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1.0 INTRODUCTION

This research report includes test results of racking tests performed on solidly
grouted and reinforced wall panels constructed using AZAR DRY-STACK BLOCK™ .
These units provide an interblocking mortarless concrete block system. The racking tests
follow two previous research programs used to document structural behavior. They add
information needed to produce design recommendations for shear resistance of shear

walls and for performance under seismic loads.

2. MATERIAL PROPERTIES

2.1 Block Units

Standard 20 cm block stretcher units was used to construct the racking test specimens.
Compressive and tensile splitting tests were performed on individual units to document

block properties.

Compressive Strength: The compressive strength test results are presented in Table 1.
The units were tested by hard capping the samples with hydrostone and loading them
between solid steel plates. The protrusions from the webs and face shells were cut off to

provide a uniform capping surface along the top and bottom of the block.



Table 1: Results of Unit Compression Tests

Specimen Failure Load Stress* (MPa)
No. (kN)

1 1310 29.9

2 1441 32.9

3 1512 34.5

4 1325 30.2

5 1518 34.6
Average 32.4
COV (%) 7.0

* Based on an area of 43 858 mm?®

The average strength was 32.4 MPa. The cross-sectional area used in computations was
based on the bearing surface at the top of the block. Tests were carried out in accordance

with ASTM Standard C140.

Tensile Strength: The results for the splitting tensile tests are listed in Table 2. The tests
were carried out in accordance with ASTM Standard C1006. The units were split
between two bearing rods across their width so that failure occurred through the face
shells midway between the webs. The tensile strength was calculated as 2P/(n x Split
Area). The split area was found by taking measurements at the top, middle, and bottom
of each face shell. An average thickness was then calculated. The split area was then

calculated as the total average thickness of both face shells, multiplied by their height.

Table 2: Results of Unit Tension Splitting Tests

Specimen No. | Failure Load | Tensile Strength* (MPa)
(kN)
1 34.9 2.02
2 43.9 2.27
3 39.8 2.35
4 54.4 2.89
5 46.6 2.51
Average 2.4
COV (%) 13.4

* Area = height x average thickness of both face shells



2.2 Grout

Grout for the racking test specimen was mixed in a 9 cubic foot horizontal drum type of
concrete mixer. The batch proportions by weight of portland cement: 10 mm per gravel:
concrete sand: water were 1: 2.25: 3.75 : 0.8. The batches weighed 763 lbs

corresponding to 5.25 cubic feet of grout. The slump averaged 10 inches.

2.2.1 Test Specimens: When grout is initially poured into concrete block walls, the
blocks absorb water. Thus, the high water content needed for the high initial slump is
significantly reduced and the water-to-cement ratio decreases resulting in increased grout
strength. Block molded grout prisms are prepared for testing by pouring the grout into the
empty cells of units. After the grout has hardened sufficiently, block molded grout
prisms are cut from these grout cells by the use of a diamond saw. The resulting test

specimens have strength characteristics representative of the in-situ grout within walls.

Grout is also poured into non-absorbent cylinders to get cylinder specimens. The
resulting specimens are tested in pure compression to monitor the consistency of grout

batches.

Three tests were carried out on the block molded grout prisms corresponding to each
racking test wall. The specimens were tested for pure compression, modulus of rupture

and splitting tension. The cylinder specimens were tested in pure compression.



2.2.2 Compression Tests of Block Molded Grout Prisms

Compression test results are found in Table 3 for the block molded grout prisms. The
specimens were prepared for testing by hard-capping them with gypsum cement. The
specimens were then axially loaded until failure. The average strength of 40.6 MPa is

typical for coarse grout.

Table 3: Results of Compression Tests of Block Molded Grout Prisms
Wall Specimen| Width x Height | Failure Load | Stress (Mpa)
(mm x mm) (kN)

1 1 76.51 x 75.97 279.0 48.0
2 73.89x75.74 264.5 47.3

3 73.81 x75.54 263.0 47.2

Average 47.5

COV (%) 1.0

2 1 78.55 x 76.92 209.0 34.6
2 80.12 x 79.07 208.5 32.9

3 78.11 x 80.53 220.5 35.1

Average 34.2

COV (%) 3.3
3 1 7713 x77.80 218.0 36.3
2 76.42 x 75.59 199.5 34.5

3 76.46 x 76.05 222.0 38.2
Average 36.3

COV (%) 5.0
4 1 75.54 x 74.76 242.0 42.9
2 73.86 x 73.84 256.5 47.0
3 74.34 x 73.11 236.5 43.5
Average 44.5

COV (%) 5.1

2.2.3 Modulus of Rupture of Block Molded Grout Prisms

The modulus of rupture is a measure of the flexural tensile strength of grout. The test
was carried out by setting up a block molded grout prism as a simply supported beam
with line supports. The total span was 152 mm. Line loads were applied across the
width of the specimen at 51 mm from the supports. The load was increased until the

specimen failed in bending between the loading points. The modulus of rupture was



calculated as the extreme fiber tensile stress for linear elastic behavior. The results are
summarized in Table 4 corresponding to each of the racking test walls. The average

strength of 4.75 MPa is typical of what would be expected for a grout with 40.6 MPa

compression strength.

