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INTRODUCTION

Masonry is one of the oldest construction materials known to man.
However, reinforced masonry, as a construction material, has only recent-
ly been developed. Extensive theoretical and experimental research in-
vestigations have been conducted for the development of reinforced
masonry for construction of multi-story buildings. Reinforced structural
walls efficiently resist lateral loads resulting from wind or earthquakes
in addition to vertical gravity loads [1]. The resistance to wind or
earthquake Toads is provided most generally by a masonry wall's strength
in diaphragm action (i.e., in-plane shear). Reinforcement was used in
the masonry buildings to eliminate the need for thick, massive sections;
for walls needing greater load resistance, multi-wythe masonry or com-
posite walls were introduced. Composite can be accomplished by combining
masonry wythes and/or a grouted collar joint (in between) to act as one
wall. This study investigates these composite multi-wythe walls sub-

jected to combined in-plane shear and gravity loads.

Objectives
This research was undertaken to study the strength and behavior of
the new concept of multi-wythe composite reinforced masonry. Composite
shear walls were subjected to in-plane lateral loads, in addition to the
gravity load. This study is similar to research proposed by Masonry
Research Foundation [2].
The detailed objectives were:

(1) to determine the failure modes;



(2) to determine the behavioral and strength characteristics due to
the in-plane loads in combination with gravity loads;

(3) to study the effect of the following parameters on the behavioral
and strength characteristics of the composite walls:
(a) the arrangement of the wall, i.e., brick-to-brick and brick-

to-bTock;

(b) effect of the precompression load; and
(c) type of reinforcement.

(4) to analyze the wall using the finite element technique;

(5) to compare the experimental results to both analytic results and
to the ACI Code; and

(6) to make recommendations for design of composite diaphragm masonry

walls.

Research Plan

Composite wall tests were conducted and analyzed. Each wall tested
was made from two wythes of eithr brick-to~brick or brick-to-block with
a two-inch collar joint. The collar joint was grouted and reinforced.
The wall panels were approximately 4 feet wide, 6 feet high, and 9 inches
thick. The walls were fixed at the base but free to displace at the top.
The in-plane and gravity loads were applied as distributed Toads at the
top of the wall. To determine the gravity load, an example for a pro-
posed real building was solved in a similar manner to that given in [3]
(see the Appendix). The results were analyzed comparatively using the
finite element technique and the theory for flexural strength.} In addi-

tion to the composite walls, a number of unit and prism tests were
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conducted to serve as control specimens for determination of material

strength.

The following chapters were written in a way that can be published
as papers (as suggested in the University thesis manual [4]) as given
below:

Paper 1: Behavior of reinforced brick-to-block walls. This paper con-
tains Part 2A and Part 1, which will be placed after the
abstract. '

Paper 2: Behavior of reinforced brick-to-brick walls. This paper con-
tains Part 2B and Part 1, which will be placed after the
abstract.

Paper 3: Analysis of composite masonry walls: Part I. This paper
contains Part 3.

Paper 4: Analysis of composite masonry walls: Part II. This paper
contains Part 4. |

The first two papers deal with the experimental results; the last
two deal with the analytical results and compare analytical with experi-
mental results.

These four papers are followed by a tentative design criterion
for reinforced composite masonry walls and the overall conclusions and
recommendations based on the results of this study.

This research was funded by:

(1) the Agency for International Development, Washington, D.C.;

(2) the Masonry Institute of Iowa;

(3) the Masons Union of Iowa;
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(4) the Civil Engineering Department at Iowa State University; and

(5) the Engineering Research Institute at Iowa State University.



PART 1. LITERATURE REVIEW AND CONTROL TESTS



INTRODUCTION

Extensive experimental investigations have been made toward the
development of reinforced masonry. Reinforced masonry elements can
provide taller and stronger buildings which resist lateral loads caused
by earthquakes and strcng winds. Generally, lateral load resistance
in a masonry wall's strength is provided by diaphragm action (i.e.,
in-plane shear). For walls needing more lateral load resistance,
multi-wythe masonry walls or composite walls were introduced. The
purpose of this study was to investigate the strength and behavior of

the brick-to-block composite reinforced walls.



