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24 The Digital Image Correlation (DIC) techniq
25 and a non-destructive evaluation approach th asurement of displacements
26 and strain fields across an entire surface durin sts. This technique provides

high-resolution data, enabling the measurement , the detection of localized

1d optical method

S t.
inary results the application of the DIC technique during
25 m?® unreinforced and strengthened clay brick

placement field during test execution. The displacement
has been compared and validated with that obtained through the
r Variable Differential Transformers (LVDT). The comparison
weaknesses of the DIC technique.

46
47

>

rsita Politecnica delle Marche,

ecent decades, the topic of strengthening existing structures has been one of the most extensively investigated by
chers in the field. This interest encompasses both performance under static loads and resistance to seismic actions.
articular attention has been directed toward the reinforcement of masonry structures, both due to their widespread use

48  and because they often involve buildings of significant architectural heritage [1][2][3]. This growing interest within the
49  scientific community has driven the advancement of innovative strengthening techniques [4], [5], [6], [7], particularly
50  those leveraging composite materials. Composite materials are increasingly employed in structural repair and retrofitting
51 due to their exceptional strength-to-weight ratio, minimal impact on structural mass, ease of application, and versatility.
52 These systems typically consist of high-strength textiles, which may be unidirectional or multidirectional, and are
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53 fabricated from materials such as aramid, basalt, carbon, glass, PBO, steel, or natural fibers like flax, hemp, and jute. The
54  textiles adhere to structural surfaces using organic matrices, such as epoxy, polyester, polyurethane resins, or inorganic
55  matrices, including cement or lime mortars. Organic matrix systems are classified as Fibre/Steel Reinforced Polymers
56  (FRP/SRP) when epoxy resins are utilized [8], or Fibre/Steel Reinforced Polyurethanes (FRPU/SRPU) when polyurethane
57  matrices with high deformability are employed. In contrast, mortar-based systems are known as Fabric Reinforced
58  Cementitious Matrix (FRCM), Textile Reinforced Mortar (TRM) [9], or Steel Reinforced Grout (SRG) when steel textiles
59  areused.

60 The validation and performance assessment of reinforcement systems utilizing these materials, as
61 engineering and optimization of detailed aspects (e.g., compatibility between reinforcement and matrix), ¥

64  behavior of specimens subjected to such tests, it is essential to record both the loads applied to th
65  their corresponding deformations.

66 Standard test methods for determining mechanical properties of masonry assembly general
67  Variable Differential Transformers (LVDTSs) to monitor displacements during tests. If p
68  have a virtually infinite life cycle, but they can incur damage if adopted in destruc
69  replacement costs. Some standards recognize this problem, allowing the removal g
70 reaching the specimen collapse, ASTM E519-22 [10].
71 Moreover, in these cases, crack formation or non-uniform load distribution ct the results without being

74 In addition, the use of traditional sensors can, in some cases, compli

ntal setup preparation for various
75  reasons: their size can be problematic (particularly with small spec i

e initial calibration, and they

77  required when the substrate does not permit adhesion). Fi itive to voltage fluctuations and
78  provide data limited to the specific portion of the specime i
79 To overcome these drawbacks, in the last few years, se
lace of more common LVDTs [11][12][13].
81 Among others, the Digital Image Correlation e one of the most promising measurement
82  methods, obtaining significant information on
83 the crack pattern [14]. For this reason, it has be
84  of'testing setups and data processing [15][16][
85  as the resolution of the optical recording i
86 DIC is a contactless full-field op
87  potentially used in place of LVDT in ion to avoid damaging instrumentation during tests of full-scale walls.
88  However, despite DIC being successfu
89  [21][22], its potential applieation in testi

several fields, reaching a relatively advanced knowledge
he accuracy of such a technique is undoubtedly growing

1-scale walls has not yet been thoroughly investigated [23].

iminary results of an experimental campaign to evaluate the potential of the
t of masonry walls during experimental tests. In particular, the results of
two unreinforced and two strengthened masonry walls with dimensions of 1.2x1.2x0.25
engthening system consists of two layers of TRM, which is a promising alternative to

91  DIC technique for
diagonal compres

94 osites or the shear and out-of-plane strengthening of existing masonry structures due
95 ity with Historic masonry substrates, higher vapor permeability, reversibility, and resistance to
96 eratures [24][25][26].

as used to record the three-dimensional displacement field during diagonal compression tests.