Table 4: Results of Modulus of Rupture Tests of Block Molded Grout Prisms
Wall Specimen |Width x Height (mm| Failure Load | Stress (Mpa)
X mm) (kN)

1 1 74.73 x 73.61 13.3 5.0
2 74.22 x 70.61 13.1 54

3 73.32x73.77 12.8 4.9

Average 5.1

COV (%) 5.2

2 1 78.74 x 78.30 14.7 4.6
2 79.58 x 80.36 15.0 4.4

3 80.19 x 79.27 15.9 4.8

Average 4.6

COV (%) 3.9

3 1 76.36 x 77.19 14.2 4.8
2 73.39 x 76.27 13.9 5.0

3 76.12x76.3 15.7 54

Average 5.0

COV (%) 6.5

4 1 75.40 x 74.41 12.6 4.6
2 75.72 x 79.33 12.9 4.1

3 74.26 x 74.48 114 4.2

Average 4.3

COV (%) 5.8

2.2.4 Splitting Tension Tests of Block Molded Grout Prisms

The splitting tension tests for the block molded grout prisms were carried out by loading
the prisms across their width and through their thickness by the use of two opposing line

loads. The specimens failed by splitting between the loading lines. The test results are



found in Table 5. The average strength of 3.5 MPa is less than the 4.7 MPa modulus of

rupture value as is expected due to influence of test method.

Table 5: Results of Splitting Tension Tests of Block Molded Grout Prisms
Wall Specimen [Width x Height (mm| Failure Load |Stress (Mpa)
X mm) (kN)

1 1a 74.73 x 73.61 32.8 3.8
1b 74.73 x 73.61 36.5 4.2

2a 74.22 x 70.61 33.2 4.0

2b 74.22 x 70.61 34.3 4.2

3a 73.32x73.77 29.9 3.5

3b 73.32x73.77 36.5 4.3

Average 4.0

COV (%) 7.4

2 1a 78.74 x 78.30 23.6 24
1b 78.74 x 78.30 37.4 3.9

2a 79.58 x 80.36 21.6 2.2

2b 79.58 x 80.36 31.1 3.1

3a 80.19 x 79.27 35.6 3.6

3b 80.19 x 79.27 32.8 3.3

Average 3.1
COV (%) 21.5

3 1a 76.36 x 77.19 354 3.8
1b 76.36 x 77.19 29.7 3.2

2a 73.39 x 76.27 34.1 3.9

2b 73.39 x 76.27 31.6 3.6

3a 76.12x76.3 31.4 3.4

3b 76.12x76.3 26.6 2.9

Average 3.5
COV (%) 10.6

4 1a 75.40 x 74.41 31.2 3.5
1b 75.40 x 74.41 27.0 3.1

2a 75.72 x 79.33 33.7 3.6

2b 75.72 x 79.33 31.5 3.3

3a 74.26 x 74.48 28.2 3.2

3b 74.26 x 74.48 36.6 4.2

Average 3.5
COV (%) 11.4

2.2.5 Compression Tests of Grout Cylinders

Full size 150 mm diameter grout cylinders were poured throughout the period that the



walls were being grouted. Three cylinders were poured for each wall. Compression test
results of the cylinders are found in Table 6. The average strength of 38.8 MPa results in
a ratio of block molded to cylinder compressive strength of 1.08 which indicates the

effect of blocks absorbing water from the fresh grout.

Table 6:Compression Test Results for Grout Cylinders
Wall Specimen Failure Load (kN) Stress
(MPa)

1 1 656.3 36.0
2 703.1 38.5

3 716.4 39.3

Average 37.9

COV (%) 4.6

2 1 667.5 36.6
2 758.7 41.6

3 703.1 38.5

Average 38.9

COV (%) 6.5

3 1 631.9 34.6
2 685.3 37.6

3 725.3 39.8

Average 37.3

COV (%) 6.9

4 1 756.5 41.5
2 772.0 423

3 723.1 39.6

Average 41.1

COV (%) 3.3

* Cylinder 152 mm in diameter by 305 mm high

2.3 Reinforcing Bars

2.3.1 Test Specimens: Three extra No. 15 reinforcing bars were included in the order
for the reinforcing so that tensile tests could be done. When the order was delivered,

three bars were selected randomly. From each bar, a 750 mm length was cut to be used



for testing. The specimens were gripped in a testing machine and tension was increased

until failure occurred.

