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B Nine full-scale assemblies of hollow-core slab rein-
forcing bar connections to masonry beams were
tested under in-plane monotonic forces until failure.

B The variables of the test specimens included bearing
type (end-bearing or side-bearing connection), load
direction (compression or tension against the ma-
sonry beam), and load orientation (normal or parallel
to the longitudinal axis of the masonry beam). In
addition, the effect of using an adhesive to enhance
bar bonding to the masonry beam was examined in
two of the end-bearing connections.

B The failure mode for each specimen was examined in
the test program.

ollow-core slabs are commonly selected to span
H large areas in residential and industrial buildings

where clear and open spaces are required. In 2016,
it was estimated that more than 50 million m? (538 million
ft?) of hollow-core slab floors have been constructed in
Canada since 1962."' These slabs have relatively lightweight
and shallow cross sections compared with other precast,
prestressed solid concrete slabs with similar load-carrying
capacities. The voids in hollow-core slabs eliminate up to
50% of the concrete volume in the geometric center of the
section, where the slabs do not carry flexure, allowing longer
spans, reduced deflections, and smaller section heights.

Hollow-core slab floors are typically designed to act as
continuous horizontal diaphragms, where lateral in-plane
loads (such as winds, earthquakes, or accidental loads during
construction) are transferred to lateral force-resisting walls
throughout their bearing connections. There are two types of
connections:

e end-bearing connection: hollow-core slab transfers
the gravity loads onto the supporting element at the
bearing ends

e side-bearing connection: the hollow-core slab

transfers the loads onto the supporting element on
its longitudinal edge
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Depending on their direction, lateral in-plane loads result in
axial or shear forces in hollow-core slab bearing connections.

Besides horizontal load transfer to supporting members, the
use of steel reinforcement in bearing connections is intended
for structural integrity and to prevent slab displacements that
could result in floor misalignments, loss of bearing, or even a
progressive collapse. Furthermore, the connection reinforce-
ment provides lateral bracing for the axially loaded supporting
members by connecting bearing walls to the floor diaphragm.

Due to the main function of this connection reinforcement,
current North American design codes CSA Group (CSA)
A23.3-19? and American Concrete Institute’s Building Code
Requirements for Structural Concrete (ACI 318-19) and Com-
mentary (ACI 318R-19)* refer to them as integrity ties, in which
the tie resistance shall be governed by yielding of the steel
component, assumed to be a reinforcing bar for hollow-core
slab connections. Accordingly, these codes require minimum
threshold design loads to achieve structural integrity via tension
ties that connect the hollow-core slab diaphragms to the end
walls of the building. For structures up to two stories high, CSA
A23.3-19 requires that connections between the hollow-core
slab diaphragm and laterally supported elements be designed
for a minimum factored tensile resistance of not less than

5.0 kN/m (0.34 kip/ft), with ACI 318-19 requiring a slightly
lower minimum force of 4.4 kN/m (0.30 kip/ft). However, for
structures that are three or more stories high and are construct-
ed with precast concrete bearing walls, CSA A23.3-19 and ACI
318-19 require a minimum factored tensile resistance of 14 or
22 kN/m (0.96 or 1.51 kip/ft) of supporting wall length, respec-
tively, for longitudinal tension ties in end-bearing connections.

A possible reason for the lower CSA A23.3-19% design ten-
sile resistance value of 14 kIN/m (0.96 kip/ft) compared with
the ACI 318-19° design value of 22 kN/m (1.51 kip/ft) could
be that a I0M (no. 3) reinforcing bar placed at every second
hollow-core slab joint at a spacing of 2440 mm (96 in.) would
require a minimum factored resistance of 34 kN (7.64 kip) per
bar, which is exactly the factored resistance of a single 10M bar
in tension. For hybrid structures, such as a multilevel building
constructed with masonry walls and hollow-core slabs, no spe-
cific design provisions apply; however, it would be logical that
the minimum recommended tension tie force thresholds given
in CSA A23.3-19 and ACI 318-19 could be reasonably applied
based on the number of stories in the building.

For design calculations, the tie spacing selected depends on the
individual capacity of each tie. Although these code minimum
force requirements are intended only for integrity ties under
tension or pulling forces, compression and shear forces act
equally on hollow-core slab floors due to the reversible nature
of lateral loads (for example, wind loads, seismic loads, and
accidental loads). Therefore, hollow-core slab connections must
be able to resist compression, tension, or shear forces to provide
a complete load path between critical elements throughout the
building under response from lateral loads and still maintain a
minimum level of structural integrity.
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Background and motivation

In Eastern Canada, an integrity tie typically consists of an
L-shaped, 10M (no. 3) Grade 400W (58 ksi) steel reinforcing
bar (Fig. 1). This connection bar is hammered 150 mm (5.9 in.)
into the masonry wall from one end and grouted to the shear
keys or side cores of the hollow-core slab on the other end.

A tight hole is drilled on top of the masonry wall, required

to achieve a strong fixation of the embedded portion of the
vertical leg of the bar, via direct bar contact with the masonry
grout and without using a binding material such as epoxy. In
end-bearing connections, one connection bar is inserted be-
tween hollow-core slabs (spacing of 1220 mm [48 in.]), while
in side-bearing connections, bars are inserted into side pockets
(maximum spacing of 3000 mm [118 in.]). These pockets are
saw-cut slots that are preordered from the manufacturer of the
slabs. It is a common practice to provide a minimum embed-
ment length in grout of at least 450 mm (17.7 in.) to ensure a
strong anchorage of the reinforcing bar to the hollow-core slab.

Another typical bearing connection detail consists of grouting
one end of the L-shaped bar to the shear keys or side pockets
of the hollow-core slab while leaving its other end exposed
and facing upward to be inserted into the next masonry course
constructed above the hollow-core slab.** That course of ma-
sonry blocks is then filled with grout around the connection
bar. As an alternative to L-shaped ties, U-shaped hooked bars
can also be employed to connect hollow-core slabs to support-
ing masonry walls. In this case, the steel hooks are tied to the
longitudinal steel reinforcement of boundary elements cast

at the top of the masonry wall and cast integrally. Afterward,
the other ends of the hooks are grouted to the shear keys or
pockets of the hollow-core slabs.

