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Abstract The understanding of the load-resistance mecha-
nisms and failure modes of large-scale concrete and masonry
structures relies on accurate measurements of surface motions
and deformations, and faithful crack maps. Measurements are
typically taken using surface-mounted point-wise sensors
(PWSs), and crack maps are hand-drawn based on visual
inspection. It is impractical to obtain detailed displacement
and deformation maps that describe the complex response of
large structures based on PWS measurements. In addition,
manual crack drawing is difficult, time-consuming, and prone
to human errors, which makes it challenging to consistently
produce faithful crack maps. This paper reports on a pilot
study to test the use of three-dimensional digital image corre-
lation (3D-DIC) as a non-contacting method to measure sur-
face deformation fields on full-scale masonry walls, and pro-
duce detailed crack maps. Three confined masonry walls were
tested under horizontal in-plane reverse-cycle loads. The spec-
imens were designed to attain different levels of strength and
deformability through different load-resistance mechanisms.
Representative 3D-DIC measurements of drift, diagonal de-
formations, and interface slip between the reinforced concrete
tie columns and the masonry infill were evaluated vis-a-vis
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benchmark PWS measurements, showing a comparable accu-
racy. Strain maps based on 3D-DIC measurements were en-
listed to visualize the development of the fundamental strut-
and-tie resisting mechanism in confined masonry walls sub-
jected to horizontal in-plane loads, and illustrate practical
structural analysis and design implications. More detailed
crack maps compared with traditional hand-drawn maps were
obtained based on 3D-DIC maximum principal strain
contours.

Keywords Crack mapping - Digital image correlation -
Deformation measurement - Large-scale testing - Masonry
structures - Seismic resistance

Introduction

The measurement of surface displacements, deformations and
crack widths, and the mapping of surface cracks, are key to
gain qualitative and quantitative information to understand the
load-resistance mechanisms and failure modes of concrete and
masonry structures. As the spatial resolution of these infor-
mation increases, so does their value in informing the devel-
opment of analysis and design algorithms as well as the
verification and calibration of numerical models. In laboratory
tests, displacements and deformations are traditionally mea-
sured using point-wise sensors (PWSs) such as linear poten-
tiometers, crack opening gauges, and strain gauges [1-3].
However, PWSs provide local surface measurements with a
set resolution, which can also be affected by the integrity of
the PWS connections to the surface and random cracks
forming near these connections or along the PWS gauge
length. In addition, crack maps are typically hand-drawn at
different loading (or displacement) steps or after failure. This
practice is time-consuming and poses safety concerns espe-
cially when testing large-scale structures, and is highly
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dependent on the personnel’s skills in recognizing the pres-
ence and length of cracks, including elusive but relevant
hairline cracks. Therefore, it is impractical to rely on PWSs
to obtain detailed displacement and deformation maps, while
manual crack drawing makes it challenging to produce faithful
crack maps.

Three-dimensional (3D) digital image correlation (DIC) is
poised to overcome these limitations. 3D-DIC combines
subset-based DIC with stereo-vision to measure essentially
full-field 3D surface motions [4, 5]. This measurement tech-
nique is based on a comparative analysis of digital images of
patterned (i.e., having a random distribution of gray levels)
surfaces. The images are acquired during the loading process
using a calibrated stereo-vision system, which consists of a
pair of rigidly-mounted digital cameras that are oriented to
focus on the target surface. At each loading step, the 3D
motion and deformation is extracted using a 3D-DIC software
by selecting reference subsets in the undeformed state in one
camera, extracting the matching image positions by compar-
ing the reference subsets to those in the deformed image pairs,
and performing triangulation between the matching subset
centers in both cameras to locate the spatial position of the
object point [4].

Subset-based 3D-DIC is attractive to complement measure-
ments taken from inside concrete and masonry specimens
(e.g., strain gauges mounted on reinforcing bars) with accurate
surface deformation and crack maps. The goal is to gain new
information to describe the load-resistance mechanisms and
the progression of damage until failure, through a combination
of size of the measurement area and spatial resolution that is
unattainable with PWSs. This paper presents a pilot study on
the use of 3D-DIC as a non-contacting method to accurately
measure surface deformations on large masonry walls loaded
in their plane, and produce faithful strain and crack maps to
better describe the load-resistance mechanisms and damage
evolution. Three full-scale confined masonry (CM) wall spec-
imens were designed for different performance in terms of in-
plane strength and deformability, and tested under reverse-
cycle loads. The 3D-DIC test setup deployed is assessed by
comparing relevant full-field displacement measurements
with benchmark measurements performed with traditional
contact-based displacement transducers. Then, the use of
strain maps is demonstrated to visualize load-resistance mech-
anisms and crack maps, and discuss practical implications for
structural analysis and design.

Challenges in Large-Scale Testing
There is little experience in performing DIC measurements on
large-scale concrete and masonry structures [5], which present

specific challenges. The first challenge is the design and
application of high-contrast speckle patterns that ensure a
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suitable balance between measurement accuracy and spatial
resolution. To maximize accuracy, the subset size used in the
correlation analysis must be tailored to provide a distinctive
intensity pattern to distinguish one subset from the others [6].
This is typically accomplished by using a speckle size be-
tween 2 and 5 pixels [7], and tailoring the subset size such that
each subset contains at least 3x3 speckles [4]. However, the
use of spray paint or toner powders may yield speckle patterns
with a high-frequency content that cannot be captured with a
standard-resolution (~2-6 megapixels) camera, resulting in
aliasing problems. Conversely, the use of relatively large
speckles, for example easily applied through manual painting,
would result in reduced spatial resolution [8]. For the case of
large masonry walls, suitable speckle patterns can be obtained
on large (over 6 m?), smoothed and whitewashed surfaces by
spraying dark paint through flexible polymer stencils [9]. In
the writers’ experience, this approach is the most suitable as it
consistently results in high-quality patterns, whereas the use of
spackling brushes requires more practice and remains prone to
inconsistent results, and direct painting of individual dots is
viable but extremely time-consuming.

