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Abstract. The Digital Image Correlation (DIC) technique is a non-contact, full-field
optical method and a non-destructive evaluation approach that enables the measure-
ment of displacements and strain fields across an entire surface during experimen-
tal tests. This technique provides high-resolution data, enabling the measurement of
global strain, the detection of localized strain concentrations and crack initiation, and
monitoring the evolution of dominant damage mechanisms. DIC’s ability to capture
both in-plane and out-of-plane displacements makes it a powerful tool for detailed
structural assessment. This paper presents preliminary results on the application of
the DIC technique during diagonal compression tests of 1.2 x 1.2 x 0.25 m® unrein-
forced and strengthened clay brick masonry panels. The strengthening system consists
of two Textile Reinforced Mortar (TRM) layers applied on both wall sides and con-
nected by helical stainless-steel connectors. Glass fiber bidirectional fabrics are used as
TRM reinforcing meshes, embedded in a 30 mm thick lime-based mortar. A couple
of CMOS cameras were used to apply the stereo-DIC algorithm and record the three-
dimensional displacement field during test execution. The displacement field obtained
through DIC has been compared and validated with that obtained through the more
common analog Linear Variable Differential Transformers (LVDT). The comparison
highlighted the benefits and weaknesses of the DIC technique.

Keywords: DIC, TRM, masonry, laboratory test, diagonal compression test, shear
modulus.

TEMA: Technologies, Engineering, Materials and Architecture 12(1): 105-115, 2026
ISSN 2421-4574 (online) | DOI: 10.36253/tema-16902


https://oajournals.fupress.net/index.php/tema
https://doi.org/10.36253/tema-16902
https://doi.org/10.36253/tema-16902
https://www.fupress.com
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://orcid.org/0000-0003-2674-0771
https://orcid.org/0000-0001-7635-5455
https://orcid.org/0000-0002-4330-0965
https://orcid.org/0000-0002-1091-8929
https://orcid.org/0000-0001-9372-5032
https://orcid.org/0000-0003-3154-7896
https://orcid.org/0009-0001-4359-9311
mailto:gianluca.maracchini@unitn.it
mailto:gianluca.chiappini@uniecampus.it
mailto:jacopo.donnini@staff.univpm.it
mailto:jacopo.donnini@staff.univpm.it
mailto:e.quagliarini@staff.univpm.it
mailto:v.corinaldesi@staff.univpm.it
mailto:s.lenci@staff.univpm.it
mailto:f.monni@univpm.it

106

1. INTRODUCTION

In recent decades, the topic of strengthening exist-
ing structures has been one of the most extensively
investigated by researchers in the field. This interest
encompasses both performance under static loads and
resistance to seismic actions. Particular attention has
been directed toward the reinforcement of masonry
structures, both due to their widespread use and because
they often involve buildings of significant architectural
heritage [1-3]. This growing interest within the scien-
tific community has driven the advancement of innova-
tive strengthening techniques [4-7], particularly those
leveraging composite materials. Composite materials are
increasingly employed in structural repair and retrofit-
ting due to their exceptional strength-to-weight ratio,
minimal impact on structural mass, ease of application,
and versatility. These systems typically consist of high-
strength textiles, which may be unidirectional or multi-
directional, and are fabricated from materials such as
aramid, basalt, carbon, glass, PBO, steel, or natural fib-
ers like flax, hemp, and jute. The textiles adhere to struc-
tural surfaces using organic matrices, such as epoxy,
polyester, polyurethane resins, or inorganic matrices,
including cement or lime mortars. Organic matrix sys-
tems are classified as Fibre/Steel Reinforced Polymers
(FRP/SRP) when epoxy resins are utilized [8], or Fibre/
Steel Reinforced Polyurethanes (FRPU/SRPU) when
polyurethane matrices with high deformability are
employed. In contrast, mortar-based systems are known
as Fabric Reinforced Cementitious Matrix (FRCM), Tex-
tile Reinforced Mortar (TRM) [9], or Steel Reinforced
Grout (SRG) when steel textiles are used.