Despite the wide use of reinforcing bar connections in Eastern
Canada, current design codes and guidelines do not offer a
design methodology or sufficient provisions for their design
and construction.” These standards suggest using the shear
friction theory to determine the horizontal-load capacity of
hollow-core slab bearing connections. However, due to the
eccentricity between the entry and exit points of lateral loads
in the overall connection system (from the hollow-core slab
grout key into the masonry wall at the base of the slab below),
shear friction may not be appropriate for analysis of such
connections (Fig. 2). In addition, there has been no research
on the behavior of hollow-core slab bearing connections to
masonry wall supports. Previous studies covered the seismic
performance of hollow-core slab diaphragms supported on
concrete beams, where the bearing connections were cast
integrally and behaved compositely.®'°

To the authors’ knowledge, no research has been conducted
on the lateral resistance of hollow-core slab bearing connec-
tions to masonry walls using the detailing commonly used
in Eastern Canada for integrity ties. Therefore, it is deemed
necessary to investigate the capacity and the mode of failure
of the reinforcing bar connection under in-plane forces.
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Figure 1. Connection bar details. Note: Dimensions are in millimeters. 1 mm = 0.0394 in.

Experimental program
Test specimens

Nine full-scale assemblies of hollow-core slab reinforcing

bar connections to masonry beams were tested under in-plane
monotonic forces until failure. The assemblies were divided
into two testing series according to the bearing type (Table 1),
where series I corresponded to end-bearing connections (five
specimens) and series Il was dedicated to side-bearing con-
nections (four specimens). The specimens were constructed

with 203 mm (8 in.) thick hollow-core slabs cut into 1220 mm
(48 in.) square segments. For end-bearing connections, two of
these segments were employed to assemble the connection,
whereas side-bearing connections involved a single segment of
hollow-core slab. The slabs were supported on a two-course,
190 mm (7.5 in.) wide single wythe masonry beam of 3200 mm
(126 in.) length, which simulated the typical bond beam
constructed with U masonry blocks at the top of the wall. The
longitudinal reinforcement of the masonry beam consisted of
two 10M (no. 3) steel bars placed inside the U blocks, which
were filled with grout. The masonry beam was made of 190 x
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Figure 2. Steel bar connection detailing, locations of gauges, and force eccentricity. Note: Dimensions are in millimeters.

Tmm = 0.0394 in.

Table 1. Details of test specimens

Specimen code Series Type of connection Load direction Load orientation Bar installation
EB-CN-A | End-bearing connection Compression Normal to support axis Adhesive
EB-CN-D | End-bearing connection Compression Normal to support axis Dry fit

EB-TN-A | End-bearing connection Tension Normal to support axis Adhesive
EB-TN-D | End-bearing connection Tension Normal to support axis Dry fit

EB-CP-D | End-bearing connection Compression Parallel to support axis Dry fit

SB-CN-D Il Side-bearing connection Compression Normal to support axis Dry fit

SB-TN-D Il Side-bearing connection Tension Normal to support axis Dry fit

SB-CP-D Il Side-bearing connection Compression Parallel to support axis Dry fit

SB-TP-D Il Side-bearing connection Tension Parallel to support axis Dry fit

190 x 390 mm (7.5 x 7.5 x 15.4 in.) masonry blocks in three
shapes: plain end units, two-cell stretchers, and knockout web
bond blocks. The masonry beams were constructed by certified
masons to reproduce a high-quality construction practice.

The hollow-core slabs in both series were connected to the
masonry beam using an L-shaped 10M (no. 3) connection bar
or integrity tie (Fig. 1 and 2). After drilling the beam with an
appropriate diameter (10 mm) bit, the hole was blown with
compressed air and thoroughly vacuumed. Next, the bar was
hammered into the masonry beam. An epoxy resin adhesive
was incorporated into two of the end-bearing specimens to
bond the bar to the masonry beam. In specimens with epoxy
adhesive, the bar was hammered into the hole after injecting
the adhesive using a specialized gun as specified by the sup-
plier. Once the connection bar was installed on the masonry
beam, the slabs were erected while providing a minimum
seating (bearing) length of 75 mm (3 in.), which is the indus-
try standard in North America. This value of seating length
exceeded the minimum required length of 50 mm (2 in.)
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according to Canadian Standards®* to prolong the test and
ensure failure while the slabs are still supported. Slab spacing
was set to fit the connection bar tightly, as done in practice.
Finally, the connections were grouted. The hollow-core slab
segments were provided by a local Canadian Precast Concrete
Quality Assurance—certified precast concrete manufacturer,
and the components were constructed and assembled at the
Heavy Structures Laboratory of the University of Manitoba.

The test variables in this study were bearing type (end-bearing
or side-bearing connection), load direction (pulling or pushing
against the masonry beam), and load orientation (normal or
parallel to the longitudinal axis of the masonry beam). These
test variables were individually implemented to address all
possible scenarios of axial and shear in-plane forces acting in
hollow-core slab bearing connections to masonry walls. In ad-
dition, the effect of using an adhesive to enhance bar bonding
to the masonry beam was examined in two of the end-bearing
connections.



The specimen nomenclature contains three parts. The first part
represents the bearing type of the hollow-core slab: EB for
end-bearing and SB for side-bearing connections. The second
part has two letters representing the load direction and load
orientation: C for compression or pushing and T for tension
or pulling and N for applied normal or P for parallel to the
masonry beam, respectively. Finally, the last part of the spec-
imen nomenclature refers to the method of installing the bar
in the masonry beam: D for dry-fit bars and A for connection
bars bonded with adhesive. Table 1 summarizes the specimen
nomenclature and test variables.

Materials

Standard tests were conducted on steel bars used for the
study to determine their mechanical tensile properties, in
accordance with ASTM A370-20." The steel bars had a
yielding strength, yielding strain, and modulus of elasticity
of 470 + 8 MPa (68 + 1 ksi), 2370 + 40 e, and 199 GPa
(28,800 ksi), respectively. Due to the lack of provisions for
the construction of bearing connections in North American
standards, industry-standard normal-strength grout (20 to 25
MPa [2.9 to 3.6 ksi]) was used. To obtain the grout strength
on the day of testing, 51 mm (2 in.) grout cubes were cast
and tested per ASTM C109/C109M-20."2 The average grout
strength obtained was 25.3 + 3.1 MPa (3.7 + 0.45 ksi). The
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mixing, placement, and curing of this normal-strength grout
were carried out according to the manufacturer’s guidelines.
The masonry beam was filled with a similar normal-strength
grout provided by a local supplier. Finally, the hollow-core
slabs were cast at the supplier’s plant using concrete with a
target 28-day design compressive strength of 55 to 60 MPa (8
to 8.7 ksi).

