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Abstract

Shear properties are essential for evaluating the strength of masonry infill
walls. Traditionally, shear strength parameters are experimentally deter-
mined through triplet shear tests. While extensive research exists on these
tests, few studies have combined full-field measurement techniques such
as Digital Image Correlation (DIC) with mesoscopic damage analysis and
shear strength quantification. Leveraging the detailed displacement fields
provided by DIC and force measurements, the study seeks to enhance the
characterization of the Mohr-Coulomb criterion in mortar joints. An ex-
perimental campaign on eight specimens yields valuable insights through
force-displacement curves and DIC post-processing in a monoview config-
uration. This analysis proposes a novel method to achieve a more precise
estimation of triplet shear strength.
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Introduction

To accurately predict the structural capacity of masonry walls under
in-plane loading, a thorough understanding of their shear stress response
is essential. The behavior of masonry is inherently heterogeneous due to
its composition, consisting of blocks and joints. Cracks typically form in the
joints between blocks [14, 13], but characterizing the mechanical behavior
at the joint level remains challenging. Many factors influence the shear
strength of a masonry wall [26] such as the material properties—particularly
the tensile strength of mortar—and boundary conditions such as, namely,
confinement levels [30].

According to the EN 1052-3 standard [33], the triplet shear test setup is
widely used in research to evaluate the shear strength of joints [34, 4, 7, 5,
15, 8]. In the test considered herein (Figure 1), the specimen is composed
of an assembly of three concrete blocks with two mortar joints. A force F'is
applied to the central block while the outer blocks are supported, causing a
concentration of shear stress in the joint area. Varying levels of confinement
o are applied through horizontal steel rods. This arrangement allows the
failure at the mortar-block interface to be studied. In addition, as shown in
Figure 1 (right), the experimental setup also allows the cyclic shear response

to be investigated [5, 15].
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FIGURE 1: Experimental setup for monotonic (left) [33] and cyclic (right) [5] loadings.
Adapted from Collin et al. [12].

Despite their widespread use, triplet shear tests present notable limita-
tions. Simultaneous loading of two joints often leads to asymmetric cracking,
making the post-peak response difficult to interpret [22, 36]. Alternative
setups such as couplet specimens [30] and in-situ shove tests [4] have
been proposed to address this challenge. While couplets tend to yield more
consistent results and higher parameter estimates, triplet tests remain more
representative of real-world conditions, particularly in seismic walls where
joints are subjected to forces at both top and bottom interfaces.

A further limitation of traditional triplet tests lies in their instrumentation.
These tests typically rely on two Linear Variable Differential Transformers
(LVDTs) to assess relative shear displacements and an additional IVDT to
monitor the vertical motion of the central block [24, 4, 30, 8]. Although
this approach is effective for global measurements, it is limited to discrete
points and does not capture the full extent of local damage mechanisms,
such as cracking, sliding, or strain localization. To address the previous
limitation, Digital Image Correlation (DIC) provides full-field, contactless,
and non-intrusive measurements. First applied to masonry by Raffard et

al. [25], and later extended to crack propagation studies [31], DIC is now
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commonly used in triplet shear tests, particularly to measure kinematic
fields and identify crack patterns [8, 6]. Validation studies by Ghorbani et
al. [16] and Bompa et al. [7] have shown that virtual gauges derived from
DIC data match the accuracy of conventional LIVDT measurements.

Building upon the approach of Sciuti et al. [29] on full-scale masonry
walls, the novelty of this work lies in advancing the state-of-the-art by using
DIC data to study damage development and to provide a macroscopic quan-
tification of damage, rather than just visualizing crack patterns. Applied
to triplet shear tests, this methodology enables for the identification of the
effective Mohr—-Coulomb criterion based on full-field data to quantify the
effective shear surface. The triplet shear tests presented herein are parts of
a broader experimental framework [11], which integrates DIC-based mea-
surements into shear strength characterization. Achieving reliable results
requires careful attention to the experimental setup, including lighting, cam-
era position, and design of the speckle pattern [12]. This study demonstrates
how combining full-field DIC measurements with conventional sensor data
allows for a more comprehensive and quantitative analysis of the mechanical
response of masonry joints under shear loading.

Section 1 begins by describing the experimental campaign and the setup
for the triplet shear tests. Section 2 presents the results obtained, starting
with the force-displacement curves and followed by post-processing of the
digital image correlation data in a monoview setup. In Section 3, a novel
method is proposed for a more accurate estimation of triplet shear strength

and concludes with a discussion of the results obtained.
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1. Experimental campaign

1.1. Virtual testing

The experimental campaign was carefully prepared through a prelimi-
nary virtual testing phase [11, 12]. Based on a robust numerical model, a
Design of Experiments (DoEs) approach was used to analyze the sensitivity
of geometric parameters, namely, block length /,, joint thickness e;, support
position e (Figure 1), and to select the configuration that is most likely
to yield meaningful experimental insights. Regarding the joint thickness,
the studied masonry features 2-cm thick horizontal joints and 3-cm thick
vertical joints. However, due to the maximum width constraint of the testing
machine, a thickness of 2 cm was selected.

The virtual design phase enabled the entire setup to be modeled in
Blender [https://www.blender.org/], an open-source animation and ren-
dering software (Figure 2a). This process facilitated the design of the
supports and the confinement cell to ensure that they would not obstruct
image acquisitions prior to fabrication. The camera and lighting positions

were also defined and validated virtually.
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(a) Virtual image (b) Real image

FIGURE 2: Comparison between a virtual image generated in Blender (a) and a real image
captured using the experimental setup (b).