The second challenge is the setup of the stereo-vision
system, with an emphasis on the selection of appropriate
lenses and stereo angle [4]. To image a large surface, cameras
with short focal length (wide-angle) need to be positioned at a
relatively large distance from the specimen. Therefore, large-
scale 3D-DIC tests call for sizable (e.g., 30 m? or more),
unobstructed and uniformly-illuminated setup areas [9] whose
suitability must be verified experimentally. The use of wide-
angle lenses also results in an increase in the variability in 3D
positions measured by image matching for image points that
are located off the camera axis. This shortcoming can be offset
by increasing the stereo angle (and thus the spacing between
the cameras) to a maximum of 60°, whereas larger angles pose
issues related to image foreshortening and loss of contrast [5,
10].

The third challenge is the effective calibration of the
stereo-vision system, with an emphasis on lens distortion
corrections. The process entails having both cameras ob-
serve a planar grid pattern placed on the target surface in
different positions and orientations. Ideally, the grids
should be sufficiently large to encompass a significant
portion (e.g., one fourth) of the field of view, and suffi-
ciently light to be manually moved so that cameras pa-
rameters, including distortion correction parameters, can
be accurately determined. If smaller and easily movable
grids are used on large surfaces, such as in this study, then
assessing the measurement accuracy becomes especially
important. In particular, more calibration images may be
taken at the surface boundaries to quantify the effect of
radial lens distortion, for which the associated measure-
ment errors can be compensated for by using modern
radial distortion models [11-13].
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Previous Work

DIC techniques are becoming main-stream in experimental
mechanics research using relatively small concrete and ma-
sonry specimens. In these instances, full-field deformation
measurements proved especially useful to gain insight into
complex mechanisms such as the delamination of externally
bonded fiber-reinforced composite laminates [14—16]. Con-
versely, very few case studies on large-scale concrete and
masonry structures have been reported in the literature, in part
due to the challenges introduced in the previous section. These
studies included DIC measurements on relatively small re-
gions of interest (ROIs), and presented some quantitative
comparisons between DIC and benchmark PWS
measurements.

Lecompte et al. [17] enlisted a 3D-DIC system to monitor
the surface deformations of a small ROI on the maximum
tensile stress area of a prestressed concrete beam subjected to
vertical cyclic loads. The spatial resolution allowed to recog-
nize the position and extent of surface cracks based on max-
imum principal strain maps. Kiintz et al. [18] used a 2D-DIC
system to monitor a shear crack in a 245x190 mm ROI on a
reinforced concrete (RC) beam of a bridge subjected to a
diagnostic load test. The resulting displacement fields had a
resolution of less than 10 pum, and offered comparable crack
opening measurements to those of a benchmark linear poten-
tiometer. However, the experiment highlighted the importance
of applying a high-contrast speckle pattern (e.g., by painting
or roughening the surface) as the insufficient contrast due to
the lack of surface preparation allowed to analyzed only a
110x 130 mm portion of the ROIL. Destrebecq etal. [19] used a
2D-DIC system to monitor the surface deformations of a
718x102 mm ROI including the maximum tensile stress area
of a large reinforced concrete (RC) beam subjected to vertical
cyclic loads. Similar midspan deflections were measured com-
pared with a benchmark linear variable differential transform-
er (LVDT) sensor, and it was shown that the technique holds
potential to determine the location and width of tensile cracks
based on horizontal displacement measurements. Tung et al.
[20] used a 2D-DIC system with a 3,072 %x2,048 pixel camera
to monitor the damage progression on the 400%300 mm
surface of a 87 mm thick masonry wall with 45°-oriented
mortar joints subjected to uniaxial compression, and on the
1,500x 1,200 mm surface of a steel-framed masonry wall
subjected to in-plane cyclic loading. A dark speckle pattern
was spray-painted on a light background. It was shown that
using Von Mises strain maps allowed to effectively recognize
cracks based on a comparison with the result of visual inspec-
tions, and a better definition of crack positions and sizes was
attained with smaller subsets (16x16 pixels instead of 32x
32 pixels). Smith et al. [21] enlisted a 3D-DIC system to
monitor the surface deformations of an approximately 1.3 x
1.0 m ROI at the base joint of a 0.4-scaled hybrid precast

concrete wall subjected to in-plane reverse-cycle loading. It
was shown that DIC axial strain maps accurately depicted the
damage progression at the joint, and DIC displacement mea-
surements were comparable with those of PWSs for gap
opening and shear distortion at the wall base, respectively.
More recently, Guerrero et al. [22] demonstrated the use of
DIC strain measurements to gain insight into the load-
resistance mechanism (specifically, the angle of inclination
of compressive struts) of full-scale masonry-infilled RC
frames loaded horizontally in their plane. No assessment of
the accuracy of DIC measurements was reported based on
benchmark PWS measurements.

