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ABSTRACT

Throughout recorded history, masonry has played a significant role in the construction of structures across
diverse cultures and geographic regions. In the last century, concrete masonry units (CMU) have effectively replaced
traditional red brick in masonry in the US with the exception of some veneer purposes. CMU structures are significantly
stronger than traditional masonry and have a wide variety of uses, with walls being the most common application. The
research presented here investigates the differences in failure behavior of CMU shear walls with varying horizontal
joint reinforcement configurations. Existing literature acknowledges that horizontal joint reinforcement is key to
shear strength in masonry walls, but no research was identified that experimentally tests shear walls with spliced joint
reinforcement. Two CMU walls were tested in quasi-static unidirectional lateral pushover, one with continuous joint
reinforcement and one with spliced joint reinforcement. To evaluate specimen behavior, digital image correlation (DIC)
was utilized as the primary measurement tool, revealing previously unobserved aspects of cracking patterns and their
relationship to reinforcement splice regions. Analysis of the test results showed that walls containing uninterrupted joint
reinforcement were capable of sustaining larger maximum loads and maintained a more ductile response after reaching
peak capacity. Additionally, the presence of reinforcement splices was associated with elevated strain measurements
occurring at numerous locations within the wall system.
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1. Introduction

Brick masonry has been used by humans in essen-
tially every major culture for thousands of years, and ma-
sonry structures from ancient civilizations still stand today.
However, in recent years, the use of traditional red bricks
in masonry has sharply decreased in favor of concrete ma-
sonry units (CMU). Traditional bricks are still used, but
generally only for veneers or aesthetic purposes. Concrete
masonry units have been manufactured mechanically since
the introduction of the first machined block in 1900 ™.
Production involves shaping low-slump concrete within
molds and curing the resulting units before use. Because
they are typically less costly than clay bricks and can be
made with recycled content, CMUs have become a popular
masonry construction material. Furthermore, CMUs can
be used indoors and outdoors in a variety of environmen-
tal conditions and can easily incorporate both vertical and
horizontal reinforcement.

CMU structures can be unreinforced, but reinforced
CMU is more commonplace as its strength characteristics
behave more like conventional reinforced concrete. Vertical
reinforcement is incorporated by placing rebars vertically
through CMU cells, which are placed in a pattern such that
there is a continuous path from top to bottom of the struc-
ture and primarily aid in in-plane flexural strength *'. The
cells containing reinforcement are then grouted, creating
an interface between the rebar and the CMU blocks. Hor-
izontal reinforcement is placed in the mortar joints and is
typically ladder-style, truss-style, or bars ). Horizontal re-
inforcement can be continuous or spliced according to The
Masonry Society Building Code Requirements and Speci-
fications for Masonry Structures (TMS) 402/602-16 1.

Much research has been done on the effects of both
vertical and horizontal reinforcement on the performance
of shear walls. It has been suggested shear strength is gov-
erned primarily by horizontal reinforcement, with changes
to vertical reinforcing ratios having less effect . However,
little has been shown on the differences in shear strength
as horizontal reinforcement configuration is varied. In fact,
it has been expressed that current codes and standards may
overestimate shear strength, especially in partially grouted
CMU walls '*”\. The research presented here investigates

structural differences in CMU shear walls with continu-

ous versus spliced joint reinforcement, with the primary
data collection tool being digital image correlation (DIC),
which has been shown to be an accurate technique for
measuring strains and displacements in masonry walls. A
primary purpose of this work is to determine how chang-
es in joint reinforcement detailing affect the load-carrying
capacity and behavioral characteristics of masonry shear

walls, thereby improving performance predictions.

2. Background

2.1. Masonry Shear Walls

Based on the guidance presented in ASCE/SEI 41-
17 ™ the structural behavior of reinforced masonry walls
is classified according to the predominant mode of re-
sponse, namely flexure or shear. The primary factor in de-
termining whether shear or flexure is the dominant mech-
anism in wall failure is the aspect ratio of wall height to
wall width " Experimental testing has shown that as the
aspect ratio increases, shear strength decreases ''”. Several
studies have aimed to quantify the effects of aspect ratio
on shear performance, including an investigation into shear
dominated reinforced shear walls while maintaining con-
sistent aspect ratios """’ Shing et al. " found that certain
detailing measures, including the incorporation of bound-
ary elements, can enable CMU shear walls to achieve
seismic performance levels that surpass those reflected in
TMS and ASCE/SEI 41-17 provisions. Their research also
showed that considerable shear capacity can be retained in
walls that benefit from gravity-frame interaction or whose
wall flanges have not been subjected to earlier damage.
This research was complimented by research which var-
ied both aspect ratio and boundary elements, and bound-
ary elements were determined to have the greater effect
on increasing ductility and decreasing wall strains prior
to failure '’ Flanged edges have proven satisfactory as a
boundary element for aiding ductility, which could allow
CMU to be used more in the future in mid-rise and high-
rise construction ",