The interest of this approach lies in the ability to generate realistic virtual
images in Blender, and to a priori evaluate measurement uncertainties by
simulating the entire acquisition chain. This process notably enables for the
optimization of the size of the speckle pattern to minimize measurement
uncertainties [12]. Table 1 presents the optimized parameters obtained at

the end of this process.

TABLE 1: Parameters optimized through the virtual design phase [12].

Parameters b | e | e | d
Values (mm) | 400 | 20 | 20 | 2.5

1.2. Brick and mortar characterization

The eight triplets were all constructed identically using solid concrete
blocks held together by standard mortar. Each block originally measured
500 mm in length but was cut on both outer faces to achieve a target length
of 400 mm. After cutting, the specimens were air-dried and stored in the
laboratory for at least 14 days to ensure proper conditioning. Before testing,

the blocks were measured and weighed to confirm that they reached a

6
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constant mass. The results of these measurements are shown in Table 2.
Some variability in these parameters is evident, although it is not significant.
The impact of block length, particularly regarding the force-displacement

response, is addressed in a previous study [12].

TABLE 2: Dimensions, weight, and measured density of all concrete blocks, including the
indication of standard deviation.

Length Width Height Mass Density
(mm) (mm) (mm) (kg) (kg/m3)
400.6 £0.8 190.0+04 96.34+0.2 14.940.15 2033.4+17.0

Characterization tests were also carried out to determine the mechanical
properties of mortar, consisting of lime and cement CP/CEM II B-M-32.5
R with a water/cement ratio of 0.43 by weight. The results of the tests
on 40x40x160 mm [32] and 110x220 mm [3, 2, 1] specimens are sum-
marized in Table 3, where E; and v, represent the Young’s modulus and
Poisson’s ratio of mortar, respectively, and f, ;, f;;, and f;; denote its com-

pressive, indirect tensile, and flexural strengths.

TABLE 3: Mechanical parameters of mortar identified through experimental tests, with the
corresponding standard deviation.

Ej Vj fc,j ft,j ffJ
(GPa (MPa) (MPa) (MPa)
20.7+0.3 0.1+£0.01 37.0x39 33706 46=*21

1.3. Manufacturing of masonry triplets

Eight triplets were tested, with each triplet consisting of a single row of

solid blocks. Each triplet included a stack of three solid blocks and two target

130 joint thicknesses of 2 cm. The resulting samples had uniform dimensions
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of approximately 400.6 X 610 X 96 mm. These assemblies were kept in a
controlled atmospheric environment under a 10 kg load for 28 days. After
the curing period, they were tilted to a 90° position for shear testing (see

Figure 3a).

1.4. Experimental setup

Shear tests were conducted using a Zwick/Roell Z100 universal testing
machine with a 100kN capacity, coupled with a 50 kN load cell capable in
a horizontal position to measure the real-time constraining force perpen-
dicular to the bed joints of the tested samples (Figure 3a). Before testing,
the specimens were surfaced and speckled to optimize the image correla-
tion rendering. The bottom support plates were previously bonded with
Sykadur glue to ensure that the specimen was supported only on the support

cylinders. At the top, the support plate was simply held in place by force.

(a) Experimental setup (b) DIC setup

FIGURE 3: Experimental (a) and DIC (b) setup for the triplet shear tests.

Five 8-bit digital cameras were placed at different locations near the
points defined in Blender [12], without tilting, to monitor different zones of
the sample surface (Figure 3b). The positioning of the light sources was also

taken into account. The first three cameras captured the entire specimen



area, while the fourth camera zoomed in on the left joint zone. The fifth
camera observed the opposite side and was positioned symmetrically with
Camera 1 relative to the tested specimen. Reflections were minimized by
painting the steel supports black. In this paper, only cameras 1 and 5 are
used; therefore, the focus is solely on the monoview image correlation setup.

Table 4 summarizes the hardware parameters of the current monoview

setup.

(a) Speckle pattern sprayed on the specimen

(b) PCO.edge camera

FIGURE 4: Speckle pattern (a) and PCO.edge camera (b) for the triplet shear tests.

TABLE 4: DIC hardware parameters for triplet shear tests

Camera 1 | Camera 5
Camera type PCO.edge 5.5 USB 3.0 (Figure 4b)
Definition 2560 x 2160 px 2560 x 2160 px
Color filter none none
Gray Levels rendering 8 bits 8 bits
Lens Nikon EF 24 mm Nikon EF 24 mm
Aperture /2.8 /2.8
Field of view 610 mm X 401 mm | 610 mm X 401 mm
Image scale 0.29 mm/px 0.27 mm/px
Stand-off distance ~ 1.25m ~ 1.2m
Image acquisition rate 1/7 fps 1/7 fps
Patterning technique B/W paints B/W paints
Mean pattern feature radius 3.9 px 4.0 px
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series was captured.

!

Uncertainties
50 images

Test

15 to 25 images
Confinement

200 to 700 images
Monotonic
loading

More than
1200 images
for a test

When using two or more cameras for measurement purposes, synchro-
nization between them is crucial. Any time lag between cameras may lead to
errors in DIC measurements. Due to transfer limitations, an acquisition rate
of one image every 7 s was selected for both cameras. However, the force
measurements were performed at a higher frequency. Each force data point
is linked to the number of images acquired last to ensure synchronization.

This coupling allows one to determine the force applied when the n-th image

To quantify measurement uncertainties, the two cameras captured an-
other sequence of 50 images of the reference configuration beforehand.

Figure 5 illustrates the test procedure for the triplet shear test using DIC.

Cameral Camera 5

FIGURE 5: Test Procedure for triplet shear tests with monoview DIC.

