stage of the examination to compare contact and contactless measurement
methods.

As can be seen in the article, the relation between deflection and applied load to
the investigated beam measured by the LVDT sensor and optical methods is shown and
the accuracy of the optical measurement is comparable with traditional measurement
systems but in case of use of optical measurement it is possible to calculate the deflection
in larger number of points simultaneously without using any additional physical sensors.

As in the case of two previous articles, deformation fields on the tested structural
element’s surface were generated to visualize the behaviour of the used materials under
the mechanical load. In addition, displacement maps on the central part of the beam
surface were also generated and presented.
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a b s t r a c t

The main purpose of this paper is to briefly present the concept of timber-glass I-beams and the accuracy
of optical measurement methods for structures made from glass. The concept of timber-glass I-beams
combines the best features of both materials and maximises of their safety. Previous investigations of
glass beams and composite timber-glass beams and optical measuring methods are briefly discussed
at the beginning of this paper. The investigation of simply supported glass beams using quasi-static
four-point bending tests was the next stage of the examination to compare contact and contactless
measurement methods. Composite timber-glass I-beams were then investigated in the same manner
as the glass beams. The composite timber-glass I-beams were constructed from fir, laminated float glass
and polyurethane adhesive – offering the best performance when used with both timber and glass.

� 2018 Published by Elsevier Ltd.

1. Introduction

Structural monitoring and composite structures are two issues
in civil engineering that have benefited from the most positive
development recently. Composite structures made of various
materials allow the synergistic use of the most powerful properties
of individual materials, creating cheaper, lighter and often safer
structural elements. Composite timber-glass I-beams are such
elements in which the combination of two materials with diamet-
rically different properties allow the creation of a very safe struc-
tural member (Fig. 1). Timber-glass composite I-beams utilise the
strongest features of both materials; in the case of glass, these
are its rigidity and high compressive strength; with timber, this
is its high ductility, ability to plasticize and ease with which it
can be worked. The connection of both materials is provided
through the adhesive layer.

Timber-glass I-beams have been investigated by several
research projects to date [1–14] – this research has varied with
regard to:

� the type of beam construction (glass bonded into a groove in a
flange or timber strips bonded to both sides of glass web
[Fig. 2]);

� the type of glass (variants used thus far: annealed, heat-
strengthened glass; fully tempered glass; composite glass on
PVB);

� the type of flange material (softwood timber was used most
often; however, LVL flanges were also investigated;

� the size (scale) of investigated elements.

All the aforementioned pieces of research have been discussed
in publications [15,16] – only the major conclusions are mentioned
in this paper.

All of the abovementioned studies incorporated the quasi-static
loading of investigated elements in four-point bending tests until
the complete failure of the components. In all of these studies in
which the web was made of float (annealed) glass, two main fea-
tures of the elements were observed: the uniform spacing between
the cracks in the glass (Fig. 3); the significant post-breakage capac-
ity of such elements reaching up to 200% of the glass cracking force
(Fig. 3). Making webs with float glass ensures that the elements
remain rigid even after glass cracking due to the ‘locking’ effect
of large glass pieces and the transfer of further shear forces. Wood
provides the ductility of I-beams and creates ‘bridges’ for the
cracked glass.

Another issue discussed in this paper is the structural monitor-
ing which usually concerns massive structures and structures
made with new, unverified constructions (e.g. composite beams
with glass webs and steel or wood flanges). As a result of the fragi-
lity and sensitivity to local stresses of the glass in these beams,
they should be carefully observed over the course of their lifetime.

https://doi.org/10.1016/j.measurement.2018.09.061
0263-2241/� 2018 Published by Elsevier Ltd.
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The above-mentioned composite I-beams are usually used as sup-
port elements for ceilings and roofs – this makes access to them
difficult. In addition, the aesthetics and transparency of glass ele-
ments means that the installation of classic strain gauges or string
sensors for the direct monitoring of glass deformations is not
appropriate. As a result of this limitation, this article focuses on
the possibility of monitoring glass beams and composite timber-
glass I-beams using contactless optical methods.

2. Optical measurement method

The need for measurements at a greater distances from the
structure and the evolution of image processing techniques have
led to the development of contactless optical measurement meth-
ods which extend the capabilities of standard measuring systems
based on strain gauges or displacement sensors. The received mea-
surement data is often able to provide more accurate information
about the measured structure or tested material than that received
from more conventional sensors if high resolution and stability of
measurement is provided. The stability of the measurement and its

compatibility with results obtained by conventional measurement
methods is possible after proper preparation of the test stand and
appropriate lighting of the specimen. By conducting measurements
using optical methods, it is possible to generate a full field of dis-
placement on the surface of the investigated element and a full
field of strain on the specimen surface in the next step. The primary
values determined by optical methods are displacement values and
it is possible to determine the strain in the material as derivative
values [17–19].

In order to ensure the correct operation of computer optical
methods, the surface of the examined element must be properly
prepared so that individual fragments can be traced using
correlation-based methods. For many materials, meeting this con-
dition requires that a random pattern with contrasting elements
has to be applied to the investigated surfaces. Pattern overlay usu-
ally involves placing randomly spaced spots of paint of random
shape and size using an aerosol paint or an aerograph. Surfaces
of non-homogeneous materials such as concrete, brick or mortar
do not require additional markers for proper optical performance.
The surface on which the measurements are taken also cannot pro-
duce glare; therefore, it is necessary to dull the surface of the metal
during the test (Fig. 4).

Both colour and monochrome cameras can be used for image
acquisition. In the case of monochromatic image acquisition, the
markers should consist of a white background with black compo-
nents. It is good practice to use a contrasting frame on the marker,
which separates marker inner area from measured surface (Fig. 5).
In the case of image acquisition using a colour camera, the frame
and the pattern randomly placed on the marker may be of any col-
our which provides adequate contrast between the background
and the marker’s main components. The possibility for encoding
information relating to the location of markers on the structure
is an additional advantage of the wider palette of available colours.
Thanks to the distinctive colour of the markers, they can be
automatically located by the measuring system even before they

Fig. 1. Roof structure inthe Palafitte Hotel (Switzerland) [1].

Fig. 2. Cross-section of the beam with web bonded into the groove in timber
flanges (left); cross section of the beam with bonded timber strips as flanges [3].

Fig. 3. Dependence between element deflection and force applied to the composite timber-glass I-beam (left); damaged beam (right) [3].

Fig. 4. Frayed aluminium element with a spray pattern applied with a spray paint
[18].
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are traced thus saving the time needed to manually mark the
markers.

Tracking the markers during optical measurement enables the
determination of displacement at the designated points. A
sequence of images taken during the test by a vision system
equipped with a camera or a video camera is used to track the
markers, also known as a patterns, and to determine their
displacements. This process is called pattern tracking and it is
implemented through correlation methods or by using geometric
features of the tracked pattern. Images are taken at regular inter-
vals from the beginning of the investigation to its completion or
until failure of the element or the structure. It is also possible to
reduce or increase the interval to adapt it to the dynamics of the
individual stages of the investigation. To determine displacement,
the change in the location of markers over time is identified; the
total displacement of the marker is defined as the sum of the dis-
placement identified when comparing two images acquired at two
different times [17–19].

As previously mentioned, due to the significant brittleness of
glass, it is usually combined with other materials to ensure the
safety of such structures. In the present study, both optical and
conventional measurement methods were performed on bent glass
elements and then on composite timber-glass I-beams.

3. Investigation of bent glass beam

The properties of glass that distinguish it from other building
materials are isotropicity, ideally linear-elastic material response
throughout the entire deformation range and its high level of
fragility. The parameters of typical building glass are provided in
Table 1.

Panes made from two layers of float (annealed) soda glass, lam-
inated on two PVB layers, was supplied by the FAKRO company of
Nowy Sacz. Three provided panes were subjected four-point quasi-
static bending tests (Fig. 7). The panes were investigated whilst
vertical – this means that the bending was realized around the
‘strong’ axis of element. Such an arrangement of glass pane results
in the appearance of the greatest tensile stresses at its edges. Glass
edges are highly susceptible to surface defects reducing the tensile

strength of the material. In order to limit the effect of edge defects
on tensile strength after the cutting of glass, the edges were pol-
ished with caesium oxide according to standard [21].

The dimensions of the elements were 6.68 mm � 170 mm �
3100 mm and consisted of two glass panes of 3 mm each. The axial
span at the time of the test was 3.0 m, while the load was applied
symmetrically as two forces concentrated at 1.0 m spacing (1/3
span span). Due to the significant sensitivity of glass to local stress
concentrations, a specially shaped pad made of oak was used in the
supports and at points of concentrated load. Timber pads were
installed between the steel shaft and the glass edge. In order to
ensure stability of the element, three side supports were provided
to protect the element from lateral torsional buckling; one in the
middle of span and two at a distance of about 100 mm from the
load points (Fig. 6). The test was controlled by a displacement that
continuously increased at a speed of 2 mm/min. In order to mea-
sure the glass deformation and obtain the desired material param-
eters, i.e. the tensile strength of the glass and the elasticity
modulus, two strain gauges (on the top and bottom of element at
mid-span) were installed on the beams and one inductive displace-
ment sensor at the middle of the element span was installed
(Fig. 7). Moreover, in order to determine the glass deformation
and displacements of the beam, markers were installed on the
glass surface and optical measurements were performed by video
camera.

3.1. Optical measurement of glass beams

Optical measurement during the testing of laminated glass
panes consisted of filming the element with bonded markers
(Fig. 7) to capture previously designated points on the transparent
material. Optical measurement was applied to two components
(GB-1 and GB-2). Due to the high propagation speed of cracks in
the glass, capturing the failure process requires filming it using a
high frame rate. Measurements and subsequent processing focused
on the possibility of predicting the location of the crack in the glass
by tracking the deformation history in the material and also track-
ing the deflection of the element. Recording the level of force
(directly from the jack piston) and the time simultaneously to syn-
chronize both measurements and plot the load-displacement
relationship.

The Nikon D5300 with a 24 Mpx matrix resolution was used for
digital SLR photography. The shooting speed was 60 frames/s and
the camera was equipped with a Tamron SP AF f/3.5–4.5 Di II LD
wide-angle lens with a minimum focal length of 10 mm. In addi-
tion, optical measurement was also performed using a high-
speed camera that records 120 frames per second. Due to the time
of day and the sufficiently intense source of natural light, there was
no need for additional artificial light sources and illumination of
the surface of the tested elements.

Fig. 5. Markers bonded to the glass pane during investigation (left); video camera during investigation (right).

Table 1
List of main glass properties [20].

Density at 18 �C 2500 kg/m3

Mohs hardness 6
Elastic modules 70 GPa
Poisson factor 0.2
Rupture modulus 45 MPa
Compressive strength 900 MPa
Coefficient of thermal expansion 9�10�6 K�1

Heat conductivity 1 W/(m K)
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3.2. Results of investigation

The graphs (Fig. 8) show the relationship between the mid-span
deflection of the element and the applied load (left graph) and the
strain-stress relationship at the mid-span of the beam for the ten-
sioned edge (right graph). In both cases, the material is ideally
linear-elastic until the point of failure. The slope of the
deflection-force curve as well as stress-strain are similar for all
investigated elements. All elements broke by exceeding the maxi-
mum tensile stresses in the area of constant bending moment.

Despite the recording speed of 120 frames per second, it was
not possible to capture the moment of glass damage as the speed

of glass cracking was too high. In addition, filming during research
instead of using high resolution photography and the use of mark-
ers instead of randomly placed spots on the glass significantly
decreased the quality of the individual frames. As a result of this,
reading the deformation values in the material for single frames
was impossible. Nevertheless, the study allowed the recording of
the displacement of the points indicated in Fig. 9. The relationship
between the displacement of the indicated points and applied load
values is shown in Fig. 10. Synchronisation of both values was pos-
sible due to the recording of the exact acquisition time. Due to the
large number of conventional measuring instruments (strain
gauges and displacement sensors), the markers for measuring the

Fig. 6. Crosssection of the glass element and the scheme of the four-point bending test of glass beam.

Fig. 7. Strain gauges and displacement sensor mounted at the mid-span (left); optical investigations of deformation and displacement during test – measuring camera and
measuring points bonded on the pane (right).
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displacement of the element could not be placed in the mid-span
of the element.

When analysing the accuracy of the optical method, it is neces-
sary to compare its results with the results of other measurements
– in this case, with the measurement of the deflection of the dis-
placement sensor. This comparison was difficult by, as previously
mentioned, the measurement at two different points on the beam.
As the reference point for the comparison of the conventional mea-
surement method with the optical method, the mid-span of the
beam was selected in which the displacement was measured using
a conventional displacement sensor. Consequently, it was neces-
sary to refer to the value of the deflection identified by the optical
method at point 5 to the mid-span value. The symmetry of the
investigated system, the ideal linear-elasticity of the glass and
the known location of marker 5 allowed an analytical relationship
to be found in order to scale the deflection at this point to the mid-
span of the beam (Eq. (1)).

u5

us
¼ 2 � l12 þ 3 � l52

2 � l12 þ 3 � l2
2

� �2 ð1Þ

where:

u5 – beam deflection at the location of marker no. 5;
us – beam deflection at the mid-span;
l1 – projected distance between the point-load and the support
(in this case, 1000 mm);
l5 – projected distance between marker no. 5 and the nearest
point-load (for the GB-1 beam, this equals 321 mm and for
the GB-2 beam, this equals 280 mm);
l2 – projected distance between point-loads (in this case,
1000 mm).