2.3.2 Test Results: Both the yield stress and ultimate strength of the reinforcing bars
were calculated. The test results are summarized in Table 7. The average yield stress
was 403 MPa based on observed yield plateau and the average ultimate stress was 578

MPa.

Table 7: Results of Reinforcing Bar Tensile Tests

Specimen | Yield Load (kN) | Yield Stress*
No. (MPa)
1 80.75 403.8
2 80.625 403.1
3 80.5 402.5
Average 403.1
COV (%) 0.2
Specimen |Failure Load (kN)|Ultimate Stress*
No. (MPa)
1 115.25 576.3
2 115.75 578.8
3 115.75 578.8
Average 577.9
COV (%) 0.2

* Based on a cross-sectional area of 200 mm?

3.0 RACKING TESTS OF MASONRY ASSEMBLAGES

3.1 Construction of Test Specimens

Four 2.4 m x 2.4 m walls were constructed for testing. The walls were built in running
bond to produce an accurate representation of construction. A selection of blocks were

cut down the middle of their webs to get 74 blocks and % blocks. The '4 blocks and %



blocks were used alternatively at the beginning and end of each course. Walls were
constructed in this way to produce complete cells at the ends of the walls to facilitate
vertical bar placement while maintaining running bond. Another benefit to this style
construction was that there were no openings at the end of the walls for grout to spill out.
Laboratory staff built the specimens using a mason’s level to maintain plumb. While
special care was taken, it is likely that trained personnel could produce a higher quality

product in the field.

Six 15M bars were placed vertically in each wall. Starting from 100 mm from the end of
the wall, three vertical bars were placed at 400 mm on centre. This was done from both
ends. The resulting space between the middle two bars was 600 mm. The bars were
welded to a 150 mm wide by 19 mm thick by 2400 mm long steel base plate. To ensure
that the weld could have more capacity then the bar, holes were drilled through the base
plate for the reinforcing bar. The holes were then countersunk so that the bars could be

welded to the base plate from both sides.

Six 15M horizontal bars were laid during the construction of each wall. Starting at 200

mm from the bottom, the bars were placed every 400 mm on centre.

During grouting, wood boards were strapped to the ends of the walls using steel packing
bands, ensuring that the wall stayed together. A poker vibrator was used to ensure

complete filling and consolidation of the grout.
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3.2 Test Apparatus

The test apparatus was constructed to be suitable for both the monotonic and cyclic
loading of walls. The test set-up can be seen in Figure 1. A spreader beam supported the
walls. The base plates of the test specimens were securely welded to the spreader beam
to prevent uplift or sliding. The spreader beam was supported at the ends by bolted
friction connections to columns that were prestressed to the floor. A meter from both
ends of the spreader beam, additional support was provided. These consisted of concrete
blocks laid in hydrostone cement beneath the spreader beam to prevent it from being able
to deflect downwards. A pier and double I-beam system was then fabricated to hold the
spreader beam down on the concrete block supports to resist uplift. Prestressing bars
were used to prestress the spreader beam unto the concrete blocks by using the two I-
beams coming off the pier to pinch the spreader beam. In total, four piers each with two
I-beams were used to resist uplift. Throughout the testing, the spreader beam deflected

less then 0.3 mm up or down because of the extensive prestressing regime.

Jacks and load cells were attached to the columns so that the jacks would be able to push
against the top of the wall from either end. To reduce the deflection of the column as a
result of the jack pushing against it, X bracing was used. Additional horizontal ties were
used so that when one jack was pushing against a column, part of the load could be
transferred to the column at the unloaded end to reduce the deflection of the loaded

column.
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Figure 1: Specimen positioned in racking test apparatus.

The horizontal load was applied on the centre of the end of the block in the top course. A
steel plate was fixed to the wall with hydrostone cement to ensure a uniform bearing
surface on the wall. A roller was placed between the jack and the bearing plate on the

wall so the jack could maintain level.

Dial gauges were used to measure the deflection of the wall. Although displacements of
the test apparatus were significantly smaller than the wall, the apparatus deflections still
had to be measured and taken into account when the horizontal movement of the wall
was calculated. Figure 2 shows the locations of the dial gauges used to record deflection

of the system. The net movement of the wall was calculated as:
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Ayan = A1 — A2 - (A3 + A4)(L/H)
where H is the distance between dial 1 and dial 2 and L is the distance between dial 3 and

dial 4. Because of the locations of the dial gauges, L/H was very close to being equal to

one.
‘-“-\l A]
- 2 O le—
East Push West Push
H
L Az A

L =0 __| o= .f
0 I iEw T

AE '&4 rﬂ;] &4

(a) Dial locations for first half of cycle (b) Dial locations for second half of cycle

Figure 2: Schematic of deflection readings.