The speckle pattern applied to the specimen (Figure 4a) was designed to

facilitate comprehensive monitoring of the entire displacement field of the

10
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triplet. Selecting the appropriate dot diameter required a careful balance;
specifically, the speckle size needed to be sufficiently fine to achieve the
spatial resolution necessary to study crack propagation while also being
large enough to ensure accurate measurements in the presence of acquisition
noise. The virtual design phase indicated that a grid with a dot diameter
of 2.5 mm represented the optimal compromise for this particular case
[12]. An initial regular pattern was created using a 2 mm grid, followed by
applying black paint, resulting in more than 1,500 dots (Figure 4a). Finally,

random stripes were added to introduce variability into the pattern.

1.5. Loading

The test was displacement-controlled with a prescribed speed of 1 um/s.
The experiments were carried out with four different pre-compressive
stresses 0. The chosen pre-compression levels were within the range of the
EN 1052-3 standard [33]. The pre-compressive stress was applied using
two steel plates held together by four steel rods. The plates moved closer
together by tightening the nuts, increasing the constraining force, measured
by a spherical load cell. During the application of the pre-stress, images
were captured to measure the prescribed displacements along the entire
boundary. A total of four different specimen configurations were defined.
Table 5 summarizes the characteristics of the tested specimens and the

loading levels.

11
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TABLE 5: Tested Specimens - Shear Test.

Test Length | Height | Depth | Pre-compression o
(mm) (mm) | (mm) (MPa)
TRIPLET 1 | 400.8 | 609.5 | 96.1 0.2
TRIPLET 2 | 401.5 | 610.2 | 96.3 0.07
TRIPLET 3 | 400.2 608.7 96.6 0.07
TRIPLET 4 | 401.3 610.4 96.1 0.04
TRIPLET 5 | 400.7 | 610.2 | 96.2 0.04
TRIPLET 6 | 399.2 | 609.7 | 96.5 0.09
TRIPLET 7 | 400.6 | 610.3 | 96.3 0.09
TRIPLET 8 | 400.2 610.7 96.3 0.09

2. Monotonic triplet shear tests

Triplet shear tests were equipped with two load cells, and monoview DIC
was performed on both sides of the specimen. Following the presentation
of the force-displacement curves, this paper introduces the monoview DIC

formulation and the full-field results obtained from the tests.

2.1. Force results

The results of the shear tests are shown in Figure 6. The displacement
corresponds to the target position of the crosshead. The blue curve illustrates
the force applied by the actuator, while the orange curve depicts the variation
in constraining force throughout the test. These curves begin after an initial
pre-compression phase is applied using steel bars.

The TRIPLET 1 test remained within the elastic range until it reached the
maximum force limit of the testing machine (100 kN), as seen in Figure 6a.
However, small discontinuities began to appear in the displacement field,

which were observed using Digital Image Correlation (DIC), as shown in

12
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Figure 7a. It is worth noting that during the elastic phase, the constraining
force remained constant. In contrast, for all other tests, the constraining
force experienced a sudden change when a crack initiated and continued to
increase thereafter. This behavior is explained by the fact that the opening
of the crack caused dilatancy, meaning that the blocks began to separate
and exert additional pressure on the confinement casing. Once cracking
occurred, the sample was subjected to larger displacements to evaluate its
residual shear strength [4]. This residual strength is attributed to friction
generated by the compressive force. During this phase, relative slip occurred
between the two parts of the assembly along the crack plane.

The TRIPLET 2 and TRIPLET 3 tests for a pre-compression of 0.07 MPa
were quite similar to those observed in the literature [5], with cracking
occurring first in one joint. In the case of TRIPLET 2, the crack propagated
throughout the height of the first joint at a displacement of 2 mm, and
then in the second joint at approximately 3 mm, leading to a brittle failure
followed by a convergence to a residual regime (Figures 6b and 7b). It is
noteworthy that the loss of force after the first crack was relatively small,
unlike the TRIPLET 3 test, where the force drop was much more significant
at 1.8 mm, followed by a recovery of force and finally a compressive failure
in the footing of the right block at 2.5 mm (Figures 6¢ and 7c). This failure
mode hinders any reliable residual behavior analysis, as frictional effects no

longer govern the observed behavior.

13
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FIGURE 6: Force-displacement curves for each triplet shear test (in blue), with the change
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The TRIPLET 4 and TRIPLET 5 tests, conducted with a lower pre-
compression level of 0.04 MPa, present additional challenges in the analysis.
The applied force was experimentally relatively low, making it difficult to
maintain it constant. In the TRIPLET 4 test, a gradual drop in the measured
constraining force was observed, initially attributed to insufficient initial
tightening (Figure 6d). However, a post-test analysis using DIC revealed
a weakness in the upper part of the right joint. This local weakness may
have led to a reduction in the constraining force. The first joint cracked
at a consistent load of approximately 40 kN, which is then followed by a
significant increase in constraining force as the cracks opened. The second
joint cracked at a much higher force, nearing 100 kN. A different crack
pattern was observed compared to previous tests, with through-cracking in
mortar, indicating a cohesive shear failure (Figure 7d). In the case of the
TRIPLET 5 test, a single crack formed in the joint at 1.7 mm, followed by
compressive failure in the footing of the block bonded to the steel support

with Sykadur glue (Figures 6e and 7e).

