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FLEXURAL BOND STRENGTH OF MASONRY PARALLEL TO THE BED JOINTS
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ABSTRACT

The 1999 Masonry Standards Joint Committee Building Code for Masonry Structures (ACI
530/ASCES/TM $402) provides alowable flexural tensile stresses that are used in the design of
unreinforced masonry. Two of the variables that affect this allowable stress are the mortar
system used (portland cement/lime or masonry cement) and the direction of stress (parallel or
perpendicular to the bed joint). Comparison of allowable stress values in the Code shows a
40% reduction for Type M or S mortar and a 50% reduction for type N mortar when masonry
cement mortars are used. The same reduction applies for solid and hollow construction. This
reduction is based on comparative tests of flexural bond strength normal to bed joints. The
flexural tensile strength of masonry parallel to bed joints may not follow the same relationship
to mortar type and composition as determined for flexural bond strength normal to bed joints.
This program investigated the relative influence of mortar on flexural strength parallel to bed
jointsfor solid and hollow masonry construction.

The experimental program included testing of unreinforced, ungrouted hollow concrete
masonry and solid clay masonry walls. Mortars included a Type S and N masonry cement
mortar and portland cement/lime mortar. Flexural strength of masonry parallel to bed joints was
determined on five walls constructed for each unit and mortar combination. Forty wall
specimens were constructed and tested.

The data show significantly greater factors of safety (ratio of measured to allowable stress) for
solid masonry specimens constructed using masonry cement mortar than for solid masonry
specimens constructed using portland cement/lime mortars. For hollow masonry specimens,
factors of safety for specimens constructed with the portland cement/lime mortars and the
masonry cement Type N mortars were comparable. The factor of safety for hollow specimens
constructed using Type S masonry cement mortar was higher than that obtained with other
mortars. Regardless of mortar type, factors of safety for solid cored units were significantly
greater than that for hollow units.
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BACKGROUND

The current (1999) Masonry Standards Joint Committee Building Code for Masonry
Structures (ACl 530/ASCE5/TMS402)' [MSIC Code] provides alowable flexural
tensile stresses in Table 2.2.3.2. Many variables affect this alowable stress, two of
which are whether portland cement/lime (PCL) or masonry cement (MC) mortar is used
and whether or not the direction of stress is paralld or perpendicular to the bed joint.
Comparison of allowable values for stresses parallel to the bed joint are double the
corresponding values normal to the bed joint for ungrouted masonry. The hypothesis of
the research was to show that masonry cement mortars experience a larger increase in
flexural capacity than the 100% currently permitted. A difference was expected because
the mechanism of failure is different for the two directions of stress. For stresses paralle
to the bed joints, either a zig-zag pattern is expected, or alternating units are expected to
fail in flexure. Either failure mode is less dependent of the bond between units and
mortar than that determined for specimens tested perpendicular to bed joints.

PREVIOUS RESEARCH

Hamid and Drysdal€? tested wall panels in flexure paralld to the bed joint, and they
concluded that the resulting failure mode is more complex than that which results from
stress normal to the bed joints. In running-bond, ungrouted construction, the failure
plane normally followed a zigzag path along both head and bed joints. For fully grouted
construction, the researchers found that the failure mode was usualy a straight line in
which the crack followed through head joints and through the center of the masonry
units.

RESEARCH PLAN

Applying flexural tensile stress parallel to the bed joint required a very different type of
test specimen and apparatus than that required for producing stress normal to the bed
joint. A much larger specimen was needed asillustrated in Fig. 1. The hollow concrete
masonry specimen was basically the same as that used by Hamid and Drysdal€’ in their
research.

Five replications each were tested with solid clay masonry units (solid brick) and hollow
concrete masonry units (hollow CMU) constructed of masonry cement mortar and
portland cement/lime mortar. With two unit types (hollow and solid), two kinds of
mortar (masonry cement and portland cement/lime), two types of mortar (Type S and
Type N) and fivereplications, atotal of 2 x 2 x 2 x 5 = 40 specimens was required.