98 results and those obtained through the more common analog LVDTs is reported. Finally, the
99 ¢ moduli obtained from the two measurement systems are computed and compared.
1
101
102 r 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
103 m? (with an average compressive strength of 30 MPa) and commercially available lime mortar in 10 mm thick joints.

104  Two of these walls (M1, M2) were left unreinforced, while the other two (MR1, MR2) were reinforced using a Textile
105  Reinforced Mortar (TRM) system applied to both sides of the walls.

106 The TRM reinforcement system consisted of a bidirectional alkali-resistant (AR) glass fiber grid (density 280 g/m?)
107  coated with a polyvinyl alcohol layer (Fig. 1). This grid was embedded in a 30 mm thick layer of a fiber-reinforced,
108  hydraulic lime-based matrix. To enhance the connection between the TRM layers and the wall, stainless-steel helical
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109  connectors with a nominal diameter of 8 mm and a tensile strength of 830 MPa (as provided by the manufacturer) were
110  installed (Fig. 1). These connectors were bent over the glass fiber grid for a length of approximately 100 mm, ensuring a
111 robust mechanical bond. A similar TRM reinforcing approach was tested and described in detail in [27].

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

115
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Fig. 1. Geometrical characteristics of the glass fiber fabric and stain bwd in this study. Dimensions in
millimeters.
116
117 Table 1. Geometrical and mechanical properties of the glass fib, alent thickness (s), tensile strength (fr),
118 ultimate deformation (gf), and elastic modulus (Ef), according to ed by the manufacturer.
Material  [%0] E¢[GPa]
Warp yarn 1.7 58
Weft yarn 1.7 61
119
120  Table 2. Mechanical properties of the m Mc), flexural strength (i), and elastic modulus (Eq).
Material e fmw [MPa] / COV (%) Eq [GPa] / COV (%)
Masonry mortar 1.78 /0.91 9.25/1.30
TRM matri 3.56/3.89 12.32/1.10
121 2.2 Methods

ing to the standard ASTM E519-22 [10]. A monotonic force-controlled diagonal load
g rate of about 1 kN/$was applied on the bottom corner of the specimens using six hydraulic jacks with a
Si0 of 3000 kN, similar to the ones used in [30][31][32]. The experimental setup is reported in

125
126 ure uniform load distribution, and avoid directly loading the two TRM reinforcement layers,
127 ed at the loaded corners of the masonry walls. To monitor displacements during the tests, four

the LVDTs were recorded using a Spider8 data acquisition system running Catman software, operating
131 equency of 2 Hz. Among the LVDTs, sensors LVDT 1 and LVDT 3, positioned on the wall face monitored

132 e Digital Image Correlation (DIC) system, were employed to measure horizontal and vertical displacements,
133 respectively, for comparison with the results obtained through the DIC technique.
134 r the strengthened masonry panels, the LVDTs were mounted directly onto the surface of the TRM layers (see Fig.

135  2), ensuring that the displacement measurements accounted for the behavior of the reinforced assembly. This setup enabled
136 an accurate evaluation of the consistency between traditional point-based measurement techniques and the DIC method,
137  providing insights into the reliability and applicability of DIC for tracking displacement fields in both unreinforced and
138  reinforced configurations. As an example, Fig. 3 shows the images of an unreinforced and a reinforced specimen before
139  the execution of the diagonal compression test.
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Fig. 2. Experimental apparatus for compression tes icht*h@nded 3D-DIC coordinate system.

Fig. 3. Unreinforced specimen (a) and a reinforced specimen (b) prior to the diagonal compression test.

142 For the scope of this work, the nominal stresses were computed by referring to the masonry section only, i.e., without
143 considering the thickness of the two TRM layers. Future studies will verify the accuracy of this assumption to determine
144 the actual mechanical properties of the strengthened masonry walls. Then, the nominal shear stress was computed as t =
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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
unreinforced masonry wall, respectively. The shear strain was obtained through LVDT measurements as y = &, + &, where
&y and g, are the average strains, in absolute value, along the compressive and tensile diagonals of the panels. Then, the
shear stiffness modulus of the wall (G) was computed by linear regression of the t-y experimental curve between 10 and
40% of the maximum strength.