15
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For the TRIPLET 6, TRIPLET 7, and TRIPLET 8 tests, conducted with a
pre-compression of 0.09 MPa, the results were consistent, as the maximum
failure forces achieved were the highest. In the TRIPLET 6 and TRIPLET 8
tests, initial cracking began below 40 kN; however, the higher constraining
force prevented any significant force drop until complete cracking occurred
in both joints, at forces exceeding 80 kN (Figures 6f and 6h). In both
cases, cohesive failures crossing the joint were observed, with the failure
even extending into the left block in the TRIPLET 6 test (Figures 7f and
7h). In the TRIPLET 7 test, a compressive failure occured in the block
footing at the supports after an initial crack formed in one joint. The second
joint subsequently cracked at around 70 kN, though with altered boundary

conditions (Figures 6g and 7g).

2.2. Preparation for DIC Calculation

In this section, the analysis focuses on the TRIPLET 2 test, applying the
same methodology to the other tests as well. The results differ among tests,
as they depend on the specific failure mode observed in each case. However,
the data from all eight tests will be collectively analyzed in Section 3.2 to
determine the Mohr—-Coulomb failure criterion, which constitutes the main
novelty of this study.

Digital Image Correlation (DIC) is a full-field method to measure dis-
placement fields by registering images at different time instants [17, 9].
This technique analyzes two images of the same object under different load-
ing conditions. The main objective is to determine the displacement field
u(x) that leads to the best match between the reference image f and the

deformed image g. It is based on the principle of gray level conservation

17
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during the deformation process [17]. As early as 1981, Horn and Schunck

provided a robust formulation of this concept [20]

Vx € R, f(x) = g(x + u(x)) @)

where R C R? denotes the Region of Interest (ROI). The Correli 3.2 frame-
work, developed at LMPS [21], was used in this study to measure displace-
ment fields u(x,t). This library offers a platform for implementing DIC
codes in Matlab. All the equations of the global formulation used herein are
detailed in Appendix A. Table 6 gathers the monoview DIC parameters for

both cameras.

TABLE 6: Monoview DIC analysis parameters for cameras 1 and 5 (TRIPLET 2).

Parameter Camera 1 Camera 5
DIC software Correli 3.2 [21]
Image filtering None
Element sizes ~ 47 px ~ 46 px

Shape functions

Linear (T3 elements)

Matching criterion

Regularized sum of squared differences (A.5)

Regularization length

50 px

275

280

Interpolant Spline

Displacement noise-floor 0.04 px \ 0.05 px

2.2.1. Projection of the FE Mesh

The main advantage of the global DIC formulation lies in its ability to
align experimentally measured displacement fields with those predicted
by Finite Element (FE) simulations. While this test-calculation interaction
will not be addressed herein, it is planned for future work, with the aim of

identifying nonlinear parameters from the data measured during the tests.

18
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In this context, one face of the 3D FE mesh (Figure 8a) is projected onto
the 2D surface of the specimen surface (Figure 8b) by aligning the mesh
corners with the four corners of the specimen. The elements in mortar have
an average size of 6 mm, which allows for approximately three elements
across the thickness of each mortar joint. For the blocks, the element size is
increased to 15 mm. The scale factor for each camera is then determined
as the ratio between the size of the mesh elements in meters and their size
in pixels. Last, the quadrilateral elements are converted into triangular

elements for the DIC calculations [21].

04F
500
0.3 —
g 1000
é‘042 >
>
1500
0.1E
2000 B
0 “ . .
0 0.1 0.3 . 0.5 0.6 500 1000 1500 2000 2500
X [m] x (pix.)
(a) FE Mesh (b) Front camera

FIGURE 8: Projection of the FE Mesh (a) onto the specimen surface for camera 1 (b).

2.2.2. Uncertainty quantification

To assess measurement uncertainties using DIC, 50 images were acquired
without any applied loading (Figure 5). For each node in the defined mesh,
the displacements obtained from the DIC measurements is evaluated, reflect-
ing the measurement uncertainty. The standard uncertainty at each node
is calculated by determining the standard deviation of the displacements

measured in this set of images. Figure 9a illustrates how the element length

19
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affects DIC uncertainties. As the element size decreases, the measurement
uncertainty increases due to the smaller evaluation area, highlighting the
well-known trade-off between measurement uncertainty and spatial reso-
lution [19]. Conversely, when mechanical regularization is applied (e.g.,
with a regularization length of /,., = 50 px), the standard displacement un-
certainties are reduced for elements smaller than the regularization length
[29]. In the case of the FE mesh, the length of the smallest elements at
the joint is approximately 20 px. Figure 9a demonstrates the benefits of
mechanical regularization. The displacement uncertainty field ~,, calculated
for the FE mesh with a mechanical regularization length of 50 px is dis-
played in Figure 9b. This approach ensures that mechanical regularization
prevents a significant increase in standard uncertainty for nodes near the
joints. In contrast, the uncertainty field remains relatively smooth, with an
increase observed near the edges of the specimen—a common characteristic
in DIC. However, these higher values remain relatively low compared to the
measured displacement fields during testing, reaching 0.2 px when cracking

occurs (see Figure 12).

20
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FIGURE 9: Standard uncertainties related to horizontal displacement influenced by the regu-
larization length (a) and DIC uncertainties for the finite element mesh with a regularization
length of 50 px (b) for camera 1.

2.2.3. Force-based selection of photos

The challenge in DIC is to accurately capture specific events, such as
cracking within mortar. To achieve this, it is important to take as many
images as possible during the test. However, processing all these images can
be computationally expensive. Therefore, a method is proposed to select
the images used in the DIC calculations by analyzing the force-displacement
curve. The developed code detects local peaks in the force-displacement
curve and refines image selection around these peaks to effectively track
drops in force (see Figure 10a). In the absence of detected peaks, an
image is chosen every 30 increments. This approach facilitates efficient
data management and ensures that critical events, such as cracks or other
significant changes in material response, are captured without overwhelming
the computational process. For the TRIPLET 2 test, this method reduced

the total number of processed images from 838 to 104 (refer to Figure 10b).
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FIGURE 10: (a) Force-based selection of images for DIC analysis. The dashed lines indicate
the instants at which selected images were taken. (b) Change of the shear force as a
function of the image number. The dashed lines represent the images that will be analyzed
in the subsequent section.