Experimental Program
Specimens and Materials

The test matrix included three full-scale CM wall specimens
(SS, SA and SA-R) whose geometry, reinforcement layout
and detailing are illustrated in Fig. 1 through Fig. 3. Each wall
had width, height, and thickness of 2,430, 2,490, and 203 mm,
respectively, and consisted of a RC frame (including two tie
columns and a tie beam) that was cast on a 2,024x2,235x
203 mm masonry infill, and connected to a RC footing having
width, height, and thickness of 3,556, 381, and 406 mm,
respectively [Fig. 1(a)]. The masonry infills were constructed
with hollow concrete masonry units (CMUSs) having nominal
dimensions of 200x200%400 mm with a 50 % net cross-
sectional area, and ordinary Portland cement (OPC) mortar
consisting of three volume parts of sand, one part of Type N
OPC, and water to ensure a slump of 150 mm. The CMUs
were laid in a running bond pattern with bed and head joints
having a thickness of approximately 10 mm. The RC tie
columns and beams were constructed with @13 mm deformed
Grade 60 steel bars and @6 mm deformed Grade 40 steel
stirrups, and low-strength Type I OPC concrete. The salient
strength properties of masonry and concrete materials are
summarized in Table 1.

Each specimen was designed to attain a different level of
in-plane strength and deformability at failure through different
load-resistance mechanisms. Specimen SS is representative of
a wall built with substandard (‘S’) details [Fig. 1(b)], includ-
ing: column-beam connections with longitudinal bars termi-
nating with short 180° hooked ends, which make the joints
prone to premature failure due to the lack of tensile reinforce-
ment resisting joint opening due to combined bending and
shear; open stirrups with relatively large (203 mm) on-center
spacing at both the column-beam and column-footing connec-
tions, reducing the effectiveness of the tie columns to resist
shear forces and undergo large deformations without collaps-
ing; and a smooth interface between RC tie columns and
masonry infill, whose separation produced by in-plane loads
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may negatively affect the strength and deformability of the
CM wall.

Specimen SA is representative of a wall built with adequate
(‘A’) details [Fig. 1(c)], including: column-beam connections
tailored to resist the opening of the corner joint through
longitudinal bars terminating with 90° bent ends having a
length of 50 times the bar diameter to ensure an effective
anchorage, and one well-anchored @13 mm diagonal steel
bar; closed steel stirrups with a reduced (102 mm) on-center
spacing at both the column-beam and column-footing connec-
tions; and a toothed masonry-RC interface to enhance the

SEM

mechanical interlocking between masonry infill and tie
columns.

Specimen SA-R consisted of a SA wall that was
retrofitted with aluminum strips embedded in the masonry
bed joints to enhance in-plane strength and deformability,
as illustrated in Fig. 2. The horizontal reinforcement in-
cluded ten 6061-T6 aluminum strips having a cross section
of 3.2x12.7 mm. Each strip was inserted in a saw-cut
groove along a bed joint [Fig. 2(a)] and its 90° bent ends
were anchored into pre-drilled slots in the RC tie columns
[Fig. 2(b)], alternating from one face to the other face of
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Table 1 Masonry and concrete material strength properties

Property Test standard Number of specimens Average [MPa] Standard deviation [MPa]
Concrete masonry units (CMU)

Compressive strength ASTM C140 6 72 0.29
Ordinary Portland cement mortar

Compressive strength ASTM C780 8 8.3 091
Masonry (CMU and mortar assemblies)

Compressive strength ASTM C1314 3 5.8 043
Flexural bond strength ASTM E518 5 0.18 0.03
Shear strength ASTM E519 3 0.32 0.02
Ordinary Portland cement concrete

Compressive strength ASTM C39 15 12.0 1.7
Splitting tensile strength ASTM C496 8 12 0.13

Fig. 2 Horizontal reinforcement
in specimen SA-R: (a) installation
of aluminum strips in grooves cut
along bed joints; and (b) close-up
of reinforcement anchorage into
RC tie column

the wall. The reinforcement was then embedded in a con-
ventional OPC mortar.

Test Setup and Instrumentation
Loading apparatus and point-wise sensors

The load test setup and PWS layout used for each specimen is
shown in Fig. 3. The RC footing was tied to the structural floor
using pre-tensioned steel threaded rods. The horizontal in-
plane load was imparted using a hydraulic actuator with
capacity of 500 kN and stroke of £76 mm. The actuator had
a swivel end bolted to a steel spreader beam that was rigidly
connected to the top of the specimen RC tie beam by means of
steel anchors. A constant vertical compression load of 88.3 kN
was applied on top of the wall using a hydraulic jack and two
steel spreader beams. The resulting uniformly distributed
pressure of 0.2 MPa was intended to simulate the dead load
of a second story.

The following PWSs were mounted on one face of each
specimen (Fig. 3): (a) one linear potentiometer with stroke of
+76 mm and accuracy of +0.08 %, labeled ‘H1’, which was
connected to the top of the RC tie beam at its midspan and to
an exterior fixed support, to measure the maximum horizontal

(b)

displacement (story drift); (b) two linear potentiometers with
stroke of +51 mm and accuracy of 0.1 %, labeled ‘D1’ and
‘D2’, which were connected at the tie column-beam corners
and at the base of the RC tie columns using 3 m aluminum
extension rods, to measure diagonal deformations; and (c) two
linear displacement transducers with stroke of +25 mm and
accuracy of +0.35 %, labeled ‘S1’ and ‘S2’, which were
connected to the tie columns at their midspan, to measure
the differential displacement (slip) at the masonry-RC inter-
face. Close-up photographs of the setup for sensors H1, D1
and S1 are shown in Fig. 4.
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Fig.4 Close-up photographs of point-wise sensors: (a) H1; (b) D1; and (c)
S1 at interface between RC tie column and masonry panel in specimen SS

Loading protocol

The in-plane reverse-cycle load, ¥, was imparted in displace-
ment control mode following the sensor HI1 displacement
history in Fig. 5(a). For each displacement amplitude, three
cycles were repeated at a frequency of 0.004 Hz. The third

cycle included two 30-s constant-displacement plateaus that
served to capture images (30 per plateau) for 3D-DIC mea-
surements [Fig. 5(b)]. This loading protocol aimed at accu-
rately estimating the in-plane load-story drift (V-d) coordinates
for three states that describe the mechanism of shear resistance
of CM walls subjected to seismic loads, as illustrated in Fig. 6
[23]: (1) “first crack’ state, when diagonal cracking occurs in
the masonry; (2) ‘peak load’ state, when the maximum load
given by the combined shear strength of masonry infill and
RC tie columns is attained, and the diagonal cracks propagate
into the columns; and (3) ‘ultimate’ state, when the residual
strength allows to attain the maximum drift before collapsing.