LITERATURE REVIEW

The use of.reinforced masonry structures was first proposed by
Brunel in 1813. In 1923. Brebner, as cited by Grogan [1], studied the
performance of reinforced brick masonry and concluded that reinforced
brick masonry was analogous to reinforced concrete, so that the same work-
ing stress design could be used for'many reinforced masonry members.
Tests by Benjamfn and Williams [2] studied the effectiveness of unrein-
forced brick masonry walls in resisting in-p]ane shear forces by using
scale models to test this type of wali. The tested walls ranged from
0.34 scale to full size (one-story). However, brick units and mortar
joints were of actual size, regardless of model size. Benjamin and
Williams concluded that no significant errors resulted from the model
scaling. In 1959, Schneider [3] evaluated the behavior of the three
basic types of masonry units forming integral parts of a composite
masonry wall. The tested units were clay brick, concrete block, and
shel-brick. Reinforcement used in these walls consisted of vertical
and horizontal bars. When loaded with in-plane loads at the upper end,
the walls failed through diagonal tension. Schneider concluded that:
(1) the reinforced grouted masonry was highly recommended for resist-

ing lateral in-plane loading;

(2) the ultimate shear index (i.e., the shear force divided by the
gross area of the wall) was 143 psi with a height-to-width ratio
approximately equal to one; and

(3) the type of mortar mix used had little effect on the overall shear



resistance of brick walls.

Nilsson and Losberg [4] (1970) tested prefabricated brick panel
walls 6.5 ft. wide and 9.2 ft. high, having a thickness of 5.51 inches.
These walls consisted of two wythes with mesh reinforcement in the
middle (Fig. 1). The walls were simply supported along all four edges,
then Toaded in the out-of-plane direction by plastic bags filled with
compressed air. After large deflections, gradual failure occurred.
Nilsson and Losberg concluded that load capacity can be raised signifi-
cantly after cracking pressure is reached with mesh-reinforced walls.

Meli [5]1 (1974) tested 56 walls, of about (6'-6"x6'-6"), built
on stiff concrete beams. The walls were either brick or concrete
block, vertically reinforced through holes in the units. The walls were
tested as cantilevers fixed at the base and free at the top. The loads
were applied in-plane with or without precompression applied before the
horizontal load or in cycles of alternate loads. For walls with low
vertical reinforcement ratios and Tow vertical precompression, failure
was governed by flexure (horizontal crack at the bed joints). The
behavior of these walls was similar to that of an underreinforced con-
crete beam. Precompression on this type of wall caused a small increase
in horizontal strength, compared to a large increase in vertical stresses.
Failure was governed by diagonal shear for walls with high vertical
reinforcement ratios. The cracking loads increased due to precompression
of approximately 40% of the total applied vertical load (providing that
this vertical Toad did not exceed one-third of the ultimate vertical

strength of the wall. Cracks gradually formed through the joints. Crack
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patterns and some of the results are shown in Figs. 2 and 3. The crack
patterns in Fig. 2 (2a through 2d) are associated with each particular
failure made. Fig. 3 illustrates some of the load-deflection behavior
associated with these failure modes.

Meli [5] proposed a trilinear load-deflection curve to describe the
behavior of the wall (Fig. 4); the author gave different values for the
constants (B, Yoo 3y and az) defining the curve. He concluded that in
walls with interior vertical reinforcement, behavior was nearly elasto-
plastic with remarkable ductility, i.e., failure was governed by bending.
If failure was governed by diagonal cracking, ductility was small and be-
havior was brittle when high vertical loads were applied (Fig. 3(a)).

Hatzinikolas et al. [6] tested the effect of joint reinforcement on
the vertical load capacity of masonry walls built of hollow concrete
blocks and loaded vertically (only). The authors concluded that joint
reinforcement p}oduced stress concentration, reducing the ultimate load
bearing capacity of the wall. V

Williams and Geschwindner [7] studied shear transfer between a con-
crete masonry wythe and a brick wythe. The shear transferred through a
3/8-in. collar joint of three different mixes of mortar and grout. Based
on the results of their tests of assemblies with and without joint rein-
forcement, they proposed an equation for shear-bond strength in the col-
lar joint:

Vep = 38.9 + 0.0103 f& . (1)

SB
where: V¢p = the shear-bond strength (psi)

fp, = the ultimate compressive strength of the collar joint (psi).
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Scrivener [8] tested six full-scale reinforced brick masonry walls
of two wythes (4-in.) each, having a cavity of about 1.4-in. filled
with mortar and reinforced with vertical and horizontal bars. The walls
were constructed on a reinforced concrete beam and topped with another
beam. The walls were loaded in-plane at the top until failure occurred.
The failure can be described as a crack along the joints near the base
as a result of excessive tensile stresses caused by the bending moment,
followed by a major diagonal crack accompanied by vertical splitting.