The validation and performance assessment of rein-
forcement systems utilizing these materials, as well as
the engineering and optimization of detailed aspects
(e.g., compatibility between reinforcement and matrix),
necessitate experimental campaigns, often involving full-
scale specimens. Such tests are essential for obtaining
reliable results that can support the development of ana-
lytical models used by designers in the sector. To accu-
rately understand the mechanical behavior of specimens
subjected to such tests, it is essential to record both the
loads applied to the tested specimens and their corre-
sponding deformations.

Standard test methods for determining mechani-
cal properties of masonry assembly generally prescribe
the use of Linear Variable Differential Transformers
(LVDTs) to monitor displacements during tests. If prop-
erly used, these instruments have a virtually infinite life
cycle, but they can incur damage if adopted in destruc-
tive tests, causing high repair or replacement costs. Some
standards recognize this problem, allowing the removal
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of the LVDT instrumentation before reaching the speci-
men collapse, ASTM E519-22 [10].

Moreover, in these cases, crack formation or non-
uniform load distribution may affect the results without
being properly detected, especially when matrix dam-
age may disrupt the reading of the measurement devices,
making displacement data unavailable, unreliable, or not
representative of the global behavior.

In addition, the use of traditional sensors can, in some
cases, complicate the experimental setup preparation for
various reasons: their size can be problematic (particu-
larly with small specimens), they often require initial cali-
bration, and they need to be mechanically fixed to the
specimen (typically through adhesive bonding, although
mechanical fastening is required when the substrate does
not permit adhesion). Finally, these sensors are sensitive to
voltage fluctuations and provide data limited to the specific
portion of the specimen where they are applied.

To overcome these drawbacks, in the last few years,
several full-field contactless optical measurement tech-
niques have been developed for measuring displacements
during experimental tests in place of more common
LVDTs [11-13]. Among others, the Digital Image Cor-
relation (DIC) technique has become one of the most
promising measurement methods, obtaining significant
information on the strain state of the material/structure
with a complete reconstruction of the crack pattern [14].
For this reason, it has been widely used in several fields,
reaching a relatively advanced knowledge of testing set-
ups and data processing [15-20]. The accuracy of such
a technique is undoubtedly growing as the resolution of
the optical recording instruments increases.

DIC is a contactless full-field optical technique for
measuring displacements during experimental tests that
can be potentially used in place of LVDT instrumenta-
tion to avoid damaging instrumentation during tests of
full-scale walls. However, despite DIC being successfully
used in several fields, such as for the characterization
of building materials [21-22], its potential application
in testing full-scale walls has not yet been thoroughly
investigated [23].

For this reason, this paper presents the preliminary
results of an experimental campaign to evaluate the
potential of the DIC technique for monitoring the dis-
placement of masonry walls during experimental tests.
In particular, the results of diagonal compression tests on
two unreinforced and two strengthened masonry walls
with dimensions of 1.2 x 1.2 x 0.25 m? are reported. The
adopted strengthening system consists of two layers of
TRM, which is a promising alternative to fiber-reinforced
polymer (FRP) composites or the shear and out-of-plane
strengthening of existing masonry structures due to their
higher compatibility with historic masonry substrates,
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higher vapor permeability, reversibility, and resistance to
UV radiation and high temperatures [24-26].

A stereo-DIC technique was used to record the
three-dimensional displacement field during diagonal
compression tests. A comparison between DIC results
and those obtained through the more common analog
LVDTs is reported. Finally, the nominal tangential elas-
tic moduli obtained from the two measurement systems
are computed and compared.

2. MATERIALS AND METHODS

2.1. Materials

Four masonry walls with dimensions of 1.2 x 1.2 x
0.25 m’ were built using fired clay bricks measuring 250
x 120 x 55 mm® (with an average compressive strength
of 30 MPa) and commercially available lime mortar in
10 mm thick joints. Two of these walls (M1, M2) were
left unreinforced, while the other two (MR1, MR2) were
reinforced using a Textile Reinforced Mortar (TRM) sys-
tem applied to both sides of the walls.

The TRM reinforcement system consisted of a bidi-
rectional alkali-resistant (AR) glass fiber grid (density
280 g/m?) coated with a polyvinyl alcohol layer (Fig.
1). This grid was embedded in a 30 mm thick layer
of a fiber-reinforced, hydraulic lime-based matrix. To
enhance the connection between the TRM layers and
the wall, stainless-steel helical connectors with a nomi-
nal diameter of 8 mm and a tensile strength of 830 MPa
(as provided by the manufacturer) were installed (Fig.
1). These connectors were bent over the glass fiber grid
for a length of approximately 100 mm, ensuring a robust

Table 1. Geometrical and mechanical properties of the glass fiber
yarns of the fabric: equivalent thickness (s), tensile strength (fg),
ultimate deformation (g;), and elastic modulus (E;), according to
the technical sheets provided by the manufacturer.