2.3 Digital Image Correlation

The displacements and the strains of the wall surface were measured by using a 3D-DIC technique, whi onsists of

the acquisition, during tests, of digital pictures of the frontal surface of the specimen, previously paint

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 Calibr;

on the two images. In this work, the calibration procedure involved repeated acquisitions of a re target (consisting of
a 10x10 dots grid, 100 mm pitch, and 40 mm of dot diameter), moved in differep ithi working volume.

stationary images prior to specimen testing. This procedure was employ aluatefthe performance of the correlation
as the average strain values show
small random fluctuations around zero. The standard deviations a: ant and are on the order of 100
microstrain.

Fig. 4a shows a typical picture recorded by one camera wj
used for the DIC analysis was 2020 pixels, with a measur;
selected as a compromise between spatial resolution and
Fig. 4b shows the 3D grid calculated by stereo triangulati

After testing, the digital images acquired were
the elements is initially defined on the unde
undeformed image of camera 2, the epipolar ¢

" The subset size of 20x20 pixels was
accordance with previous studies [13]
atic position of the two frontal cameras.

ouse developed 3D-DIC software. The grid of
. To determine the corresponding grid on the

where 1" and i are the correspondin eras, and F is the essential matrix depending on the calibration
parameters of the cameras. Based on & he correlation method between the deformed images incorporates the
same epipolar constraint and the asse approach of the Finite Element Method. The displacements of all grid
measuring points were obfai
the reference frame [3

JZi”Sid Xay — i (Ko (2
where Xq4 @nd X, indi the coordinates of the deformed and undeformed grid nodes, respectively, while Siq and Si,
indicate th ges associated with the i-th element on the deformed and undeformed image.
5
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Table 3. Optical setup and calibration parameters of the adopted cameras: fx and fy are the focal length in pixels, cx and cy are the

principal point coordinates, Tx, Ty, T- are the translation vector, and ax, ay, o are the rotation vector

CAMERA 1 CAMERA 2
Sensor [Type] CMOS CMOS
Sensor pixel size [pm] 6.8 6.8 6.8 6.8
Sensor resolution [pixel] 1280 x 1024 1280
Frame rate [fps] 2
Lens [Type, mm] C mount, 25
Working distance [mm] 2500
Sensor noise [gray level, dB] 0.94,-19
Subset size [pixel, mm] 20, 30
Displ. accuracy (st. dev) [pixel, mm] +[0.02, 0.05] +[0.02, 0.05]
Strain accuracy (st. dev) [mm/mm] +0.0001 20001
CALIBRATION DATA
fi—1fy [pixel] 1815 - 1809
cX—cy [pixel] 583 - 488
Tx—Ty-T, [mm]
Ox — Oly — Ol [rad]

square difference (ZSSD) criterion was adopted to avoid the effects of lighting offset and
utputs were obtained by referring to the right-handed coordinate system shown in Fig. 4. Strains (&, ¢y,
puted using the Cauchy-Green theory, starting from the 3D node displacements.

. 5, the results of the diagonal compression tests in terms of nominal t-y curves are reported. The unreinforced
were characterized by quite a linear 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
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, indicating a good bond of
the inorganic mortar with the masonry substrate.
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Fig. 5. Stress-strain curves t-y obtained from LVDT for unreinforced masonry wall nd strengthened (MR1 — MR2).

199 Fig. 6 and Fig. 7 show horizontal, vertical, and out-of-plane displac nd dz, respectively) obtained from
200 DIC measurements for two representative walls (M1 and MR2, res , the displacements related to 3

strengthened masonry wall, t:
, and t2 represents an intermediate
the instant at which the specimen
(failure) load; and t. represents the

201 different moments during the test are plotted (ti, to, and t3, see Fig.
202  corresponds to the moment when the initial cracking occurred
203 point in time between ti and ts. For the unreinforced mas
204  failed; t: refers to the moment when the applied load
205 intermediate time instant between t: and ts.