2.2.4. Damage development

Mechanical regularization helps distribute the strains across the mesh.
To accurately capture higher displacement gradients, local damage is intro-
duced that relaxes the regularization in specific areas [29]. Initially, a Digital
Image Correlation (DIC) calculation was performed on all the images. An
element is classified as damaged if the gray-level residuals from a given im-
age (defined in Equation (A.4)) exceed six times the associated uncertainty.
Its stiffness matrix is then degraded by multiplying by (1 — Dy). Figure 11
shows the front camera’s first image with damaged elements. Notably, the
damaged elements are predominantly located in regions corresponding to
mortar or its interface with the concrete blocks, which aligns with expected
damage patterns. Cracking first occurs in the right joint between image
indices 20 and 40, while cracking in the left joint appears around image

index 90.
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FIGURE 11: Map of first image for which elements were damaged. If damage never occurred,
the element remains white.

The parameter Dy=0.9 was selected to reduce the regularization weight
in damaged elements [29]. This choice was based on two opposing consid-
erations. On the one hand, if D, is not high enough, it becomes difficult to
relocalize the strain field, which may cause damaged areas to spread across
several neighbouring elements. On the other hand, if Dy is set too high,
achieving convergence of the DIC code for the final images becomes more

challenging.

2.3. Monoview DIC results

After the previous steps, which prepared the DIC calculations, the images

taken during the confinement phase and the test itself are now discussed.

2.3.1. Full-field measurements
DIC’s primary advantage lies in its capability to measure displacement
fields for each image in relation to a reference image captured before

applying confinement to the sample. The displacement fields are reported
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after the removal of any rigid body motion. In step 2, only the constraining
force was applied to the specimen, resulting in a gradient field along the X
direction (Figure 12). This confinement also induced a slight rotation, which
is especially noticeable in the Uy displacement field. Monotonic loading then
began, and at increment 10 (F = 25.6 kN), the Uy displacement field looks
like a bending pattern, with the displacement field remaining continuous at
this stage. At increment 15 (F = 43.9 kN), the first discontinuities appeared
at the two joints, although at a relatively low amplitude. At increment 22
(F = 45.1 kN), the horizontal displacement maps reveal significant gradients,
indicating the presence of a crack in the right mortar region, which was
initiated at the bottom of the specimen. This crack continued to propagate
vertically along the height of the sample, progressing until increment 40
(F = 49.7 kN) (Figure 13). At this stage and at increment 80 (F = 52.9 kN),
a rotation of the two left blocks is observed in the displacement fields. At
increment 95 (F = 20.3 kN), the left joint also fractured. This event marks
the transition to the residual regime, where the central block begins to move
downward while sliding against the two adjacent blocks that rest on the

supports.
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FIGURE 12: Displacement fields for X- (left) and Y- (right) direction, at increments 2, 10,
15, 22 (from top to bottom).

Plotting the Brightness and Contrast fields associated with the BCCs is
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also beneficial to check the values and ensure no spurious local artifacts
were present (Figure 14). For this analysis, the BCC regularization length
was set to a high value of 320 px. With lower regularization, it was observed

that the B and C fields mitigated cracking.
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FIGURE 14: Brightness (a) and contrast (b) correction fields at increment 40.

2.3.2. Virtual gauges

The DIC measurements are now compared with those commonly ob-
tained using analogue sensors in triplet shear tests. Previous validations by
Ghorbani et al. [16] and Bompa et al. [7] have shown that DIC achieved
accuracy comparable to that of IVDTs in such tests. Figure 15a illustrates
the standard placement of LVDTs: one vertical LIVDT to measure the dis-
placement of the central block relative to the end blocks and two horizontal
LVDTs to capture the expansion of the joints. As discussed in the previous
subsection, DIC provides full-field displacement measurements, eliminating
the need for the vertical IVDT. The goal now is to use the DIC data to also

measure the expansion of the joints.
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FIGURE 15: Instrumentation of the Triplet Shear Test with Conventional Gauges (a) or with
virtual gauges (b) using DIC data.

Starting from the FE mesh, it is possible to define virtual gauges (as
illustrated in Figure 15b). In practice, a virtual gauge is defined for each
line of nodes in the mesh for both joints. The expansion of the joints
measured by the virtual gauges is calculated as the difference in X-direction
displacements between the two extreme points, similar to the operation of
a classical extensometer. The plots of the surfaces shown in Figure 16 are
derived for the both joints as functions of time and the Y-coordinate of the

virtual gauge in the reference frame of the Finite Element Mesh (Figure 8a).
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FIGURE 16: Evolution of horizontal strain over time and along height Y for the left joint
(a) and right joint (b).

DIC offers the advantage of enabling multiple measurements in these
areas and facilitates the visualization of strain fields ¢,,. The heterogeneity
of this field along the joint height in the Y -axis direction is visible, especially
for the right joint. The crack opening within the joint is indicated by a strain
jump, which may be abrupt (for the left joint) or gradual (for the right
joint), with the crack propagating from the bottom to the top of the mesh.
These findings highlight the benefits of DIC measurements, which provide
enhanced visualization of underlying phenomena that may be missed by

local measurements alone.