The given relationship was based on the Mohr method of deter-
mining the deflection of the simple supported beam. The deter-

mined values of the transition coefficient of the beam deflection
from point 5 to the centre of the span were 1.1909 for GB-2 beam.

Fig. 11 shows graphs comparing the optical measurement
methods with the displacement sensor measurement for both opti-
cally examined elements. In both cases, the relationship ratios are
comparable, nevertheless the optical measurement methods are
characterised by considerably larger oscillations. This could have
been due to minor equipment vibrations during the test. The max-
imum deflection value of GB-1 measured by the video method was
5.002 mm and the GB-2 element was 4.978 mm. Comparing these
values with the displacement sensor measurements that were
5.047 mm and 5.064 mm respectively, the relative error value
was 0.9% for the GB-1 beam and 1.7% for theGB-2 beam.

4. Investigation of bent composite timber-glass I-beams

Fig. 12 shows the cross section of the beam used in the tests
with the dimensions of the separate elements. Three beams were
prepared, all with dimensions of 3100 mm � 220 mm � 70 mm.
Flanges were made of solid C22 class timber with a cross-
sectional dimension of 40 mm � 70 mm. Grooves for bonding a
glass web of 17 mm � 10.68 mm were prepared in the flanges as
well. Timber for the manufacturing of flanges was carefully
selected from heartwood as this ensures constant dimensions in
varying moisture conditions and a very low number of knots.

Similar beams have been built with annealed glass, heat-
strengthened glass, fully-tempered glass and laminated heat-
strengthened glass, with the best solution thus far being the use
of float glass. When the first crack in glass appears, large shards
of float (annealed) glass remain in the element – this enables the
further, post-breakage capacity of the beams (tensile stresses are
transferred to the timber flanges). Heat-strengthened glass and
fully-tempered glass, in spite of their increased tensile strength
compared to float glass, fails very sharply by breaking into fine
pieces at the moment when the first crack appears resulting in
the complete failure of the composite element. Consequently, it
was decided to use float (annealed) glass laminated on PVB. The
web consisted of two panes of 3 mm � 170 mm (cross-sectional
dimensions) each bonded with a double layer of PVB film which
together gave a cross-sectional dimension of 6.68 mm � 170 mm
for the composite beams (Fig. 13). In addition, because the glass
panes bent around the axis with a higher inertia moment, proper
edge polishing was very important; therefore, they were polished
according to [22]. Sika� PS polyurethane adhesive, which has very
good adhesion to glass and timber surfaces, high temperature
resistance, good rigidity, UV resistance and high tensile and shear
strength was chosen to bond both web and flanges together.

Four-point quasi-static bending tests of beams marked CB-SL-1
– CB-SL-3 was carried out at the Materials and Building Laboratory
of Cracow University of Technology. Fig. 14 shows the test stand
layout. Prior to testing, the beam was equipped with strain gauges

Fig. 9. Measurement markers on GB-1 (left) and GB-2 (right).
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for the measuring of timber and glass deformation and displace-
ment sensors for measuring the deformation of the adhesive layer
(Fig. 15). Strain gauges on timber flanges were mounted in the
middle of the beam span, one on the lower flange and one on the
upper flange, and on the glass web were mounted on both sides
in the middle of the span (top and bottom) and at the load applica-
tion points (top and bottom). Displacement gauges for the adhesive
layer strain measurements were mounted on one side of the beam
at both ends, top and the bottom (Fig. 14). The base for shear
strains measurement equaled to 100 mm. The location of the mea-
surement of the deformation of the adhesive layer was dictated by
the maximum shear stress values at the ends of the beam (as near
as possible to the supports). A displacement sensor in the mid-span

of the beam was also mounted to measure the deflection of the
beam. The mounted beam on the test stand is shown in Fig. 16.

Additional lateral supports located symmetrically on both sides
of the load application points (Figs. 14 and 16) were used to protect
the element against lateral, torsional buckling. The test was con-
ducted under a strength machine with a maximum capacity of
200 kN. The test was controlled by the displacement of a machine
piston and the loading rate was 2 mm/min.

The optical methods of measurement were performed in a dif-
ferent manner to those used for previous glass beams. CB-SL-1
and CB-SL-2 beams were coated with white paint, then black dots
(Fig. 17) were applied in as random a way as possible so that the
correlation method was more stable than for a uniform arrange-
ment of fixed markers. Unlike for the testing of glass beams, video
data acquisition was performed by shooting a series of photos at
equal intervals using a digital camera.

A Nikon D5100 digital single-lens reflex (DSLR) camera with
16 Mpx matrix resolution was used for the digital imaging
(Fig. 20). Photos were taken at the maximum resolution of
4928 � 3264 pixels and saved in NEF format without applying
image compression. An intervalometer was used to trigger the
camera’s shutter and take pictures at constant intervals of 1 s.
The camera was equipped with a Tamron SP AF f/3.5–4.5 Di II
LDwide-angle lens with a minimum focal length of 10 mm. Due
to the time of the day and the sufficiently intense sunlight, there
was no need for additional light sources.

During the optical measurements real pixel size in the image is
in range from 0.086 to 0.092 mm depending on the tested sample
and the cameras’ distance from the specimen. By using subpixel
measurement based on the interpolation of the discrete pixels’
intensity values the resolution of the measurement system has
been increased to 1/50th of the pixel size.

Sensitivity of the measuring system has been also tested for res-
olution value equal to 1/100th of the pixel size but due to high
level of the noise and to reduce the computation time calculations
have been made with lower resolution.

As can be seen in Fig. 26 where the relation between deflection
and applied load to the investigated beam measured by the WA
displacement sensor and optical methods is shown, the accuracy
of the optical measurement is comparable with traditional mea-
surement systems but in case of use of optical measurement it is
possible to calculate the deflection in much more points simulta-
neously without using any additional physical sensors.

All tested elements were almost linear elastic until the appear-
ance of the first crack. After the first crack, the jump on the force-
deflection graph can be seen, but after stabilization and following
the increase of load, the elements still respond in a linear-elastic
manner until complete failure (Fig. 18). All tested items failed as
a result of the shear strength being exceeded in the adhesive bond
layer. The following graphs show the increase in deformation in
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Fig. 11. Relationship between deflection and applied load to the GB-1 beam (left) and GB-2 beam (right).

Fig. 12. Crosssection of composite timber-glass I-beam used during investigation.

Fig. 13. Photo of prepared composite timber-glass I-beam.

K. Rodacki et al. /Measurement 134 (2019) 662–672 667



the glass webs resulting from the load level. The graphs show the
behaviour of the composite beams very well (Fig. 19). At the
moment of the appearance of cracks, the web strains are reduced
and the strains of the tensile flange increase rapidly.

All investigated elements failed in a ductile manner which was
signaled long before the fully loss of capacity. Even after the final
destruction, i.e. the loss of the ability to sustain a further increase
of load, elements did not disintegrate. The tensioned flange was
still able to keep all parts of the cracked web together, even for a
60 mm beam deflection (Fig. 21).

4.1. Optical measurement of beam strains

The optical measurements made during the investigation
allowed for the continuous recording of both the strains in the
web and the displacement of the beams measured on the web.
As in the case of glass beams, unfortunately, it was not possible
to capture the exact trajectory of a single crack in the glass. Never-
theless, Figs. 22 and 23 show maps of strain development at the

moment just before and after the appearance of the first crack on
the left hand side of the beam.

The moment of complete beam destruction is best illustrated by
the displacement map of the element (Fig. 24), which shows the
distribution of the displacement in the web just before destruction
and when the composite element is fully broken. In the case of dis-
placement, the values in the maps are given in pixels, which were
the original optical measurement unit. To transition to natural
units of length (millimetres) the formula for converting pixels to
millimetres should be stated. In this case, one pixel is equal to
0.0932 mm.

The optical measurement conducted during the investigation
allowed the continuous progress of the beam deflection to be
determined during the test. Because of the increased difficulty of
access to the points in the mid-span of the beam as a result of it
being obscured by the displacement sensor, the measurement
was carried out at a distance of 2 cm from the centre of the beam
span (Fig. 25). After the synchronisation of the optical measure-
ment results with the data from the strength machine which

Fig. 14. Layout of test stand for composite beams investigation.

Fig. 15. Layout of location of gauges on the beam.

Fig. 16. Beam on the test stand.
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recorded the load increase, graphs of the relationship between the
deflection of the previously indicated points and the applied load
were compiled (Fig. 26). Synchronisation of both datasets was pos-
sible due to the acquisitioning of the exact data time. As in the case
of the glass beam, the mid-span of the beam was chosen as the ref-
erence point for comparing the optical methods with the conven-
tional measurement. The distance between the measuring points
was much lower in this case, but still the optical deflection was ref-
erenced to the centre of the beam span. The analytical relationship
for the scaling of the deflection value to the centre of the beam

span, as in the case of glass beams, is shown with Eq. (2). The value
of the transition factor for the composite timber-glass I-beams was
1.0214.

uw

us
¼ 2 � l12 þ 3 � lw2

2 � l12 þ 3 � l2
2

� �2 ð2Þ

where:

uw– beam deflection at the point where the optical method was
used to measure the exact deflection;
u5 – beam deflection at the location of marker no. 5;
us – beam deflection at the mid-span;
l1 – projected distance between the point-load and the support
(in this case, 1000 mm);
l5 – projected distance between marker no. 5 and the nearest
point-load (in this case, 480 mm);
l2 – projected distance between point-loads (in this case,
1000 mm).

Fig. 26 shows a comparison between optical measurement
methods and measurements performed using a displacement sen-
sor. The dependency ratios are comparable with the optical mea-
surement being characterised by considerably larger oscillations.
This could have been due to minor equipment vibration during
testing and slight compression of the recorded image.

Like any measuring system also optical measurement systems
are affected by noise effects. In this case the noise is generated

Fig. 17. Web of CB-SL-2 beam coated with white paint and randomly applied black dots.
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Fig. 18. Relationship between deflection at the mid-span of beam and the applied
load.
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Fig. 19. Relationship between strains on the bottom edge (left) and top edge (right) in the web of the CB-SL-3 beam and global deflection. Each point is described from the
perspective of looking at the element.
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Fig. 20. Photo taken during preparation of test.

Fig. 21. Photos of broken beam.

Fig. 22. Map of strains in composite beam web just before the appearance of the first crack in the glass [%].
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by the methodology of the pixels’ intensity recording by the digital
matrix and imperfections of the camera lenses. Despite the use
high quality lenses and setting correspondingly high ISO values
some noise effects have been observed in the digital images taken
by the cameras. To reduce the noise effects in the final results eg.
deflection values, moving average method has been applied to
smooth the data.

5. Conclusion and results discussion

The value of the relative error obtained between the conven-
tional (contact) measurements and the optical measurements in
all investigated beams (glass and composite) was less than 2%.
Such high compatibility of the measured deflection values of the
element confirms the effectiveness of visual data acquisition for

Fig. 23. Map of strains in the composite beam web just after the appearance of the first crack in the glass [%].

Fig. 24. Map of displacement of composite beam web at the moment of beam failure by the pulling the web out from the flange (values scaled in pixels).
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the bending of beams made from glass. However, this method
seems to be appropriate only when measuring the maximum
deflection values. With the continuous measurement of deflection
over time, the method was characterised by significant measure-
ment oscillations. One of the most important strengths of moving
frame measurements is the ability to determine deformations of
structures at more points than with conventional strain gauges.
In addition, the preparation of the test stand for optical methods
is much faster and does not require qualified personnel; however,
it is important to keep equipment and lighting stable during
measurements. Excluding the cost of video equipment, which is
relatively high comparing with equipment for conventional meth-
ods, optical methods also appear to be cheaper than traditional
measurement methods of displacement. Moreover, the usage of
optical measurement allowed for a smooth analysis of the dis-
placement and deformation fields in the investigated elements –
this made it possible to determine the location of cracks (fractures)
in the glass parts of beams and their development during the test.
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Fig. 25. Location of the measurement point at which the optical measurements were carried out.
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5.4. ARTICLE IV - THE METHACRYLATE ADHESIVE TO DOUBLE-LAP

SHEAR JOINTS MADE OF HIGH-STRENGTH STEEL—EXP. STUDY

5.4 Article IV - The methacrylate adhesive to double-lap
shear joints made of high-strength steel—exp. study

The Article IV presents an experimental study of adhesive joints used in overlap con-
nections subjected to static tension. A methacrylate adhesive, selected experimentally
from a range of adhesives, which combines the optimum strength and strain properties,
was tested. Thanks to the optical measurement performed using CivEng Vision system,
a detailed strain distribution on the specimen surface was determined.

The optical measurement was carried out in parallel with the measurement made
using the grid of strain gauges. The results obtained from both types of measurements
were compared with each other and showed a good convergence.

The use of the optical system consisted in determining the deformation profile along
the tested structural elements. Another field of application for the optical system was
to calculate the mutal displacement (slip) between joined elements. In addition, as in
previous articles, detailed deformation fields were generated for the tested specimens.
Longitudinal strain distribution maps at failure and during the load application were
included. The failure mechanism for tested specimens is clearly visible on longitud-
inal strain maps developed thanks to optical measurement. Detailed recognition of
the failure mode was possible only through the use of optical measurement, thus the
tensometric measurement, due to the limited number of sensors and their localization,
was not able to record it in right way. Therefore, a significant part of the conclusions
for the specimen failure mechanism was based on optical measurements of the strain
distribution.