An example of this failure is shown in Fig. 5. Scrivener concluded
that the first shear cracks were consistent for all walls, with an
average value for lateral loads of 47.6 psi and that no effect was

attributed to different aspect ratios. Maximum shear strengths were

in the range of 49.6 to 79.3 psi.
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Figure 5. Shear tests on reinforced brick masonry walls [8]
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TEST PROGRAM AND CONTROL SPECIMENS.

General
The composite walls were built in three groups. An average of 10
one-wythe prisms were built with each group, in addition to the mortar
and grout cubes. Five composite prisms similar to each wall were also
built. The wall panels (consisting of two wythes each with a two-inch

reinforced collar joint) were approximately 6 ft. high and 4 ft. wide.

Test Frame

A rigid steel frame with a horizontal maximum capacity of 400,000
1bs. and a vertical maximum capacity of 250,000 1bs. was designed at Iowa
State University. The horizontal load was adjusted vertically to meet
the height of the specimen. The frame was fixed to the structural labo-
ratory floor which is of the tie-down type with a maximum capacity of
1,000,000 1bs. (either applied per hole or in combination for the over-
all floor). A horizontal Toad was applied using a hydraulic cylinder of
200,000 1bs. Vertical loads were applied at two points using hydraulic
cylinders of 100,000 1bs. each. Figs. 6 and 7 show the frame and load
set-up. Fig. 6 shows photographs for the test frame and the wall before

test. Fig. 7 shows the details of the test frame.

Materials
A11 materials used in construction of the test specimens were com-
mercially available and were typical of those commonly used in buildings.

A1l tests were carried out according to the ASTM-Specifications [9].
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Figure 6. Test frame
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Mortar and gqrout

Type "M" mortar was used as specified in the UBC code [10] for rein-
forced masonry. The mortar was mixed in accordance with ASTM-C270-73
specifications [9] and proportioned by volume as 1:0.25:3.5 (cement:
Time:sand). The cement was Portland cement type "I" (ASTM-C150-78a);
the lime was hydrated Time type "S" (ASTM-C207-76); the sand was in
accordance with ASTM-C144-76 [91, |

Grout mixed in accordance with ASTM-C476-71 was used and propor-
tioned by volume as 1:3 (cement:fine aggregate). The cement was
Portland cement Type "I" (ASTM-C150-78a); the fine aggregate was in
accordance with ASTM-C404-76 [9]. The properties of the sand and the

aggregate are shown in Table 1.

Table 1. Sand and aggregate properties

Percent passing through sieve # Fine-
Sand ness
used 3,8 4 8 16 30 50 100 200 mod-
for ulus

Mortar 100 100 99.9 99.1 89.5 26.9 1.6 0 1.83
Grout 100 95.5 81.9 66.8 43.2 3.3 0.08 0 3.09

Two-inch mortar and grout cubes molded from brick units moistened
with oil were made from each mix used in building the specimens. Fig. 8
shows the molds used for these cubes. The cubes were cured in accord-
ance with ASTM-E447-74 [9]. Before testing, the mortar and grout cubes

were capped with sulfur material in accordance with ASTM-C140-75 [9].
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The first group of cubes was tested after 7 and 28 days' curing. The
other cube groups were tested after 28 days' curing and also at the

average age of full-size walls.

Cubes were tested for each associated grouping of the walls. The
results of testing a total of 106 mortar cubes and 83 grout cubes are

given in Table 2.

Table 2. Compressive strengths for mortar and grout cubes
a) Compressive strengths for mortar

[
Compressive strength iy (psi)

Age of
cubes Group I Group II Group III
(days) | ' '
fm C.0.V. fm C.0.V. fm C.0.V.
7 2400 9.5 - - - --
28 2748 15 2029 20 2341 16
37 - -- -- - 2350 11.2
85 - -- 2033 15.8 -- --
b) Compressive strengths for grout cubes
Age of Compressive strength fm (psi)
cubes Group I Group II Group III
(days) fl C.0.V £ C.0.V f' C.0.V
m 0.V, m .0.V. m 0.V,
7 3412 17 -- .- -- --
28 3880 13.5 4012 20.6 4112 13
37 -- -- -- -~ 4120 15.5
85 ~-- -- 4020 18.6 -- --

Brick units and prisms

The brick units were made of 3-hole clay brick, having a nominal

size of 2 1/4x3 5/8x7 5/8 inches with a net area greater than 75% of
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the gross. The average dimensions, physical properties and strength
properties for the brick units are given in Table 3. These properties

were found according to ASTM-C67-78 [9].