3.3 Monotonic Loading

The first specimen tested (Wall 1) was loaded monotonically to determine the load-
deflection envelope of the wall. The load vs. deflection plot is found in Figure 3. The
plot shows when each of the vertical bars in the wall began to yield. For each distinct
change in the slope of the line, a bar began to yield, indicating that almost all the bars
outside of the compression zone eventually started yielding. At a load of 270 kN, the
vertical bar closest to the applied load fractured just above the weld. Just before the

failure of the bar, the wall measured a deflection of 9.4 mm.
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Figure 3: Monotonic loading for Wall 1

While the wall was being loaded to failure, flexural cracks formed but no other signs of

damage were visible.

3.4  Cyclic Loading

Walls 2 through 4 were tested under cyclic reverse loading. The walls were cycled at up
to 6 stages. At each new stage, the deflection the wall was increased. For the stages 1, 2,
3,4, 5 and 6, the deflections were 1 mm, 2 mm, 3 mm, 4 mm, 6 mm, and 8 mm

respectively. The initial deflection of 1mm corresponds to a slightly larger deflection
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than at yielding of the first reinforcing bar as identified in Fig. 3. Each stage had a total
of five cycles. Testing ended when the wall failed, which for these walls was controlled

by the fracture of the vertical reinforcing bars.

The first cycle in the first stage began by pushing the wall 1 mm from the East. The wall
was then unloaded from the East and loaded from the West. Since the first push from the
East left a residual deflection, the initial portion of the push from the West returned the
wall to the centre line. Once the wall reached the centre line, the wall was pushed 1 mm
from the West. The subsequent cycles followed this pattern, always ensuring that the

wall was pushed to intended deflection in each direction

Photographs of Wall 2 after failure are reproduced in Figure 4. The hysteresis loops for
Wall 2 are plotted in Figure 5 (a) and Figure 5 (b). A vertical reinforcing bar failed at the
end of the first cycle of Stage 5. The photograph show the large crack at the base of the

wall and fracture of the reinforcing bar.



Figure 4: Wall 2 after failure from cyclic reverse loading.
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Figure 5(a): Hysteresis loops for Wall 2 for Stages 1, 2 and 3.
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Figure 5 (b): Hysteresis loops for Wall 2 for Stages 4 and 5

Photographs of Wall 3 are found in Figure 6 which show crushing of the masonry at both
ends of the wall near failure. Figure 7 contains the hysteresis loops for cyclic loading of

Wall 3. A vertical reinforcing bar failed in the second cycle of stage 6.
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(a): East End

(b): West End

Figure 6: Views of Base of Wall 3 after Failure.
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Figure 7 (a): Hysteresis loops for Wall 3 for Stages 1, 2 and 3.
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Figure 7 (b): Hysteresis loops for Wall 3 for Stages 4, 5, and 6.
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A view of Wall 4 after failure is seen in Figure 8. The beginning of a diagonal crack at
the east end and crushing plus crack opening at the west end are shown. The hysteresis
loops for the wall are reproduced in Figure 9. In the third cycle of stage 5, a reinforcing

bar failure occurred.



(a): East End
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(b): West End
Figure 8: Wall 4 after failure.
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Figure 9 (b): Hysteresis loops for Wall 4 for Stages 4 and 5.

4.0 CONCLUSIONS:

These tests did not produce any shear failures or even diagonal cracking despite use of
reasonably high amounts of flexural reinforcement. In this regard, increasing the amount

of flexural reinforcement to permit higher lateral loads to be carried might have produced



diagonal cracking but also would have hod the undesirnble effect of reducing the ductility
of the walls, Thercfore, the shear force recorded serves as a lower bound for shear
capacity. This capacity is more than adequate for most practical situations, and as such,
his the dual destrable effects of not restricting the effective application of Azar Dry-
Stack Block™ construction while maintaining & lavger than required margin of safery

against shear lailure.

For cyclic Ioading, sufficient ductility was demonstrated to confirm that this wall system
is capable of dissipation of energy under seismic loading without significant degradation
of structural capacity, High rotational ductihities consistent with results for traditional
reinforced concrete block masonry shear walls were observed.  These resulted in
deflection based ductility ratios in the order of 4 to 6 for the fairly heavily reinforced
single story walls tested.  As a result. standard earthquake load reductzon Factors,
consistent with those for traditional reinforced masonry, can be used. In addition, when
special detailing is employed and ductility calculations are performed, larger earthguake
loading reductions can be justified for Azar Dry-Stack Block™ following normaul practice
for traditional reinforced masonry,
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