As a result of the application of the tensometric measuring method, it was possible
to determine the repeatability of the results as well as to compare results from both
types of measurements, thus, in a way, verifying the author’s vision-based measurement
system. It was proved that the accuracy of the used vision-based measurement system is
comparable with traditional measurement systems, but optical measurement solutions
offers the generation of the results simultaneously in much more points without using
any additional sensors.

The data obtained using vision-based measurement will be used in further research
for subsequent validation of an analytical and numerical model.
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Abstract: In typical technical applications, steel components are usually connected by welding or
with mechanical connectors. An alternative solution, typical in the aviation and automotive industry,
but not widespread in engineering structures, is to join thin sheet metal using adhesives. The article
presents an experimental study of adhesive joints used in overlap connections subjected to static
tension. A methacrylate adhesive, selected experimentally from a range of adhesives, which combines
the optimum strength and strain properties, was tested. The laboratory tests were carried out on
double-lap specimens made of high-strength Domex 700 steel. On the basis of the experimental
results, the behavior of the specimens and their failure mechanism, depending on the anchorage
lengths used (200, 300 and 400 mm), are described. The tests confirmed the effectiveness of the
selected methacrylate adhesive in a practical application. It was shown that with the appropriate
anchorage length (adequate to the type of steel components and the joint geometry) between 300 and
400 mm, the capacity of the adhesive joint is higher than the capacity of a single steel component.
Two types of specimen behavior were recognized: Quasi-brittle, which occurs at the anchorage
length of 200 mm, and ductile, observed for 300 mm and 400 mm anchoring. In addition, thanks to
the optical measurement method used, a detailed strain distribution on the specimen surface was
determined. The data will be used for subsequent validation of an analytical and numerical model.

Keywords: methacrylate adhesive; steel-to-steel joint; flexible adhesive; high-strength steel;
double-lap joint

1. Introduction

For many years, steel has been the basic construction material used in almost all industrial
sectors. Welded, bolted (also using preloaded bolts), or riveted connections have been very popular
and often used in civil engineering structures. Their effectiveness is confirmed by a number of
studies and analyses, including numerical simulations [1–3]. Unfortunately, each of these joint types
introduces notches in the form of zones with different mechanical properties (welded joints) or
openings interrupting material continuity (bolts). For structures subjected to static loads, such notches
are relatively easy to consider in the assessment of load-bearing capacity and changes in stiffness.
A much worse situation is in the case of components and structures subjected to dynamic or cyclic
loads [4,5].

To reduce or completely eliminate problems related to the use of mechanical connections, adhesive
joints constitute a good alternative [6]. The idea of using adhesives for steel joints is not new. There
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have been many theoretical analyses, which describe the mechanism of coupling and failure modes
of adhesively joined elements [7–9]. The extensive experience in gluing structures used in aviation
and automotive industries are well known, but in the case of engineering structures (e.g., machine or
construction industry), so far, the attempts to use adhesives are extremely rare. The mechanical joints
(especially welded joints) are still prevailing, while adhesive joints have become popular, mainly in the
case of the strengthening of steel structures.

Typical strengthening of steel components, in civil engineering structures where static or quasi-
static loads dominate, is made using FRP (fibre reinforced polymer) materials, which are used as an
additional reinforcement applied on the epoxy resin adhesives dedicated to specific manufacturer-
specific systems [10,11]. These adhesives feature high tensile and shear strengths, but show very low
flexibility. Their application together with FRP strengthening on stiff elements (reinforced concrete
beams, stiff steel beams, or columns) is justified and effective [12], because joined components have
low elongation limits, and, thus, they tolerate the use of adhesives with low deformability. The same
situation (with positive results) applies to the use of an epoxy to strengthen a thin metal profile on a
relatively short length, where the deformability of the adhesive is of lesser importance [13].

The situation is completely different for steel-to-steel (or generally metal-to-metal) joints made by
thin or flexible elements (thin steel beams, cold-formed profiles, and metal sheets), which are connected
on a relatively long length or when a load acts not statically, but cyclically or dynamically. In such
connections, the basic parameter is the deformability (or rigidity) of the adhesive [14]. It must be
high enough to ensure a proper adhesive effort, level over the entire bonding length (involving
the entire bond length to cooperate in transferring stresses [15]). This, by definition, eliminates
stiff epoxy adhesives (typical for the construction industry), whose application leads to the stress
concentration and brittle failure of the joint within a relatively short section [16]. At the same time,
too high a deformability of the adhesive results in excessive mutual displacement (slip) between
joined components. The ideal solution is a high-strength adhesive with simultaneous deformability,
which guarantees durable and safe connection of steel components, while maintaining the required
flexibility, without excessive movement [17]. Therefore, proper selection of an adhesive is a key issue,
both with steel-to-steel [18,19] and steel-to-FRP connections [20]. Another solution, which allows the
ensuring of an effective connection, is the usage of mixed joints that combine traditional methods and
gluing [21,22].

Among adhesives that combine these two features (high-strength and appropriate deformability),
a group of methacrylate adhesives (MA) was selected [20]. After performing the preliminary tests, one
of them was finally selected as an appropriate one for further testing [19].

The selected adhesive was tested on typical overlap connections made of high-strength steel
subjected to static (the presented paper) and cyclic (will be presented in a separated paper) loading.
The main aim of the presented work is the experimental confirmation of the possibility of effective
use of commercially available methacrylate adhesive in a typical engineering application, i.e., to form
a structural connection of elements made of high-strength steel. Studies of three anchorage lengths
facilitated the selection of the appropriate bonding length (for the high-strength steel and specimen
dimensions used) that ensured the load-bearing capacity of the adhesive joint was higher than the
capacity of a single steel component. Two failure mechanisms were distinguished related to the
behavior of the specimens, which depends on the anchorage length. The additional aim of the
experimental study was to obtain results for further validation of an analytical and numerical model.
The necessary adhesive parameters required in these analyses were tested independently.

2. Methodology of Laboratory Tests

2.1. Test Specimens

Double-lap type specimens were used in the experimental investigation. Three types of specimens
were subjected to static tension. All specimens consisted of two steel plates (made of raw steel considered
as basic plates bonded adhesively by two raw steel plates, referred to as overlaps. The dimensions of
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the basic plates were 90 × 6 × 550 mm, while the cross-section of the overlaps was 50 × 6 mm with
various lengths of 650, 550, and 450 mm, which resulted in three anchorage lengths of 400, 300, and
200 mm. The steel surface was prepared before glueing by mechanical pre-conditioning and degreased.

The overlaps were glued to the surface of the basic plates using a methacrylate adhesive (ITW
Plexus Structural Adhesives, Rushden, UK). The selection of the glue was described in [19]. It was
vitally important to ensure a constant thickness of the adhesive of 1.2 mm along the whole anchorage
length. This was obtained using steel balls with a diameter of 1.2 mm, which were placed at several
points along the length of the adhesive layer.

The specimens marked as P1 (part one) were made using adhesive right after purchase. The glue
used in specimens marked as P2 (part two), before application, was stored in the laboratory (in room
temperature) for one year.

The test specimens were provided with the following note: S—static test, DL—double-lap
specimen, MA—methacrylate adhesive, RS—raw steel, anchorage length—i—the order of the test in a
given group, P1 (or P2)—part of the adhesive. Table 1 summarizes all tested specimens.

Table 1. Designation of the specimens.

Specimen Number of
Specimens Tested

Anchorage Length
(mm) Part of the Adhesive

S/DL/MA/RS-200-i/P1 3 200 P1
S/DL/MA/RS-200-i/P2 1 200 P2
S/DL/MA/RS-300-i/P2 1 300 P2
S/DL/MA/RS-400-i/P1 3 400 P1
S/DL/MA/RS-400-i/P2 1 400 P2

The general geometry of the specimens was similar to those given in the ASTM D3528-96
recommendation [23], but the overall size of the components was larger, so their proportions
were different—which results from the requirements set by the cooperating research company
(see: Acknowledgments). The reason for choosing such large elements was the recognition of the
problem of adhesive lap joints in actual structures (with the dimensions close to the real steel
element) and an analysis of an effective anchorage length in key elements, i.e., taken from the
structural engineering.

Figure 1 presents the view of the specimens and Figure 2 shows the detailed dimensions of the
elements with an anchorage length of 400 mm and 200 mm (bottom specimen).
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2.2. Material Properties

The steel specimens were tested according to the EN ISO 6892:1-2016 recommendation [24].
The primary mechanical properties of the steel are summarized in Table 2.

Table 2. Main steel properties.

Proportional Limit
Stress [MPa]

Yield Strength
(MPa)

Tensile Strength
(MPa)

Ultimate
Elongation (%)

~750 791.7 825.8 21.5

The basic parameters of the methacrylate adhesive were adopted from the technical data sheet [25]
and its details were taken from laboratory tests conducted by a parallel research group and presented
in [26]. The most important parameters of the adhesive are summarized in Table 3. Other important
material parameters were not considered in this study, but are already tested according to the
recommendation given in the literature [27].

Table 3. The most important parameters of methacrylate adhesive (MA).

Speed of
Loading

(mm/min)

Tensile
Strength

(MPa)

Shear
Strength

(MPa)

Modulus of
Elasticity

(MPa)

Ultimate
Elongation

(%)

Poission’s
Ratio

Producer data unknown 18.6–20.7 >14 517–689 30–50 0.41
Data taken from

[26]
1.0 14.70 - 1058 8.35 0.37

10.0 16.21 - 1131 6.81 -

A great difference between the results provided by the manufacturer of the adhesive and the
results of the studies was clear. This concerns, in particular, were the strain parameters of the adhesive,
i.e., Young’s modulus and limit elongation at failure. These differences probably stem from the
methodology of testing (various standards and type of test samples), however, such large quantities,
mainly regarding the deformability of the adhesive, had to be fully verified—which has been done by
a parallel research group.

Additionally, a standard pull-off test [28] was conducted in order to determine the bond strength
of the MA adhesive to raw steel. The pull-off test on an aluminum disc was performed using a
universal testing machine type MTS 810 (MTS Systems Corporation, Eden Prairie, MN, USA) because
the range of a typical Dyna tester was insufficient to cause model failure. The pull-off force for a 50 mm
diameter disc in three consecutive tests was 27.1, 30.1, and 25.8 kN, which corresponded to the bond
strength of 13.8, 15.3 and 13.1 MPa, respectively. All the samples demonstrated an identical (adhesive)
mode of failure; 60% of the failure surface involved separation of the adhesive from the steel surface,
and 40% from the test disc.

2.3. Loading and Measurement System

In static series, the elements were subjected to axial tension applied by the universal testing
machine type MTS 810 (MTS System Corporation, Eden Prairie, MN, USA) with the maximum force
of 1000 kN. All specimens were loaded in one cycle, up to a failure, with a steady increase in the
displacement of 1.27 mm/min (0.05 inch/min). The loading mode was adopted from the ASTM
D3528-96 recommendation [24].

The traditional measuring equipment was used in all specimens. The following values were
measured:

1. Tensile force at the yielding point and its maximum value; the yielding point was estimated based
on the behaviour of the whole speciemen;
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2. Total elongation of the specimen during loading. Note that specimen elongation included
deformation of all steel elements and the adhesive; and

3. Strain at selected points located on the overlap and base plate surfaces.

Strain measurement was performed using foil strain gauges type 1-LY-11-6/120A (HBM,
Darmstadt, Germany). The strain gauges were installed at intervals of 20 mm along the overlap
(in specimens with 300 and 200 mm anchorage lengths). The location of the strain gauges in the
specimens with the 400 mm anchorage length is shown in Figure 3, which shows the attenuation of the
measuring points at the end of the overlap.
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In the specimens, S/DL/MA/RS-200-4/P2 and S/DL/MA/RS-400-4/P2, additional optical
measurements were performed during the tests. They were performed on the whole surface of the
specimen (on one side), so they involved one of the overlaps and both basic plates.

Optical measurements have been carried out using the CivEng Vision System developed by one
of the authors at the Cracow University of Technology [29,30]. Digital images were processed by the
original software and the results were obtained based on the digital image correlation method.

The DIC (digital image correlation) method is based on the correlation of the digital images
obtained during the test, which are treated as a two-dimensional matrix consisting of pixels. Each pair
of the pictures taken, respectively, before and after partial deformation are correlated and the points of
the grid based on the specified image subsets (Figure 4) are matched and identified as that associated
to the highest value of the correlation coefficient, which is calculated between the reference subset,
f, and the target subset, g, whose dimensions are equal and are M × N pixels using the zero mean
normalized cross correlation method, as described by the formula below:

CCZMN =
∑M

i=1 ∑N
j=1

((
f (i, j)− µ f

)
×
(

g(i, j)− µg
))

√
∑M

i=1 ∑N
j=1

(
f (i.j)− µ f

)2
×
√

∑M
i=1 ∑N

j=1
(

g(i, j)− µg
)2

where µf means the intensity (luminosity) of the reference subset and µg means the intensity
(luminosity) of the target subset.