Materials

Masonry Units - Hollow concrete masonry units having nominal dimensions of 8 x 8 x
16 in. (203 x 203 x 406 mm) and a unit weight of approximately 100 pcf (1600 kg/m®)
were selected. Solid clay masonry units complying with ASTM C 216 with a medium
range initial rate of absorption (IRA) were chosen. Average tested values of CMUs and
brick arereported in Table 1 and Table 2, respectively.
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Fig. 1 — Test Specimens

Table 1. Average Tested Properties of Hollow CMU

Unit property 200 x 200 x 400 mm
(8x8x16in)

Net area compressive strength 14.8 Mpa (2140 ps)
Oven-dry density 1690 kg/m® (105.5 pcf)
Absorption (216 kg/m® (13.5 pcf)
Dimensions

e  Width 194 mm (7.63in.)

e Height 194 mm (7.62in.)

e Length 396 mm (15.61in.)

e Minimum faceshell thickness 32.0mm (1.26in.)

e Minimum web thickness 25.9 mm (1.02in.)
Percent solid 50.8 %

Mortar — Two mortar types were used in the project, Type S and Type N. Two kinds of
mortar were also used, masonry cement and portland cement-lime. Mortar was mixed by
proportion using the upper limit of sand volume allowed in ASTM C 270. Hence, three
(3) parts of sand per one part of masonry cement were used. For the PCL mortars, three
parts of sand per one part of cementitious materials (cement plus lime) was used. Results
of ASTM C 270 testsare given in Table 3.

The cementitious materials used were tested at Construction Technology Laboratoriesin
Skokie, Illinois in accordance with the laboratory procedures of ASTM C 1357. These
tests were performed using standard hollow concrete masonry testing units and a blend
of equal parts by weight of ASTM C 778 graded and 20/30 sand. Mortars were



proportioned by weight equivalents to the volume proportions previoudy indicated.
Results of the ASTM C 1357 flexural bond strength tests are summarized in Table 4.

Table 2. Average Tested Properties of Solid Clay Brick

Initial Rate of Absorption

Unit property Vaue
Compressive Strength, gross area 81.04 MPa (11,754 psi)
Cold Water Absorption 4.61 %
5-Hour Boil Water Absorption 6.67 %
Saturation Coefficient 0.69

13.0 g/min - 194 cm?
(13.0 g/min - 30in.%)

Dimensions
Width
Height 88.9mm (3.50in.)
Length 57.2mm (2.25in.)
194 mm (7.63in.)
Table3. ASTM C 270 Tests
Cement | Portland [Hydrated| Masonry| Sand | Water | Flow | Air |water| Compressive
designat| cement | lime | cement retent| strength, psi
ion ion (MPa)
gm gm gm gm | gm % | % | % 7 28
days | days
PCL-S| 376 80 1440( 311 | 107 | 57| 76 | 20.8 | 25.7
(3020)| (3730)
PCL-N| 282 120 1440( 329 | 109 | 53| 83 | 10.2| 121
(2480) | (1750)
MC-S 450 (1440| 260 | 114 (17.9| 78 | 141 | 15.6
(2050) | (2260)
MC-N 420 (1440| 250 | 106 (19.2| 82 | 54 | 6.6
(780) | (960)
Table4. ASTM C 1357 Test Results
Mortar No. of | Mean stress |  Standard | Coefficient
tests, deviation |of Variation
n MPa (psi) Mpa (ps) %
Type S - Masonry Cementr 30 0.63(91.0) | 0.07(20.2) 22.1
Type N - Masonry Cement 30 0.40(54.3) | 0.07(11.9) 21.0
Type S - Portland Cement/Lime 30 ([1.02(163.8) | 0.19(25.7) 15.7
Type N - Portland Cement/Lime 30 (0.77(129.1) | 0.12(18.2) 141

Results of ASTM C 780 tests on mortar as used in the test specimens are reported in




Table 5. The compressive strength of 50.8 mm (2 in). cubes (C 780-A7.5) is reported.
Air content was measured using the Volumetric method (C 780-A6.4) and cone
penetration determined by ASTM C 780-A1.