2.4. Crack opening and macroscopic damage quantification

Upon convergence, elementary strains are obtained via exact differenti-
ation of shape functions. The maximum principal strain, ¢;, is commonly
used to characterize crack networks [18], regardless of orientation or crack-
ing mode. In cracked regions, elastic strains are assumed to be negligible

compared to the singular contributions from cracks. The mean strain tensor
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for each element e within its domain €2, and its boundary I', is defined as

[28]

€~ o) [u(x)] ® n(x) ds (2)

The Mean Crack Opening Displacement (MCOD) is computed from the mean

strain tensor [28, 29]

[[u]]@n:ﬁ [ e nas 3)

where n is the mean crack normal. The maximum principal strain ¢; is

linked to the MCOD by
€2e[€r = [Ie[[u] 4

For small element sizes, where each element contains a single crack, the
ratio |€2.|/|T| scales with the element size ¢. Throughout the remainder of

the study, the MCOD is so approximated as
[a] = le (5)

Figure 17a illustrates the change of the cumulative MCOD for all mesh
elements, as well as for elements specifically in the left and right joints. A
gradual increase in MCOD is observed initially in the right joint, followed
by a sudden increase in crack opening in the left joint. At the end of the

test, the total crack openings in both joints are similar. Figure 17b shows
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the change of the cumulative MCOD per band of elements in the right joint.
The results are consistent with those of Figure 16, displaying a progressive

crack opening, with higher MCOD levels initially in the lower part of the

»0 joint (lower Y') that subsequently increase along the entire height.
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FIGURE 17: Changes of the cumulative MCOD (a) and Cumulative MCOD over time and
along the height Y for the right joint (b).

The previous discussions provided valuable insights into crack initiation
and propagation in the specimen during triplet shear tests. However, the
selected ranges did not allow for a complete quantification of crack openings.
The current objective is to achieve a macroscopic damage quantification
for each test. To accomplish this, Sciuti et al. [29] introduced two key
metrics: the MCOD in damaged elements and the Surface Crack Density
(SCD), which is defined as the ratio of the damaged area divided by the
total area of the specimen. In the case of triplet shear tests, the focus is on

studying these quantities for all elements in the mesh or those close to the

wo joints. Both quantities are displayed in Figure 18.
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FIGURE 18: Mean MCOD (blue) with standard deviation (error bars) and SCD (orange) as
functions of image number for damaged elements of all the specimen (left), near the left
joint (middle), and near the right joint (right).

As expected from the previous results, a sudden increase in the mean
MCOD at index 22 (F = 45.1 kN) corresponds to the first crack initiation.
The mean MCOD then increases slightly up to index 87 (F = 53.0 kN) with
the second crack initiation. One can zoom in on the images of interest
around the crack initiation (Figure 19). It is noteworthy that two distinct
regimes are observed between the two joints. For the left joint, the increase
in the mean MCOD is sudden, rising from O to 2.2 px in just one image,
which suggests an adhesive phenomenon along the interface between mortar
and the block. In contrast, the evolution of the mean MCOD for the right
joint occurs in steps, with a more gradual increase. Twenty images after
cracking, the mean MCOD is only 2 px, which is still lower than the value
found for the left joint. Similar results are observed regarding the evolution
of SCD , with more progressive damage to the right joint. This observation
suggests a mixed adhesive-cohesive phenomenon and is confirmed after the
experiment by a much rougher fracture surface for the right joint compared
to the left one. The displacement fields shown in Figure 13 also reveal less

straight cracking in the right joint, in contrast to the left joint.
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FIGURE 19: Mean MCOD (blue) with standard deviation (error bars) and SCD (orange) as
functions of specific image number for damaged elements of all the specimen (left), near
the left joint (middle), and near the right joint (right).

To further analyze the histories of mean MCOD and SCD, these quantities

are plotted as functions of the constraining force applied to the specimen

w0 (Figure 20). Regarding the evolution of the SCD, it is noteworthy that it
occurs in discrete steps. The constraining force increases from 2.5 to 4 kN
during the first cracking event, accompanied by an SCD increase from O to
0.01. A plateau follows this trend. The constraining force continued to rise

up to 8 kN with no further increase in SCD. At 9 kN, the second cracking

ws event occurred, resulting in another rise in SCD, which reached 0.025. In
contrast, the mean MCOD following each cracking event appears to be
more linear with respect to constraining force up to 8 kN. This response

is attributed to damage to the elements occurring rapidly during cracking.
However, the opening of the cracks at the joints continued to increase,

w0 leading to a gradual increase in constraining force.
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FIGURE 20: Mean MCOD (blue) and SCD (orange) as functions of the constraining force.

These analyses highlight the value of combining force measurements
with full-field data obtained through DIC to gain a more comprehensive
understanding of the behavior of mortar joints in masonry. Building on the
previous analyses, the objective is now to propose a new method to better

identify the parameters involved in a Mohr-Coulomb criterion.

3. Identification of Mohr-Coulomb parameters

A standard approach for analyzing masonry triplet tests is to use the
Mohr-Coulomb failure criterion. This method is widely used in numerical
studies [4], as once the crack propagates from top to bottom, friction due to
sliding is observed on either side of the crack, which is influenced by the

level of confinement [5, 7, 15].

3.1. Normative approach

For each test, the EN 1052-3 standard defines the shear stress = and the

confining stress o using the following expressions [33]

E,peak -Fi,p

T:—QAZ- o= —= (6)
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w5 where F; ., represents the maximum force reached, F; , is the constraining

force, and A; is the lateral surface area of 401 x 96 mm?. The results for

each test are gathered in Table 7.

TABLE 7: Confining and shear stress values determined for each test.