3D-DIC setup

The 3D-DIC setup presented in Fig. 7 was devised to meet the
challenges illustrated earlier for measurements on large sur-
faces. The images were acquired with two CCD digital cam-
eras having a 2,448x2,048 pixel resolution (Grasshopper
GRAS-50S5M-C, Point Grey) and equipped with lenses with
F-number of 1.4 and focal length of 17.6 mm (Xenoplan 1.4/
17, Schneider). The cameras were mounted on a rigid crossbar
and spaced 1.1 m apart. The crossbar was secured to a tripod,
and the stereo-vision system was positioned at 6.7 m from the
wall surface [Fig. 7(a)]. The relatively small stereo angle of
9.5° was considered acceptable as the main goal was to
analyze in-plane rather than out-of-plane motions. Two banks
of light-emitting diode (LED) lamps were used to illuminate
the measurement surface. A desktop PC was used to store the
images and analyze them through a 3D-DIC software (Vic-
3D, version 7, Correlated Solutions) [Fig. 7(b)]. The stereo-
vision system was calibrated by taking 60 images of a cali-
bration grid with different positions and orientations. The grid
included 12x9 dots with nominal diameter of 20 mm and on-
center spacing of 50 mm. The calibration results indicated that
no lens distortion corrections were necessary, thus supporting
the selected setup with respect to field of view, depth of field,
and stereo-vision system components. During each load test,
for each 30-s constant-displacement plateau in Fig. 5(b), 30
images were acquired to calculate average displacements and
strains, thus minimizing measurement uncertainty.

Fig. 5 Loading protocol: (a)
time-horizontal displacement
(sensor H1) function; and (b)
close-up showing sample con-
stant displacement plateaus for
image acquisition
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Load, V

Displacement (story drift), d

Fig. 6 Load resisting mechanism of CM wall under combined in-plane
horizontal load, V' (e.g., seismic load) and vertical load (e.g., weight of top
floors and roof system) [23]: (/) diagonal cracking of masonry panel
(“first crack’ state); (2) propagation of diagonal cracks into RC tie col-
umns at maximum load (‘peak load’ state); and (3) shear failure of
masonry panel and RC tie columns (‘ultimate’ state)

Specimen surface instrumented
with point-wise sensors

)
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i
—
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DIC data
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and storage &5

(b)
Fig. 7 3D-DIC setup: (a) schematic of plan view; and (b) photograph.
Dimensions in mm

Fig. 8 Spray-painting of speckle pattern on whitewashed background
using stencil. Inset shows close-up view of finished pattern

Speckle pattern

The 2,430x2,490 mm surface of each CM wall was
whitewashed, smoothed with sandpaper, and cleaned
with a blow gun to create a light background. A dark
speckle pattern was then spray-painted using a flexible
polymer stencil placed against the wall surface, as shown
in Fig. 8. The diameter of the speckles was approximate-
ly 3.2 mm, resulting in a speckle-to-surface area ratio of
33 %. Based on the field of view (3,330%2,790 mm) and
camera resolution, each speckle was approximately
2.3 pixels in diameter. This approach was devised to
address related challenges for large measurement surfaces
by producing a high-quality pattern that offers good
contrast and consistency throughout the region of interest
and for different specimens, while being simple to apply.
Fig. 9 shows the histogram of the gray levels in the
speckle pattern for a representative portion of the surface
of specimen SS, indicating a bell-shaped distribution that
is suitable for DIC analysis.

4
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[72]

o 4

X

&3

[

3 2

Ke]

E

Z

e
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Fig. 9 Representative histogram of gray levels in speckle pattern (spec-
imen SS)

SEM



234

Exp Mech (2015) 55:227-243

Subset size for DIC analysis

The influence of subset size on the accuracy of displacement
measurements was assessed by analyzing 31 images acquired
from each unloaded specimen. One image was chosen as the
reference, and the mean and standard deviation of the hori-
zontal and vertical displacement components (# and v, respec-
tively) for all data points were calculated to evaluate bias and
standard deviation errors. A negligible change in bias was
noted. Fig. 10(a) presents the standard deviation error
(‘STD’) for u as a function of subset size for two representa-
tive specimens. The results show that the error decreases
abruptly as the subset size increases. Since the tradeoff for
enhanced accuracy is a reduced spatial resolution, a compro-
mise was sought by selecting a 15x 15 pixel subset size. This
choice is also supported by the fact that each subset contains
about 3 %3 speckles [4] as shown in Fig. 10(b).

Results and Discussion

For each specimen, the in-plane load—displacement response
is presented in Fig. 11. The positive (pull) and negative (push)
load—displacement values (V-d in Fig. 6) at the first crack,
peak load and ultimate state (~75-85 % of the peak load) are
summarized in Table 2.

