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ABSTRACT

The increases in accidental explosion events over the past two decades have demonstrated the
urgent need to evaluate the behavior of blast-vulnerable structural components and develop
subsequent risk mitigation strategies. In this context, several studies have focused on the out-of-
plane behavior of either unreinforced masonry walls or non-load-bearing reinforced masonry shear
walls (RMSW). However, to date, a limited number of studies have been conducted on the
interaction between the axial load and out-of-plane demands (e.g. when subjected to blast loads)
on such walls. As such, the current study focuses on investigating the out-of-plane behavior of
seismically-detailed load-bearing RMSW with different designs. Experimental results of three
scaled RMSW, with different axial stress levels, subjected to out-of-plane loading are presented.
These results include the wall damage sequence, load-displacement response, stiffness degradation
and energy dissipation. The current study extends the database of experimental results pertaining
to load-bearing RMSW, to facilitate the development of relevant provisions within the next
editions of relevant blast design standards.
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INTRODUCTION

The advantages of reinforced masonry shear walls (RMSWs) have vouched for the application of
such a system in numerous projects. The application of RMSWs is supported by their ease in
construction and their in-plane ductile behavior when the walls are properly detailed according to
the relevant design standards [1]. As such, the current North American codes (e.g. NBCC 2015,
ASCE 2017) have included different seismic ductility categories [2,3]. However, RMSWs showed
limited ductility and high vulnerability when loaded in the out-of-plane direction due to the mid-
cell reinforcement configuration [4]. Moreover, the system robustness using different RMSWs in-
plane ductility classifications showed high vulnerability for wall removal [5]. This out-of-plane
loading can occur during multiple extreme events such as hurricanes, blasts, impact, etc. [6]. As
such, this contradicting in-plane versus out-of-plane behavior of RMSWs may depict a trade-off
in the application of the RMSWs system within the context of multi-hazard mitigation.

On the other side, the vast application of RMSWs in critical structures has necessitated the design
of such structural components against blast. This demanding design is based on the increasing
demand for blast-resistant structures especially after the 9/11 attacks [7]. As such, a comprehensive
assessment of RMSWs subjected to an out-of-plane loading supported by an experimental result
should be available to confirm a reliable design procedure. To date, available research has been
limited only to non-load-bearing walls (i.e. no axial loads) with well-defined boundary conditions.
For example, Bechara et al. (1996) tested six RMSWs under static out-of-plane four-point bending,
however, ideal rollers were used and no axial loads were applied on these walls [8]. Moreover,
Zhang et al. (2001) investigated the out-of-plane behavior of three flanged non-load-bearing
RMSWs (i.e. supported on return walls at their ends); however, the configuration of such walls
forced an atypical three-sided behavior [9]. Browning et al. (2011) reported the results of three
non-load-bearing RMSWSs supported on steel frames, which may not be a reasonable
representation of current construction practice [10,11]. Similarly, Elsayed et al. (2016) tested three
one-third scale non-load-bearing RMSWs under quasi-static loading, however, these walls were
welded to a steel frame creating a special connection different than real masonry construction [12].
Finally, Porto et al. (2010) tested two systems of load-bearing perforated clay walls with adequate
masonry to slab connection (i.e. similar to the real construction connections), however, the used
masonry does not represent the concrete masonry units used in North American construction
practices [13,14].

The current study experimentally investigates the out-of-plane behavior of three half-scaled
RMSWs, originally designed and detailed for in-plane seismic load resistance. The walls are
loaded with uniformly distributed out-of-plane loads as well as axial load. The experimental
program including the construction and testing phases as well as the results are thoroughly
elaborated. The results include the wall damage sequence, load-displacement response, stiffness
degradation, and energy dissipation. The current study extends the database of experimental results
pertaining to load-bearing RMSW, to facilitate the development of relevant provisions within the
next editions of relevant blast design standards



EXPERIMENTAL PROGRAM

The test matrix included three typical walls with different axial loads. All walls were subjected to
a displacement-controlled quasi-static out-of-plane cyclic loading until they reached a strength
degradation to 70% of the maximum strength to capture the post-ultimate strength behavior. The
load-bearing walls were designed to maintain their axial load levels throughout the test while
loaded in the out-of-plane direction using uniformly distributed loads across the wall’s surface
area. The following subsections provide details on the wall selection, material properties, test
setup, instrumentation and loading protocol.