Material s [mm)] fz [MPa] g [%] E¢[GPa]
Warp yarn 0.0339- 1600 1.7 58
Weft yarn 0.0339- 1570 1.7 61

Table 2. Mechanical properties of the mortars: compressive
strength (fy), flexural strength (fyy,), and elastic modulus (E,).

fye [MPa] / fuy [MPa] /  E4 [GPa] / COV
Material COV (%) COV (%) (%)
Masonry mortar ~ 4.78 / 4.73 1.78 /091 9.25/1.30
TRM matrix 8.35/2.86 3.56 / 3.89 12.32/ 1.10

mechanical bond. A similar TRM reinforcing approach
was tested and described in detail in [27].

The geometrical and mechanical properties of the
glass fiber yarn of the fabric are provided in Table 1,
while the mechanical characteristics of the inorganic
mortar, evaluated following EN 1015-11 [28] and EN
12504-4 [29], are 100 summarized in Table 2.

2.2 Methods

The tests were carried out according to the standard
ASTM E519-22 [10]. A monotonic force-controlled diago-
nal load with a loading rate of about 1 kN/s was applied

; E2mm 25 mm 2mm i
&
27mm
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Figure 1. Geometrical characteristics of the glass fiber fabric and stainless steel helical bar adopted in this study. Dimensions in millimeters.
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on the bottom corner of the specimens using six hydrau-
lic jacks with a total compression capacity of 3000 kN,
similar to the ones used in [30-32]. The experimental
setup is reported in Fig. 2.

To minimize friction, ensure uniform load distribu-
tion, and avoid directly loading the two TRM reinforce-
ment layers, neoprene pads were placed at the loaded
corners of the masonry walls. To monitor displacements
during the tests, four Linear Variable Differential Trans-
formers (LVDTs) were installed on the wall surfaces,
with two sensors on each side (see Fig. 2).

The data from the LVDTs were recorded using a Spi-
der8 data acquisition system running Catman software,
operating at a sampling frequency of 2 Hz. Among the
LVDTs, sensors LVDT 1 and LVDT 3, positioned on the
wall face monitored by the Digital Image Correlation
(DIC) system, were employed to measure horizontal and
vertical displacements, respectively, for comparison with
the results obtained through the DIC technique.

Conftrast frame

n° 2 neoprene
sheets
(25x15x1 cm?)

n® 9 steel
helical bars

n° 2 neoprene
sheefs
(25x15x]1 cm®)

“~Hydraulic
jack 500 kN

R ————

Figure 2. Experimental apparatus for compression tests and right-
handed 3D-DIC coordinate system.
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For the strengthened masonry panels, the LVDTs
were mounted directly onto the surface of the TRM lay-
ers (see Fig. 2), ensuring that the displacement meas-
urements accounted for the behavior of the reinforced
assembly. This setup enabled an accurate evaluation of
the consistency between traditional point-based meas-
urement techniques and the DIC method, providing
insights into the reliability and applicability of DIC for
tracking displacement fields in both unreinforced and
reinforced configurations. As an example, Fig. 3 shows
the images of an unreinforced and a reinforced specimen
before the execution of the diagonal compression test.

For the scope of this work, the nominal stresses
were computed by referring to the masonry section only,
i.e., without considering the thickness of the two TRM
layers. Future studies will verify the accuracy of this
assumption to determine the actual mechanical prop-
erties of the strengthened masonry walls. Then, the
nominal shear stress was computed as T = 0.707 P/A,
according to ASTM E519-22 [10], where P and A, are the
applied load and the net cross-sectional area of the unre-
inforced masonry wall, respectively. The shear strain was
obtained through LVDT measurements as y = g, + &,
where €, and ¢, are the average strains, in absolute value,
along the compressive and tensile diagonals of the pan-
els. Then, the shear stiffness modulus of the wall (G) was
computed by linear regression of the 1-y experimental
curve between 10 and 40% of the maximum strength.