For specimen SS, failure was triggered by the opening of
the column-beam joints after first cracking of the masonry
infill due to the substandard joint reinforcement [Fig. 1(b)],
resulting in little energy dissipation [Fig. 11(a)]. The improved
detailing allowed specimen SA to attain a maximum increase
in peak load and ultimate displacement of 18 and 73 %,
respectively, compared with specimen SS, with a major en-
hancement in energy dissipation [Fig. 11(b)]. In particular, the
use of diagonal @13 mm steel bars at the column-beam joints
[Fig. 11(c)] offset the opening of the corner joints at increasing
drifts. The main effect was to enable the development of the

forces, and the RC tie columns resisted primarily axial forces
(tension or compression, depending on the direction of the
horizontal load) [23] until diagonal cracking failure of the CM
wall occurred. For specimen SA-R, the additional reinforce-
ment embedded in the bed joints and anchored in the RC tie
columns (Fig. 2) contributed by offsetting the opening of
diagonal cracks and their propagation into the columns,
resulting in a maximum increase in peak load and ultimate
displacement of 19 and 23 %, respectively, compared with
specimen SA, and further enhancing energy dissipation
[Fig. 11(c)]. These results show that three different perfor-
mance levels were attained, consistent with the objectives set
forth in the design of the specimens. In the following sections,
the results of 3D-DIC analysis are discussed based on dis-
placement measurements, full-field strain maps, crack maps,
and practical implications for structural analysis and design.

Displacement Measurements

To compare the 3D-DIC measurements of in-plane horizontal
displacement, diagonal deformation, and interface slip, with
those from PWSs, the motions of the points on the patterned
surface [Fig. 7(b)] corresponding to those monitored with
PWSs on the opposite surface (Fig. 3) were considered.

Horizontal displacement The drift measurements from sensor
HI1 [Fig. 3 and Fig. 4(a)] are compared with their 3D-DIC
counterparts in the load-drift envelopes in Fig. 12, which are
derived from the hysteretic curves in Fig. 11. The maximum
standard deviation for the 30-image sets analyzed was 15 um
(~+0.01 pixels), confirming the validity of the 3D-DIC setup
deployed. It is noted that for all specimens the DIC measure-
ments consistently mark similar envelopes to those of sensor
H1, irrespective of the load direction and displacement level.
To enable a quantitative comparison, the percent difference,
A, between DIC and PWS measurements, dp;c and dpywg, was
calculated via equation (1) for any given constant-displacement
plateau point in Fig. 5(b):

typical ‘strut-and-tie’ resisting mechanism of CM walls asthe A _— dpic—dpws % 100% (1)
masonry infill acted as a diagonal strut resisting compression PWS
Fig. 10 Selection of subset size: 40 Fr T T T T
(a) standard deviation error for — 3E v
horizontal displacement, u, as E 30 2 u E
function of subset size at zero load @ 25F E
for specimens SS and SA-R; and E 20 E — 3
(b) 15x15 pixel subset size com- s 45 E SA-R E
pared with speckle pattern E 10 SS E

5E E

[ ) R TR PR U P FETE B
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Fig. 11 Hysteretic load—displacement response based on sensor H1
measurements: (a) specimen SS; (b) specimen SA; and (c¢) specimen
SA-R

A is plotted in Fig. 13 as a function of the positive and
negative drifts measured through sensor H1. The vertical
dashed lines mark the displacement levels associated with first
crack, peak load, and ultimate state (Table 2). For all speci-
mens, the measurement difference rapidly reduces to less than
4 % after the formation of the first shear crack, that is, as the
load-resistance mechanisms of interest to assess the strength
and deformability of a seismic-resistant CM wall develop. The

Table 2 Summary of cyclic load test results

Specimen  ‘First crack’ state ‘Peak load’ state ‘Ultimate’ state
vV d 14 d 14 d
[kN] [mm] [kN] [mm]  [kN]  [mm]
SS +107 +1.7 +152 +8.3 +115 +11.0
-118 -1.5 —148 -74 -116  -10.2
SA +132 +1.4 +179 +11.6 +133 +18.3
—-135 -1.8 -172 -13.7 -141 -17.7
SA-R +137 +2.0 +213 +12.2 +179 4225
—-125 -1.5 —-197 -14.3 -153 215

fact that 3D-DIC measurements attained a comparable accu-
racy to PWS measurements indicates that the DIC setup and
analysis approach were effective in meeting the challenges
posed by the large measurement surfaces. This conclusion is
reinforced by the results of diagonal deformation and interface
slip measurements discussed below. In addition, this evidence
supports the hypothesis that the full hysteretic response can be
traced using 3D-DIC measurements without using surface-
mounted PWSs, provided that images are acquired continu-
ously, and possibly without the need of constant-displacement
plateaus [Fig. 5(b)].

Diagonal deformation The measurements from sensor D1
[Fig. 3 and Fig. 4(b)] are compared with their 3D-DIC coun-
terparts in the load-diagonal displacement envelopes in
Fig. 14. The maximum standard deviation for the 30-image
sets analyzed was #45 um (~ £0.03 pixels). This value is
higher than for the horizontal displacements, reflecting the
fact that diagonal deformation measurements are more sus-
ceptible due to the effect of random cracks developing along
and across the gauge length. This issue also applies to PWS
measurements, in addition to the effect of vibrations of rela-
tively long extension rods (in this case, 3 m). For all speci-
mens, the DIC measurements consistently mark similar enve-
lopes to those of sensor D1 in both elongation and contraction.
The percent difference between DIC and PWS measurements
was calculated per equation. (1) and, for each specimen, is
plotted in Fig. 15 as a function of the positive and negative
displacements measured through sensor D1. Such difference,
A, rapidly reduces to less than 10 % (and typically below 6 %)
after first cracking. Again, 3D-DIC measurements offered a
comparable accuracy to those of the counterpart PWS.