Test Matrix

The experimental program focused on testing three half-scale walls with 1,420 mm length, 90 mm
thickness, 2,000 mm height and 1500 mm loading span. The 500 mm difference between the total
wall height (2000 mm) and the loaded wall span (1500 mm), is to realistically simulate the
reinforcement development length within the upper building floors, as shown in Fig. 1(b). The
walls were originally designed to represent the current in-plane seismic classifications (i.e.
ordinary, intermediate and special) of RMSWs [3]. The main variable within the three tested
RMSWs, is the axial load level. The axial stress levels vary from 0% to 15% of the axial
compressive strength. The walls are identified in this study using numbers that represent the axial
stress ratio (i.e. 0, 5,15%). For example, Wall 05 is loaded with an axial stress ratio of 5% of its
cross-section area. The vertical reinforcement ratio (pv) is 0.61% of the vertical gross area, while
the horizontal reinforcement ratio(ps) is 0.14%. It worth mentioning that the axial stress was
limited to 15% of the walls axial capacity to simulate a real case scenario of a wall bearing system
with an average slab spans equal to 6m. Fig. 1a shows the cross-sections and reinforcement details
of the tested walls, while Table 1 summarizes their vertical and horizontal reinforcement ratios as
well as their in-plane ductility classifications according to the TMS [3]. Table 1 also summarizes
the out-of-plane wall section classification based on sectional analysis. In this analysis, a concrete
model with a crushing stain of 0.0025 as per CSA S304 [2]and a monotonic stress-strain
relationship for the vertical reinforcement were adopted and applied within Bernoulli’s principle
(i.e. linear strain distribution) were assumed [3,15].

Wall Details and Construction

The walls were constructed using half-scale concrete masonry units (CMU) units in a running bond
pattern and face shell mortar bedding by certified masons, following the North American
construction practices. The (90x90x185 mm) half-scale CMU units were resembling the standard
two-cell 190mm full-scale CMU [16]. The scaled CMU were saw cut to 25 mm deep through their
webs to allow the placement of the horizontal reinforcement. Each wall was constructed on a 1500
mm X700 mm isolated reinforced concrete foundation with a thickness of 400 mm. The
construction of the walls was conducted with a running bond scheme using approximately 5-mm-
thick mortar joints representing the scaled version of the common 10 mm joints in full-scale
masonry construction. The vertical reinforcements were extended to the full height of their



corresponding walls with no splices. The vertical reinforcements were also bent 90-degrees and
tied to the lower mesh of the foundation with an extended leg of 150 mm, to ensure a full
development length. The walls were constructed and grouted in two stages to facilitate the low-lift
grouting technique [3]. The walls were grouted with fine grout having weight mixing portions of
1: 0.04: 3.9: 0.85 (Portland cement: lime: dry sand: water) with an average slump of 230mm.
Horizontal D4 reinforcements were placed on top of the CMU notches with a 180-degree standard
hook around the vertical edge rebars [17], as shown in Fig. l1a. It worth mentioning that the D4
reinforcement was heat-treated to enhance its ductility based on the available literature [18]. To
simulate a typical continuous wall loaded in the first story, the wall was horizontally supported at
1,500 mm from its base, resembling a scaled version of a first story wall with 3,000 mm height.
With regard to the top horizontal support, the walls were drilled and threaded bars were fitted/fixed
using a non-shrinkable epoxy at the location of the support following the standard grouting and
anchorage procedure of the American Concrete Institute [19]. Fig. 1b shows the typical three-
dimensional view of the tested walls illustrating the tested area and the location of the top support.
Moreover, the full sequence of construction is depicted in Figure 2.

Table 1. Details of the test matrix

Vertical reinforcement Horizontal reinforcement

Pv ph MSIC (2013)  Out-of-plane

Wall  Number and size (%)  Number and size (%)  classification  classification

6 No. 4 D4 every other course Under-
M-00 (6x129mm?)  0.61 (25mm?*@ 200mm) 0.14  Special reinforced

6 No. 4 D4 every other course Under-
M-05 (6x129mm?)  0.61 (25mm?*@ 200mm) 0.14 Intermediate  reinforced

6 No. 4 D4 every other course Over-
M-15 (6x129mm?)  0.61 (25mm?*@ 200mm) 0.14  Ordinary reinforced

Forty-three blocks for stretchers and seven blocks for half units were randomly selected and tested
according to the ASTM C140-16 [20] and CSA A165 [21]. The average compressive strengths
—based on net area— were 14.5 (c.0.v = 14.1%) and 16.4 MPa (c.0.v = 6.7%) for the stretchers
and half units, respectively. Pre-blended, pre-packaged, type S-mortar was used with an average
flow of 126%. The average compressive strength of the used mortar, based on thirty standard
mortar cubes taken from each batch during the construction, was 19.2 MPa (c.o.v = 21.2 %)
[22,23]. Twenty-three grout cylinders were tested and resulted in 21.3 MPa average strength(c.o.v
=15.1%) [23,24]. Sixty-nine fully grouted running bond masonry prisms were tested —one block
long and four blocks height— to evaluate the grouted masonry compressive strength normal to the
bed joint. The average compressive strength was 11.8 MPa (c.0.v = 13.4%); which results in 13.5
MPa standard average compressive strength —by multiplying the suggested correction factor of
1.15 — to account for the tested height-to-thickness ratio [25].