Test Confining stress o (MPa) | Shear stress Tpecqi (MPa) | Shear stress T,.es (MPa)
TRIPLET 1 0.21 / /

TRIPLET 2 0.07 0.69 0.4

TRIPLET 3 0.07 0.72 0.4

TRIPLET 4 0.04 0.48 0.26
TRIPLET_5 0.04 0.70 /

TRIPLET 6 0.093 1.09 0.54

TRIPLET 7 0.093 0.88 0.31

TRIPLET 8 0.093 1.22 0.57

This calculation is also repeated for the residual regime, where F; .. is
replaced by F},.s, the residual force at the end of the test. In Figure 21, the

w0 7 values on the Mohr-Coulomb plane are reported along with a first-order
linear approximation of the form 7 = ¢ + o tan(®), where c is the cohesion

and & is the friction angle, which are the quantities one aims to determine.
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FIGURE 21: Shear stress vs. confining stress loci for all tests at rupture (blue) and in the
residual regime (orange).

Ultimately, a cohesion value of ¢ = 0.18 MPa is obtained for 7,eax, which

is relatively low compared to values reported in the literature. In contrast,
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the friction angle is estimated at 84°, which is higher than typical results.
For these parameters, and with a confining force similar to that applied in
the TRIPLET 1 test, the estimated maximum force is 105 kN, consistent with
the elastic behavior observed in the initial test. For the residual regime, a
cohesion ¢ = 0.11 MPa is obtained for 7., and the friction angle is estimated
at 76°. It is worth noting that the normative method is highly dependent
on the estimation of the shear surface A;, which evolved over time with
the cracking pattern (Figure 11). Additionally, identifying the parameters
of the Mohr-Coulomb criterion is challenging, with only a single point per
test. Therefore, the approach is to couple force measurements with the
evaluation of the shear surface via DIC, enabling for a much larger number

of measurement points.

3.2. DIC-based approach

To determine the shear area over time, two cameras are used to mea-
sure, at each time step, the uncracked height hyncracked in both joints of the
specimen. For each joint, a band of elements is defined from the mesh. If
any of these elements is labelled as damaged at time ¢, the height of the
corresponding band of elements is subtracted from the specimen’s total
height. The criterion used to determine hyncracked iS the same as the one
introduced earlier to assess whether an element was damaged or not. Using
this approach, the cracked height in each of the two joints is obtained at time
t from both front and rear cameras. The shear area A;(t) is then defined,

per joint, as the average cracked height determined from the two cameras,
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multiplied by the thickness e of the specimen:

Ai (t) _ h%ront,uncracked (t) ;' hﬁear,uncracked (t) e (7)

For each test, the shear area A;(t) is plotted as a function of the image
number, allowing the Mohr-Coulomb criterion to be deduced from Equation
(6) for a given configuration (Figure 22). Once the sum of the area A;(t)
for both joints becomes smaller than a threshold value, here 0.015 m?,
the residual regime is assumed to be reached. This value was chosen to
correspond to 80% of the cracked area. Experimentally, it is observed
that beyond this threshold, the central block slides along the two other
blocks, making the behavior primarily governed by friction. In this regime,
the same equations are applied, replacing the shear area with A (t) =
A;(0) — A;(t). By repeating this procedure for all the tests conducted during
the experimental campaign, it becomes possible to plot, in the Mohr plane,
all the measurement points obtained through the coupling of DIC and force
measurements both prior to complete failure and in the residual regime

(Figure 23).
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FIGURE 22: Evolution of the shear area as a function of the image number (a) and Mohr-
Coulomb criterion derived from Test 2 data (b).

Regarding the data prior to complete failure, it is interesting to note the
clear emergence of the Mohr-Coulomb criterion, which is globally validated
for all tests (Figure 23). Only the TRIPLET 2, TRIPLET 6, TRIPLET 7, and
TRIPLET 8 tests reached the residual regime. This behavior is consistent
with previous observations, as the other tests showed no failure in either
joint. An exception is observed in the TRIPLET 4 test, where both joints
exhibit cracking. However, the damage criterion indicates that certain areas
in the left joint are not completely damaged, preventing A; from falling

below the threshold value.
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FIGURE 23: Evolution of shear stress as a function of confining stress prior to complete
failure (a) and in the residual regime (b).

The objective is now to determine the Mohr-Coulomb line while exclud-
ing outliers. The upper quantiles (95th percentile) of 7 are calculated within
each bin of 0. A Mohr-Coulomb envelope is then fitted by adjusting a linear
equation of the form 7 = ¢ + o - tan(¢) to these quantile points, providing
a representative criterion. The envelope is computed and superimposed
on the overall scatter plot of data points (Figure 24). One finally finds a

cohesion of 0.45 MPa and a friction angle of 70°.
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FIGURE 24: Mohr-Coulomb criterion derived from DIC and force measurements.

The Mohr-Coulomb parameters identified using DIC are consistent with

ss0 those traditionally reported in the literature. Compared to the normative
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approach, the number of evaluation points is increased by a factor of 100,
allowing for greater confidence in the obtained results. The results in
Figure 24 include the experimental observations. It is worth noting that at
least six different tests contribute to defining the envelope, highlighting the
robustness of the criterion.

For the TRIPLET 1 test, the final values exceed a bit the failure criterion,
which coincides with the first discontinuities appearing in the displacement
field (Figure 7a). For the TRIPLET 2 and TRIPLET 8 tests, the first joint frac-
tures after reaching the failure criterion, and the shear stress increases with
the applied normal force, following the Mohr-Coulomb line until cracking
occurs in the second joint.