2.3. Digital Image Correlation

The displacements and the strains of the wall sur-
face were measured by using a 3D-DIC technique, which
consists of the acquisition, during tests, of digital pic-
tures of the frontal surface of the specimen, previously
painted with a speckle pattern with black and white dots
(or with black dots only in the strengthened case due
to the light gray surface) and illuminated by a halogen
lamp. In this work, two complementary (CMOS) digital
cameras (model Pixelink® B371F) were used. The main
characteristics of the cameras are given in Table 3.

The cameras were calibrated in a common global
system by means of the Matlab Calibration Toolbox.
Calibrating a stereo vision sensor is required for deter-
mining the intrinsic parameters of each camera and the
relative position and orientation, and then to compute,
by stereo-triangulation, the 3-D coordinates of a point
corresponding to matched pixels on the two images. In
this work, the calibration procedure involved repeated
acquisitions of a regular target (consisting of a 10x10
dots grid, 100 mm pitch, and 40 mm of dot diameter),
moved in different positions within the working vol-
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Figure 3. Unreinforced specimen (a) and a reinforced specimen (b) prior to the diagonal compression test.

ume. Calibration data are presented in Table 3, which
also reports the quantitative calibration errors, expressed
as the standard deviations of the displacement meas-
urements and the resulting strains. These values were
obtained by acquiring a series of stationary images prior
to specimen testing. This procedure was employed to
evaluate the performance of the correlation technique
and the accuracy of the strain measurements. No sys-
tematic bias was detected, as the average strain values
show small random fluctuations around zero. The stand-
ard deviations are approximately constant and are on the
order of 100 microstrain.

Fig. 4a shows a typical picture recorded by one cam-
era with an overlaid measurement grid. The subsets dis-
cretization used for the DIC analysis was 20x20 pixels,
with a measurement point every 30 mm. The subset size
of 20 x 20 pixels was selected as a compromise between
spatial resolution and correlation robustness, in accord-
ance with previous studies [13] Fig. 4b shows the 3D grid
calculated by stereo triangulation with the schematic
position of the two frontal cameras.

After testing, the digital images acquired were post-
processed by an in-house developed 3D-DIC software.

The grid of the elements is initially defined on the
undeformed image of camera 1. To determine the cor-
responding grid on the undeformed image of camera 2,
the epipolar constraint given by the fundamental equa-
tion of Longuet-Higgins (1) is used:

['nvl’] o [Fl, 0[] =0 ey

where ™ and T are the corresponding points of the two
cameras, and F is the essential matrix depending on the
calibration parameters of the cameras. Based on global
DIC, the correlation method between the deformed
images incorporates the same epipolar constraint and
the assembling approach of the Finite Element Method.
The displacements of all grid measuring points were
obtained by minimizing the correlation error computed
all over the current frame with respect to the reference
frame [33] calculated with the following expression:

o= /S s (Xe) — s, (X @

where Xy and X, indicate the coordinates of the
deformed and undeformed grid nodes, respectively,
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Table 3. Optical setup and calibration parameters of the adopted cameras: f, and f, are the focal length in pixels, ¢, and ¢, are the principal

point coordinates, T, T, T, are the translation vector, and o, o, o, are the rotation vector.
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Camera 1 Camera 2
Sensor [Type] CMOS CMOS
Sensor pixel size [pum] 6.8 6.8 6.8 6.8
Sensor resolution [pixel] 1280 x 1024 1280 x 1024
Frame rate [fps] 2 2
Lens [Type, mm] C mount, 25 C mount, 25
Working distance [mm)] 2500 2500
Sensor noise [gray level, dB] 0.94, -19 0.94, -19
Subset size [pixel, mm] 20, 30 20, 30
Displ. accuracy (st. dev) [pixel, mm] +[0.02, 0.05] +[0.02, 0.05]
Strain accuracy (st. dev) [mm/mm] +0.0001 +0.0001
Calibration data
f, - fy [ pixel] 1830 - 1828 1815 - 1809
x - cy [pixel] 716 - 480 583 - 488
T,-T,-T, [mm] 450 — 593 — 2874
Oy = 0y = 0, [rad] 0.3491 - 0.0557 - 0.8327
L]
A Y
.
L
ol
e, e
- - .;3?.'
o b D
.
|
e B
[ Fi %
HER "'-\._‘ o = .m
.m" K - = o]
B - L]
(b) o H’H L £
L = .
- Feai
Figure 4. (a) Picture with overlaid grid, (b) 3D grid point and calibration reference frame.
while S;4 and S;, indicate the sub-images associated 3. RESULTS

with the i-th element on the deformed and unde-
formed image.