Seismicity is a concern for many masonry structures,
particularly in mid-rise and high-rise buildings "*. While
boundary elements have been found to improve seismic

[

performance """, such elements are not always practical

or economical for every type of construction. As a re-

65



Journal of Building Material Science | Volume 08 | Issue 03 | September 2026

sult, considerable research has focused on improving the
post-cracking behavior and energy dissipation of masonry
shear walls through reinforcement detailing. Garcia-Ra-
monda et al. "* reported that the use of bed-joint rein-
forcement increases both deformation capacity and energy
dissipation while also influencing the strength, ductility,
and failure mechanisms of masonry shear walls subject-
ed to cyclic loading. Similarly, increasing the amount of
horizontal reinforcement has been shown to improve wall
strength and ductility under cyclic loading conditions .
More recently, Faridmehr et al. "' demonstrated that bed-
joint reinforcement characteristics significantly influence
both shear resistance and lateral drift capacity, with in-
creases in reinforcement size and quantity resulting in
improved wall performance. Ba Rahim et al. """ further
compared bond beam and bed-joint reinforcement in full-
scale partially grouted masonry shear walls and found that
bed-joint reinforcement provided improved crack width
control and post-peak behavior while producing peak
strengths comparable to traditional bond beam reinforce-
ment. Ghaseminia et al. " likewise found that reinforce-
ment detailing improves wall stiffness, shear strength, and
energy dissipation, while demonstrating that reinforcement
configuration alone does not govern overall structural per-
formance, and that wall geometry must also be considered.
Ba Rahim et al. ' further investigated full-scale partially
grouted masonry shear walls subjected to cyclic loading
and reported that wall aspect ratio had a greater influence
on lateral load capacity than horizontal reinforcement type.
Although bed-joint reinforcement improved crack distri-
bution by promoting the formation of new cracks rather
than widening existing cracks. Collectively, these studies
demonstrate that reinforcement detailing plays a critical
role in controlling strength, ductility, crack development,
and post-peak behavior in masonry shear walls. These
findings support earlier observations that increases in ver-
tical reinforcement primarily improve flexural behavior
while having a comparatively smaller influence on shear
strength . For walls governed by flexural behavior, the
addition of boundary elements has also been shown to im-
prove drift capacity, ductility, strength, strain distribution,
shear displacement, energy dissipation, and plastic hinge
length .

In addition to boundary elements, aspect ratio, and

reinforcement configuration, the types of mortar and grout
used in masonry construction have an impact on shear be-
havior. In fact, some researchers propose that the mortar
type has a greater impact on shear strength than the base
masonry unit strength "’ Additional reinforcement strate-
gies have also been investigated to improve masonry wall

1. ' evaluated mason-

performance. Garcia-Ramonda et a
ry shear walls strengthened using steel reinforced grout
and found that reinforcement detailing influenced failure
mechanisms, load-carrying capacity, energy dissipation,
and ductility. Similarly, Halici et al. ** reported that bed-
joint reinforcement improved crack control and enhanced
post-cracking structural performance following cyclic
loading. These studies further emphasize the importance of
reinforcement detailing in governing the strength and de-
formation behavior of masonry walls.

With the rise of Al, machine learning has been used
to better predict the shear strength of masonry walls. The
use of machine learning and artificial neural networks to
better predict shear strength has been explored, based on
assembled databases drawn from existing literature pre-
senting experimental results ***. Al-Ahdal et al. **' devel-
oped simplified analytical backbone models for partially
grouted masonry shear walls using validated finite element
analyses. Their study demonstrated that the proposed mod-
els accurately predict wall response while also identify-
ing the need to revise stiffness reduction factors currently
adopted in CSA S304-14. In the absence of the ability to
perform experimental testing or use Al-assisted programs,
traditional finite element modeling (FEM) can also be used
to predict shear wall behavior. Many FE models are cali-