Table 3. Material properties for brick

Net|Absorp~|{Mois- Compressive

. . Gross| Net |area| tion |turel,.. strength (psi)
Width |Length|Height area |area |per-| per- |con- Weight eross | Net

cent{ cent |tent
in. |in. |in. [in2 Jin? |9 | 4 |3 [w. | 3rea|are

3.55 |7.49 |2.29 |26.56|20.45| 77 2.6 |16.6| 3.70 | 12480 | 16260

One-wythe prisms were built of brick materials similar to the walls
and cured under the same conditions, in accordance with ASTM-E447-74
[91. The prisms were tested under compression only with load either
perpendicular to or parallel with the bed joint. Average dimensions of
the prisms were 15.8-in, high, 7.6-in. wide and 3.5-in. thick. The
prisms were loaded using the compression test machine, having a maximum
capacity of 400,000 1bs., and stress-strain curves obtained. Typical
stress-strain curves are shown in Fig. 9. Prisms were tested at an
age equivalent to the average age of the walls. A total of 30 prisms
were tested, for which the results are given in Table 4. The average
properties of all brick tests were:

For load perpendicular to bed joint: f; = 3371 psi; E = 4.23x106

psi; v = 0.2,
For load parallel to bed joint: f; = 2521 psi; E = 3.16x108 psi;
v = 0.15,



20

3500. eF 3500. oF ]
Pl
4
/

3020. ot /‘ 3000. o

2500. 2 2500. B} yan
o a
g g
< 2000. o S 2n00. zr-
wn 9]
wn [7p)
Ll Ll
= =
wn [12]

1500. o 1508. B

1000, o 1809. o}

508. 8 £ = 4.23x10° psi 502,27 £ = 3.16x10° psi

0.2 L 2.2 L
) {E-003  2E-003 {E-PB3  2E-003
STRAIN CIN. /IN.) STRAIN CIN. ZIN.)

LOAD PERPENDICULAR TO BED JOINT LOAD PARALLEL TO BED JOINT

Figure 9. Stress-strain curves for brick prisms



21

Table 4. Compressive strength for brick prisms

Load perpendicular Load parallel to
Group : to'bed Jjoints : Ped joint
fm (psi) c.0.V. fm (psi) C.0.V.
I 5190 9.2 4010 9.9
II 3301 18 1782 15.7
II1 1912 12.7 1580 9.5

Reinforced grout prisms

One-wythe prisms of reinforced grout were buiit from materials
similar to the walls and cured under the same conditions, in accordance
to ASTM-E 447-74 [9]1. The average prism dimensions were 8.55-in.
high, 4.4-in. wide, and 2.2-in, thick. The reinforcement was welded
wire fabric (WWF 4x4x4x4). The prisms were tested using the 400,000-1b.
compression test machine, with Toad applied either perpendicular to or
parallel with the lines of main reinforcement. The tests took place
at an age equivalent to the average age of the walls. A total of 8
prisms were tested, with the following results:

For Toads perpendicular to main steel: f; = 2590 psi3 c.0.v. =

11.6%;

!
For loads parallel to main steel: fh = 3350 psi; c.o.v. = 7.4%.
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PART 2A. BEHAVIOR OF REINFORCED BRICK-TO-BLOCK WALLS
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ABSTRACT

The results of testing six brick-to-block reinforced composite
masonry panels subjected to gravity and in-plane shear loads are dis-
cussed herein. Each wall contained two wythes with a nominal 2-inch
coilar joint. In the first 5 walls, this joint was grouted and rein-
forced with either welded wire fabric or vertical and horizontal bars.
For the Tast wall, vertical bars were placed and grouted in the block
openings and the collar joint was not grouted. Instead, the two wythes
were connected by a horizontal truss joint reinforcement in the bed
mortar. The vertical load was applied first and held constant for all
walls, followed by the horizontal (in-plane) load. The loads (either
vertical or horizontal) were applied as distributed loads along the
top of the wall (which was free to move), with the base fixed. The
wall panels were approximately 4 feet wide, 6 feet high, and 9 inches
thick. One-wythe and composite prisms were built corresponding to each
wall to determine the strength properties. A compariéon of strength

characteristics of the tested walls is discussed herein.
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The Titerature review and the control tests in Part 1 are to be

inserted here for publication submission.