Displacements of the image subsets obtained using DIC were originally computed in pixels and
then converted into millimeters. To achieve this, the transition factor was used, calculated earlier using
calibration patterns. Strain field was calculated from displacements measured at points of interest
(grid points visible in Figure 4a). First, the region described by the convex hull of points of interest was
triangulated. Using bilinear functions, the interpolation of displacement was constructed on resulting
mesh. To obtain the strain values, derivatives in both the x and y direction were computed, and the
strain components were as following [du_x/dx, du_y/dy, (du_y/dx + du_x/dy)].

Figure 4b,c present the arrangement of the virtual points, served as optical strain gauges, according
to which the strains were calculated. The distances between those points were 18 mm (Figure 4b) and
9 mm (Figure 4c), depending on the measurement accuracy adopted.
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3. Behaviour of the Specimen and Significant Values

Two types of specimen behaviour were noted depending on the anchorage length. The first
one, with a distinctive yield phase, where displacement increased rapidly at an almost-constant force,
was noted for specimens with the anchorage length of 300 mm and 400 mm. This phenomenon is
presented in Figure 5 as the relationship between the measured force and relative sample elongation
calculated as a product of the elongation of the whole specimen and the initial grip spacing, which
was 930 mm in all tested specimens. The sharp drops in the graphs (in the last phase) result from
the specifics of the testing machine. Immediately after the failure of the specimen, the machine was
switched off, but as previously noted, there was a small increase in jaw spacing with a sudden decrease
in the force.
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Figure 5. Relationship force—relative elongation of the specimens with the anchor length of 400 mm
and 300 mm.

For specimens of the S/DL/MA/RS-400 series, the following values were considered significant:
The force at which the sample yielded with relevant stress values in the narrowest point of the sample
(the lowest cross-sectional area of the basic plate) and the maximum tensile force with relevant stress
values in the basic plate recorded during the test. The values are presented in Table 4. The values
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of the tensile stress (determined) measured upon the yield of the whole specimen was compared to
the actual proportionality limit for steel (determined in material tests, see Table 1). As a consequence,
plastic deformations occurred in the steel elements, which was confirmed by average permanent
elongation values of the steel elements measured after the tests reaching 27 to 35 mm. Note that
the steel used exhibited linear-elastic behaviour up to the stress of 750 MPa, which corresponds to
a 405 kN force. At this point, a clear increase in sample length was recorded. The behavior of the
components (yielding of the steel) indicates a “metal failure” (according to ASTM [23]), however,
due to the specimen geometry adopted, the flat bar was not broken. Yielding of the basic plate led to a
rapid increase in deformations of the adhesive layer, and resulted in its failure, which was a secondary
effect. The initiation of the adhesive failure has been forced here, because the yielded section of the
basic plate covered a part of the adhesive layer. With a high probability, it can be assumed that if the
yielded section of steel were outside the adhesive joint (i.e., the length of the basic plate between the
jaws of the testing machine and the edge of the overlap was significant longer—as recommended by
the standard [23]), there would be no failure of the adhesive.

Table 4. Static test results for the specimen with 400 mm and 300 mm anchorage.

Specimen

Yield
Force

Fy,400; y300
(kN)

Yield
Stress

σy,400; y300
(MPa)

Elongation
at Yielding,
εy400; y300

(%)

Max.
Force

Fu,400; u,300
(kN)

Max.
Stress

σu,400; u,300
(Mpa)

Elongation
at Failure,
εy400; y300

(%)

S/DL/MA/RS-400-1/P1 402 744 0.50 436 807 3.78
S/DL/MA/RS-400-2/P1 398 737 0.53 432 800 3.73
S/DL/MA/RS-400-3/P1 409 757 0.52 443 820 3.67
S/DL/MA/RS-400-4/P2 418 774 0.76 450 831 3.75

Average value: 406 752 - 440 815 3.73
S/DL/MA/RS-300-1/P2 393 728 0.69 431 798 3.11

The elongation of the whole specimen was caused both by the yield in the steel elements and
deformation in the adhesive layer that facilitated displacement of the overlaps in relation to the basic
plates. The excessive deformation of the steel elements is undesirable for the user, because of the
nature of their application (construction of the precise machines or structures). Therefore, the joint
bearing capacity was considered the yield force (Fy,400) of the specimen.

A particular variability of adhesive parameters related probably to its age was noted here.
The second tested model (S/DL/MA/RS-400-4/P2) demonstrated a slightly greater deformability than
the models bonded in the first series. This is indicated by the sample elongation upon yield (Table 4)
and greater slope of the F-ε plot for model S/DL/MA/RS-400/P2. This fact does not, however, affect
the recorded characteristic values (the yield and maximum tensile force) or the total elongation of the
sample at failure (Table 4). In the case of the first series, the adhesive was applied right after purchase.
Models in the second series were made using the same portion of the adhesive, which was stored for
about one year at room temperature, which could affect its parameters.

A slightly lower yield force, maximum tensile force, and a smaller failure elongation of the
specimen were measured for model S/DL/MA/RS-300 with the anchorage length of 300 mm than in
specimens with the anchorage length of 400 mm. The load-bearing capacity of the element (which is its
yield force) was only 3% lower than the average load-bearing capacity of models, where the anchorage
length was 400 mm.

The behaviour of the elements in both cases was correct. It demonstrated that the load-bearing
capacity of the adhesive was higher than the load-bearing capacity (here, it was identical to the force
necessary to cause yield in the steel cross-section) of the weaker of the two bonded elements.

The other type of behaviour of the specimens was noted for the anchorage length of 200 mm.
All the samples exhibited elastic behaviour until failure, which is shown in Figure 6, presenting
the relationship between the force and average elongation of the specimen (calculated in relation
to the initial grip spacing). No plastic deformation of the steel elements or the adhesive was
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recorded. The failure was sudden and violent, in the form of adhesive failure, i.e., debonding of the
adhesive from the steel surface. The following values were considered reliable values for specimens,
S/DL/MA/RS-200: The maximum tensile force (and relevant tensile stress values for the basic plate),
considered the joint load-bearing capacity in the study, and the ultimate elongation for this force. The
values are presented in Table 5. It is clear that the 200 mm anchorage length is insufficient to ensure the
full load-bearing capacity of the joint resulting from exceeding the capacity of the bonded elements,
which here resulted from the yield of the steel. The load-bearing capacity of elements with 200 mm
overlap anchorage was about 20% lower than for models with a 400 mm length. Thus, the described
nature of failure directly corresponds to the “adhesive failure”, according to ref. [23].
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Table 5. Static test results for the specimen with 200 mm anchorage.

Specimen Max. Force
Fu,200 (kN)

Max. Stress
σu,200 (MPa)

Elongation at Max.
Force, uu,200 (mm)

S/DL/MA/RS-200-1/P1 308 570 3.5
S/DL/MA/RS-200-2/P1 325 602 3.8
S/DL/MA/RS-200-3/P1 325 602 3.7
S/DL/MA/RS-200-4/P2 340 630 4.3

Average value: 325 601 -

It should be noted here that the investigated samples were made of high-strength steel. In the
case of plates made of typical structural steel, S235 or S355, a 200 mm anchorage would be enough to
cause yield in the basic plate if geometric parameters were maintained (the estimated yield force was
195 kN and 275 kN, respectively).

This group of models also demonstrated a slight variability of parameters of the adhesive in the
second series specimen (signed as P2), involving a slight increase in its deformability. It is clearly
visible on the force-relative elongation graph (Figure 6) and the measured elongation at the break of
sample S/DL/MA/RS-200-4/P2.

4. Mode of Failure

Two issues related to the failure of the elements are discussed. The first one concerns the final
failure pattern of the specimens. The second one describes a detailed mechanism of the failure (nature
of failure in terms of the standard [23]), which depends on the anchorage length used.

In all groups of elements, the final failure pattern was very similar—the connection between the
basic steel plate and the adhesive layer was broken. The places of debonding of the adhesive from the
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flat bar are visible in Figure 7a,b. In elements with the anchor of 400 mm, the debonding was initiated
at the end of the overlap where the basic element yielded (Figure 7a). In specimens with the anchorage
length of 200 mm, the debonding of the adhesives was initiated in the middle of the model where the
basic element ended (Figure 7b). The debonding of the adhesive was noted in all the cases between
the surface of the steel and the adhesive. The dominant failure surface was the interface between the
adhesive and the substrate element as 70% to 90% of the adhesive remained on the overlaps. This was
the case for all types of elements. The images of the adhesive layer surface left on the substrate flat
after the failure is shown in Figure 8 where picture (a) shows an S/DL/MA/RS-400/P1-group sample
and picture (b), sample S/DL/MA/RS-200-4/P2. The difference in adhesive color results from the
specimens’ storage conditions after the test.Materials 2018, 11, x FOR PEER REVIEW  9 of 17 
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Figure 8. The specimens after failure: Above the element from series S/DL/MA/RS-400/P1 and below
the element from series S/DL/MA/RS-200-4/P2.

In contrast to the final failure pattern, two different natures of failure identified in the specimens
clearly differentiated by the fact of reaching the yielding point of steel, or not, of the basic plate. On the
basis of the standard [23] in the specimens in which the yielding of the steel occurred (specimens with
300 and 400 mm anchorage lengths), the “metal failure” was determined. The failure of the adhesive
observed after the yielding of the steel was a secondary here, which results directly from the geometry
of the specimen. In the sample recommended in [23], the section of the basic plate between the jaws of
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the testing machine and the edge of the overlap had a length of 63.5 mm and a width of 25.4mm, hence
the ratio was 2.5:1. In the specimen tested, this proportion was 0.55:1, which makes it impossible to
completely plasticize the flat bar on its free section, outside the overlap. In specimens with a 200 mm
anchoring length, the debonding between the adhesive and steel plate occurred, which qualifies the
nature of failure as the “adhesive failure”.

This results in a different way of reaching the limit parameters of the glue, exceeding that
which caused the failure of the joint. The failure mechanism for models, S/DL/MA/RS-400-4/P2
and S/DL/MA/RS-200-4/P2, is clearly visible on longitudinal strain maps developed thanks to
optical measurements. Relevant strain maps are shown in Figures 9 and 10. The maps are shown for
selected loads (taken from the testing machine) and the corresponding total elongation of the specimen
measured in the testing machine. The color changing (from blue to the red) means a gradual increase
in the local longitudinal strain.Materials 2018, 11, x FOR PEER REVIEW  10 of 17 
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Figure 10. Longitudinal strain distribution maps at failure in S/DL/MA/RS-200-4/P2 specimen. 

Figure 10 presents a specimen with the anchorage length of 200 mm. Successive longitudinal 
deformation maps show a failure initiated in the central zone of the element (compared with Figure 
7b). This is compatible with the behaviour of specimens with 400 mm of anchorage length before the
yield of the basic plate, which did not occur in samples with the anchorage length of 200 mm. The 
strain reached at failure amounted to ca. 0.5%, which is equal to the strain value recorded in
specimens with an anchorage length of 400 mm (Figure 9) just before the yield phase (force value of 
400 kN). 
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testing machine, indicating a yield of this element. In the 200 mm-anchorage specimen, the values 
are one order lower, which means the steel exhibited elastic behaviour. In both cases, there are 
visible very strong strains in adhesive bands at the front of the overlaps, which locally exceed 100%
in the very loaded sample, S/DL/MA/RS-400-4/P2. The above-mentioned observations are consistent 
with the sample failure scheme described above.

Figure 10. Longitudinal strain distribution maps at failure in S/DL/MA/RS-200-4/P2 specimen.

Figure 9 shows the longitudinal strain distribution in the steel overlap at the anchorage length of
400 mm during the yield phase and at the ultimate failure. The parts of images with the basic plates
were blanked to improve clarity. It is clearly visible that up to the force of 440 kN, the strain was
increasing in the central zone of the element to reach around 0.7%. Above this force value, which is
virtually in the failure phase, the strain in the lower end of the overlap started to grow, which was
described in point 3 as an effect of the yield in the basic plate in this zone. After the maximum force
was reached, the whole specimen yielded (cf.: Graph in Figure 5) and the end of the overlap reached
high strain values (ca., 1.2 %) comparable to those in the central zone. This demonstrated that the
adhesive joint retained its full load-bearing capacity even in this phase as it was able to transfer such
large strains from the basic plate to the end of the overlap.

Detailed recognition of the failure mode of the specimens was possible only through the use of
optical measurements. The tensometric measurement, due to the limited number of sensors and their
localization, was not able to record it.

Figure 10 presents a specimen with the anchorage length of 200 mm. Successive longitudinal
deformation maps show a failure initiated in the central zone of the element (compared with Figure 7b).
This is compatible with the behaviour of specimens with 400 mm of anchorage length before the yield
of the basic plate, which did not occur in samples with the anchorage length of 200 mm. The strain
reached at failure amounted to ca. 0.5%, which is equal to the strain value recorded in specimens with
an anchorage length of 400 mm (Figure 9) just before the yield phase (force value of 400 kN).
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Figure 11 shows coherent strain maps of overlaps and basic plates at failure. The X-direction
means strain transversal to the force (horizontal in the figure) and the Y direction is the strain consistent
with the force vector direction (along the element). In the case of the specimen with the anchorage
length of 400 mm, a strong necking of the basic plate is clearly visible near the grips of the testing
machine, indicating a yield of this element. In the 200 mm-anchorage specimen, the values are one
order lower, which means the steel exhibited elastic behaviour. In both cases, there are visible very
strong strains in adhesive bands at the front of the overlaps, which locally exceed 100% in the very
loaded sample, S/DL/MA/RS-400-4/P2. The above-mentioned observations are consistent with the
sample failure scheme described above.
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Specimen S/DL/MA/RS-400-4/P2—438kN, (b) specimen S/DL/MA/RS-200-4/P2—330kN.