brated from assembled databases >

, similar to those stud-
ies using machine learning. FE models have been used to
update shear strength equations and fragility functions to
increase their accuracy ™. Some key findings that have
come from FE modeling of masonry shear walls include
the use of excess reinforcement decreases structural per-
formance ””, FEM tends to predict higher deformation ca-
pacities than experimental results "), and verification that
aspect ratio and horizontal reinforcement are most impact-
ful on shear strength . These analytical approaches have
contributed to a better understanding of masonry shear
wall behavior and have helped improve the prediction of

shear strength and failure mechanisms.
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An interesting finding from multiple studies is that
current masonry design standards do not consistently pre-
dict the shear strength of partially grouted shear walls. This
observation has been reported through finite element mod-
eling !, experimental testing **', and analyses of existing
literature "', Recent comparisons of numerical modeling
techniques have similarly shown that while finite element
models accurately capture the cyclic behavior of fully
grouted reinforced masonry walls, additional modeling ap-
proaches may be better suited for partially grouted walls
because they more effectively represent discontinuities and
collapse mechanisms ¥, Zhu et al. ** further investigated
the relationship between triplet test results and the behav-
ior of hollow, partially grouted, and fully grouted concrete
masonry and found that European design provisions gener-
ally produced conservative estimates of the shear capacity
of North American concrete masonry shear walls. Collec-
tively, these studies demonstrate that the accuracy of cur-
rent shear strength equations varies among international
masonry design standards, including those used in Canada,
Australia, Europe, and North America. One of the primary
reasons for these discrepancies is the common assumption
that the failure angle, 0, is always 45°. However, research
has shown that the failure angle in masonry exhibits great-
er variability because of the stair-step cracking that com-
monly develops along mortar joints. Consequently, when
0 < 45°, shear strength predictions tend to be unconserva-
tive, whereas predictions become increasingly conserva-
tive when 0 > 45° [, These findings highlight the need for
a better understanding of masonry shear wall behavior as
key design variables are modified.

Experimental studies have adopted several ap-
proaches to isolate and evaluate shear behavior in mason-
ry walls. For walls with aspect ratios that would typically
produce flexural-dominated behavior, additional vertical
reinforcement can be used to promote shear failure and
facilitate the investigation of shear response "'”. This pro-
vides greater flexibility in specimen design while allow-
ing the effects of horizontal reinforcement to be evaluat-
ed more directly. When shear is the governing limit state,
horizontal reinforcement has consistently been shown to
be one of the most influential parameters affecting wall
performance. Increasing the amount of horizontal rein-

forcement improves both strength and ductility "', while

ladder-style joint reinforcement provides superior crack
control P, Similar findings have been reported by other
researchers, who observed that horizontal reinforcement
helps contain cracking while increasing both failure stress

and wall stiffness .

2.2. Digital Image Correlation

Digital image correlation (DIC) is a non-contact way
of measuring full-field surface displacements and strains
that has been in use since the 1980s. DIC can be either
2-dimensional (2D) using a single camera, or 3-dimension-
al (3D) using two cameras in tandem. In 3D-DIC, the sys-
tem images and triangulates a specimen in space and reads
changes in an applied stochastic pattern on the specimen’s
face both in- and out-of-plane. Because DIC is non-con-
tact, it is also preferable from a safety perspective “*. The
technology has been refined over decades and is now able
to capture displacements at subpixel resolution "', making
it an excellent candidate for measuring displacements at
the micron level.

DIC has been applied to a wide range of topics and
materials, contributing to its widespread use across nu-
merous engineering and scientific disciplines **’. One of
the earlier applications involved measuring deformation in

139 where researchers demonstrated that

trabecular bone
specimen translation and rotation during testing did not
significantly affect the accuracy of three-dimensional DIC
measurements. As the technique continued to mature, sub-
sequent studies found that lighting conditions and camera
quality have a greater influence on measurement accuracy
than specimen movement by comparing DIC results with
conventional strain gauge measurements on steel plates
subjected to tension "', More recently, Bogusz et al. ']
further validated the accuracy of DIC by demonstrating
good agreement with conventional strain gauge measure-
ments while highlighting its ability to provide full-field
visualization of strain and displacement in complex struc-
tural elements. Collectively, these studies demonstrate the
versatility of DIC and its capability to provide accurate,
full-field measurements across a wide range of structural
applications. More recently, Oats et al. "** reviewed appli-
cations of digital image correlation in structural engineer-
ing and concluded that DIC has become a widely accepted

technique for obtaining accurate full-field displacement
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and strain measurements for structural evaluation, while
highlighting its versatility for monitoring structural behav-
ior and damage progression across a broad range of engi-
neering applications. Similarly, Bhat et al. * used DIC to
characterize strain distributions and failure mechanisms in
several masonry systems, demonstrating that the technique
effectively captures crack initiation, crack propagation,
and strain localization while providing detailed insight into
masonry behavior that is difficult to obtain using conven-

tional instrumentation.