Lime - Hydrated lime complying with ASTM C 207 was used in the PCL mortar.
Congtruction

The wall specimens were constructed by experienced masons and cured in plastic bags.
Mortar was mixed by volume in a mechanical mortar mixer. Faceshell bedding was used
for hollow concrete masonry, and full bedding for solid clay masonry. Specimens were
laid in running bond with the first course being placed directly on the concrete floor.
The specimens were enclosed with large plastic bags on the day they were constructed
and allowed to cure in the laboratory where the air was maintained at 72° + 5° (22° +
3°C) and a relative humidity of 50% + 10%. Photos of the construction process are
shown in Fig. 2.

Table 5. Properties of Mortar Used in Test Specimens

Mortar Peak load, kN (Ibs.) Average | COV, | Air, Cone
Type 1 2 3 comp. % % | penetration,
stress, mm
Mpa (psi)
PCL-S | 2440 | 27.09 | 25.65 9.96 524 | 25 60
% (5486) | (6091) | (5767) | (1445)
S >| PCL-N | 1036 | 1314 | 1315 5.02 248 | 1.8 62
8 % (2830) | (2954) | (2956) (728)
33 MC-S | 16.15 | 16.55 | 15.58 6.23 301 | 13 67
= (3630) | (3720) | (3503) (904)
I MC-N 8.30 8.59 9.09 3.35 4.83 |14.25 67

(1859) | (1930) | (2045) | (486)

- PCL-S | 2847 | 2642 | 2624 | 1049 | 449 ] 25 60
£ (6400) | (5960) | (5900) | (1522)
2 PCL-N | 1646 | 16.01 | 6.24 629 |137] 25 61
= (3700) | (3600) | (3650) | (913)
S MC-S | 21.62 | 2295 | 2164 855 | 3.46 |145 67
5 (4860) | (5160) | (4865) | (1240)
3 MC-N | 1050 | 1052 | 10.45 407 |o032]155 64

(2360) | (2365) | (2350) | (590)




Fig. 2 - Hollow Concrete Masonry Walls Under Construction

Hollow concrete masonry and solid clay masonry specimens were constructed on
different days so their testing age would be as close as practicable to the intended 28
days. After a 28-day curing period, specimens were tested as soon as practicable. In
every case the specimens were tested at an age of either 28 or 29 days.

Test Procedure

The masonry panels were tested in a horizontal position. Extreme care was taken to
avoid subjecting the specimens to flexural stresses during handling. To protect the
specimens during handling, a “strong back” was devised. The specimens were tilted
from their originally constructed vertical position to a horizontal position while being
supported by a stiffened plywood pallet to uniformly support their weight. The flexural
tensile stress resulting from self-weight in the horizontal position was included in the
calculated stress at failure. Specimens were transported in the horizontal position on the
pallet using the pallet jack (Fig. 3). In Fig. 4 (upper) the lower supports are shown
before the specimen was rolled into place with a hand pallet jack. When the specimen
was rolled into place, the two tines of the pallet jack that support the specimen straddled
pivot A. Beam B was then set into Pivot A (Fig. 4 lower) and the pallet jack was slowly
released causing the specimen to rest upon Beam B and Beam A. The upper spreader
beams shown in Fig. 5 were then put into position. The upper and lower loading
mechanism were both designed to accommodate any out-of-plane imperfections that
may have existed in the test specimens by the use of swives or pivots under one of the
beams. Load was applied to the upper loading mechanism using a hydraulic jack (Fig.
4). When the specimen failed, the pallet jack was still underneath to catch the pieces.



The failed specimen was then pulled out of the test rig, observed and photographed and
moved to a holding area.