Interface slip The slip between masonry infill and RC tie
columns is an important indicator of the integrity of CM walls
subjected to in-plane shear forces, especially when non-
toothed interfaces are used as in the case of specimen SS
[Fig. 1(b)]. The time-history of sensor S1 [Fig. 3 and
Fig. 4(c)] measurements for specimen SS is plotted in

SEM
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Fig. 12 Comparison between displacement measurements through sen-
sor H1 and 3D-DIC based on load—displacement envelopes: (a) specimen
SS; (b) specimen SA; and (c¢) specimen SA-R

Fig. 16(a) vis-a-vis the horizontal in-plane load. A negligible
slip is noted at any given load level. Fig. 16(b) presents the
3D-DIC vertical displacement profile along an 80-mm long
reference line (including 200 data points), which lies perpen-
dicular to the masonry-RC interface at the patterned location
opposite to that of sensor S1. There are negligible discontinu-
ities (i.e., slip) along the displacement profiles irrespective of
the load level, in agreement with the measurements from
sensor S1. This evidence suggests that 3D-DIC measurements
can be used in lieu of PWS ones, whose accuracy is especially
sensitive to the presence of random cracks in the tie columns
near the sensor connection. In addition, 3D-DIC slip measure-
ments can be made anywhere along the masonry-RC inter-
faces, offering a far more versatile assessment tool that capi-
talizes on the full-field nature of DIC measurements. From a
practical standpoint, the absence of interface slip indicates that
the masonry infill acted monolithically with the RC frame,
which is a fundamentally different behavior from RC frames
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Fig. 13 Measurement difference between sensor H1 and 3D-DIC within
range of positive and negative displacement at ultimate state: (a) speci-
men SS; (b) specimen SA; and (¢) specimen SA-R

with masonry infills where the masonry contributes to the
load-resistance mechanism only under relatively large drifts
due to the presence of interface gaps. In particular, for the case
of specimen SS, the lack of interface slip highlights the
negligible benefit to strength and deformability of using a
toothed instead of a non-toothed interface, contrary to popular
belief, and emphasizes the predominant importance of a suit-
able reinforcement detailing in the RC column-beam joints.

Full-Field Strain Maps

Full-field strain maps were derived from the measured 3D-
DIC in-plane motions to gain an insight into the hypothetical
strut-and-tie load-resistance mechanism [23] governing shear
strength and deformability. Fig. 17 shows the positive in-plane
load-drift envelope for each specimen, where the markers
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indicate representative points including: (A) uncracked state;
(B) first crack state; (C) increasing load past the first crack
state and before reaching the peak load; (D) peak load state;
and (E) ultimate state. For each of these points, Fig. 18,
Fig. 19, and Fig. 20 present the 3D-DIC map of the strain
component parallel to the hypothetical compression strut in
the masonry infill, ey, for specimens SS, SA, and SA-R,
respectively.

In specimen SS, the ey contours indicate the progressive
development of a compression strut along the X-direction
once the first diagonal crack formed close to the wall base
in point (B), at a load V=+107 kN and drift d=1.7 mm,
together with flexural cracks along the left RC tie column
(Fig. 18). The strut is visualized through the ~ —500 pm/m
negative strain contours. The cracks are visualized as nar-
row discontinuity regions with positive (tensile) strain
peaks of the order of 10° pm/m. The compression strut
degrades after reaching the peak load of +152 kN in point
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Fig. 15 Measurement difference between sensor D1 and 3D-DIC within
range of positive and negative displacement at ultimate state: (a) speci-
men SS; (b) specimen SA; and (¢) specimen SA-R

(D) until failure occurs due to the opening of the left
column-beam joint. The 3D-DIC ¢y map provides compel-
ling visual evidence that the strength of the diagonal com-
pression strut in the masonry, which is expected to form in
well-functioning CM walls [23], was not exploited. In fact,
the limited diagonal cracking indicates that this mechanism
did not fully develop due to the premature opening of the
column-beam joint, resulting in a significantly smaller
strength, deformability, and energy dissipation compared
with specimens SA and SA-R. This observation is con-
firmed in Fig. 21, which shows the 3D-DIC map of the
strain along the other diagonal, ¢y at the negative (push)
peak load state for specimens SS, SA, and SA-R. The maps
clearly show a less developed compression strut in speci-
men SS.

The 3D-DIC ey and ey strain contours for specimen SA
(Fig. 19 and Fig. 21) explain the enhanced hysteretic response

SEM
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specimen SS: (a) slip measured through sensor S1 vis-a-vis loading
history; and (b) 3D-DIC vertical displacement profile along virtual line
EF across masonry-RC interface at different load-drift (V-d) levels

in Fig. 11(b). In fact, the formation of well-defined diagonal
compression struts was enabled by the resistance of column-
beam joints against opening. The strain maps offer compre-
hensive visual evidence up to the ultimate state (F'<+133 kN,
d<18.3 mm), where the DIC analysis cannot be performed on
the patterned areas where extensive spalling of the masonry
infill occurred (Fig. 19).

The effectiveness of 3D-DIC measurements is further dem-
onstrated in the case of specimen SA-R. First, the ey and ¢y
strain contours in Fig. 20 and Fig. 21 visualize the develop-
ment of the compression strut past the first crack state (J'=+
137 kN, d=2.0 mm). Then, the crack-bridging contribution of
the bed-joint reinforcement (Fig. 2) is rendered in the widen-
ing of the compression struts (e yand € y~—500 pm/m) involv-
ing nearly the entire diagonal length of the masonry infill at
the peak load state and under the large drifts attained at the
ultimate state [Fig. 11(c)].