Generally, the presented maps indicate that in a given material (high-strength steel) and geometric
condition, the anchorage length of 200 mm is insufficient to create an effective joint (the adhesive layer
failed), and 400 mm provides the capacity of adhesive layer greater that the capacity of jointed elements.
From a single test of a specimen with a 300 mm anchorage length, it could be noted that under the
tested conditions, this bonding length seems to be long enough to make a full load-bearing joint.

5. Development of the Shear Strains

5.1. Comparison of the Tensometrical and Optical Measurements

A significant part of the conclusions for the specimen failure mechanism was based on optical
measurements of the strain. As was mentioned before, an original method for optical measurements
was applied here [29,30] as described in Section 2.3. The measurements were made for three specimens
of the P2 series. The probing frequency, limited by the capability to take and record very high-resolution
images, was, in a way, a drawback of the system. It was not an issue in this particular case as the
displacement increment was very slow (1.27 mm/min) and a single image was taken at about every
0.02 mm of displacement of the universal testing machine head.

A classic electrical resistance strain gauge method (tensometric method) was used to measure
the strain of every specimen (for the description of strain gauges locations, see Section 2.3). Despite
all its advantages (including a high reliability of results), this measurement system suffered from a
significant disadvantage, which was the limitation of the results caused by a limited number of strain
gauges per model (which, in turn, resulted from the limitations of instruments).
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As a result of the application of this measuring method, it was possible, on the one hand,
to determine the repeatability of the results (based on an analysis of strain measurements) and, on the
other hand, to compare results from both types of measurements, thus, in a way, verifying the original
optical method. The comparison was performed for the center of the investigated element, i.e., at the
locations where the basic plates broke, on overlaps. The results are shown in Figure 12.
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Figure 12. Comparison between the values measured using strain gauges and optical method.

The green plots show strain gauge results and red plots show the results of virtual optical strain
gauges located near the centre of the element. The strain plots from the strain gauges and optical
measurements were similar over almost the whole course of the experiment. It was not until the failure
phase (clearly outside the range of the Hooke’s law) that the optical measurement indicated a slightly
larger strain than the strain gauges. Note that the strain gauge and optical measurements were made
on the opposite sides of the element (on different overlaps) and, therefore, their results may differ
due to the unavoidable axial misalignment of the specimen, which was most apparent during the
failure phase.

The accuracy of the optical measurement is comparable with traditional measurement systems, but
optical measurement facilitates the generation of strain-stress curves for more points simultaneously
without using any additional physical sensors.

5.2. Distribiutions of Strains and Displacements (Slip)

Due to the comprehensive nature of the optical measurements involving the whole investigated
element, further strains resulted from this measuring system. The above-mentioned conformity with
the results of typical strain gauge measurements fully substantiates this approach.

Figures 13 and 14 show strain graphs over the whole overlap length for specimens, S/DL/MA/
RS-400-4/P2 and S/DL/MA/RS-200-4/P2. Small areas of the negative strain values can be seen in the
diagrams. In the case of Figure 14, in the initial loading phase, these values result from small initial
imperfections of the elements. In both graphs (Figures 13 and 14), such values are also visible in the
failure phase—this is due to uneven failure of the adhesive layer on both sides of the specimen, and
thus from the appearance of the temporary eccentricity of the force, which causes local bending. This
is evidenced by the fact of the shift of the negative values zone visible in Figure 13, along with the
progressive yielding of the overlap (just prior to the failure of the adhesive).
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In both cases, there is a rather typical strain distribution observed for smaller loads. The strain
reached the maximum value in the middle of the specimen, where the continuity of the basic plate was
broken, i.e., where the overlaps do not work with the base. Next, the strain gradually decreased over
the length of the overlaps to reach the lowest value near where the overlap ended. In the case of the
element with the effective anchorage length (400 mm), this changed rapidly directly before the failure
phase when a rapid increase in strain took place near an end of the overlap (cf. Figure 9). This seems
illogical, but can be easily explained by the yield of the basic element. A rapid increase in the strain
in the base caused the observed increase in the strain in the ends of the overlap. This confirmed a
huge ability of the adhesive to transfer high deformation of the basic steel element into the overlap.
The final failure occurred when the strain exceeded the shear deformability (strength) of the 1.2 mm
thick layer of adhesive. It is clearly visible in Figure 15a, which shows the behavior of the basic plate at
selected load levels. As was mentioned above, the adhesive failed as a result of the enforced significant
deformations, which was shown in the slip values calculated as a mutual dislocation between the
overlap and basic plate—Figure 15b. Within the interval of the elastic steel strain, up to 400 kN of
load, the mutual displacements over the length of the joint did not exceed 0.5 mm and were the
greatest in the central part of the element. They grew rapidly at larger loads, in particular near the
end of the overlap. All this builds a coherent image of a failure for the 400 mm anchorage length
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specimen in which the adhesive ensures full load-bearing capacity of the joint over the whole interval
of elastic behaviour of steel elements (at low strains). Then, together with the yielding of the basic steel,
the adhesive layer exhibited a plastic behaviour, which allowed the transfer of significant deformation
(Figure 15b). Finally, the further increase in deformation led to the sudden failure of the adhesive,
in which the ultimate shear strain was exceeded. No progressive failure of the adhesive was observed.
The described behavior is clearly visible on the relevant strain maps (cf. Figure 9).
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slip between the overlap and basic plate.

In the case of the 200 mm overlap, the failure took place in the elastic phase at the steel so the
above-mentioned change in the strain system did not happen. Thus, the direct cause of the failure
was the fact that the load-bearing capacity of the adhesive joint was exceeded, which indicates that its
length was insufficient (for the specific geometry and steel grade). In this case, a quasi-brittle failure
occurred, which is clear from the violent course at a relatively low (below 0.5 mm) displacement of
overlaps in relation to the basic plate (Figure 16a,b). It was confirmed in the optical measurement
results (cf. Figure 10).
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Note that the strain values in both elements were comparable at the same load level.

6. Conclusions

Adhesive joints are not very popular in the construction industry today. They usually are second
to other fastening methods or are used to strengthen the structure. A typical solution is to glue FRP
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laminates to steel structural components. This approach makes use of epoxy adhesives dedicated to
specific joint systems. The drawback is high stiffness, which causes stress concentration at the ends
of the joined elements and brittle failure of the joint. It is, however, justified insofar as the laminate
matrix is also an epoxy resin, the parameters of which are comparable to the adhesive.

In steel-to-steel joints, the epoxy resin is too stiff and brittle, which does not ensure full use of the
capacity of the joined elements. In such a case, the selection of the appropriate adhesive becomes the
key issue. This problem was previously considered, first on the basis of a literature analysis and then
in preliminary comparative tests [19] that included a group of methacrylate adhesives, available on
the Polish market. As a result, the one with the best projected features was presented in this study.

The present study experimentally confirmed the appropriateness of the use of a methacrylate
adhesive in steel-to-steel joints made of high-strength steel and subjected to static loads. The tests were
carried out on elements with dimensions comparable to actual construction elements to minimalize
size-effect influences. This is important because a number of tests available in the literature were
performed on very small samples, which may cause overestimation of the capacity.

The main conclusions derived from the analysis are:

1. The bonding length, ranging between 300 mm and 400 mm, and the adhesive layer thickness
of 1.2 mm provide the capacity of the adhesive joint to be higher than the capacity of a single
steel component;

2. The specimen behavior depended on the anchorage lengths and resulted in quasi-brittle behavior
of the models in the case of 200 mm anchorage, and ductile behaviour, when the anchorage length
exceeded 300 mm;

3. The nature of failure, according to the standard [23], is strongly related to the anchorage length;
in specimens with a 200 mm anchorage length, the adhesive failure was observed, while in
specimens with 300 and 400 mm anchorage lengths, the metal failure (steel yielding) occurred
and the failure of the adhesive (debonding) was a secondary effect;

4. The longitudinal deformability of the adhesive was relatively high, as evidenced by the possibility
of transferring the deformation from the yielded base steel plate to the overlap.

At present, further laboratory tests are being carried out to determine the behavior of identical
steel-to-steel joints (made with the same methacrylate adhesive) subjected to cyclic loads in fatigue
tests. The results will be presented in the next paper. At the same time, the parallel research group
is carrying out in-depth material tests of the methacrylate adhesive used (according to different
standards), including analyses to help predict the aging of the adhesive in a joint. The obtained data
will be used to create a numerical model. It will be validated using the results of the research presented
in this paper and the results of fatigue tests. This effort will result in a numerical and analytical model
to predict the behavior of various types of structural joints where the tested adhesive is used under
various loads and exploitation conditions.
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19. Hulimka, J.; Kałuża, M. Preliminary Tests of Steel-to-steel Adhesive Joints. Procedia Eng. 2017, 172, 385–392.
[CrossRef]
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Chapter 6

Other practical applications of the
designed system

During the development of the proposed system was used for different types of studies
conducted mainly in the Institute of Building Materials and Engineering Structures at
the CUT. The system was used to extend the range of results obtained during standard
measurements using traditional sensors and in cases when the measurement of the neces-
sary parameter value characterizing the material or structural element was impossible
due to the limitations of the traditional measurement methods.

The results in this section are under preparation for publication or have already
been published in other journals or conference papers not included in chapter 5. Some
of them were also included and revised in other PhD dissertations carried out at CUT.

The tests described in this chapter were carried out using the following acquisition
devices:

• DSLR camera Nikon D5100 (16.1 Mpx image sensor),

• DSLR camera Nikon D5300 (24.2 Mpx image sensor),

• DSLR camera Nikon D7500 (20.9 Mpx image sensor),

• machine vision camera Allied Vision Manta G-235 (2.35 Mpx image sensor),

and lenses:

• Nikon 10-24 AFS DX G ED,

• Nikon 18-55 AFS GII ED,

• Nikon 18-55 AFS GII VR,

• Sigma 17-50 EX DC OS HSM,

• Sigma 70-300 APO DG,

• Sigma 150-500 APO DG HSM,

• Tamron 10-24 SP AF DI.

149
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6.1 Material tests of high performance concrete

The results presented in this section are included in the following doctoral dissertation:

• Kijania-Kontak M., Research of bond between high performance concrete and high
strength steel = Badania przyczepności między betonem wysokowartościowym a
stalą wysokiej wytrzymałości, PhD Thesis, Cracow, 2018.

and has been presented in following publications:

• Tekieli M., Kijania-Kontak M., Winnicki A., Experimental study of elastic mod-
ulus using standard tests and optical measurements, Proceedings of The 12th fib
International PhD Symposium in Civil Engineering, 29-31 August 2018, Prague,
Czech Republic, ed. by Alena Kohoutková [et al.], 2018, p. 715-722.

• Kijania-Kontak M., Tekieli M., Badania właściwości betonu z wykorzystaniem
metod normowych i pomiarów optycznych = Concrete properties examination
using standard tests and optical measurement , Nowoczesne projektowanie i real-
izacja konstrukcji budowlanych 2017 : praca zbiorowa, red. nauk. Magda Kijania-
Kontak, Kraków : SKNKŻ Conkret, 2017, p. 32-42.

One of the stages of the research was Young’s module estimation for three classes of con-
crete - two high-strength concrete C60/75, C70/85 and one standard concrete C30/37.
Tests has been carried out using the guidelines contained in two standards. Two of the
test methods - A and B - are described in PN-EN 12390-13 [2] standard and one test is
defined in Eurocode 2 2008 [1]. Test stand for Young’s modulus estimation using LVDT
sensors and optical measurement can be seen in figure 6.1.

Figure 6.1: Test stand for Young’s modulus estimation using LVDT sensors and optical
measurement.
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The tests have been performed on two types of samples - cylinders and cuboids.
The main aim of the performed experimental research was to examine the differences
between test results obtained using three different standards. Analyzing the results, it
was noted that all three methods give similar results as can be seen in figure 6.2.

(a) (b)

(c) (d)

(e) (f)

Figure 6.2: Comparison of the results obtained using LVDT based system (solid blue
line) and optical measurement (dotted red line) for method A (a, b), B (c, d) and EC2
(e, f) on cuboid sample (a, c, e) and cylindrical sample (b, d, f).
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The slight differences in the results in the diagrams shown in figure 6.2 result from
the fact that traditional and optical measurements were carried out on different sides of
the tested specimen. Table 6.1 shows the results of Young’s modulus estimation using
LVDT and optical based measurement.

Table 6.1: The results of the elastic modulus estimation tests on selected samples using
LVDT sensors and DIC method.

Method
Cuboid [GPa] Cylinder [GPa]

LVDT Optical LVDT Optical
A 44.1 39.2 18.9 18.1
B 42.5 42.9 20.8 19.5
EC2 41.9 41.9 19.5 19.5

The determination of the Young’s modulus by means of traditional and optical
measurement was the validation of the accuracy and measurement resolution of the
used vision-based system. After obtaining compliance results from both measurement
methods additional test has been carried out using optical measurement which provided
wider information on the tested specimen behaviour.