Test setup and instrumentation

The test setup contained four main components: pinned-
pinned supports to allow for lateral displacement while car-
rying half the self-weight of the hollow-core slabs, clamping
beams to distribute the in-plane forces from the actuator along
the edge of the slabs, a 3200 mm (126 in.) long masonry
beam, and two vertical restraints to brace the masonry beam
and avoid undesired torsion at the top course of the blocks
(Fig. 3). The masonry beam was fixed to the laboratory’s
strong floor using four steel fixtures and bars prestressed to
the floor. Two rollers were attached to the masonry beam to
guide the slabs and avoid slab rotation.

The slabs were either pulled or pushed in a parallel or normal
orientation to the axis of the masonry beam. Therefore, under
normal forces the connection bar resisted axial compression or
tension, depending on the loading direction, and was subject-

Pinned—pinned
supports

Parallel load on end-bearing specimen

Figure 3. Test setup and external instrumentation. Note: Dimensions are in millimeters. 1 mm = 0.0394 in. LVDT = linear variable

displacement transducer.
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ed to shear under parallel forces. The loading scheme did not
include additional gravity loads, other than the self-weight of
the slabs, to simulate the lower-bound loading scenario with
minimum friction between the slabs and the masonry beam.

An actuator with load and stroke capacities of 500 kN
(112.4 kip) and = 130 mm (% 5 in.), respectively, was mount-
ed on a strong triangular reaction frame and hinged to the
test setup. The monotonic load was applied at a rate of

5.0 mm/min (0.2 in./min) to allow gradual load application
and to complete the test within 25 to 30 minutes, given the
expected nominal connection capacity of 40 kN (9 kip), in
direct tensile yielding of the reinforcing bar. Similar testing
conditions were previously employed by Herlihy.®

Slab displacement was measured by linear variable displace-
ment transducers (Fig. 3). Electrical strain gauges were used to
measure strains in the connection bar close to the bends and at
the beam top surface. The crack width was monitored with pi

Table 2. Test results

Specimen
code

Type of
connection

Mode of failure

Bar yielding and beam

EB-CN-A .
crushing
Bar pullout, yielding, and
EB-CN-D 2 el
. beam fracture
Series I:
end-bearing Bar cover spalling and loss of
) EB-TN-A .
connection bearing
Bar cover spalling, b llout,
EB-TN-D paing, bar pUot
and loss of bearing
EB-CP-D Bar yielding and pullout
Bar pullout, yielding, and
SB-CN-D P Yieding
beam crushing
Series II: Bar pullout and loss of
side-bearing SB-TN-D bearing
connection
SB-CP-D Bar yielding and pullout
SB-TP-D Bar yielding and pullout

gauges (Fig. 2), and a load cell connected to the actuator was
used to record the load. Readings from these sensors were pro-
cessed through a data-acquisition system. In addition, cracks, or
spalling, if any, were carefully marked and photographed during
the test.

Test results and discussion

The following sections discuss the test results in terms of
mode of failure, capacity, measured strains in the connection
bar, cracking loads, slab displacements, and overall integrity.
Table 2 summarizes the test results.

Mode of failure and cracking patterns

Series I: Loading normal to the axis of the masonry
beam The mechanism of failure of end-bearing specimens
subjected to normal forces depended on the loading direction:
pushing or pulling. Under compression forces (pushing), the

. N Strain at Slab
Cracking | Yielding Peak eak load displacement
load, kN | load, kN | load, kN | P » | isplacement,

ME mm
11.4 27.3" 29.0 650 8.7
4.5 20.1 25.1 16,000 84.4
7.5 10.6 10.6 2100 36.4¢
5.9 n.d. 9.2 325 5.4
13.8 18.1 25.9 10,870° 112.0
8.2 18.2 21.2 18,650 83.1
5.0 n.d. 9.1 110 60.8
n.d. 12.1 17 15,960 82.5
n.d. 7.2 7.8 4910 17.6

Note: EB-CN-A = end-bearing specimen with compression load applied normal to the masonry beam and connection bars bonded with adhesive;

EB-CN-D = end-bearing specimen with compression load applied normal to the masonry beam and dry-fit connection bars; EB-CP-D = end-bearing

specimen with compression load applied parallel to the masonry beam and dry-fit connection bars; EB-TN-A = end-bearing specimen with tension load

applied normal to the masonry beam and connection bars bonded with adhesive; EB-TN-D = end-bearing specimen with tension load applied normal to

the masonry beam and dry-fit connection bars; n.d. = no data; SB-CN-D = side-bearing specimen with compression load applied normal to the masonry

beam and dry-fit connection bars; SB-CP-D = side-bearing specimen with compression load applied parallel to the masonry beam and dry-fit connec-

tion bars; SB-TN-D = side-bearing specimen with tension load applied normal to the masonry beam and dry-fit connection bar; SB-TP-D = side-bearing

specimen with tension load applied parallel to the masonry beam and dry-fit connection bars. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.

*Slab displacement at peak load.
tPost-peak value.
tValue measured in the second peak.

SMeasured at a load of 17.1 kN less than the peak load.
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Masonry beam cracking and spalling (EB-TN-A) Bar yielding (EB-TN-A)

Figure 4. Mode of failure for end-bearing specimens under normal forces. Note: EB-CN-A = end-bearing specimen with compres-
sion load applied normal to the masonry beam and connection bars bonded with adhesive; EB-CN-D = end-bearing specimen with

compression load applied normal to the masonry beam and dry-fit connection bars; EB-TN-A = end-bearing specimen with tension
load applied normal to the masonry beam and connection bars bonded with adhesive; EB-TN-D = end-bearing specimen with ten-
sion load applied normal to the masonry beam and dry-fit connection bars. 1 mm = 0.0394 in.; 1 KN = 0.225 kip.
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end-bearing connection with dry-fit bars (EB-CN-D) failed by
bar pullout and yielding followed by masonry beam crushing.

Initially, at a load of 4.5 kN (1 kip), the masonry beam ex-
perienced vertical cracking in the tension side of the central
masonry block at the location of the connection bar (Fig. 4).
A second crack appeared at a load of approximately 17.0 kN
(3.8 kip) at the vertical (head) mortar joints of the central
masonry block. While the cracks propagated and widened,
the connection bar experienced gradual pullout and bending
in the direction of the force because, at this point, the bar
lost the tight fit with the development of cracks. Figure 4 de-
picts the final shape of the connection bar, where the straight
side inserted in the masonry beam deformed into a 90-de-
gree bend. The cracks then propagated and connected to
form a V shape, provoking spalling where the load dropped,
yet the connection bar reached yielding and beam crushing
ultimately occurred at a load of 25.3 kN (5.7 kip).