To the best of the writers’ knowledge, this study is the first
to systematically validate 3D-DIC measurements on full-scale
masonry structures vis-a-vis PWS measurements, and demon-
strate the visualization of a strut-and-tie and shear-resistance
mechanism based on full-field deformation measurements. In
particular, the strut-and-tie mechanism was originally hypoth-
esized by Polyakov in 1956 [24] and Holmes in 1961 [25] for
masonry infills, and became the theoretical foundation for the
in-plane strength analysis of masory-infilled RC frames as
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well as CM walls [23, 26, 27]. In perspective, DIC measure-
ments can be enlisted to validate and calibrate existing
strength analysis algorithms, for example by accurately defin-
ing the inclination (e.g., [22]) and width of compression struts
in the failure region.

Full-Field Crack Maps

3D-DIC strain maps were also evaluated to understand the
feasibility of producing faithful crack maps at different
loading stages. The spatial resolution of DIC measure-
ments is influenced primarily by the subset size used in
the correlation analysis [8]. The selection of a 15x% 15 pixel
subset size as a reasonable compromise between accuracy
and resolution (Fig. 10) is further supported in Fig. 22(a),
Fig. 23(a) and Fig. 24(a), which present the 3D-DIC crack
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Fig. 18 DIC ey maps at increasing positive drift (sensor H1) in specimen SS (ex<0 indicates compression)

maps based on the maximum principal strain, €;, at the first
crack, peak load, and ultimate state under positive load for
specimens SS, SA and SA-R, respectively. For all speci-
mens, the discontinuities indicating open cracks are
marked by &, with peak values on the order of 10° pum/
m, thus well above those associated with masonry and
concrete cracking (~10* pm/m).

The 3D-DIC ¢; maps visualize the flexural cracks that
formed horizontally on the left RC tie column and prop-
agated into the masonry infill at the first crack state. For
specimen SS, the limited energy dissipation [Fig. 11(a)]
is described by the rapid opening of the left column-
beam joint once the peak load was attained (V=+152 kN,
d=8.3 mm), resulting in a limited development of diag-
onal cracks between the peak load and ultimate state,
until the joint failed [Fig. 22(a)]. For specimen SA, the
enhanced joint reinforcement [Fig. 1(c)] resulted in sig-
nificantly higher strength and deformability than speci-
men SS [Fig. 11(b)] with comparable diagonal cracks at
the peak load and ultimate state [Fig. 23(a)]. For speci-
men SA-R, the denser ¢;-based crack maps at the peak
load and ultimate state highlight the contribution of the
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additional bed-joint reinforcement (Fig. 2) in further en-
hancing strength and deformability [Fig. 11(c)]. In fact,
multiple diagonal cracks formed due to the crack-
bridging action exerted by the reinforcement, and the
entire upper half of the masonry infill was involved in
the load-resistance mechanism [Fig. 24(a)]. From a prac-
tical standpoint, the evidence provided through 3D-DIC
strain maps can be used to define the amount and loca-
tion of bed-joint reinforcement, and verify the effective-
ness of these design choices, irrespective of the specific
type of masonry structure (e.g., confined or infilled). For
example, in the case of specimen SA-R, the limited
damage developing in the lower third of the masonry
infill suggests that reinforcement is needed primarily in
the top two thirds, whereas reinforcement used elsewhere
may not significantly contribute to strength and
deformability. This consideration is especially important
when designing seismic-resistant strengthening or repair
systems because prescribing redundant reinforcement en-
tails more time-consuming and labor-intensive construc-
tion operations, with a negative impact on typically
stringent time and budget constraints.

(E) 18.3 mm

(D) 11.6 mm

Fig. 19 DIC ey maps at increasing positive drift (sensor H1) in specimen SA (e <0 indicates compression)
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Fig. 20 DIC ¢y maps at increasing positive drift (sensor H1) in specimen SA-R (e <0 indicates compression)
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peak load in specimens SS, SA
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compression)

1500

-500

Fig. 22(b), Fig. 23(b) and Fig. 24(b) show the final
hand-drawn crack maps from the opposite face of each
specimen, which were mirrored (left-right) to facilitate
the comparison with their DIC counterparts. Comparing
3D-DIC with hand-drawn crack maps in Fig. 22,
Fig. 23 and Fig. 24 shows that more detailed maps
are obtained through non-contacting DIC measurements.
In particular, for all specimens the hand-drawn maps do
not indicate most of the damage highlighted by the DIC
maps along the RC tie beam, including the column-
beam joints. Human error is inevitably a factor. How-
ever, it is noted that for safety purposes hand-drawn
maps were made on unloaded specimens after failure,
when most of the cracks in the concrete were closed
with the exception of the failed left corner in specimen
SS (Fig. 22), and thus were difficult to recognize. This
is not a concern for DIC maps as they are based on ¢,

(B) +1.7 mm

(D) +8.3 mm (E)

values derived from displacements measured on loaded
specimens, when the cracks were open. The evidence
presented indicates that faithful 3D-DIC crack maps can
be obtained, with the following advantages over hand-
drawn maps: (a) better level of detail, especially for
closing cracks; (b) minimized influence of human er-
rors; (c) ability to map cracks at any loading stage,
thereby enabling one to monitor damage formation and
development, which is impractical otherwise; and (d)
safety, as non-contacting measurements are made with-
out the need to closely inspect brittle specimens ap-
proaching collapse. In particular, the ability to map
damage progression in a full-field fashion and at differ-
ent loading stages makes 3D-DIC measurements an
attractive means to obtain valid experimental evidence
to underpin the verification and calibration of numerical
(e.g., finite element) models.