The optical measurement method has been used during the axial tensile strength
test. The main advantage of using the vision-based measurement method is that there is
no need to incise the specimen in a particular place, because using optical measurement
it is possible to obtain the strain maps on the whole surface of the specimen. Figure
6.3 shows the longitudinal strain fields for the tested specimen. The first strain map
shows the deformation field on the specimen surface at the moment when the load value
is equal to 90% of the maximum load. The second maps shows the deformation field
just before the specimen is destroyed. As can be noticed, first map shows that the
longitudinal strain is about 0.2‰ on the whole surface of the specimen.

(a) (b)

Figure 6.3: Longitudinal strain maps for axial tensile strength test during the load (a)
and before the specimen collapse (b).
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On the second map, a local strain value of 1.5‰ can be observed in place where the
specimen has been fractured. In other places of the specimen surface strain is still equal
to 0.1 − 0.2‰. This is quite an interesting observation because most of the test results
indicate that the maximum strain at axial tensile strength test for tested concrete
is about 0.15‰. In figure 6.4 specimen after the test is presented. As can be seen,
disintegration of the sample occurred in the place where previously micro-deformation
has been observed in the longitudinal strain maps.

When interpreting the results from the presented deformation maps, it should be
noticed that during a standard measurement the deformation is measured on the basis
of 45 mm. Thus, to more thoroughly investigate obtained results, additional optical
measurement based on virtual tensometers has been carried out. Figure 6.6 shows a
sample with virtual tensometers on its surface. Virtual sensors have different measuring
bases - from about 10 mm for the first sensor to 100 mm for the fifth sensor. The plot
also shows the longitudinal strain values obtained for all sensors. As can be noticed,
for the sensor with the measuring base equals to 45 mm the measured strain value is
equal to 0.3‰. This result is identical to the value obtained from the full axial tensile
strength test for C70/85 concrete performed using traditional measurement.

Figure 6.4: Specimen after the axial tensile strength test.

Figure 6.5: Virtual tensometers with various measuring bases placed on the surface of
the specimen. The red line indicates the place of destruction of the sample.
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Figure 6.6: Development of longitudinal strain values for various measuring bases.

In the splitting tensile tests vision-based measurement has been used to observe
the micro-damage that occurs in the specimen before its destruction. Micro-damage
zones signal the appearance of strain concentration and the occurrence of micro cracks
that can not be observed with the naked eye or even with the Brinell measuring stand
magnifier. The development of micro-damage zones on the surface of the specimen is
shown in figure 6.7.

(a) (b) (c)

Figure 6.7: Development of strain concentration and micro-damage zones in splitting
tensile test.
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Figure 6.8 shows the high-resolution magnification of the specimen surface where
strain concentration zone has been observed in the deformation maps. As can be noticed,
any deformation or micro-cracks can not be observed using naked eye. In figure 6.9
specimen after the test has been shown.

Figure 6.8: High-resolution magnification of the specimen surface where the strain
concentration occurs.

Figure 6.9: Specimen after splitting tensile test.



156 6.1. MATERIAL TESTS OF HIGH PERFORMANCE CONCRETE

Optical measurement has also been used during compressive strength tests. What
is worth noting, is that use of vision-based measurement allowed to indicate the cases,
in which the tested specimen collapsed in an improper way. Figure 6.10 presents the
deformation field for the last stage of the specimen loading just before the specimen
collapse. As can be seen, strain distribution is strongly asymmetrical. The highest
strain values occur in the right part of the specimen surface. This may be due to
many factors such as the heterogeneous arrangement of the concrete components or the
incorrectly carried out production process but in most cases, this situation is related
to the incorrect geometry of the specimen. In the case where the area of contact of
the specimen with the testing machine heads is distorted, described anomalies can took
place. In this case, obtained results of compressive strength should be rejected or during
the statistical calculations these results should be marked by assigning them less weight.

Figure 6.10: Specimen after splitting tensile test.

Using images taken during other compressive strength tests, distributions of the
transverse strain has been also obtained. In figure 6.11 tested specimen with a set of
virtual tensometers is presented. Each virtal sensor measures the transverse strain at
different height of the sample. Results obtained for cubic specimen can be seen in figure
6.12. Similar procedure has been implemented for cuboid specimen. In figure 6.13 the
set of virtual tensometers can be seen. Results obtained for the cuboid specimen can be
seen in figure 6.14. Figures 6.12 and 6.14 present curves of transverse strain distribution
along the specimen height at consecutive load levels.
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Figure 6.11: Cubic specimen with virtual tensometers for transverse strain measure-
ment.

Figure 6.12: Transverse strain development during the cubic specimen load in com-
pressive strength test.
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Figure 6.13: Cuboid specimen with virtual tensometers for transverse strain measure-
ment.

Figure 6.14: Transverse strain development during the cuboid specimen load in com-
pressive strength test.
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6.2 Concrete beams reinforced with high-strength steel test-
ing

The results presented in this section has been presented in following publication:

• Rewers I., Tekieli M., Metoda DIC jako rozszerzenie standardowych metod po-
miarów na przykładzie zginanej belki żelbetowej = DIC method as an extension
of standard measurement methods on the example of a reinforced concrete beam
subjected to bending, Nowoczesne projektowanie i realizacja konstrukcji budow-
lanych 2018 : praca zbiorowa, red. nauk. Magda Kijania-Kontak, Iga Rewers,
Kraków, SKNKŻ Conkret, 2018, p. 91-104.

The designed system has also been used in the field of concrete beams reinforced with
high-strength steel testing. Test stand for vision-based measurement has been presented
in figure 6.15. The freely supported reinforced concrete beam was loaded with two
concentrated forces. In this way, four-point bending and a zone of constant moment
in the middle part of the beam (between the applied forces) were obtained. Beam
geometry and its reinforcement are shown in figure 6.16.

Figure 6.15: Test stand for concrete beam reinforced with high-strength steel testing.

Figure 6.16: High-strength steel reinforced beam geometry and its reinforcement.
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Deformations of concrete on the side surface of the beam, in the zone of a fixed mo-
ment, were read using demountable mechanical strain gauge (DEMEC) with a 100 mm

measuring base. The system of glued measuring points is shown in figure 6.17. The
measuring points created a measuring grid consisting of 17 columns and 6 rows. The
measurement of deformations was also carried out on the opposed side of the beam us-
ing LVDT inductive sensors with a measuring base 200 mm. The sensors were arranged
in three columns. The axis of the central column coincided with the axis of the beam,
while the axes of the outer columns of the sensors were located at a distance of 400 mm

from the axis of the beam. Each column consisted of 6 sensors distributed over the
beam height, so that the elevation heights correspond to the rows of benchmarks on the
opposite side of the beam which has been shown in figure 6.18.

Figure 6.17: Scheme of glued measuring points for demountable mechanical strain gauge
measurements.

Figure 6.18: Scheme of LVDT sensors location.

In order to carry out a vision-based measurement, it was necessary to adequately
prepare the surface of the tested object. For this purpose, the surface of the beam was
covered with a random pattern made with spray paint. In addition, markers with high
contrast, consisting of concentric circles, were placed near the measuring points used
for traditional measurement. The aim was to reproduce the measurement grid, which
was used during the measurement with the use of DEMEC. Properly prepared beam
surface can be seen in figure 6.19.
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The loading cycle consisted of 9 phases. After each phase, traditional measurement
based on demountable mechanical strain gauge has been performed. The measurement
with the use of LVDT sensors was carried out continuously. Optical measurement took
place with an interval of 5 seconds during each phase. At the end of each phase,
the optical measurement was stopped, because the traditional measurement made it
impossible to observe the surface of the beam.

Figure 6.19: Surface of the beam prepared for vision-based measurement.

First, a comparison of the results obtained with the use of LVDT sensors and optical
measurement was performed. Figure 6.20 shows the arrangement and numbering of
LVDT sensors and the color assigned to each of them.

Figure 6.20: Arrangement and numbering of LVDT sensors and the color assigned to
each of them.

Figure 6.21 presents a comparison of results obtained from traditional measurement
based on LVDT and optical measurement. In the last phase, which lasted until the
collapse of the beam, the optical measurement was turned off to avoid damage to the
cameras.
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(a) (b)

Figure 6.21: Comparison of the traditional measurement based on LVDT sensors (a)
and vision-based measurement (b).

The virtual tensometer marked VT I means that the sensor placed at the level of the
first row (I). The virtual tensometer denoted as VT VI corresponds to LVDT sensors
placed at sixth row (VI).

The next step of the research was to compare the results obtained with the use of de-
mountable mechanical strain gauge and optical measurement. In figure 6.22 traditional
measuring technique is presented. As can be noted, two people are needed to perform
the measurement in a relatively short time. Despite this, the traditional measurement
takes from a dozen to several dozen minutes and may be fraught with human errors.

Figure 6.22: Traditional measurement technique using demountable mechanical strain
gauge.

The comparison between traditional and vision-based measurement results is shown
in figure 6.23. Measuring points at rows IV and VI were selected for the comparison.
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(a) (b)

(c) (d)

Figure 6.23: Comparison of the traditional measurement based on demountable mech-
anical strain gauge (a, c) and vision-based measurement (b, d) for row IV (a, b) and
row VI (c, d).

It is worth noting that the optical measurement did not require manual reading of
strain values for the whole grid of measurement points and was performed using the
computer within several dozen seconds.

The last and the most important stage of the study was determination of the de-
formation field for the central part of the beam’s surface. The purpose of this was
to make a quantitative and qualitative description of the distribution of cracks on the
surface of the beam. Figure 6.24 presents deformation maps in X and Y direction for
subsequent phases of the loading - in this case for phases 1, 3, 5 and 8.

As can be seen in figure 6.24, the first vertical cracks appeared in the first phase of
the loading. In the third phase subsequent vertical cracks on the bottom part of the
beam appeared. In the fifth phase, there were numerous diagonal cracks at the bottom
of the beam. Finally, in the eighth phase also horizontal cracks appeared. The color
scale in figure 6.24 has been set the same for all phases to ease the deformation fields
analysis.



164
6.2. CONCRETE BEAMS REINFORCED WITH HIGH-STRENGTH STEEL

TESTING

Figure 6.24: Deformation fields in X and Y direction on the beam surface between axes
F and A’ for various phases of loading.

Results presented in figure 6.24 can be compared with the hand-drawn cracks’ ar-
rangement scheme which is shown in figure 6.25. As can be seen in mentioned figures,
both schemes are convergent.
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Figure 6.25: Hand-drawn cracks’ arrangement scheme with the cracks’ width denoted.

Using a vision-based measurement, it was also possible to determine the width of
cracks continuously. The measurement was carried out by analyzing the displacement
of two points on both sides of the crack which is shown in figure 6.26a. It is worth
noting that the points should be as close as possible to the crack to avoid the error
associated with the deformation of the concrete itself. The results of the measurement
of the width of the three most visible vertical cracks is shown in figure 6.26b.

(a) (b)

Figure 6.26: Continuous vision-based measurement of the cracks’ width (b) based on
the displacements of two points for each crack (a).
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6.3 Steel plate-concrete composite beams testing

The results presented in this section are included in the following doctoral dissertation:

• Kisała D., Flexular strength and deflection of steel plate-concrete composite beams
= Nośność i ugięcia belek zespolonych typu stalowa blacha-beton, PhD Thesis,
Cracow, 2017.

and has been presented in following publication:

• Kisała D., Tekieli M., Experimental study on welded headed studs used in steel
plate-concrete composite structures compared with contactless method of meas-
uring displacement, IOP Conference Series: Materials Science and Engineering,
2017, Vol. 245, p. 1-10, World Multidisciplinary Civil EngineeringArchitecture-
Urban Planning Symposium 2017 (WMCAUS 2017), Prague, Czech Republic,
12-16.06.2017.

The designed system has also been used in the field of steel plate-concrete composite
beams testing. The rapid development of composite structures has led to a new struc-
tural concept known as steel plate-concrete composite beams. The aim of the research
was to solve the fundamental problems related to the determination of the bending res-
istance and deflections, taking into account the effect of slip that occurs at the interface
plane. The tests were carried out using two traditional measurement systems based on
LVDT sensors and vision-based system which is the subject of this doctoral dissertation.

The examination of discussed beams was carried out on six specimens, which had
5.0 m span and rectangular cross-section 250x500 mm. Beams were subjected to three-
point bending until the concrete compression zone was crushed, which was identified as
having achieved the flexural strength.

The test stand has been presented in figure 6.27. During the examination, images of
the each beam surface were taken by five cameras that were spaced along the beam. In
order to synchronize the process of image registration on different cameras, the digital
intervalometer and connection cables were used. To obtain the deformation fields on
the beam’s surface, its central zone was covered with randomly located black dots which
were the measuring points for the vision-based measurement. The central part of the
beam is shown in figure 6.28. In order to determine the slip between the steel plate and
the concrete part of the beam, markers in the form of small cubes with a pattern of
concentric circles were placed on the bottom surface of the steel plate which is shown
in figure 6.29. In contrast to the traditional measurement by which the slip value was
determined only at the ends of the beam, using a vision-based measurement it was
possible to determine the slip in much more points over the entire length of the beam.
Figure 6.30 shows the original setting of the markers at which slip measurement was
made and their mutual displacement after applying the load.
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Figure 6.27: Test stand for steel plate-concrete composite beam testing.

Figure 6.28: Central zone of the tested composite beam.