The mode of failure of the specimen with adhesive tested
under compression (EB-CN-A) was governed by spalling of
the masonry block side face followed by bar yielding and
strength degradation. Like its counterpart with dry-fit bar,
the vertical crack at the central block behind the bar and at
the mortar head joints occurred at loads of approximate-

ly 11.4 and 25 kN (2.6 and 5.6 kip), respectively (Fig. 4).
Once the spalling of the side surface of the masonry block
initiated, a small load drop of 1.7 kN (0.4 kip) was observed.
The bar then yielded and the load stabilized. Afterward,
strength degradation occurred associated with more severe
spalling, which ended with beam crushing. No bar pullout
was observed during the test for the compression specimen
with the adhesive.

Masonry beam cracking (EB-CP-D)

Figure 5. Mode of failure for specimen under parallel forces. Note: EB-CP

In contrast, specimens EB-TN-D and EB-TN-A tested under
tension forces failed due to loss of bearing of the slabs pre-
ceded by masonry beam spalling. The cracking patterns ob-
served on the tension face of the masonry beam were similar
to those of their counterparts tested under compression forces;
however, initial vertical cracks formed at loads of 5.9 and

7.5 kN (1.3 and 1.7 kip) at the central blocks in specimens
EB-TN-D and EB-TN-A, respectively (Fig. 4). These vertical
cracks connected to the cracks formed at the head joint (mor-
tar locations, at loads of 8.2 and 9.0 kN [1.8 and 2 kip]) in
specimens EB-TN-D and EB-TN-A, respectively, and spalled
the bar cover in both specimens.

While the specimen with dry-fit bar experienced bar pullout
and strength degradation following the cover spalling, the
connection bar with adhesive (EB-TN-A) reached close-
to-yielding strains and a second peak of 10.6 kN (2.4 kip).
Similar to their counterparts tested under compression forces,
the masonry beam in the specimen with the adhesive under
tension (EB-TN-A) showed more damage than its counterpart
with the dry-fit bar (EB-TN-D) before the loss of bearing of
the slabs. This indicates that the bar with adhesive had a better
load transfer mechanism regardless of load direction.

Series I: Loading parallel to the axis of the masonry
beam Under parallel pushing forces, the mode of failure

of the end-bearing specimen (EB-CP-D) was characterized
by bar yielding and bar pullout. Hairline cracks formed at
the central block of the masonry beam and at the head joints
at loads of 13.8 and 15.3 kN (3.1 and 3.4 kip), respectively
(Fig. 5). However, these cracks did not propagate further

or connect. Afterwards, the bar yielded while experiencing
gradual pullout. Figure 5 illustrates the shape of the connec-

Bar yielding (EB-CP-D)

end-bearing specimen with compression load

applied parallel to the masonry beam and dry-fit connection bars. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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tion bar, which adopted a 90-degree bend shape, similar to the
connection bar in specimen EB-CN-D tested under normal
pushing (compression) force (Fig. 4).

In general, for series I, although specimens with dry-fit bars
(EB-CN-D, EB-CP-D, and EB-TN-D) experienced bar pull-
out, the connection bar did not detach completely from the
beam. As the bar deformed, gradually yielded, and pulled out
in the direction of the load, the portion that was still inside
the hole acted as a lock-key mechanism, resisting the load.
The longitudinal steel reinforcement in the top course of the
masonry beam contributed to this lock-key mechanism by

Masonry beam cracking (SB-TN-D)

enclosing the bar and tightening or controlling the cracks until
more severe spalling occurred.

Series II: Loading normal to the axis of the masonry
beam The mode of failure of the side-bearing connections
had great similarity to that of their end-bearing counterparts,
regardless of the load direction. Under compression forces,
the side-bearing connection (SB-CN-D) failed due to bar
pullout and yielding followed by masonry beam crushing. Ini-
tially, cracks formed in the masonry beam at loads of 8.2 and
17.9 kN (1.8 and 4 kip) in its center and mortar head joints,
respectively (Fig. 6). With the increasing load, these cracks

N

Bar deformation (SB-TN-D)

Figure 6. Mode of failure for side-bearing specimens under normal forces. Note: SB-CN-D = side-bearing specimen with com-
pression load applied normal to the masonry beam and dry-fit connection bars; SB-TN-D = side-bearing specimen with tension

load applied normal to the masonry beam and dry-fit connection bars. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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continued to propagate and connected to each other while the
bar underwent pullout and yielded. Ultimately, the masonry
beam crushed.

Under tension (pulling), the side-bearing connection (SB-
TN-D) also failed because of bar pullout and loss of bearing
without reaching yielding. The bar pullout was preceded by
the formation of cracks at loads of 5.0 and 6.0 kN (1.1 and
1.3 kip) at the center block and masonry head joints, re-
spectively (Fig. 6). Nevertheless, the cracks did not connect
to each other before the loss of bearing of the slab, which
evidenced a weaker load transfer mechanism to the masonry
beam compared with its counterpart with end-bearing type.

Series II: Loading parallel to the axis of the mason-
ry beam The mode of failure of side-bearing connections
was governed by bar yielding and pullout regardless of the
loading direction. No cracks formed in the masonry beam or

the hollow-core slabs while testing these specimens, which
demonstrates a weak load transfer mechanism to the mason-
ry beam. The two pictures shown in Fig. 7, corresponding

to the side-bearing connections under pushing (SB-CP-D)
and pulling (SB-TP-D), indicated that both connection bars
had almost identical shapes at the end of testing as a result
of bending in the direction of the force. In these specimens,
the connection bars formed a 45-degree bend shape in the
direction of the force, which significantly differed from their
end-bearing counterparts.

Connection load capacity

In this study, a Grade 400W (58 ksi), 10M (no. 3) steel
L-shaped bar was used to connect the hollow-core slab to
the masonry beam. For a bar area of 100 mm? (0.16 in.?) and
a nominal yield strength of 400 MPa (58 ksi), the expect-

ed nominal load capacity per bar location is 40 kN (9 kip),

Figure 7. Mode of failure for side-bearing specimens under parallel forces. Note: SB-CP-D = side-bearing specimen with com-
pression load applied parallel to the masonry beam and dry-fit connection bars; SB-TP-D = side-bearing specimen with tension
load applied parallel to the masonry beam and dry-fit connection bars. T mm = 0.0394 in.
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without the application of the 0.85 material resistance factor
for steel bar. For end-bearing connections, a common industry
practice is to place one 10M connection bar at every grout key
joint location, resulting in a bar spacing of 1220 mm (4.7 in.)
for standard-width hollow-core slab.