The zero-mean sum of square difference (ZSSD) cri-
terion was adopted to avoid the effects of lighting offset
and inhomogeneity. Outputs were obtained by referring
to the right-handed coordinate system shown in Fig. 4.
Strains (g,, €,, and y) were computed using the Cauchy-
Green theory, starting from the 3D node displacements.

In Fig. 5, the results of the diagonal compression
tests in terms of nominal t-y curves are reported. The
unreinforced walls were characterized by quite a lin-
ear behavior until reaching the maximum shear stress
(about 0.9 MPa), after which the sudden collapse of the
specimen occurred due to the reaching of the principal
tensile strength of the masonry near the wall center.
As expected, a slightly stiffer (and stronger) behavior
is obtained for the strengthened panels, characterized
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by a first linear part of the curve until the crack of the
TRM layers (at about 1.3 MPa), also reaching a higher
deformation value. No detachment at the TRM matrix-
to-substrate interface was observed during the test, indi-
cating a good bond of the inorganic mortar with the
masonry substrate.

Fig. 6 and Fig. 7 show horizontal, vertical, and out-
of-plane displacements (dx, dy, and dz, respectively)
obtained from DIC measurements for two representa-
tive walls (M1 and MR2, respectively). In particular, the
displacements related to 3 different moments during the
test are plotted (t,, t, and t;, see Fig. 5). Specifically, for
the strengthened masonry wall, t; corresponds to the
moment when the initial cracking occurred t; marks the
end of the test, and t, represents an intermediate point
in time between t; and t;. For the unreinforced masonry
wall, t; corresponds to the instant at which the specimen
failed; t, refers to the moment when the applied load
reached half of the peak (failure) load; and t, represents
the intermediate time instant between t, and t;.

From the d, and d, displacement maps, it is possible
to observe that, during the test, the masonry walls were
not subject to a uniform upward displacement, but they
had a slight rotation with respect to the normal axis of
the masonry wall surface. Moreover, d, allowed verify-
ing the occurrence of out-of-plane rigid rotations of the
walls. This behavior cannot be observed if a bidimen-
sional DIC algorithm is adopted. Comparing the maps,
it can be observed that the unreinforced wall has a brit-
tle behavior, while the strengthened one has a ductile
behavior. In fact, at the maximum load of the strength-
ened panel (t,), multiple cracks propagated through the
TRM layer until the panel collapses (t;).

From the 3D node displacements, strain values
before collapse were calculated. Fig. 8 shows the maps of
the shear strain y for unreinforced masonry walls (M1)

===l

0.8 ==axM2

T [MPa]

—MR1
0.6

.
A MR2
0.4

0 0.0001 0.0002 0.0003 0.0004

¥

0.0005 0.0006 0.0007

Figure 5. Stress-strain curves T-y obtained from LVDT for unrein-
forced masonry walls (M1 - M2) and strengthened (MR1 - MR2).

and for strengthened masonry walls (MR2). The strain
maps, shear and Von Mises strain, were used to evalu-
ate the evolution of specimen cracking during the test:
in the maps of Fig. 8, red concentrations of shear strain
indicate the areas where specimens cracked.

Finally, Fig. 9 shows the t-y curve for one unrein-
forced and one strengthened wall calculated with the
values measured with the LVDTs according to the stand-
ard ASTM E 519-22 [10] and the curve obtained with the
results of the DIC. The DIC shear stress-strain curves
showed similar trends to those obtained with LVDT. The
shear deformation vy obtained with the DIC was calcu-
lated as the average of the values of the whole surface
of the wall. The oscillations of the curve obtained with
the DIC technique depend on the cameras’ non-opti-
mal positioning. In particular, due to the large support
frame, the cameras were placed with too large an angle
between the optical axes and a consequent non-optimal
illumination. Despite this, a similar trend is obtained
in the first part of the two curves, from which the shear
modulus G is computed. In particular, the deviations
occurring at 0.8 MPa for the strengthened wall depend
on the out-of-plane deflection of the wall and the con-
sequent parallax error between the two cameras, due to
the presence of the LVDTs.