26

CONCRETE BLOCK UNITS AND PRISMS

The units were made from 3-hole concrete blocks with a nominal size
of 3 5/8x7 5/8x15 5/8 inches and a net area greater than 75% of the
gross. Physical and strength properties for the block units, as well as
average dimensions, are given in Table 5. These properties were found

according to ASTM-C140-75 [9].

Table 5. Material properties for concrete block

Net Absorp- Mois- Compressive
Net [area| tion |ture Weight strength (psi)

Width|Length| Height| 6r0SS

area {area |per-|{ per- |con- Gross | Net
) ] ) ol 9 cent| cent |tent area area
in, | in. in. [in.” {in. % % % 1b,

3.70 |15.62 7.59 |57.86(43.79{75.7| 8.9 {20.7 |25.7 | 1900 | 2510

One-wythe block prisms were built from materials similar to the
walls and cured under the same conditions, in accordance with ASTM-E447-
74 [91. Average dimensions were 15.7-in, high, 15.7-in. wide, and 3.65-
fn. thick. The prisms were tested using the 400,000-1b. compression
test machine. The applied load was either perpendicular or parallel
to the bed joint. The tests took place at an age equivalent to the
average age of the walls and stress-strain curves were obtained. Typical
stress-strain curves are shown in Fig. 10. A total of 25 prisms were
tested; the average of the results are shown in Table 6. Average

properties for all of the tested block prisms were:

For loads perpendicular to bed joint: fm = 1509 psi; Et= 1.52x106
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psi; v = 0.22.
For loads parallel to bed joint: f$ = 1416 psi; Et = 1.25x106 psi;

v = 0.267.

Table 6. Compressive strength for block prisms

Load perpendicular Load parallel to
to bed joints bed joints
Group ' ) : )
fo (psi) C.0.V. f (psi) C.0.V.
I 1940 14,7 1820 7.5
II 1345 23.0 1190 19.0
111 1175 10.6 970 16.6

Fig. 11 shows examples of failures in one-wythe prisms. Fig. 6a
shows the failure of a brick prism with the load applied perpendicular
to the bed joints. Figs. 6b-6¢ show typical failures for two block
prisms with the load parallel and perpendicular to the bed joint,

respectively.
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a) Brick prism with the load perpendicular
to the bed joints

b) Block prism with the load c) Block prism with the load
parallel to the bed joint perpendicular to the bed joint

Figure 11. Failure for brick and block prisms
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COMPOSITE WALLS

Six composite brick-to-block walls were built in three different
stages. Walls of two wythes, with a nominal 2-in. reinforced collar
joint, were tested. A1l walls were approximately 6-ft. high and 4-ft.
wide, were built either on a steel T-section (WT6x32.5) or on a steel
plate 1.25 inches thick. Straight coil loops were welded to the steel
base and positioned to align with the holes of the masonry. The holes
of the first two layers of the brick wythe and those of the first layer
of the block wythe were grouted to bond the coil Toops to the masonry,
after which the walls were cured in éccordance with ASTM-E447-74 [9] and
tested after at least 28 days. The walls were designated as: W1, W3,
W5, W7, W9 and W11. Table 7 indicates the age of each wall and its

amount of reinforcement. The procedure used to build the walls is given

in Appendix A.

Table 7. Test age and reinforcement details for brick-to-block walls

Wall Test age Reinforcement
Group No. days Vertical Horizontal
I W1 56 WWF34x4x4x4
il W3 83 WWF 4x4x4x4
II wsb 98 WWF 4x4x4x4
III w7b 30 WWF 4x4x4x4
III W9 c 32 1#3 & 2#4 bars 5#3 bars
III W11 36 1#3 $ 2#4 bars truss joint
alelded wire fabric consisted of No. 4 gage horizontal and verti-
cal wires. '

DThe vertical reinforcement was welded to the steel base.