For structures up to two stories, applying the CSA A23.3?
code minimum structural integrity tension tie load of

5.0 kN/m (0.34 kip/ft) to the 10M (no. 3) L-bar connections
spaced at 1220 mm (4.7 in.) requires a minimum tensile
capacity of 6.1 kN (1.4 kip) per connection bar. For structures
of three stories or more with precast concrete bearing walls,
applying the code requirements results in minimum tensile
strengths of 6.1 and 17.1 kN (1.4 and 3.8 kip) for buildings
with up to two stories and with three stories or taller, respec-
tively. If the 10M L bars can develop the full yield capacity
of the reinforcing bar in tension (40 kN [9 kip]), then the
nominal capacity of the bars would be more than twice the
required tensile capacity for three-story buildings. Also, the
minimum structural integrity force of 17.1 kN per bar would
remain in the elastic range at just below 50% of the nominal
yield capacity for a 10M bar.

However, the code limits*? only refer to the minimum re-
quired load capacity of structural integrity ties under tension.
The designer must still verify the diaphragm tension loads
resulting from the lateral load analysis and compare these
tension forces with the code-specified minimum structural in-
tegrity forces. Because diaphragm lateral loads are reversible,
in-plane compression and transverse (shear) forces could also
be applied to the hollow-core slab floors. If these forces are
not adequately addressed, the structural integrity of the floor
could be compromised.

Figure 8 illustrates the recorded capacity of all specimens.

This figure also depicts code limits from ACI 318-19° and
CSA A23.3-197 as the threshold of expected capacity for all
specimens based on a bar spacing of 1220 mm (4.7 in.).

Series I: Loading normal to the axis of the mason-

ry beam The behavior of end-bearing connections tested
under normal forces resulted in significant differences in the
maximum load capacity depending on the loading direction.
Although connections tested under compression forces (push-
ing) showed a more desirable mode of failure, featuring bar
yielding and masonry beam crushing, the failure of specimens
under tension (pulling) was governed by cover spalling and
loss of bearing (seating). Therefore, the capacities of the spec-
imens tested under compression were considerably larger than
those of their counterparts under tension. When tested under
compression forces, the maximum load attained was 29.0 kN
(6.5 kip) at a displacement of 8.7 mm (0.34 in.) for specimen
EB-CN-A and 25.1 kN (5.6 kip) at a displacement of 84.4 mm
(3.3 in.) for specimen EB-CN-D. Despite the use of adhesive,
which resulted in a 15.5% increase in the maximum load,

the connection did not achieve the nominal yield capacity of
40 kN (9 kip) for a I0M (no. 3) bar in compression.

In contrast, end-bearing specimens tested under tension had
significantly less capacity compared with their counterparts
under compression. Specimen EB-TN-A reached a maxi-
mum load of 10.6 kN (2.4 kip) at a displacement of 36.4 mm
(1.4 in.) in the second peak, and specimen EB-TN-D reached
a maximum load of 9.2 kN (2.1 kip) at a displacement of

5.4 mm (0.2 in.). Both values were below the minimum
threshold tension force of 17.1 kN (3.8 kip) recommended in
CSA A23.3? for buildings of three or more stories but were
still above the minimum threshold force of 6.1 kN (1.4 kip)
for a structure with two stories or less. In addition, the use of
adhesive resulted in a 15.2% load increase in the connection

40.0 kN

HCompression load applied normal to masonry beam

259
26.8 kN

@ Tension load applied normal to masonry beam

B Compression load applied to parallel to masonry beam

251

17.1 kN

ETension load applied parallel to masonry beam

CSA A23.3-19 (3-stories and up)

=
g
o

9.2

©

N
N

6.1 kN

5.4 kN

End-bearing connection -
bars bonded with adhesive

End-bearing connection with
dry-fit connection bars

Side-bearing connections
with dry-fit connection bar

CSA A23.3-19 (2-stories)

ACI CODE-318-19 (3-stories and up)

ACI CODE-318-19 (up to 2-stories)

= Predicted capacity based on material properties

Figure 8. Connection capacity of test specimens. Note: ACI = American Concrete Institute; CSA = CSA Group. 1 kN = 0.225 kip.

PCl Journal | November-December 2022




capacity compared with the specimen with dry-fit bars.

Series II: Loading normal to the axis of the masonry
beam The capacity of side-bearing specimens under normal
forces was affected by the loading direction. The peak load
in direct compression was 2.46 times higher than the tested
capacity in direct tension. Whereas specimen SB-CN-D,
subjected to a pushing force, failed at a peak load of 22 kN
(4.9 kip) at a displacement of 83.1 mm (3.3 in.), specimen
SB-TN-D, under pulling force, achieved a peak load capacity
of only 9.1 kN (2 kip) at a displacement of 60.8 mm (2.4 in.).

Series II: Loading parallel to the axis of the mason-

ry beam Under parallel forces, the loading direction also
generated disparities in the capacity of side-bearing connec-
tions. The load capacity of the specimen tested under pushing
(SB-CP-D) was 2.26 times that of its counterpart tested under
a pulling force (SB-TP-D). While specimen SB-TP-D peaked
at 7.8 kN (1.8 kip) under pulling at a displacement of 17.6
mm (0.7 in.), specimen SB-CP-D was able to reach a load of
17.0 kN (3.8 kip) but at a displacement of 82.5 mm (3.2 in.).

For this connection subjected to pushing and pulling forces,
it would be expected that the peak failure loads and displace-
ments would be similar; however, there was a large differ-
ence in both the peak load and corresponding displacements
between SB-TP-D and SB-CP-D. This is most likely because
the drilled hole in specimen SB-TP-D had a slightly larger
diameter, which compromised the tight fit of the connection
bar with the masonry beam. It is worth mentioning that the
slightly large hole diameter was done to fit the bar into the
shear key between the two hollow-core slabs. This implies
that the dry-fit drilled connection was sensitive to the installa-
tion, with a snug fit being critical to the load resistance.

The disparity of capacity shown in Fig. 8 indicates that both
end-bearing and side-bearing connections were more sus-
ceptible to failure under pulling forces than pushing forces,
regardless of load orientation. It should be noted that none of
the connection bars attained the nominal tensile yield capacity
of 40 kN (9 kip), regardless of loading direction, load orienta-
tion, or bearing type.