2.3.DIC Applied to Shear Walls

Masonry and reinforced concrete share many struc-
tural characteristics, making advances in DIC applica-
tions for reinforced concrete highly relevant to masonry
research. Numerous studies have demonstrated that DIC
is an effective tool for evaluating the behavior of rein-
forced concrete, particularly because of its ability to accu-
rately capture both micro- and macro-crack development

“% These investigations

throughout the loading process '
also showed that DIC provides more comprehensive and
reliable measurements during crack initiation and failure
than conventional instrumentation such as linear variable
displacement transducers (LVDTs) and strain gauges. In
addition to crack monitoring, DIC has been successfully
used to measure displacements and strains across inter-
faces between dissimilar concrete materials, including
concrete-to-concrete interfaces with different compressive

I The versatility of the technique has also been

strengths
demonstrated through studies evaluating the mechanical
behavior and deterioration of aged concrete, further illus-
trating its effectiveness for assessing complex structural
behavior 7.

DIC has been used to measure displacements and
strains in masonry walls with accuracy. For both rein-
forced concrete and masonry shear walls, traditional mea-
surement techniques include LVDTs and strain gauges for
displacement measurement and the use of photography
or hand-drawn sketches to map crack propagation, which
can be difficult for larger structures and prone to human

4
CIror 8

| Vargas et al. " observed that cracking and strain
localization extended beyond the primary shear-resisting
regions of partially grouted masonry walls, demonstrat-

ing the ability of DIC to capture complex damage patterns

throughout an entire specimen. Similar findings have been
shown in other research, in that comparing data from DIC
and traditional instrumentation revealed DIC displacement
results were adequate while also providing better visuals

150321 Recent work

related to cracking and infill separation
by Iskander et al. ** showed that DIC results compare fa-
vorably with traditional displacement measurements while
providing additional insight into structural response and
failure behavior through full-field strain and displacement
monitoring. The low cost associated with DIC use has

been pointed out

, as the system has nearly unlimited
reusability and can capture data over an entire specimen at
once. DIC has been used experimentally to investigate the
impact of horizontal reinforcement in masonry shear walls,
with the primary variable being the location of horizontal
reinforcement (only the bed joint, only the bond beam, or a
combination of both) P

While both masonry shear walls and DIC have been
studied, there is still much to be learned by combining
the two in experimental research. A major research gap
has been identified in using DIC to capture behavior or
shear walls with discontinuous horizontal joint reinforce-
ment. It has been highlighted that current standards may
be overestimating the shear strength of masonry walls, so
aspects which would seemingly decrease shear strength,
such as reinforcement discontinuity, must be thoroughly

researched.

3. Test

3.1. Test Specimens

The walls were constructed from standard CMU
blocks nominally measuring 10.16 cm by 20.32 cm by
40.64 cm. Mortar joints were 0.95 cm thick. Each masonry
specimen was assembled using six block courses, resulting
in overall wall dimensions of 121.92 ¢cm by 162.56 cm.
The walls were constructed between reinforced concrete
elements, including a 30.48-cm-thick foundation at the
base and a concrete cap of identical thickness at the top. A
running bond masonry pattern was utilized for both speci-
mens. Vertical reinforcement was limited to the boundary
regions and consisted of three #5 bars at each end of the
wall, leaving the central portion without vertical reinforc-

ing steel. To fully develop the reinforcement, the bars were
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anchored within the foundation and extended continuously
into the concrete cap. The caps also served the purpose of
better distributing the lateral load into the top of the walls
themselves to prevent localized failures at the jack. While
research has shown that axial compression aids in shear
strength "), the contribution of the self-weight of the caps

was ignored as the caps (and thus load) were the same for

both walls. To provide horizontal reinforcement, 9-gauge
masonry truss wire was placed within each bed joint
course. In the CMUI specimen, the reinforcement was
continuous across the wall, while CMU2 incorporated a
splice at the center of every course, creating a discontinui-
ty at the wall midspan. A depiction of CMU1 and CMU?2 is

shown in Figure 1.