Vertical reinforcement: 6#4,
Horizontal reinforcement: D4 every other course
(Walls M-00, M-05, and M15)
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Figure 1: Tested walls: (a) Typical cross-sections; (b) 3D view for a typical wall (all
dimensions are in mm)

The tensile test was conducted for the used rebars — # 4 (used as the vertical reinforcement), D4
(used as horizontal reinforcement), and M10 (used in the foundation) [26] in order to determine
their yield and ultimate strengths. The average yield strength of the M10 rebars (100 mm?) was
436 MPa (c.0.v = 1.32%), whereas the average yielding strength of the #4 (129 mm?), and the D4
(45 mm?) rebars were 459, 436 and 517 MPa (c.0.v = 4.6,0.92 and 6.9%) respectively. It should
also be mentioned that the D4 reinforcement was heat-treated to lower its yielding strength and
increase its ductility based on the available literature [18].

Test setup, Instrumentation and Loading Protocol

The test setup was designed to simulate the application of uniformly distributed out-of-plane loads
on the load-bearing walls simultaneously with a uniform (and constant) axial load (P4). The out-
of-plane distributed loads were applied through a displacement-controlled (main) actuator with
500 kN capacity and 500 mm stroke. This actuator was exerted to the walls through nine-
point/patch loads (300 mm x 300 mm) using nine (secondary) actuators, as shown in Fig. 2a. These
actuators were connected in a closed-loop hydraulic system to equate the applied forces and allow
for different displacements without restrictions on the RMSWs deformations. The position of the
swivel end of the main actuator was fixed in order to maintain the location of the resultant force at
the center of mass of the wall-loaded area, while the nine secondary actuators were pinned to a
rigid steel frame supported on the main actuator. The nine actuators were capped with steel ball-



bearing ends to allow for the rotation of the loading pads on the tested walls. The loading pads
consist of 200 mm x 200 mm rigid steel plates of 250 mm thickness and buttressed with 300 mm
X 300 mm rubber pads of 40 mm thickness, in order not to restrain the wall deformations.

LK) Ay { A

(d)
Figure 2 : Construction stages: (a) Reinforcement arrangement; (b) Half wall construction;
(c) Half wall grouting; (d) Full wall construction



Tested specimen ey
Top support \

Load cell

L Main loading
actuator

Vertical
actuator

Loading
pad

Horizontal actuator

Load cell

Tested
wall

Top
support

Mainloading

L ‘ :
actuator 4 / (bottom support)

(b)

Figure 3: Test Setup: (a) 3D view for the test setup; (b) Loading and support system



The load-bearing walls were vertically (i.e. axially) loaded by a separate loading mechanism,
through fitted threaded bars, using two hydraulic actuators. These two actuators were attached to
the top (horizontal) support; which only restrained the horizontal deformation and vertically slid
on the testing frame. High-performance polymers were used to reduce the friction between the
testing frame and the top horizontal support. On the other side, the concrete foundations were
attached to the testing frame using eight prestressed rods forming the bottom support. Figure 3 (a
and b) depict the horizontal and vertical loading systems and the walls’ fixation mechanism.

The horizontal and vertical deformations of the tested walls were monitored using displacement
potentiometers. More specifically, the horizontal deformations were monitored through seven
potentiometers (A, B, C1, D, E, F and G) to capture the out-of-plane deflection profile, and one
redundant potentiometer (C») at the control station to be used in case of the malfunction of the
main potentiometer (C1). Three strain gauges were also attached to the vertical reinforcement bars
at the foundation, mid-height, and at the top support, levels to monitor possible reinforcement
yielding. Moreover, the load was verified through three diagonally load cells to monitor any
loading misalignment, the wall axial load was monitored using two load cells attached to the two
vertical actuators, as shown in Fig. 3a. Further details about the instrumentation and test setup can
be found in Salem et al. (2019) [27].