Strains in the connection bar

Figure 9 illustrates the load—strain relationship of the con-
nection bar in end- and side-bearing connections. Strains
were measured at the top surface of the masonry beam. An
additional strain gauge was placed at the grouted bend of the
connection bar. Because the readings of this strain gauge were
smaller than 450 pe in all tested specimens, those results

are not presented herein. The following section discusses the
load—strain relationship for the connection bar at the interface
between the hollow-core slab and the masonry beam.

Series I: Loading normal to the axis of the masonry

beam Under compression, the connection bars in end-bearing
specimens EB-CN-D and EB-CN-A showed an initial linear
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elastic stage with compressive strains in the range of -100 to
-300 e, respectively, followed by reversed tensile strains.
These tensile strains were caused by the slab pulling out the
connection bar while being pushed. Then, both strain curves
started to diverge and experienced a different peak for each
connection, which was associated with the onset of concrete
cover spalling. At this time, the longitudinal reinforcement in
the masonry beam acted as dowels, interlocking the cracked
faces of the masonry blocks and the grout. Consequently,

the connection bars in both specimens were able to develop
larger strains in the post-peak stage. For specimen EB-CN-D,
at 80% of the peak load, the connection bar reached yielding
while the beam showed considerable damage. At peak load,
the measured tensile strains were 16,000 e, which demon-
strated great ductility before failure.

On the other hand, the connection bar with adhesive (EB-
CN-A) reached the peak load of 29.0 kN (6.5 kip) at a strain
of only 650 pe. Following a small load drop of 1.7 kN

(0.4 kip) (5.9 %), the bar yielded at a load of 27.3 kN (6.1
kip) and this load remained relatively steady until 3380 pe.
The connection then experienced a slight decrease in strength
associated with large strains up to 19,000 pe. After this point,
the strain gauge malfunctioned, but a load reduction was
observed while the masonry beam experienced more severe
spalling until it crushed. Although this connection with adhe-
sive (EB-CN-A) resisted larger loads, it offered less ductility
than its counterpart without adhesive (EB-CN-D). This may
be attributed to the stronger load transfer mechanism when
an adhesive is used versus the dry-fit method because the ma-
sonry beam in specimen EB-CN-A survived a larger load and
more damage than specimen EB-CN-D at bar yielding.

In contrast, the measured strains in the connection bars of
end-bearing specimens tested under tension (pulling) forces,
EB-TN-D and EB-TN-A, were considerably lower at the peak
load. The first peak, triggered by the onset of cover spalling,
occurred when the measured strains were 325 and 380 pe

in specimens EB-TN-D and EB-TN-A, respectively. After-
ward, the load dropped and the curves diverged. The dry-fit
connection bar (EB-TN-D) experienced concrete cover and
grout spalling and bar pullout, leading to strength degradation
without any further strain increase; the connection bar with
adhesive (EB-TN-A) had a second peak where the mea-

sured strains reached 2110 pe. Even though the load did not
significantly increase compared with the first peak, the use of
adhesive delayed the failure and demonstrated more ductility.

Series I: Loading parallel to the axis of the masonry
beam When subjected to parallel pushing forces, the bar in
the end-bearing connection (EB-CP-D) exhibited a similar
load-strain behavior to its counterpart tested under normal
pushing (EB-CN-D). After the initial linear elastic stage, the
connection bar yielded at 70% of the peak load (Fig. 9). The
post-peak descending part of the graph resulted from bar
pullout, where the bar continued accumulating strains while
bending in the direction of the load. A second peak occurred
at a load of 25.9 kN (5.8 kip), which is not shown on the



curve because the strain gauge malfunctioned after reading ed under compression (pushing) forces (SB-CN-D) initially
10,870 we at a load of 17.1 kN (3.8 kip). However, this exhib-  developed compressive strains similar to its counterpart with
ited great ductility and ample warning before failure. the end-bearing type connection (Fig. 9). These compressive
strains achieved up to -425 e and then shifted to tensile
Series II: Loading normal to the axis of the masonry strains at a load of approximately 13.2 kN (3 kip). Afterward,

beam The connection bar in the side-bearing connection test-  the connection bar yielded at 85.8% of the peak load. A small
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Figure 9. Load-strain relationships. Note: EB-CN-A = end-bearing specimen with compression load applied normal to the
masonry beam and connection bars bonded with adhesive; EB-CN-D = end-bearing specimen with compression load applied
normal to the masonry beam and dry-fit connection bars; EB-CP-D = end-bearing specimen with compression load applied par-
allel to the masonry beam and dry-fit connection bars; EB-TN-A = end-bearing specimen with tension load applied normal to the
masonry beam and connection bars bonded with adhesive; EB-TN-D = end-bearing specimen with tension load applied normal

to the masonry beam and dry-fit connection bars; SB-CN-D = side-bearing specimen with compression load applied normal to
the masonry beam and dry-fit connection bars; SB-CP-D = side-bearing specimen with compression load applied parallel to the
masonry beam and dry-fit connection bars; SB-TN-D = side-bearing specimen with tension load applied normal to the masonry
beam and dry-fit connection bar; SB-TP-D = side-bearing specimen with tension load applied parallel to the masonry beam and
dry-fit connection bars. 1 kN = 0.225 kip.
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load drop followed because of initial concrete cover spalling
and bar pullout. At the second peak, the strains in the connec-
tion bar were 18,650 pe.

On the other hand, similar to its counterpart with the
end-bearing type connection, under tension (pulling) forces

it developed considerably smaller strains and lower capacity
compared with SB-CN-D. The connection bar initially experi-
enced compressive strains, resulting from an unintended slight
bar inclination when it was inserted, which provoked the slabs
to push the bar against the beam. These compressive strains
reached -620 pe. Once the connection bar recovered the
vertical position after further slab pulling, the bar experienced
tensile strains. However, the connection bar developed only
110 e when the hollow-core slabs had been pushed to their
end of bearing. This may be attributed to the bar pullout.

In general, the test results show that the connection bar tested
under normal pushing forces gave ample warning before at-
taining the maximum load capacity, regardless of bearing type.
In contrast, when the connection bar was subjected to pulling
normal forces, it developed considerably lower strains, resulting
in a low lateral capacity and lack of ductility before failure.