+11.0 mm (a) Final hand-drawn

Fig. 22 Crack mapping on specimen SS: (a) DIC maximum principal strain map at first crack (B), peak load (D), and ultimate (E) state using 15x 15 pixel
subsets. Displacement values indicate drift per sensor H1; and (b) hand-drawn maps based on visual inspection. Red corresponds to +3,000 um/m

(B) (D) +11.6 mm

SEM

(E) +18.3 mm
Fig. 23 Crack mapping on specimen SA: (a) DIC maximum principal strain map at first crack (B), peak load (D), and ultimate (E) state using 15x 15 pixel
subsets. Displacement values indicate drift per sensor H1; and (b) hand-drawn maps based on visual inspection. Red corresponds to +3,000 um/m
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(D) +12.2 mm
Fig. 24 Crack mapping on specimen SA-R: (a) DIC maximum principal strain map at first crack (B), peak load (D), and ultimate (E) state using 15 x
15 pixel subsets. Displacement values indicate drift per sensor H1; and (b) hand-drawn maps based on visual inspection. Red corresponds to +3,000 pm/m

(B) +2.0 mm

Potential for Crack Width Calculation

The potential to estimate crack widths through the analysis of
3D-DIC displacement measurement is illustrated in Fig. 25.
Fig. 25(a) shows the DIC vertical displacement map for spec-
imen SA-R at the positive peak load state (V=+213 kN, d=
12.2 mm), marking line GH that intersects multiple flexural
(horizontal) cracks along the left RC tie column. In Fig. 25(b),
the vertical displacement profiles along line GH are plotted for
different positive load levels vis-a-vis the interested portion of
the ¢;-based crack map at ’=+213 kN. It is noted that the
discontinuities in the vertical displacement profiles indicate

Fig. 25 Potential to estimate v
crack widths in specimen SA-R:
(a) vertical displacement map at
peak load; and (b) maximum prin-
cipal strain map at peak load vi-
s-a-vis vertical displacement pro-
file along line GH at different pos-
itive loads, ¥, showing progres-
sive crack opening in RC tie
column

1.5

0.25

(E) +22.5 mm

Final hand-drawn

(@ (b)

the open cracks along line GH. These evidence suggests that
the amplitude of the discontinuities provides a measure of
crack width as it increases at increasing drifts up to the
ultimate state (V=+179 kN, d=22.5 mm), thus capturing the
progressive opening of the tensile cracks along the tie column.
This outcome is similar to that presented by Destrebecq et al.
[19] for the case of tensile cracks in the constant moment
region of a RC beam. However, experiments where progres-
sive crack openings are locally measured with benchmark
PWSs (e.g., crack opening gauges) are needed to test if and
how the amplitude of the discontinuities in a given displace-
ment profile can be used to accurately estimate crack widths.
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Conclusions

Based on the evidence presented from load tests and 3D-DIC
measurements on full-scale confined masonry walls, the fol-
lowing conclusions are drawn.

1. Suitable high-contrast speckle patterns can be applied on
large masonry and concrete surfaces by spraying dark
paint on flexible stencils. Whitewash can be used to
provide a light background.

2. Wide-angle camera lenses are typically needed to capture
images of a full-scale masonry wall specimen. Relatively
small stereo angles (e.g., 10°) are sufficient when minimal
out-of-plane motions are expected, which is typically the
case for structural walls loaded horizontally in their plane.

3. It is feasible to define a subset size for 3D-DIC analysis
that yields accurate displacement measurements as well as
high-resolution crack maps.

4. 3D-DIC measurements of story drift and diagonal defor-
mation offer comparable accuracy to surface-mounted
PWSs. To the best of the writers’ knowledge, this study
is the first to sistematically assess 3D-DIC measurements
on large masonry structures vis-a-vis benchmark PWS
measurements. Further research is necessary to test the
hypothesis that hysteretic load-drift responses can be
traced based on 3D-DIC measurements with comparable
accuracy to PWSs, and without the need to introduce
constant-displacement plateaus in the displacement-
control loading history.

5. 3D-DIC measurements of interface slip can be used in-
stead of those from PWSs, which are sensitive to random
flexural cracks in the vicinity of the PWS connections to
the specimen surface. 3D-DIC displacement fields offer a
far more versatile analysis tool as the slip can be assessed
virtually anywhere along the masonry-RC interface.

6. Specific strain components can be rendered in 3D-DIC
maps to visualize load-resistance mechanisms and failure
modes. By using diagonal strain maps, experimental ev-
idence of the development of diagonal struts in CM walls
was presented for three specimens with different in-plane
strength and deformability. To the best of the writers’
knowledge, this study is the first to present the experi-
mental full-field visualization of strut-and-tie mechanisms
in masonry infills.

7. Faithful crack maps can be obtained based on 3D-DIC
maximum principal strain maps. This method offers sig-
nificant advantages over hand-drawn maps, including
improved level of detail, minimized influence of human
errors, ability to map cracks at any loading stage, and
safety.

8. Cracks can be accurately located and their progressive
opening can be monitored based on 3D-DIC displacement
measurements. Further research is necessary to test the

SEM

hypothesis that the amplitude of the discontinuities in full-
field displacement maps can be used to determine crack
widths.

9. The 3D-DIC analyses presented herein were performed
using a standard desktop PC. Therefore, non-contacting
3D-DIC measurements stand as a powerful and accessible
tool to advance the understanding of the behavior of
concrete and masonry structures, inform their analysis
and design, and underpin the verification and calibration
of numerical models. In perspective, there is value and
potential in exploring the integration of high-speed stereo-
vision systems into novel hybrid testing platforms for
structures under dynamic (e.g., seismic, wind) loads. For
the specimens discussed in this paper, full-field strain
maps provided quantitative and visual evidence on the
importance of different design details to enable the devel-
opment of an effective strut-and-tie and shear resisting
mechanism (e.g., corner joint reinforcement vis-a-vis
toothed masonry-RC interfaces), and the contribution to
shear strength and crack-control of bed-joint reinforce-
ment in a representative strengthened wall (to be used to
optimize reinforcement amount and location).
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