CThe vertical bars were placed in the block holes and grouted. The
truss joint reinforcement was 1/8 inch thick, 5 5/8 inches wide, and
placed horizontally in the bed joint every 16 inches (6 brick layers or
2 block layers).



31

Five composite prisms were built, using materials similar to those
of each wall. The prisms and walls were cured under the same condi-
tions and tested on the same day. The average dimensions were 15.8-in.
high and 15.7-in. wide. Thickness and reinforcement were similar to
the corresponding full-sized wall. The prisms were loaded vertically
in accordance with ASTM Specifications [9] and failed as follows:
Horizontal cracks along the bed joints started in both wythes at about
two-thirds of the ultimate load. These cracks were followed by verti-
cal separation between the masonry wythe and the collar joint. Vertical
cracks crossing the masonry units of both wythes occurred next, fol-
lowed by complete failure. Average dimensions of the walls and com-

pressive strengths of composite prisms are given in Table 8.

Table 8. Average dimensions of the walls and compressive strengths of
the composite prisms

Wall . . . Thickness  Gross

desig- ?}gt? Thzgﬁn§ss 1%1?%t of collar are f; psi c.g.v.

nation . y ’ joint (in.%) °
W1 47.6 9.10 72.2 1.85 433.16 1680 15.5
W3 47.8 8.92 74,1 1.67 426,11 2365 3.0
W5 47.7 9,18 72.7 1.93 437,52 2170 13.9
W7 47.9 9.28 72.4 2.03 444.7 1816 12.3
W9 47.7 9.39 71.6 2.14 447.9 1722 3.2
w112 47.8 9.45 71.7 2.20 346,55 978 10

8Noncomposite: No grouted collar joint.
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Measurements
Strains and deflections were measured at different load points.
Paper-back strain gages of lengths 0.6, 0.8 and 2.4 inches were used
for masonry units. The first two lengths of the strain gages were used
for the brick units, and the last one (the long one) was used for the
block units. These strain gages were located at five points on each
wall as follows: at the center and the two edges of the vertical and
horizontal center Tines of the wall. Some of these strain gages were
destroyed either during building the wall or due to cracks in the units.
The resulis of the strains are given in (Figs. 26 and 27) Appendix B.

The deflections were measured using dial gages with 0.001-inch sensitivity.

Test Procedure
Before testing the walls, a preliminary test was carried out to
check the capacity and rigidity of the frame. The details of this

test are given in Appendix C.

The test procedure for all walls was the same and is described as:

(1) Strain gages and Toad cell (to give the vertical load readings)
were connected to a programmable data acquisition system.

(2) 1Initial readings were taken after applying the vertical Toad in
three cycles, from zero to 10 kips and back to zero.

(3) Vertical load was applied in increments up to the intended precom-
pression load, then kept approximately constant until the end of the
test. The value of the intended vertical load was determined as
different ratios (1, 3/4 and 2/3) of the allowable Toads. After

applying high values of horizontal load, the vertical load changed.
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Therefore, it was readjusted for every load point.

(4) Next, horizontal load was applied in increments until the wall
failed, i.e. reached its ultimate load-carrying capacity.

(5) At every load point, strains, deflections and loads were recorded.
Cracks were recorded, marked and numbered with the same number as
the load point.

The walls were oriented so that the horizontal Toad was always

applied from east to west. For all walls except "W9," the block wythe

was on the north side.

Composite Wall Test Results

Wall "W1" was subjected to a precompression load of 178 kips (close
to the allowable load). The first crack (a horizontal tensile bond fail-
ure at the bottom of the wall in the first bed joint)'occurred at a lat-
eral load of 58 kips. The next major crack across both wythes occurred
at the ultimate load (76 kips) (load point 22). These cracks appeared in
the west side at the bottom of the wall. The cracks were slightly in-
clined in the brick wythe and almost vertical in the block wythe. Later
progressive cracks (No. 23 in Fig. 12) occurred in the west side of both
wythes, and diagonally in the brick wythe, through the brick units only.
These cracks were followed by a vertical separation between the masonry
and the collar joint. The entire lower quadrant on the west side of the
brick was displaced outward (to the south direction). Bearing failure
occurred at the bottom of the wall on the west corner, in addition to

separation failure in both wythes and diagonal shear in the brick wythe
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Figure 12. Crack pattern for wall "W1"
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only, in conjunction with the ultimate horizontal load. The crack pat-

tern at different Toad points is shown in Fig. 12.