(a) (b)

Figure 6.29: Original setting of the markers at which slip measurement was made (a)
and their mutual displacement after applying the load (b).
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The first step in the analysis of the results was to compare the beam deflection
value in the middle of its span obtained from three different measurement systems -
two LVDT based (named SPIDER and QUANTUM) and one vision-based. Figure 6.30
presents the comparison of the obtained results. As can be seen, results from the LVDT
based system named SPIDER are very well correlated with the results obtained from
the vision-based system. Slightly different values were returned by the second LVDT
based system named QUANTUM. The reason for this situation is to be found in the
fact that both traditional measuring systems were mounted on opposite sides of the
beam. On the front side of the beam, vision-based measurement and measurement
using the system named SPIDER were performed and on the opposite side of the beam
the measurement was performed using the system named QUANTUM.

Figure 6.30: Deflection of the composite beam measured using three different measure-
ment systems.

After the validation of the system described above, the next step was to generate
deformation fields of the beam surface. Figures 6.31 and 6.32 presents the development
of the strain values in X and Y direction for two various beams - the first one with
a steel plate with a thickness of 10 mm and the second one with a steel plate with
a thickness of 16 mm. Similar to the beam test described in section 6.2, it is also
possible here to trace the distribution of cracks on the beam’s surface from the moment
when the first vertical crack appeared, through the appearance of diagonal cracks to
the appearance of horizontal cracks in the lower part of the beam. Furthermore, on
the presented deformation maps it can be observed that the layout of the cracks closely
corresponds to the distribution of the joints between the steel sheet and the concrete
part of the beam.

It is also worth noting that the appearance of the cracks on the generated maps
takes place before they are visible to the naked eye. This is due to the high resolution
of the optical measurement and its high accuracy.
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Figure 6.31: Deformation fields in X and Y direction on the surface of the concrete
part of the composite beam with a steel plate with a thickness 10 mm.
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Figure 6.32: Deformation fields in X and Y direction on the surface of the concrete
part of the composite beam with a steel plate with a thickness 16 mm.
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The last step in this research was to determine the slip between the steel plate and
the concrete part of the beam over its entire length. Similarly to the optical system
validation when measuring the deflection of the beam, a similar check was also made
here for both ends of the beam where LVDT sensors were mounted. A comparison of
the measured slip value at the ends of two beams with a steel plate with a thickness
of 16 mm is shown in Figures 6.33a and 6.33b respectively. The first beam has been
marked with the symbol SPCC_5 and the second one with the symbol SPCC_6. The
measurement results using the traditional measurement system were marked in blue
and the vision-based measurement results were marked in dark yellow. The solid and
dashed lines indicate slides on the left and right side of the beam respectively. Again,
it is worth to emphasize, that the use of optical measurement allowed to determine the
slip between the steel plate and the concrete part of the beam at several dozen points
along the length of the beam. A broad discussion of the dependence of the slip on the
load value has been widely presented and discussed in the Kisala’s doctoral dissertation
mentioned at the beginning of this section.

(a) (b)

Figure 6.33: Force-slip dependence on the ends of composite beams with a steel plate
with a thickness of 16 mm.
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6.4 Prestressed crane runway beams testing

The designed system was also applied for presstressed crane runway beams testing. The
tests were carried out on beams which had 6.0 m span. The deformation of the beam
was observed during the three-point bending test with the force applied in the middle of
the beam span. Test stand for this research with the numbering of the acqusition devices
is shown in figure 6.34. Optical measurement was carried out using three synchronized
DSLR cameras located at the center of the beam. The side surface of the beam was
prepared for the vision-based measurement by whitewashing and applying the random
pattern of black dots using spray paint which is shown in figure 6.35.

Figure 6.34: Test stand for prestressed crane runway beam testing in three-point bend-
ing test.

Figure 6.35: Surface of the prestressed crane runway beam prepared for the vision-based
measurement.

In figure 6.36 the deformation fields in X and Y direction has been presented for
various stages of loading the beam.
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Figure 6.36: Deformation fields in X and Y direction on the surface of the prestressed
crane runway beam.
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Optical measurement was also used to analyze the width of cracks formed on the
surface of the beam and to determine the moment in which each of them was created.
The load cycle consisted of two phases - the first one which was the initial stage with
relatively small load value and the second one - carried out to the collapse of the beam.
As can be seen in figure 6.37b, first vertical crack formed exactly in the middle of the
beam span and appeared at the initial stage of loading. After the initial phase the beam
load was reduced to zero and the crack was almost completely closed and appeared again
during the main phase of the loading. It is also worth paying attention to the fact that
no cracks were observed during the visual assessment of the beam surface with the
naked eye during the initial phase of the loading.

(a)

(b)

Figure 6.37: Numbering of the analyzed cracks (a) and the cracks’ width during the
loading procedure (b).
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6.5 Masonry structures testing

The results presented in this section has been partially presented in following publica-
tions:

• Łątka D., Tekieli M., Optical measurements in the field of masonry construction
laboratory tests, Journal of Interdisciplinarity in Theory and Practice, 2016, Nr
10, p. 162-168.

• Łątka D., Tekieli M., Contactless method of measuring displacement in the study
of brick prisms, Advances and Trends in Engineering Sciences and Technologies
II : proceedings of the 2nd International Conference on Engineering Sciences and
Technologies, High Tatras Mountains, Tatranské Matliare, Slovac Republic, 29
June – 1 July 2016, eds. Mohamad Al Ali, Peter Platko. – Leiden : CRC
Press/Balkema, 2017, p. 519-524.

• Łątka D., Tekieli M., Health monitoring of existing structures using selected
diagnostic tests and optical measurement methods, Diagnosis and material issues
in the 20th century architecture = Diagnostyka i zagadnienia materiałowe w XX-
wiecznej architekturze: praca zbiorowa, ed. by Janusz Mikuła, Kinga Korniejenko;
Politechnika Krakowska im. Tadeusza Kościuszki. – Kraków: Wydaw. PK, 2016,
p. 141-149.

The designed system has been used in the field of various masonry construction laborat-
ory tests. One of the performed research were the tests of the masonry prisms. Usually,
in tests determining the strength and elastic characteristics of masonry prisms, the
LVDT sensors are used. Unfortunately, they often require installation directly on the
tested surface. Other weaknesses of this method of measurement is that the LVDT
sensor measures displacement only in one direction, and that the sensor measuring
range and the base length need to be determined even before the test.

It should be emphasized, that there are numerous important limitations of this
approach, such as: the long time required to install the LVDT sensors, their high price
as well as the need to involve a qualified personnel. During the test, the sensors veil a
part of the surface, thus making it difficult to observe the occurrence and development
of cracks. They also tend to fall away at higher levels of deformation. The alternative
is to use the contactless displacement measurement method, based on optical recording
using a high resolution camera.

Test stand for the masonry bricks testing is shown in figure 6.38. Due to the fact
that many LVDT sensors were placed on the surface of the sample, optical measurement
took place at measurement points marked with paper markers glued to the surface of
the sample which is shown in figure 6.39. The sample was not painted white and there
was no random pattern in the form of black dots because according to the wishes of
the author of the research, during the load the assessment of crack formation with the
naked eye was carried out.
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First, a comparison was made between the results obtained from two measurement
systems - traditional and vision-based. The deformation value from one of the LVDT
sensors was compared with the survey obtained using the vision-based measurement
using the same measuring base. Results of the comparison are presented in figure 6.40.

Figure 6.38: Test stand for masonry prisms testing.

Figure 6.39: Surface of the masonry prism with paper markers placed on it.

(a) (b)

Figure 6.40: Comparison of the results of the vision-based measurement with the results
from the LVDT sensors.
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For two largest of the tested prisms made of seven layers of bricks deformation maps
were generated. The results can be seen in figures 6.41 and 6.42 where also the main
cracks pattern is presented for each prism. The presented scheme of the cracks’ location
was made during the test using the naked eye. Analyzing the deformation maps it can
be seen that the mortar layers are the zones in which the greatest deformation in the
Y direction occurs. The material is crushed there.

It is also worth taking into account the fact that due to the relatively sparse grid of
measurement points, the deformation fields are fuzzy, and the cracks are not as clearly
visible as in the cases described in 6.1, 6.2, 6.4 and 6.6.

Figure 6.41: Deformation fields in X and Y direction for the first seven-layer prism.

Figure 6.42: Deformation fields in X and Y direction for the second seven-layer prism.
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Vision-based measurement was also used in the field of other tests named double
flat-jack test. Generally a flat-jack consists on a plane welded metallic reservoir, with
two openings for the fluid input and (or) output, which are inflated with oil through
a pressurization system. This technique was initially created for testing rocky terrain,
having been exported to the evaluation of the stress state and mechanical behaviour
of masonry structures. This technique is considered moderately destructive and has
two setup outlines: using one (simple) or two (double) flat-jacks. The double flat-jack
test was created to determine on-site the behaviour curves (stress vs deformation) of
materials and, therefore, to estimate its elastic modulus. The test stand for the double
flat-jack test is shown in figure 6.43. As in case of masonry prism testing, also here the
measuring points for the vision-based measurement were defined using paper markers.

Figure 6.43: The test stand for the double flat-jack test.

In figure 6.45 deformation fields in both directions for increasing values of oil pressure
in the both jacks are presented. While 6.44 shows the magnification of two micro-cracks
that appeared on the surface of the specimen during the test, which resulted in the
appearance of larger deformations in the X direction on the deformation map.

Figure 6.44: The magnification of two micro-cracks that appeared on the surface of the
specimen during the test.
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Figure 6.45: Deformation fields in X and Y direction on the surface of the tested
specimen during double flat-jack test.
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In parallel to testing the entire structural elements, material tests of the mortar
were also carried out. The tests were carried out on samples with a cross-section of 30

by 30 mm. In figure 6.46 deformation fields of the mortar specimen are presented for
increasing compressive force.

Figure 6.46: Deformation fields in X direction on the surface of the tested mortar
specimen.

In the context of testing masonry structural elements, other tests were also per-
formed at the Silesian Univerity of Technology in cooperation with Doctor Marta
Kałuża. In figure 6.47 results obtained during diagonal shear test of the masonry
structure made of aerated concrete blocks are shown.
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Figure 6.47: Strain fields in X and Y direction and shear strain fields for the specimen
in diagonal shear test.
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6.6 Concrete elements bonded polymer flexible joints test-
ing

The results presented in this section has been partially presented in following publica-
tion:

• Zdanowicz Ł., Kwiecień A., Tekieli M., Seręga S., Interaction of polymer flexible
joint with concrete elements in an uniaxial tensile test, High tech concrete : where
technology and engineering meet : proceedings of the 2017 fib Symposium, held in
Maastricht, The Netherlands, June 12-14, 2017, eds. D. A. Hordijk, M. Luković.
– Cham : Springer, p. 1049-1057.

The vision-based measurement using designed system was also implemented in the field
of the flexular tests of concrete elements bonded with polymer flexible joints. Polymer
Flexible Joint (PFJ) is a method for repair of concrete elements, which is capable of
carrying loads and deformations effectively. The research presents the possibility of
application of PFJ on beams subjected to flexure and describes the influence of such
joints on concrete elements. Experimental investigation was conducted to determine
the behaviour of concrete in four-point bending test. The test stand for this studies is
shown in figure 6.48.

The research programme included flexural tests of plain concrete elements with a
notch as well as tests of elements, which after failure were connected with PFJ. Using
vision-based measurement particular attention was paid to the stress redistribution in
concrete. The application of PFJ influences load capacity of the connected concrete
elements. Furthermore, because of stress redistribution, the connected elements can
bear larger strains than original ones.

Figure 6.48: The test stand for flexular tests of concrete elements bonded with polymer
flexible joints.

Figure 6.49 shows the difference between strain distribution in plain concrete element
on the left side and the same element after restoration using PFJ.



CHAPTER 6. OTHER PRACTICAL APPLICATIONS OF THE DESIGNED
SYSTEM 183

Figure 6.49: Deformation fields in X direction for plain concrete element (left) and
repaired using PFJ (right).
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6.7 High strength concrete reinforced by steel spirals test-
ing

The results presented in this section are included in the following doctoral dissertation:

• Sokal P., Bearing capacity of locally loaded high strength concrete reinforced
by steel spirals = Wytrzymałość na docisk w betonach wysokiej wytrzymałości
wzmocnionych stalowym zbrojeniem spiralnym, PhD Thesis, Cracow, 2016.

This section presents the results of vision-based measurements using designed system
in the field of high strength concrete reinforced by steel spirals testing. The test stand
for this research is shown in figure 6.50.

The results were presented for specimens with a diameter of 200 mm and a height of
400 mm, unreinforced and reinforced with a spiral with a 10 mm diameter rod. Using
vision-based measurement it was possible to determine the transverse strain distribution
along the specimen height for different stress levels of the compressive strength.

Figure 6.50: The test stand for high concrete reinforced by steel spirals testing.

In figure 6.51 specimen in the testing machine and specimen covered with virtual
tensometers is presented. Figures from 6.52 to 6.56 presents obtained results for un-
reinforced and reinforced specimens. Dotted lines indicate curves after the destruction
of the specimen.

The vision-based measurement was carried out in a similar way as described in
section 6.1 and presented in figures 6.12 and 6.14. The vision-based measurement was
continued after reaching the compressive strength of the specimen. Due to the dynamic
destruction of samples, the acquisition device was placed a few meters from the testing
machine. It is also worth mentioning that the vision-based measurement for these tests
was carried out in parallel with the use of DSLR camera and CCD camera.
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(a) (b)

Figure 6.51: Specimen in the testing machine (a) and the specimen with the virtual
tensometers placed on it (b).