=

30.48 cm

Legend:
—— #5 Vertical Rebar

—— 9-Gauge Truss Wire

121.92 cm

X CMU2 Splice Locations

30.48 cm

l71 62.56 cm—J

213.36 cm

Figure 1. CMU Wall Test Specimen.

At each splice location, the reinforcement terminated
with the wire ends placed end-to-end, without any lap splice
overlap. The 9-gauge truss wire possesses a specified ten-
sile yield strength of 480 MPa. Type S masonry mortar was
utilized in the specimens, and ASTM C270 ' identifies its
minimum average 28-day compressive strength as 12.5
MPa. The grout material was Commercial Grade Quikrete
Precision Grout, which was prepared and mixed under lab-
oratory conditions. According to the manufacturer’s tech-
nical documentation, the material achieves a design com-
pressive strength of 96.5 MPa at 28 days when evaluated
using ASTM C109 ® procedures modified in accordance
with ASTM C1107 7.

To encourage a shear-controlled failure mechanism
in the middle of the test walls, #5 reinforcing bars were in-
stalled in the boundary cells as vertical reinforcement. The
bars possessed a design tensile yield strength of 413.6 MPa.
Only cores containing #5 rebar were grouted, meaning the
walls would be classified as partially grouted and thus sub-

ject to the uncertainty on conservatism of existing shear

strength predictions . The specimens were supported by
reinforced concrete foundations and topped with concrete
cap beams designed for a compressive strength of 41.4 MPa.
Masonry shear strength was evaluated following the re-
quirements of TMS Section 9.3. Table 1 depicts the design
strengths of the wall considering shear and moment capaci-
ty. The calculations utilized a measured masonry compres-
sive strength of 13.8 MPa, derived from companion prism
tests conducted alongside the wall specimens. A grouting
factor, y,, equal to 0.75, was applied because the walls were
not fully grouted. Furthermore, shear friction resistance was
included in the strength assessment using TMS Equations
9-33. Using TMS design procedures, the wall’s calculated
nominal shear resistance was 124.1 kN before incorporation
of the applicable shear resistance factor (@ = 0.8). The flex-
ural capacity analysis followed the assumptions established
in TMS Section 9.3.2 and disregarded any contribution from
compression-side reinforcing steel. To estimate the cracking
moment, a modulus of rupture value of 1.12 MPa was ad-
opted from TMS Tables 9.1-9.2.
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Table 1. Wall Design Strengths.

Failure Type Capacity Corresponding Jack Load
Shear 124.1 kN 124.1 kN
Shear Friction 376.3 kN 376.3 kN
Moment 294.2 kN'm 209.1 kN
Cracking Moment 43.7 kN'm 31.3kN

3.2. Test Procedure

Each masonry wall was evaluated using a quasi-stat-
ic lateral pushover test conducted against a reaction frame.
Wall response was monitored primarily through digital im-
age correlation, with system calibration completed using
manufacturer-provided calibration tools. Lateral force was
introduced through a hydraulic actuator located between
the reaction frame and the wall cap beam, positioned 139.7
cm above the foundation. The loading protocol consisted of
manually increasing hydraulic pressure while documenting
pressure values at predetermined intervals. Test loads were
calculated from the measured hydraulic pressure and the

corresponding piston area of the actuator cylinder. Valida-

tion of this methodology indicated a measurement accuracy
of approximately +4.45 kN, comparable to that achieved
with conventional load-cell instrumentation ©*. A wall
specimen under load is shown in Figure 2. The pattern
applied to the face for DIC analysis was randomized to op-
timize the ability of the program to differentiate between
facets, which is critical for quality DIC imaging "*”. Loads
were applied in 2.22-4.45 kN increments. To document
wall response using DIC, the test was momentarily sus-
pended at each loading stage while images were recorded.
Following image capture, the applied load was increased
further until failure was reached. Additional information
about the testing specimens, procedures and results can be

found in the work of Bullard ",

Figure 2. CMU specimen patterned for DIC analysis.
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4. Results

Figures 3 and 4 show the DIC major strain im-
aging for both walls. Figure 3 focuses on lower loads,
while Figure 4 focuses on peak loads. Because the walls
reached different peak loads, the load increments shown
in Figure 4 vary slightly between CMU1 and CMU?2 as
their respective peaks are approached. Strains in both
walls become visible by the first load increment (23 kN)
at the given scale, with strains in CMU2 being slightly
more apparent. By 45 kN, a crack is visible in CMUI,

while the crack in CMU2 has become much more visible.
In load increments 3 and 4 (68 kN and 91 kN, respec-
tively), a major crack has formed in CMUI, and a sec-
ond major crack has formed in CMU2. Once 100 kN is
reached, both walls exhibit major cracking in multiple lo-
cations, with CMUI1 forming a second crack and CMU2
forming a third crack. Once peak load is approached,
both walls have multiple locations of major stair-step
cracking. At peak, CMU1 has one major crack that splits
into two along the shear failure line, while CMU2 has

three distinct and separate cracks.