This issue highlights the need for improved integra-
tion of the experimental setup. Future configurations
should consider the use of an increased number of cam-
eras (e.g., 4-5) to achieve a more accurate reconstruction
of the surface geometry and to reduce occlusions and
parallax effects in areas where physical sensors are pre-
sent. Additional strategies include the adoption of optical
markers in place of physical sensors near critical regions
and the implementation of pretest alignment and cali-
bration protocols to minimize misalignment errors and
enhance system compatibility.

4. CONCLUSION

This study explores the potential of Digital Image
Correlation (DIC) as an advanced and versatile tool for
assessing the mechanical behavior of masonry walls
during diagonal compression tests. By comparing DIC
measurements with those obtained from traditional
Linear Variable Differential Transformers (LVDTs),
the research highlights the ability of DIC to provide
detailed, full-field displacement and strain data. This
capability is particularly valuable for capturing complex
structural responses, including in-plane and out-of-plane
deformations, as well as the evolution of crack patterns
and damage mechanisms.
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Figure 6. Displacements (mm) maps obtained from DIC for unstrengthened unreinforced masonry walls (M1).
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Figure 7. Displacements (mm) maps obtained from DIC for strengthened masonry walls (MR2).
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Figure 8. Maps of shear strain y obtained from DIC for unreinforced masonry walls (M1) and for strengthened masonry walls (MR2).
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Figure 9. Stress-strain t-y curves obtained from LVDTs and DIC for a representative unreinforced and strengthened masonry wall.

The results demonstrate that the strengthened
masonry walls, reinforced with a Textile Reinforced
Mortar (TRM) system, exhibit significantly enhanced
mechanical performance compared to unreinforced
walls. Specifically, the TRM layers improved stiffness,
increased peak load capacity, and delayed the crack
propagation, leading to a more ductile failure mode.
These findings underscore the effectiveness of TRM as
a strengthening technique, especially for applications
involving historic masonry structures where compatibili-
ty, reversibility, and durability are critical considerations.

The study also underscores the unique advantages
of DIC over conventional point-based measurement sys-
tems. While LVDTs are limited to discrete measurement
points, DIC offers a comprehensive view of the deforma-
tion behavior across the entire specimen surface. This
feature is particularly advantageous in capturing non-
uniform deformation patterns, such as localized rota-

tions or out-of-plane displacements, which might other-
wise go undetected. Despite some technical challenges,
such as suboptimal camera positioning and illumination,
the DIC technique provided results that closely aligned
with those from LVDTs, particularly in the linear por-
tion of the load-displacement curves.

However, some discrepancies in the later stages of
loading were observed, primarily attributed to paral-
lax errors and the influence of LVDT hardware on DIC
measurements. Future studies should focus on refin-
ing the experimental setup to address these limitations.
Improvements in camera alignment, lighting conditions,
and the minimization of interference from traditional
measurement devices will enhance the accuracy and reli-
ability of DIC data.

Moreover, this research demonstrates the poten-
tial for DIC to serve as a complementary or alternative
tool to traditional methods in experimental campaigns
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involving full-scale specimens. By providing high-res-
olution, three-dimensional data, DIC enables a more
nuanced understanding of structural performance, pav-
ing the way for improved modeling and analysis tech-
niques. Integrating DIC into experimental workflows
can facilitate the development and validation of innova-
tive strengthening solutions, particularly for masonry
structures subject to complex loading scenarios.

In conclusion, the findings of this study confirm the
utility of DIC as a robust and reliable method for struc-
tural assessment. Its ability to capture detailed displace-
ment fields, coupled with its non-invasive and versatile
nature, makes it a valuable tool for future research and
practical applications. Although the present study was
conducted under controlled laboratory conditions, the
proposed method shows potential for scalability to on-
site applications. However, further investigation is need-
ed to address practical challenges such as lighting, sur-
face texture, and environmental variability. Continued
exploration of DIC’s capabilities will further enhance
its role in advancing the field of structural engineering,
particularly in the development of sustainable and effec-
tive reinforcement strategies for existing structures.
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