Wall "W3"
Wall "W3" was subjected to a precompression load of 146 kips (3/4

of the allowable load). Before testing, tHe wall was accidentally Tifted
from the top by the overhead crane after connection to the floor, so the
wall was broken in two through the top of the first b]ock course. No
other cracks occurred in the two parts of the wall, so the cracked parts
were cleaned, mortared, grouted and cured for 28 days. Six cubes were
made from the grout mix and tested with the wall. The average compres-
sive strength was 2660 psi, with a coefficient of variance of 10.9%.
When the wall was tested, the first major crack occurred at a lateral
load of 42 kips. This crack (in the repaired bed joint) was horizontal.
At a lateral load of 64 kibs, bearing cracks in both wythes occurred at
the bottom west side of the wall. This crack was followed by a separa-
tion between the brick wythe and the collar joint. In conjunction with
the ultimate Toad, bearing failure in both wythes occurred; diagonal
shear failure, in addition to separation, occurred only in the brick

wythe. The crack pattern at different load points is shown in Fig. 13.

Wall "W5" was subjected to a precompression Toad of 135 kips (3/4 of
the allowable Toad). The first visible crack, horizontal at the first
bed joint in the brick wythe, occurred at a lateral load of 60 kips. At

a lateral Toad of 84 kips, bearing cracks in both wythes occurred in the
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bottom west corner of the wall. At the ultimate load (89.5 kips), the
bottom corner of the west edge of the wall had significant bearing
failure. No separation failure occurred in this wall. The crack pat-

tern at the different load points is shown in Fig. 14.

Wall "W7" was subjected to a precompression load of 178 kips (close
to the allowable load). The first visible crack, horizontal in the brick
wythe at the first bed'joint of the wall, occurred at a lateral load of
36 kips. At the ultimate load (90 kips), bearing failure occurred in the
brick wythe in the bottom-west corner, followed by separation of the
brick from the collar joint. These failures were followed by bearing
failure in the block wythe and the appearance of a major diagonal crack
in the brick wythe. At this stage, the load dropped to 60 kips, at which
a stair-step type of cracking appeared. The lateral Toad dropped to 40
kips, at which load bearing failure progressed in both wythes. The

crack pattern at different load points is shown in Fig. 15.

A precompression load of 118 kips (2/3 of the allowable load) was
applied on wall "W9". At a lateral load of 36 kips, a horizontal crack
appeared in the first bed joint of the brick. As the lateral load in-
creased, several more horizontal cracks occurred at the first two bed
joints in both wythes. At the ultimate load (78 kips), separation of
the brick wythe and collar joint occurred, followed by crushing of the

bottom-west corner bearing failure in both wythes. Fig. 16 shows the
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crack pattern at the different load points for both wythes.

Wall "Wi1"

Wall "W11" was not grouted or reinforced in the collar joint. The
block wythe was reinforced through the holes and grouted instead, and
truss joing reinforcement was used horizontally in the bed joints connect-
ing the two wythes. The precompression on the wall was 138 kips (similar
to "W5"). The first horizontal crack occurred at a lateral load of 42
kips, at the bottom-west corner of the brick wythe. Vertical cracks in
the brick side appeared at the top middle of the wall at a lateral load
of 48 kips (load point No. 16) and propagated downward as the lateral
load increased. At a lateral Toad of 72 kips, some other cracks occurred
in the brick side at the bottom; four major dfagona] cracks at the middle
of the block wythe also occurred. Several other diagonal and horizontal
cracks occurred in both wythes at a lateral load of 78 kips, followed by
sudden failure. The failure at the ultimate Toad can be described as:
bearing failure in both wythes at the compressive corner, in addition to
the diagonal shear failure in both wythes. Fig. 17 shows the crack pat-
tern at different load points. Figs. 18 through 21 show pictures of dif-
ferent types of failures. Figs. 18 and 19 show examples of bearing fail-
ures in the brick and the block wythes, respectively. Fig. 20 shows the
diagonal failure in walls W1, W7 and W11. Fig. 21 shows examples of the

vertical separation between the masonry wythe and the collar joint.
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b) Bearing failure in wall W7 (brick side)