CMU1 (Continuous)

23 kN
23 kN

Load
Load

=45kN
Load =45 kN

Load

68 kKN
68 kN

Load
Load

=91kN
Load = 91 kN

Load

Load =113 kN

Load = 113 kN

[um/m]

5,000
3,000
2,000
1,000
0
-1,000
-2,000
-3,000
-5,000

[pum/m]

5,000
3,000
2,000
1,000
0
-1,000
-2,000
-3,000
-5,000
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5,000
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2,000
1,000
]
-1,000
2,000
-3,000

-5,000

[m/m]

5,000
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2,000
1,000
0
1,000
-2,000
3,000
5,000

Figure 3. Major strains for CMU1 and CMU?2 at lower load levels.
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Figure 4. Major strains for CMU1 and CMU?2 at peak load.

In addition to the major stair-step crack formation
typical of masonry shear failures, separation of infill at the
bed joints can be seen along the edges of the walls nearest
to the jack. This is likely caused by flexural strains in the

walls with mild overturning action.

5. Analysis and Discussion

Previous research indicates that concrete cracking
begins when strains reach approximately 0.01-0.012% .
Interpreting the results using this range suggests crack ini-
tiation loads of roughly 33 kN and 27 kN for CMU1 and

CMU?2, respectively. These values are reasonably close
to the 31-kN load associated with the predicted cracking
moment, demonstrating that the cracking response of the
specimens was largely consistent with design calculations.
In order to determine the displacements of the walls in the
horizontal direction (x-displacements), eight points were
selected on each wall, four across the top and four across
the bottom, as shown in Figure 5. Points 0, 3, 4, and 7,
located near the walls’ corners, were taken 10.16 cm from
each adjacent side. The concrete caps and foundations
were excluded from these measurements. The x-displace-

ments for the analysis points were plotted with respect to
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load in Figures 6 and 7.

Examination of the load—x-displacement curves
reveals similar displacement behavior among points po-
sitioned at the same vertical level within a given wall. In
CMUL, for example, points 0-3 each recorded horizontal
displacements of roughly 5 mm at an applied load of 110
kN. A clear distinction was observed between the upper
and lower halves of both walls, with the upper four points
undergoing considerably larger movements. The DIC strain
maps presented in Figures 3 and 4 explain this behavior,
as failure occurred through the formation of a major diago-
nal shear crack. The crack isolated the upper section of the
wall from the lower section, allowing the upper region to
translate more freely while the lower region remained rel-
atively fixed due to its connection to the foundation. Near
ultimate failure, point 7 experienced a rapid increase in dis-
placement in both specimens, likely as a result of compres-
sive crushing that developed at the toe of the wall. Points
4-7 in CMU2 exhibited higher displacements than those
points on CMUI. This is evidenced by higher strains in the
x-direction in the head joints in CMU2, as seen in Figures
3 and 4. The displacement recorded at point 0 in CMU2

was lower than that observed at the other upper measure-

160
140
120
100

Load, kN

0 2 4

ment locations. This reduced movement is believed to
result from the point being located on the side of the wall
that remained more firmly connected to the foundation af-
ter formation of the major shear crack. To characterize wall
deformation, load—deflection curves were generated using
a single reference point positioned at the vertical center-
line and 101.6 mm beneath the top edge of each specimen.
The selected location is identified in Figure 8. The central
location in the top and bottom is justified because it is not

near the major diagonal shear cracks.

S ] B
o | | | | | |
G
10.16cm
10_16cm9—48_3ch—48.3cm 48 3emr 10.16cm

Figure 5. Analysis points for x-displacements.

6 8 10

X-Displacement, mm

—P—P1 P2 P3 P4 P5 P6

Figure 6. Load vs. X-Displacement for CMUI.
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Figure 7. Load vs. X-Displacement for CMU2.
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20
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=

X-Displacement, mm
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Figure 8. Load vs. Deflection in the X-Direction.