Series II: Loading parallel to the axis of the mason-

ry beam When subjected to parallel forces, the connection
bars of side-bearing specimens SB-CP-D and SB-TP-D had
a bilinear load-strain relationship under either pushing or
pulling (Fig. 9). Both connection bars experienced tensile
stresses due to bar pullout and bending in the direction of the
force. After the initial linear elastic stage, the curves showed
a slope reduction at bar yielding in both specimens. While
the connection bar subjected to pushing (SB-CP-D) yielded
at 63.5% of the peak load, the connection bar in the speci-
men under pulling (SB-TP-D) yielded at 92.3% of the peak
load. The latter connection bar (SB-TP-D) experienced large
deformation and bending but did not significantly increase the
load-carrying capacity in the postyielding stage.

Although the connection bars reached yielding under pushing
forces regardless of load orientation or bearing type, the yield-
ing load was considerably smaller than the predicted direct
tension value of 40 kN (9 kip), based on material properties
(Table 2). Under pulling forces, the capacity of the connec-
tion bars was even lower, where the yielding load was either
close to one-fourth of the predicted value or the bars did not
yield. These relatively low yielding loads resulted from the
eccentricity of the applied in-plane force with respect to the
location of the connection bar (interface of the slabs with the
masonry beam [Fig. 2]). This load eccentricity provoked the
bar bending and early yielding.

Bar bending in the direction of the force was due to bar pullout
in the case of dry-fit connections and due to grout spalling in
the case of connections with adhesive, which left part of the bar
exposed. Depending on other factors related to the connection
detail, such as bar cover in grout and formation of initial cracks
in the masonry beam, the onset of bar bending in the direction
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of the force occurred earlier. When cracks appeared at the re-
inforcement location, the tight fit of the bar was compromised,
leading to bar pullout, bending, and thereof yielding sooner
than expected. Side-bearing connections were more vulnerable
to this effect because a segment of the bar was not embedded in
grout, causing relatively lower yielding loads.

Displacement of the slabs

Figure 10 presents the load-slab displacement relationship of
bearing connections for series I and II. The curves repeatedly
show bumps in their slopes in specimens with adhesive, which
are associated with cycles of bar yielding and pullout as well
as masonry beam cracking and load accommodation, which
can cause small load drops in the ascending load-displace-
ment relationship.

Series I: Loading normal to the axis of the masonry
beam The load-displacement relationships of bearing connec-
tions under normal forces—EB-CN-A, EB-CN-D, EB-TN-A
and EB-TN-D—initially exhibit linear elastic behavior with
comparable slopes (Fig. 12). The graphs diverge at their first
peak load. For the specimen under compression (pushing)

forces with dry-fit bars (EB-CN-D), the first peak, caused by the
development of additional cracks, was the beginning of bar pull-
out and yielding. This caused a slope reduction and provoked
excessive slab displacement (84.4 mm [3.3 in.]) at peak load;
however, its counterpart with adhesive (EB-CN-A) tested under
compression forces attained a larger peak load of 29.0 kN (6.5
kip) at a displacement of 8.7 mm (0.3 in.) at the end of the linear
elastic stage. This indicates a stiffer response when incorporat-
ing the adhesive to the connection. The post-peak stage in the
latter specimen showed strength degradation, where the load de-
creased while the displacement increased rapidly. The changes
in the slope became more negatively abrupt as the beam suffered
more spalling, until finally beam crushing occurred.

Under tension (pulling) forces, end-bearing specimens EB-
TN-D and EB-TN-A reached the first peak of 9.1 kN (2 kip)
at a displacement of 3.5 mm (0.14 in.) and 9.9 kN (2.2 kip)
at a displacement of 5.4 mm (0.2 in.), respectively. While the
connection with dry-fit bar, EB-TN-D, suffered strength deg-
radation after the peak load due to cover spalling, the connec-
tion with the adhesive, EB-TN-A, experienced a second peak
of 10.6 kN (2.4 kip) at a displacement of 36.4 mm (1.4 in.);
however, both specimens displayed low stiffness and allowed
excessive slab displacements under low values of load.

Series I: Loading parallel to the axis of the masonry
beam The connection bar in the end-bearing specimen,
EB-CP-D, exhibited a load—slab displacement relation-

ship similar to its counterpart under normal compression
forces (Fig. 10). After the initial linear elastic stage, a slope
reduction and series of bumps followed due to bar pullout
and yielding. At peak load, the displacement of the slab was
112 mm (4.4 in.).

The excessively large displacement values at peak load in



end-bearing connection under compression and shear forc-

es (EB-CN-D and EB-CP-D) reflect the lack of stiffness in
connections with dry-fit bars resulting in bar pullout. Al-
though there were no potential hazards related to bearing loss
under compression forces, such a large displacement after the
second crack might cause floor misalignments, bumping with
adjacent units, and overall loss of integrity.

As indicated in the Canadian Standards,>* the slabs supported
on masonry have a minimum seating length of 50 mm (2 in.) or
1 /180, whichever is greater, where [ is the clear span between
supports of the hollow-core slabs. During the construction of the
test specimens, this value was exceeded to ensure a controlled
failure; however, the slabs displaced considerably under tension
forces in specimen EB-TN-D once the concrete cover was lost.
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Figure 10. Load-displacement relationships. Note: EB-CN-A = end-bearing specimen with compression load applied normal to
the masonry beam and connection bars bonded with adhesive; EB-CN-D = end-bearing specimen with compression load ap-
plied normal to the masonry beam and dry-fit connection bars; EB-CP-D = end-bearing specimen with compression load applied
parallel to the masonry beam and dry-fit connection bars; EB-TN-A = end-bearing specimen with tension load applied normal
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This could result in loss of bearing of the slabs under relatively
low loads. In the test specimens incorporating an adhesive miti-
gated the lack of stiffness and delayed the loss of bearing but did
not allow the load to be increased to the acceptable values for
integrity ties in buildings of three or more stories.

Series II: Loading normal to the axis of the mason-

ry beam The load-displacement curves for side-bearing
specimens exhibited significantly lower slopes compared
with their end-bearing counterparts (Fig. 10). The stiffness
disparities were caused by variations in the connection details
between end-bearing and side-bearing connections. The bars
in the end-bearing specimens were enclosed between the two
slabs and fully embedded in the grout, while the bars in the
side-bearing specimens were partially unrestrained and exter-
nal to the slab. The latter configuration significantly reduced
the stiffness of the side-bearing connections.