206 From the dy and dy displacement maps, it is possi ve that, duing the test, the masonry walls were not subject
207  toauniform upward displacement, but they had i
208  Moreover, d, allowed verifying the occurrence
209  if a bidimensional DIC algorithm is adopted.

1ons of the walls. This behavior cannot be observed
aps, it can be observed that the unreinforced wall has a
or. In fact, at the maximum load of the strengthened panel

212 From the 3D node displacements, stta e apse were calculated. Fig. 8 shows the maps of the shear strain
213 vy for unreinforced masonry walls (M1) g steéngthened masonry walls (MR2). The strain maps, shear and Von Mises

214 cracking during the test: in the maps of Fig. 8, red concentrations
215

216 nreinforced and one strengthened wall calculated with the values measured
217 TM E 519-22 [10] and the curve obtained with the results of the DIC. The
218 howed similar trends to those obtained with LVDT. The shear deformation y obtained with
219  the DIC was age of the values of the whole surface of the wall. The oscillations of the curve obtained
220  with the D e cameras’ non-optimal positioning. In particular, due to the large support frame, the
221 cameras 0o large an angle between the optical axes and a consequent non-optimal illumination. Despite
222 this, gsimi d in the first part of the two curves, from which the shear modulus G is computed. In particular,
223 the de 0.8 MPa for the strengthened wall depend on the out-of-plane deflection of the wall and the
224 etween the two cameras, due to the presence of the LVDTs.

225 ichlights the need for improved integration of the experimental setup. Future configurations should consider

2 reased number of cameras (e.g., 4-5) to achieve a more accurate reconstruction of the surface geometry
22 clusions and parallax effects in areas where physical sensors are present. Additional strategies include the
228 tical markers in place of physical sensors near critical regions and the implementation of pretest alignment
229 alibration protocols to minimize misalignment errors and enhance system compatibility.

230
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Fig. 8. Maps of shear strain y obtained from DIC for unreinforced masonry walls (M 1) and for stren, ed
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Fig. 9. Stress-strain t-y curves obtained from L

234 4. Conclusion

235 This study explores the potential of
236  mechanical behavior of masonry wall

tion (DIC) as an advanced and versatile tool for assessing the
pnal compression tests. By comparing DIC measurements with those

239 structural responses, i ding in-plane andjout-of-plane deformations, as well as the evolution of crack patterns and
240  damage mechanis

tructures where compatibility, reversibility, and durability are critical considerations.
es the unique advantages of DIC over conventional point-based measurement systems. While

248 i imen surface. This feature is particularly advantageous in capturing non-uniform deformation patterns, such

2 tions or out-of-plane displacements, which might otherwise go undetected. Despite some technical
25 as suboptimal camera positioning and illumination, the DIC technique provided results that closely aligned
251 i LVDTs, particularly in the linear portion of the load-displacement curves.

252 owever, some discrepancies in the later stages of loading were observed, primarily attributed to parallax errors and the
253  in ce of LVDT hardware on DIC measurements. Future studies should focus on refining the experimental setup to
254 ss these limitations. Improvements in camera alignment, lighting conditions, and the minimization of interference

m traditional measurement devices will enhance the accuracy and reliability of DIC data.

256 Moreover, this research demonstrates the potential for DIC to serve as a complementary or alternative tool to traditional
257  methods in experimental campaigns involving full-scale specimens. By providing high-resolution, three-dimensional data,
258  DIC enables a more nuanced understanding of structural performance, paving the way for improved modeling and analysis
259  techniques. Integrating DIC into experimental workflows can facilitate the development and validation of innovative
260  strengthening solutions, particularly for masonry structures subject to complex loading scenarios.
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261 In conclusion, the findings of this study confirm the utility of DIC as a robust and reliable method for structural
262  assessment. Its ability to capture detailed displacement fields, coupled with its non-invasive and versatile nature, makes it
263 a valuable tool for future research and practical applications. Although the present study was conducted under controlled
264  laboratory conditions, the proposed method shows potential for scalability to on-site applications. However, further
265 investigation is needed to address practical challenges such as lighting, surface texture, and environmental variability.
266  Continued exploration of DIC’s capabilities will further enhance its role in advancing the field of structural engineering,
267  particularly in the development of sustainable and effective reinforcement strategies for existing structures.
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