Figure 8 indicates that CMU2 was initially slightly
stiffer than CMU1, which may be due to construction tech-
niques. However, the presence of continuous reinforce-
ment in CMUT caused the wall to reach a higher peak load
and showed more ductile behavior during unloading. Duc-
tile failures are desirable in structural design, particularly
in regions of high seismicity. Thus, Figure 8 demonstrates

that the presence of continuous reinforcement is a more ro-

bust design.

Strains in the vertical direction (y-displacements)
were measured at the bottom of the walls, as the top of the
walls experienced more displacements due to the location
of the diagonal shear cracking. Points were taken 7.62
cm above and below the top of the base course, with the
gauge length being the full 15.24 cm, as shown in Figure 9.

These points indicate whether the walls were in tension or
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compression at the four locations, with positive strains in-

dicating tensile behavior as the points pull away from each

other.
H H H X Location 1
X Location 2
H H “ H X Location 3
H H H X Location 4
e A kT
e L N

10.16(:1]1E 43-3°mi—48-3cml—48.3cm#

10.16cm
Figure 9. Analysis Points for Strains in the Y-Direction.

The strains in the y-direction for each wall were
plotted against their respective loads, which is shown in
Figures 10 and 11. Both walls show tension at Location 1,
which is expected for pushover configurations with diag-
onal shear failures. Tension in Location 1 can also be seen
visually in the DIC major strain imaging as previously
discussed, where edges nearest to the jack show infill sep-
aration. Similarly, Location 4 at each wall showed com-
pression, which is expected in the compression toes. For
CMUI, all locations’ strains are grouped tightly together,
with most of the wall being in tension, except for the com-
pression toe. This indicates more rocking-like behavior of
a single body. For CMU?2, there is a higher variance be-
tween the locations. This shows the presence of the rein-
forcement splice allows the wall to behave as two “sides,”

being a tension pier and a compression pier.
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Figure 10. CMU1 Load vs. Y-Strain.
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Figure 11. CMU2 Load vs. Y-Strain.

75



Journal of Building Material Science | Volume 08 | Issue 03 | September 2026

Strains in the x-direction were measured across the

vertical midspan in the central three courses. This was

done to determine behavior at and around the major shear H H H “

cracks in each wall. Figure 12 depicts the analysis points’
. . . . . x x
locations. However, unit intersections occur in mortar, so < x X Top
clusters of four points each were generated around each of : : X Middle
. . . X Bott
the central course intersections. The clusters were oriented ~ 10-18em x|x orom
X X
such that each cluster has a point 5.08 cm above and below
the analysis joints and 5.08 cm off center in each direc- H H “
tion, creating a square around the intersecting joints. The
x-strains for the three joints were calculated by averaging
[
strains in the x-direction across each point cluster. Plots of 10.16cm
these results are shown in Figures 13 and 14. Figure 12. Analysis points for strains in the x-direction.
180
160
14
5 120,
. 10
g 80
— 60
4
20
0
-0.005 0.000 0.005 0.010 0.015 0.020
Strain, £
—8— Top —@— Middle —&— Bottom
Figure 13. Load vs. X-Strain for CMU1.
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Figure 14. Load vs. X-Strain for CMU2.
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From Figures 13 and 14, it appears that both walls
reached strains of approximately 400 pe in the x-direction
at peak load in the middle joints of each respective wall.
The bottom and middle joints analyzed in CMUI expe-
rienced significant x-strains, while the top joint stayed
relatively near zero. This is due to the major failure crack
occurring below the top joint as shown in Figure 3. The
top joint analyzed likely moved with the top portion of
the wall above the diagonal shear crack, while the lower
middle and bottom joints strained with the portion of the
wall that remained more stationary with respect to the
foundation. Unlike CMU1, where deformation was con-
centrated around a single principal shear crack, CMU2
exhibited crack propagation across three separate regions
of the wall. Consequently, increased strain levels were
measured in all three monitored areas of CMU2. The DIC

ﬁ L= 142.24cmﬁ

101 .60111*‘
X
i
i)
A
Y
X

H

results shown in Figures 3 and 4 confirm the presence of
three major shear cracks in CMU2 compared with only
one in CMUI, highlighting the effectiveness of contin-
uous reinforcement in restricting crack formation and
maintaining wall cohesion.