For the TRIPLET 3, TRIPLET 5, and TRIPLET 7 tests, cracking in the

first joint occurred at values slightly above the criterion, after which the
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values remained below the criterion, explaining why cracking did not initiate
in the second joint. In the TRIPLET 4 test, after the first cracking event, the
values increase and approach the maximum level of the criterion without
reaching it, which explains why the residual regime was not achieved. Last,
for the TRIPLET 6 test, the values after the first cracking event remained
below the criterion. However, cracking occurred in concrete, which was not
expected according to the defined criterion.

To discuss studies highlighting the complexities of analyzing triplet tests,
particularly after peak displacements, due to the simultaneous testing of two
joints [36, 22], DIC offers the opportunity to understand post-peak failure
better and provides more consistent results.

Determining a friction model for the entire surface in the residual regime
is more challenging due to limited data and the scarcity of tests that reach
this regime. The residual friction angle is found to be 60°, which is consistent
since the static friction angle is lower than the dynamic friction angle

determined by the Mohr-Coulomb criterion.

4. Conclusion

This paper explored the possibilities offered by DIC for investigating
the shear behavior of masonry triplets. Using monoview DIC with two
cameras positioned on either side, coupled with precise force and confining
stress measurements, allows for a better characterization of the phenomena
occurring during shear triplet tests. The main advantage is the ability to
compare the evolution of the force-displacement curve with the displacement

field measurements, particularly to identify local phenomena that may not
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have been detected otherwise. The measurement of the expansion of the
joints is now performed globally, enabling for the evaluation of the MCOD
for each joint. This approach allows for the characterization of the cohesive
and adhesive behavior, along with a mesoscopic quantification of damage.

The previous data were used to more accurately identify the parame-
ters of the Mohr-Coulomb failure criterion by compiling data from all the
reported tests. The proposed approach involved determining the cracked
height at each image based on a damage criterion, allowing for a precise
determination of the shear area and, consequently, the evaluation at each
time step of a point in the Mohr-Coulomb plane. This method differs from
normative approaches that typically use only a few points per test.

The obtained results confirm the robustness of the method applied to the
eight shear tests performed for various confinement stresses. Future work
will focus on comparing this rich experimental data set with the numerical
modeling of these tests, particularly with the possibility of accounting for the
boundary conditions actually prescribed during the model updating phase.

Regarding the DIC calculation, a choice was made not to split the nodes
at the interface between the mortar and the concrete, even though it would
improve the DIC displacement field by avoiding gradients at the interface.
This decision was made because the long-term goal is to perform model
updating with finite element models that do not account for this jump at
the interface. Yet, it is possible to refine the analyses even more from a pure

measurement viewpoint.
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Appendix A. DIC Global formulation
The displacement field u(x) is determined via non-linear least squares

minimization of the global gray level residual

C) = /[f(x) — g(x +u(x))]*dx (A.1)
R
The DIC cost function, ®%,., can be defined with o as the standard deviation

of acquisition noise, which is assumed to be white and Gaussian

1
D0 = @01 (A.2)

The global approach enables for the use of a continuous transformation
basis, such as the Finite Element (FE) formulation [17]. In this context, the

displacement field u(x) is expressed as a linear combination of spatial shape
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functions ®;

Ny,

u(x, t) = > 0;(t)®;(x) (A.3)

i

where v;(t) represents the nodal displacement to be determined at each time

step ¢ for the i-th nodes.

30 Appendix A.1. Brightness and Contrast Corrections (BCCs)
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The tests on the triplets lasted an average of two hours. Despite isolating
the test environment with black sheets and controlling the lighting with
several spotlights, it was still necessary to account for potential variations in
brightness and contrast that could influence the measurements. BCCs relax
the brightness conservation equation (1), allowing for smooth changes in
brightness and contrast fields. It is carried out by finding the best match
between the gray levels of the two registered images [17]. The new global

gray level residuals become

Cy = / (14 e(x)) £(x) + b(x) — g(x + u(x))dx (A4)
R
9 1
hrcpoc = 252 Co (A.5)

Minimizing this quantity results in the updating of the correction fields
b(x) and ¢(x), which are interpreted as changes in brightness and contrast,
respectively, of the image between the two configurations. These fields are

expressed as a linear combination of spatial shape function ®,.
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The global minimization of the cost function (Equation A.5) is con-
ducted through an iterative two-step process that alternates updating of

displacements and BC fields.

Appendix A.2. Mechanical regularization

DIC is considered an ill-posed problem in the sense defined by Hadamard.
This observation means that the finite element discretization cannot be made
arbitrarily fine, as doing so would significantly increase the measurement
uncertainties [19]. To tackle this challenge, mechanical regularization is
introduced [27, 35], effectively filtering out displacement fluctuations that
are not mechanically admissible. A penalty term is incorporated into the

DIC cost function based on the equilibrium gap [10]
o7, = {v}"[K]"[K|{v} (A.6)

where [K] is the stiffness matrix. This penalization is applied to inner
nodes and force-free boundaries. For Dirichlet boundary nodes, another
regularization is necessary, where a penalization of short wavelength traction

fluctuations is performed
@; = {v}' [K]"[L][K]{v} (A.7)

where [L] is the Laplace-Beltrami operator [23]. The total cost function @7

is introduced when the correlation residuals ®7,;, p¢, equilibrium gap @2,
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and boundary fluctuations ®; are minimized simultaneously

{V}reg = argmin (q)zDIC,BCC + wm<1>3n + wb@g) (A.8)

where w,,, and w, are the corresponding weights, which are proportional to

regularization lengths /,, and ¢, raised to the power 4 [27].
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