Out of the four graphs in Fig. 10, the curve for the side-bear-
ing connection tested under compression normal forces
(SB-CN-D) presents the steepest slope. This resulted from the
bar leaning against the hollow-core slab under the pushing
loads. Following the initial linear elastic stage, the connection
suffered bar pullout, bar yielding, and slope reduction. In

this specimen, the measured slab displacement was 8§3.1 mm
(3.3 in.) when beam crushing occurred at the peak load. In
contrast, under tension (pulling) forces, the connection bar

in specimen SB-TN-D was completely unrestrained, which
provoked the bar pullout and compromised the load transfer to
the supporting beam, evidenced by few cracks and no spalling
observed before the loss of bearing. The test was stopped
when the displacement reached 60.8 mm (2.4 in.).

Series II: Loading parallel to the axis of the masonry
beam Although the side-bearing connection under pushing
force (SB-CP-D) had a steeper load-displacement curve
compared with the specimen under pulling forces (SB-TP-D),
both connections allowed excessive displacements and bar
pullout (Fig. 10) and displayed low stiffness. The testing of
specimens SB-CP-D and SB-TP-D was stopped once the
slabs displaced 100 and 88 mm (3.9 and 3.5 in.), respectively,
and no further load increase occurred. The test was halted to
ensure the slabs did not lose bearing on the masonry beam,
which might result in a safety hazard.

In general, slab SB-TP-D tested under parallel shear forces can
be considered the most critical load-case scenario with the most
undesirable mode of failure because the connection bar had the
lowest peak and yielding loads and the bar continued to pull out
easily, leading to the largest slab displacement measured. As
previously noted, the drilled hole for the bar dowel in slab SB-
TP-D was not as snug to the bar as for slab SB-CP-D, which is
the likely explanation for the much lower peak load.

Conclusion

Based on the analysis of the test results, the following conclu-
sions can be drawn:
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The loading direction significantly influenced the mode
of failure of dry-fit connection bars under loads normal
to masonry supports, regardless of bearing type. Under
compression forces, the reinforcing bar connections
failed by grout crushing preceded by bar pullout and
yielding. Under tension forces, the connections failed by
bar pullout and loss of bearing.

The mode of failure of connections tested under parallel
shear forces was governed by bar pullout and yielding,
regardless of load direction and type of bearing.

The longitudinal reinforcement of the masonry beam
significantly contributed to the ductile behavior of the
connection. This reinforcement acted as dowels after the
development of cracks in the masonry beam and main-
tained the integrity of the masonry block.

The behavior of the end-bearing connections differed
from that of the side-bearing connections under paral-

lel loading and normal pulling. The unrestrained bar in
side-bearing connections displayed lower stiffness under
tension (pulling) and shear forces than its end-bearing
counterpart. In addition, the side-bearing connections at-
tained lower capacity than their end-bearing counterparts,
regardless of load orientation and direction.

The connection bar with adhesive displayed more capacity,
stronger fixation, and better load transfer to the supporting
beam compared with the connections with dry-fit bars.

The tested capacity of the end-bearing connections under
tension (pulling) forces met the North American code
requirements for resisting minimum structural integrity
forces for a building of up to two stories but did not satisfy
the specifications for buildings of three or more stories.>?

The tested tensile capacities of the end-bearing connec-
tions represent lower-bound, conservative values because
no gravity loads were added. The clamping effect of grav-
ity loads on the end-bearing connection from long-span
hollow-core slabs coupled with the weight of upper-story
walls would likely delay the large lateral displacements
observed during testing and result in larger load capacities.
In addition, the increased compressive strength of cast-in-
place or precast concrete walls compared with masonry
block wall and grout strength would also increase the load
capacity of the connection, at which the dowels would
crack the wall surface under tension loading.

The configuration of the L-shaped connection detail used
in this study generated load eccentricities when in-plane
forces act on hollow-core slab floors. As a result, bend-
ing of the connection bar occurred at early stages, which
were triggered by cracking, cover spalling, and bar pull-
out. This bar bending resulted in bar yielding at relatively
low levels of load, causing low capacities.



e Reducing the connection load path eccentricity by align-
ing the connection bar with the horizontal plane of the
hollow-core slabs put the bar into more direct tension,
resulting in a higher lateral capacity and a lower lateral
displacement. This can be achieved by hooking connec-
tion bars into of the boundary reinforcement of the hol-
low-core slab diaphragm or by tying hooked connection
bars directly behind the vertical dowels. Ideally the con-
nection between the hollow-core slabs and the masonry
wall should be detailed such that the connection bar will
be able to develop the full yield capacity of the connec-
tion bars in tension for ductility under potential overload-
ing scenarios and would also meet the design intent of the
North American design codes (CSA A23.3-19? and ACI
318-19°) for structural integrity reinforcement.

e Future testing with the connection bar in-plane with the
hollow-core slab grout keys should be investigated, includ-
ing a portion of the wall extending above and below the
level of the hollow-core slabs to reflect the load response
of an intermediate level bearing wall accurately for tension
end-bearing connections. Tests could be performed with
and without a clamping force in the wall at the connection,
to confirm the effect of gravity loads on the connection
response for capacity, displacement, and failure mode.
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Abstract

Integrity ties are necessary in hollow-core slab floors
as connections to prevent floor displacements under
lateral loads and maintain the overall structural integri-
ty of buildings. In Eastern Canada, the integrity tie for
hollow-core slabs on masonry walls usually consists
of a 10M (no. 3), L-shaped steel bar that is hammered
into the supporting wall and grouted to the slabs.
However, current North American design codes do not
offer sufficient provisions to determine the capacity or
predict the mode of failure of these ties and connec-
tions. This paper introduces the results of testing nine
full-scale reinforcing bar connection assemblies under
monotonic in-plane forces (compression, tension,

and shear) until failure. Test parameters in this study
included direction and orientation of the in-plane load-
ing, the bearing type of the hollow-core slabs, and the
use of adhesive.
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Test results showed that connections with dry-fit
bars tested under compression failed by bar yielding
followed by masonry beam crushing. In addition, the
mode of failure under tension forces was governed
by the loss of bearing of the slabs due to bar pullout
and cover spalling. Under shear forces, the connection
failed by bar yielding. Finally, the connections with
adhesive had a similar mode of failure compared to
their counterparts with dry-fit bars, but these did not
show bar pullout from the masonry beam, therefore
demonstrating higher stiffness.

Keywords

Beam, connection, end-bearing connection, force,
hollow-core, in-plane force, integrity tie, lateral load,
masonry, side-bearing connection, slab, tension.
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