Figure 6.52: Transverse strain distribution along the height of the unreinforced specimen
made of concrete with fc = 50MP .

Figure 6.53: Transverse strain distribution along the height of the unreinforced specimen
made of concrete with fc = 70MP .
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Figure 6.54: Transverse strain distribution along the height of the reinforced specimen
made of concrete with fc = 50MPa.

Figure 6.55: Transverse strain distribution along the height of the reinforced specimen
made of concrete with fc = 70MPa.

Figure 6.56: Transverse strain distribution along the height of the reinforced specimen
made of concrete with fc = 100MPa.



CHAPTER 6. OTHER PRACTICAL APPLICATIONS OF THE DESIGNED
SYSTEM 187

6.8 Concrete fire spalling analysis

The results presented in this section has been partially presented in following publica-
tion:

• Mróz K., Hager I., Tekieli M., Effect of cold rim on extent and type of con-
crete fire spalling, Proceedings from the 5th International Workshop on Concrete
Spalling Borås, Sweden, 12-13 October 2017, Borås : RISE Research Institutes of
Sweden AB, 2017, p. 51-62.

The designed system was used in the field of concrete fire spalling analysis to investigate
the properties of the concrete specimens in small flame tests. Spalling is a physical pro-
cess of the breakdown of surface layers of masonry (especially concrete) which crumble
into small pebble-like pieces in response to high temperatures or mechanical loading.
Described research focuses on the investigations of cold rim effect on spalling intensity.
Cold rim is non heated zone of concrete element that act as restraint and introduces
the stresses that may influence spalling intensity and its type.

Spalling was observed in three different sizes of specimens - small, medium and
large and two concrete compositions during the small flame tests. The tests consist
in heating the burner with one side of the specimen and observation of the so-called
popcorn spalling effect. Each specimen was observed using two DSLR cameras set on
the heated side and opposite to it. Test stand is presented in figure 6.57. Due to
the dynamic destruction of the samples, camera on the heated side was protected with
styrofoam shield cover with the hole for the camera lens.

Figure 6.57: The test stand for small flame tests.
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Figure 6.58 presents the deformation fields in X and Y direction for the largest
specimen (300x300 mm) during the small flame test. The surface of the sample was
prepared in a similar way as standard, but heat resistant spray paints were used to make
a random black and white pattern. Due to the fact that the central part of the sample
was very quickly destroyed by the falling pieces of concrete and the random pattern was
degraded, the masking procedure described in ?? were used on the deformation maps
so that only the effects around the damaged fragment were visible. As can be seen in
figure 6.58, first a vertical micro crack appeared in the upper part of the sample, and
then two horizontal cracks appeared in the middle of the specimen height.

Figure 6.58: Deformation fields in X and Y direction for the largest specimen in a small
flame test.
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Figure 6.59 presents similar analysis as above but for the medium-sized (150x150mm)
specimen.

Figure 6.59: Deformation fields in X and Y direction for the medium-sized specimen
in a small flame test.
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Figure 6.60 presents deformation fields obtained for the opposite side of the tested
specimen. As can be seen in deformation fields in X direction, when a micro crack is
formed at the top of the specimen, a compression zone appears in the bottom part of
the specimen.

Figure 6.60: Deformation fields in X and Y direction for the opposite to the fire source
side of the medium-sized specimen in a small flame test.

Worth noting is also the fact that all micro cracks that can be observed on the
generated maps of deformation fields were invisible to the naked eye in their initial
phase.
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6.9 Composite wooden-polymer beams testing

The designed system was used to analyse the behaviour of the structural elements in
form of the composite wooden-polymer beams. Tested beams were made of pallet wood
joined with polymer layers of various properties - from highly deformable polymers to
relatively rigid ones. The beams have been subjected to a four-point bending test. The
test stand is showed in figure 6.61.

Parallel to testing of entire structural elements, material tests were carried out on a
smaller scale. One of the tests was the shear test of wooden elements connected with a
polymer layer. The results in form of deformation maps in X and Y direction as well as
as maps presenting shear strain during the test are presented in figure 6.62. The tested
specimen was 160 mm long, of which 80 mm was a polymer layer.

Another set of tests was focused on testing the material from which the beams
were made, thus the material tests of wood were also conducted. In the tensile test,
specimens with dimensions of 60x40x20 mm were tested and the results in the form of
deformation maps in Y direction are shown in figure 6.64.

The last type of material tests was the compression test for cuboid specimens with
dimensions of 40x20x20 mm. Figure 6.65 presents the results in the form of deformation
fields in the X direction to expose the capabilities of the vision-based measurement to
present the deformations that occur between the wood fibres.

Finally, figure 6.65 presents the results in the form of deformation maps in the X
direction and maps showing the distribution of shear strains for the tested beam. Ana-
lyzing the deformation fields in X direction it can be seen, that the zones constituting
the polymer connection are compressed, while in the wood elements, diagonal cracks
are formed.

Figure 6.61: Deformation fields in shear thes of the wooden-polymer specimen.
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Figure 6.62: Deformation fields for wooden-polymer specimen in tensile test.
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Figure 6.63: Deformation fields in Y direction for wooden specimen in tensile test.

Figure 6.64: Deformation fields in X direction for wooden specimen in uniaxial com-
pression test.
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Figure 6.65: Deformation fields in X direction and distribution of shear strain in com-
posite wooden-polymer beam during four-point bending test.
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6.10 Real structures deflection measurement

The results presented in this section has been partially presented in following publica-
tion:

• Łątka D., Tekieli M., Health monitoring of existing structures using selected
diagnostic tests and optical measurement methods, Diagnosis and material issues
in the 20th century architecture = Diagnostyka i zagadnienia materiałowe w XX-
wiecznej architekturze : praca zbiorowa, ed. by Janusz Mikuła, Kinga Korniejenko
; Politechnika Krakowska im. Tadeusza Kościuszki. – Kraków : Wydaw. PK,
2016, p. 141-149.

Developed functionalities of the designed system made it possible to use it for analyzes
of the real structures outside the laboratory. To be more specific, the system was used
to measure the deflection of the structural elements.

One example is the deflection measurement of the prestressed crane runway beams
described in section 6.4 when they were part of the actual construction of an industrial
hall. The test stand for this studies is shown in figure 6.66. Figure 6.67 also shows a
schematic layout of acquisition devices and the tested object with its dimensions.

Figure 6.66: The test stand for prestressed crane runway beam deflection measurement.

The traditional measurement was taken four times using dial indicator (distance
amplifying instrument) - before the crane entered the beam, at the moment the axis
of the crane wheel aligned with the vertical axis of the beam’s symmetry, before the
crane exited the beam, and after the crane completely exited the tested beam, while
the vision-based measurements were taken continuously at regular intervals equal to 5
seconds.

Figure 6.68 presents deflection of the beam in the middle of the span determined by
vision-based measurement. The study involved sliding the crane onto the test beam,
stopping it for 5 minutes and sliding off onto the adjacent beam. The results of both
methods were compared for the moment in time at which the crane’s wheel axle was
in the vertical axis of the beam’s symmetry, and they amounted to 1.26 mm for the
conventional measurement and 1.25 mm for the optical measurement.
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Figure 6.67: Scheme of the acquisition device and tested object layout.

Figure 6.68: Vision-based deflection measurement of the prestressed crane runway beam.

Another example of the system application in this field was the measurement of the
deflection of the bridge span during the static loading test before putting the object
into service. The spans of two bridges with a span of 7.8 m and 8.0 m respectively were
tested. The test stand for this studies can be seen in figure 6.69.

Figure 6.69: Test stand for the bridge span deflection during static load test.
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In the static load test, each span was loaded first with two trucks and then two more.
All four trucks were positioned symmetrically to the center of the span. Simultaneously
with the vision-based measurement a traditional measurement was carried out, in this
case geodetic survey. The readout from the geodetic measurement was carried out
just after the entry of trucks and just before they were taken from the bridge span.
The vision-based measurement was performed with an interval of 5 seconds for the first
bridge and 10 seconds for the second one. Figures 6.70 and 6.70 show the deflection value
for both bridge spans recorded using vision-based measurement. The results obtained
from the geodetic survey are described in red.

Both figures 6.70 and 6.70 also show the effect of settlement of supports at the end
of the test. For the first structure it is about 1 mm, while for the second it is about
1.5 mm. This is quite a typical phenomenon during static load tests.

Figure 6.70: Vision-based measurement of the deflection value for the first bridge with
a span of 7.8m. Geodetic measurement results to compare are denoted in red.

Figure 6.71: Vision-based measurement of the deflection value for the first bridge with
a span of 8.0m. Geodetic measurement results to compare are denoted in red.
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6.11 3D printed elements testing

The results presented in this section has been partially presented in following publica-
tion:

• Hager I., Czwakiel K., Putanowicz R., Tekieli M., Anisotropy of 3D printed ma-
terials in tension : testing protocol and chain of activities, Proceedings of Sixth
International Conference on Advances in Civil, Structural and Environmental En-
gineering – ACSEE 2017, 09-10 December, 2017, Rome, Italy, Institute of Research
Engineers and Doctors, 2017, p. 21-25.

To check the efficiency and measurement accuracy of the designed system, tests of
3D printed specimens were also covered. The tested specimens prepared using the
3D printer had the smallest size from all specimens on which the system was tested.
Discussed specimens were cubes with a side length of 30 mm and they were made of
acylonitrile butadiene styrenein (ABS). Specimens were printed with a layer resolution
of 0.2 mm in three versions of material filling - full, in which 100% of the sample was a
printing material; sparse-high, in which the material filled about 60% of the specimen
volume and sparse-low, in which the material filled about 35% of the specimen volume.

The specimens were subjected to an uniaxial compression test in a testing machine.
Two perpendicular faces of the specimen were observed using two DSLR cameras. The
test for this studies can be seen in figure 6.72. Examples of obtained results in the form
of deformation fields can be seen in figure 6.73 for specimen printed using sparse-high
filling parameter.

Conducted studies showed that the designed system has the appropriate measure-
ment resolution to generate deformation fields also for relatively small structural ele-
ments.

Figure 6.72: The test stand for 3D printings testing.
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Figure 6.73: Deformation fields for 3D printed cubic element with sparse-high filling
parameter.



200 6.11. 3D PRINTED ELEMENTS TESTING



Chapter 7

Final remarks

7.1 Summary and conclusion

The dissertation deals with the development, implementation and application of the
author’s vision-based measurement system especially for the analysis of structural ele-
ment deformation fields but also for the characterization and description of behaviour of
various materials under mechanical loading conditions. The work also presents the sys-
tem’s capabilities in the determination of physical and mechanical parameters such as
Young’s modulus of the tested materials and structural elements. The research presents
a description of the design of proposed system and its functionality in the field of civil
engineering.

After introductory the theoretical chapters, on the aims of the work and basics
of vision-based measurements as well as digital image correlation method, practical
applications of the system in different tests are presented. The presented practical
applications of the system constitute the essence of the submitted work, from which the
following conclusions can be drawn:

• optical measurement can be successfully used to study structural elements’ beha-
viour under load and testing various types of materials,

• the effectiveness and the flexibility of the DIC method for operations in changing
conditions and for various materials was confirmed,

• the possibilities of the designed system to operate on different scale from relatively
small samples to full-sized structural elements were proved which is not obvious
in the case of commercial solutions that are most often adapted to a particular
type of tests,

• in the designed system, more than one sub-pixel measurement method has been
implemented, which allows the assessment of these methods and selection appro-
priate to the analyzed case,

• it has been shown that it is possible to build a system for optical measurements,
which will enable wider configuration than commercial solutions of this type,

201
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• the effectiveness and the high accuracy of the designed system for determination of
microdeformation and strain concentration occurring on the surface of the tested
materials, e.g. during the uni-axial concrete tension test was presented,

• in order to speed up the system’s operation, parallel computations using the com-
puting power of the CPU and GPU were implemented,

• it has been shown that, unlike the commercial solutions, an effective vision-based
measurement system can be based on easily available devices such as digital single-
lens reflex cameras.

In accordance with the assumed main objective of the work, it was possible to create
an original vision-based system equipped with the DIC method as the main algorithm
for determining the deformation fields of structural elements.

7.2 Prospects of future work

As the proposed system is still in the prototyping phase, its functions will be further
developed. The planned directions of system development are presented below.

• Most of all it is planned to change the way of configuration of system opera-
tion parameters from text-based to graphic user interface. Work in this area has
already begun and these funcionalities are being implemented.

• Further optimization of the system code is planned in order to accelerate its oper-
ation, especially when generating deformation fields which is the most computer
power consuming operation.

• Implementation of the artificial intelligence methods in the system that will be
able to propose optimal analysis parameters, but at the same time it will still be
possible to configure the system by the user. Some implementations based on the
particle filtering also known as sequential Monte Carlo method have already been
made in this field and they will be continued [104–106].

• Checking the operation of the system on other fields of experimental research, e.g.
for the processing of images made by scanning electron microscope (SEM).

• Application of the system for other fields of material engineering, not only civil
engineering.

• Making a connection between the acquisition devices and the processing unit in
order to obtain results in real time during the test.

• Extending the functionality of the web interface of the system, so that it allows
not only a preview of currently performed calculations, but also remote access to
the system and its configuration.

• Redesigning the system code in a different development environment and pro-
gramming language (e.g. C++ or C#).
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