The walls were loaded in a cyclic manner in the out-of-plane direction. the walls were loaded to
reach targeted chord rotations () (i.e. defined as the ratio between the Mid-height displacement
and half the wall height) (6= 1/8°), then were unloaded until they reached zero loads. No strain
hardening cycles were utilized in order to yield the monotonic response of the tested walls [28].

EXPERIMENTAL RESULTS AND OBSERVATIONS

Damage Sequence and Failure Modes

This subsection presents the damage sequence and the failure modes of the tested walls. All the
walls showed similar crack patterns especially at their early loading stages, characterized by
horizontal cracks at the first bed joint above the foundation at the front wall face followed by
similar cracks at the mid-height of the rear wall face. This crack pattern is mainly attributed to the
fixed support condition at the foundation level that localized more flexural stresses relative to those
at the wall mid-height. This pattern is verified through the consistent strain propagation of the
vertical bars, where the bar strain at the foundation level was not only always higher than that at
the mid-height, but also exceeded the yield strain at an earlier stage of loading. At higher
displacement levels, for all walls, the crushing started at the foundation level (rear face) before the
wall reached its ultimate load. Subsequently, the wall experienced additional crushing at the mid-
height of the front face, which was accompanied by a decrease in the wall load-carrying capacity.
Fig. 4 depicts the cracking pattern in both the rear and the front faces of the tested walls
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Figure 4: Typical cracking pattern: (a) rear face; (b) front face

Load-displacement Behavior

Figure 4 shows the out-of-plane hysteretic load-displacement relationships for all the tested
walls. In this figure, the total load, P, represents the resultant of the distributed loads acting on the
wall loaded area (i.e. distributed through the nine secondary actuators), while the displacement, 4,
is measured at the mid-height of the wall (i.e. 750 mm from the foundation). While Figure 6 shows
the resistance functions of the tested walls by illustrating their peak loads at each cycle with respect
to the corresponding mid-height displacements and chord rotations. As can be observed from Fig.
6, all the tested walls did not show similar initial stiffness values due to their different axial stress
levels. This is mainly attributed to the direct relation between the wall effective moment of inertia

and the applied axial stress level [29].
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Figure 5: Hysteretic behaviour for the tested walls



Chord rotation (degrees)

0 1 2 3 4 S 6 7

200 1 1 1 1 1 1 1
Wall-15

180
160 Wwall-05
140 s e J o oG o=0
120

100

Total load (P) (kN)

80

60

40

20

0 10 20 30 40 50 60 70 80
Mid-height displacement (4) (mm)

Figure 6: Load-deformation curves for the tested beams
ANALYSIS OF THE EXPERIMENTAL RESULTS

Secant Stiffness Degradation

Wall stiffness is key to model the inelastic wall behavior. In this respect, Fig. 7 presents the
influence of the design parameters on the normalized secant stiffness (i.e. defined as the ratio
between the wall secant stiffness (Kj) to its initial stiffness (K;)) throughout the test. The figure
shows a similar trend of stiffness degradation at low displacement levels, where the normalized
secant stiffness values of all walls were reduced approximately by 30% at 4=5mm. At higher
displacement levels, the wall’s axial load influences its normalized secant stiffness values. For
example, the normalized secant stiffness of Wall-00 is 60% higher than that of Wall-15,
respectively, at A= 35mm, as shown in Fig. 7.

Energy Dissipation

Energy dissipation (Ez) was determined by calculating the area enclosed by the resistance functions
at different displacement levels, as shown in Fig. 8 [30]. The figure shows that E; values were
highly influenced by the axial stress. For example, Figure 8 shows that the £; of Wall-15 increased
by 43% at 36 mm, mid-height deflection, compared to Wall M-00. This is attributed to the direct
dependency between these axial loads and the wall’s flexural capacity. Although Wall-00 showed
significant energy dissipation (at the ultimate stage) compared to Wall-15, the in-plane energy
dissipation for both walls is expected to be significantly higher as observed by other researchers
[31,32].
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CONCLUSIONS

The current study experimentally investigated the out-of-plane behavior of three half-scale fully
grouted RMSWs subjected to a quasi-static unidirectional cyclic loading. The experimental results
demonstrated that the axial stress influenced the out-of-plane performance of RM walls in terms
of initial and secant stiffnesses, energy dissipation. The axial load increased the wall energy
dissipation but reduced its corresponding normalized secant stiffness.

Although the current study presented an experimental investigation that covered different
seismically detailed RMSWs, additional experimental tests are still required. These additional tests
should cover different reinforcement ratios, boundary conditions, and axial load levels.
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