Fig. 3 — Transporting Specimen Fig. 4 —Supports Ready to Receive Specimen

Fig. 5 - Test Specimen Ready for Testing

Observations

Failure Modes — All of the solid clay masonry specimens constructed using portland



cement/lime mortars failed as shown in Fig. 6. The fracture plane passed along a
straight line through one line of head joints and brick in between the head joints. In
contrast, the solid brick masonry specimens constructed of Type N masonry cement
failed in a zigzag pattern as shown in Fig. 7. Solid masonry specimens constructed using

N\

Fig. 7 - Failure Along a Zigzag Fracture Plane — Solid Brick Masonry Specimen

Type S masonry cement mortar failed in the same mode as the PCL specimens with only
one exception.
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Fig. 8 - Failure Path Offset at Top Course — Hollow CMU Specimen

Failure modes for the hollow concrete masonry specimens were similar to those of the
solid masonry specimens. All of the PCL specimens failed along a straight line through
one line of head joints and the concrete masonry units in between the head joints. About
half of the masonry cement specimens failed in this same manner. However, some of the
masonry cement specimens failed as shown if Fig. 8. In this failure mode, the fracture
line did not pass through the unit at one end of the specimen. Instead, the path went
around the unit to both head joints.

TEST RESULTS

The results of the flexural tension tests for specimens made from hollow concrete
masonry units and solid clay masonry units are given in Table 6. The mean values and
other statistical information are also given for each group of five specimens. Also given
in Table 6 are the allowable flexural tensile stresses in the MSIC Code. The ratio of
measured strength to allowable strength is also tabulated in Table 6.

Table 6. Flexural Tension Test Results Paralle to Bed Joints

Mortar Mean peak | COV | Mean measured | Code alowable | Measured/

Type | load, kKN (ps)| % | stress, kPa(ps) | stress, kPa (psi) | alowable
ol PCL-S | 13.09(2943)| 12.79 | 1010 (146) 345 (50) 2.93
E O PCL-N | 9.86(2216) | 10.87 786 (114) 262 (38) 3.02
E é MC-S | 7.70(1732) | 2.59 641 (93) 207 (30) 3.12
MC-N | 7.05(1586) | 6.01 600 (87) 131 (19) 4.60
PCL-S | 11.04(2483)| 9.55 2690 (390) 552 (80) 4.88
B3| PCL-N | 8.96(2014) | 16,55 | 2210 (320) 414 (60) 5.34
B o MCs | 9.37 (2107) | 27.18 | 2300 (334) 331 (48) 6.97
MC-N | 7.72(1736) | 25.83 | 1920 (278) 207 (30) 9.30




Figures 9 and 10 show the measured flexura stress plotted beside the allowable stress
for each case tested. Figure 9 pertains to hollow concrete masonry and Fig. 10 to solid

clay masonry.
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Fig. 11 — Comparison of Measured and Allowable Stress for
Hollow and Solid Masonry

CONCLUSIONS AND RECOMMENDATIONS

The flexural strength of masonry parallel to the bed joint is a function of more factors
than just the bond between the unit and the mortar. In order for a straight-line failure
mode to occur (Fig. 7), half of the masonry units must fail in flexure. Hence the strength
of the assembled masonry specimen would be a function of the flexural strength of
individual units. If the zig-zag failure mode occurs (Fig. 8), then the shear strength of
the bed jointsis a mgjor factor in determining the flexural strength parallel to bed joints.
It appears that solid cored brick masonry is better able to resist shear failure compared to
hollow concrete masonry, and therefore is more likely to fail in a straight-line mode.
This may be a result of completely filling the bed joints and mortar protruding into the
cores of the brick.

The data show significantly greater factors of safety for solid masonry specimens
constructed using masonry cement mortar than for solid masonry specimens constructed
using portland cement/lime mortars (Fig. 11). For hollow masonry specimens, factors of
safety for specimens constructed with the Portland cement/lime mortars and the masonry
cement Type N mortars were comparable. The factor of safety for hollow specimens
constructed using Type S masonry cement mortar was higher than that obtained with
other mortars. Regardliess of mortar type, factors of safety for solid cored units were
significantly greater than that for hollow units. The hypothesis that this differenceis due
to the effect of full bed joints and cored units could be verified by additional testing
conducted on cored and uncored solid units.
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