To better characterize deformation behavior, shear
strains were quantified at two scales: across the entire wall
and within localized regions of interest. These analyses
are summarized in Figure 15. Diagonal strain analysis
of shear walls is typical in the literature *'. The ability to
measure shear strain across an entire specimen is unique to
DIC as a tool that measures full-field displacements, mak-
ing it particularly well-suited for this type of analysis. Pre-
vious studies on masonry shear have used large amounts
of traditional LVDTs and strain gauges to gather the same
data that one DIC system is able to capture.

|>L = 71.12011]4'

Eli X, X
3 D, D,
(=]
e
Il

Figure 15. Global and local diagonal analyses.

Equation (1) shows the calculation used for both lo-
cal and global shear strain.

— é‘lDl _52D2
r 2LH

()

The variables in Equation (1) are defined as follows:
D is the initial diagonal measurement, ¢ is the variation in
diagonal length from its original value, and L and H de-
scribe the horizontal and vertical separations between the
selected points. This equation was presented in previous
361

literature as valid for shear strain in walls

Figures 16 and 17 indicate similar behavior to Fig-

ure 8, in which CMU2 appears slightly stiffer initially,
but CMU1 reached a higher peak load and exhibited more
ductile behavior after the peak load. The global shear
strain in CMU1 appears to have a mild yield plateau before
gradually decreasing, while CMU?2 drastically decreases
after peak load, indicating a more dramatic failure. Simi-
lar behavior is seen in the local shear strains. This again is
likely due to the continuous reinforcement holding the wall
together better after peak load. In structural design, partic-
ularly when dealing with structures which will experience
large lateral loads such as high seismicity, ductile failures

are desirable to allow occupants additional egress time.
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Catastrophic collapse can lead to serious injury or death %,
Thus, while CMU2 was initially stiffer, CMU1 is a safer
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design with respect to failure type and ultimate shear ca-
pacity.
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Figure 16. Load vs. Global Shear Strain.
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Figure 17. Load vs. Local Shear Strain.

6. Conclusions

Load vs. deflection results indicate that while CMU2
(with a splice) was initially slightly stiffer, CMU1 (with-
out a splice) tolerated a higher peak load and showed more
ductile failure behavior. The initial stiffness differential
could be attributed to wall construction craftsmanship and

should be investigated further. The presence of continuous

reinforcement provided a 7% increase in overall strength
and held the wall together better after major cracking, as
shown in both the DIC images and the strain and displace-
ment graphical results. The DIC images provided novel
insight into crack propagation as it relates to discontinuity
in the horizontal joint reinforcement. The DIC imaging
showed one major crack in CMU1, while CMU2 showed

three major cracks, which provides a better understand-
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ing of wall behavior beyond direct strain and displace-
ment measurements. Furthermore, the images show minor
cracking at peak load spread over the entirety of CMU2,
which was much more severe than CMU1. This behavior
is verified in the analysis of strains in the x-direction in the
center three courses, which shows that continuous joint
reinforcement holds the wall together better, indicated by
lower strains in fewer locations. Strains in the y-direc-
tion showed that CMU1 exhibited more rocking behavior
about a compression toe, while CMU?2 exhibited behavior
closer to compression and tension piers. When looking at
the shear strain analysis, behavior after major cracking is
clearly demonstrated in both the local and global analysis
fields. CMUT1 showed a yield plateau in both the global
and local plots, while the spliced reinforcement fell dras-
tically and immediately after peak load. The use of DIC to
capture full-field measurements was critical for this study,
and the results presented here demonstrate the value of the
use of the technique, particularly in the shear strain analy-
sis on the global and local scales. The combination of the
DIC images, the load vs. deflection graph, and the load
vs. shear strain graphs show that the wall with continuous
reinforcement experienced lesser strains and safer failure
behavior.

Future research is recommended to better quanti-
fy the decrease in peak load expected when splices are
present. Current standards do not suggest a difference in
shear capacity with the presence of a splice, which may
be unconservative. Additional specimens constructed us-
ing other types of commercially available horizontal joint
reinforcement (ladder-style, bars, etc.) should be investi-
gated. Furthermore, splice location and quantity should be
examined. This study used single splices in each course
of the vertical midspan of the wall, while typical masonry
construction may see splices in various locations along the
courses. Additional research expanding on what has been
presented here could also include variations in axial load,
which, as previously pointed out, can have a large impact
on shear behavior. Numerical modeling using FE software
exploring the change in behavior of shear walls with splic-
es in joint reinforcement is in order, and the behavior can
be calibrated from these results with emphasis on crack be-

havior seen from the DIC imaging.
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