Figure 18. Examples of bearing failure in the brick wythe
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¥

b) Bearing failure in wall W5 (block side
Figure 19. Examples of bearing failure in the block wythe



c) Diagonal crack in the block
Figure 20. Examples of diagonal failure
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a) Vertical separation in W1 b) Vértica] separation in W9

Figure 21. Examples of separation between masonry and the collar
joint
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Discussion of Walls Behavior

The modes of failure for the tested brick-to-block walls can be sum-
marized as one or a combination of the following: bearing failure at the
compressive corner at the bottom of the wall; bond failure between the
brick wytﬁe (or in both wythes) and the collar joint; or diagonal shear
failure in one wythe, as in the block wythe for "W11", or in the brick
wythe for "W1" and "W7". The vertical separation between the brick and
collar joint occurred after the brick wythe failure had caused an in-
crease of the interfacial bond stresses on reaching ultimate shear load.
Summaries of these modes of failure and the maximum measured Toads for
all walls are given in Table 9. Load-deflection curves are shown in
Figs. 22 through 24. Each figure contains curves for walls having the
same intended precompréssion Toad (Nu). For each wall, the first portion
of the load-deflection curve was a straight line (to about one-third of
the ultimate load). The stiffness of the walls, based on the straight-
line portion, is given in Table 10 (stiffness is defined as the force
required to produce a unit deflection). The steel did not yield in any
of the tested walls (as evidenced by measured strains and as shown in
Appendix B).

Fig. 22 shows that for walls "W1" and "W7," the load-deflection
curves were veny close to each other, although there are some differences
as follows:

(T) Initial stiffness for wall "W1" was slightly greater than that of

"W7"; however, at higher loads, "W7" proved stiffer.

(2) Ultimate shear force increased by 18%, which may be due in part to
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Table 9. Maximum loads and modes of failure for the brick-to-block
walls
Intend- Meas- Ulti- First Separa- Mode of
Wall ed pre- wured® mate crack load tion Toad failure

desig- compres- precom- lat-

Brick Block Brick Block: Brick Block

nation sion pression eral
Toad load load
(kips) (kips) (kips)

Wi 178 179.9 76 58 64 76 76 Diagonal Bearing
shear failure
failure& & bond
bond failure
failure

W3 146 159.7 64.2 42 42 64 -- Bearing Bearing
failure& failure
diagonal
shear
crack
start &
bond
failure

W5 135 166 89.5 60 66 ~-- -- Bearing Bearing
failure failure

W7 178 182.3 90 36 78 90 -- Stair- Bearing
step & failure
bearing &
partial of
diagonal
failure &
bond
failure

W9 118 146.4 78 36 48 78 -~ Bearing Bearing
failure& failure
bond
failure

W11l 138 153.3 78 42 66 -~ -- Bearing failure &

diagonal shear
failure

The precompression load increased during test and was readjusted
This value is the measured one at the ultimate

at every load point. ]
lateral load point (at failure).
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Table 10. Stiffness values for brick-to-block walls
Wall designation W1 W3 W5 W7 W9 Wil
Stiffness? (k/in.) 1600 1600 2200 800 933 590

aStiffness is calculated by measuring the slope of the straight-

Tine portion in the load deflection curve.
transmission of tensile stresses as a result of welding the mesh
to the base.

(3) A11 block wythes failed identically but all brick wythes failed dif-
ferently, i.e., bearing failure only occurred in the block wythes
while diagonal shear and/or bearing failure occurred in the brick
wythes.

(4) For "W7", the separation load of the brick wythe increased by 18.4%,
compared to that of "W1".

These walls were identical except that "W7" used mesh welded to the steel

base, simulating continuity in reinforcement.

Fig. 23 shows load-deflection curves for "W3", "W5" and "W11."

"W11" was the noncomposite wall. These walls had similar precompression

loads. "W3" and "W5" were identical, except that "W3" broke and was re-

paired before testing commenced. The Toad-deflection curve for "W3" is
different than that for "W5", probably because the repaired joint was
weaker and thicker than the regular one. Therefore, the following com-
parison is primarily between walls "W5" and "W11," from which one may
conclude:

(1) grouting the collar joint increases wall stiffness by at least three

times (about 370%) and also increases ultimate shear force by 15%;
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(2) the initial straight-line portion of both Toad-deflection curves,
i.e., to the load where the first crack appeared, exhibited the
wall's elastic behavior during that stage; and

(3) the load at first crack for "W5" was about 43% greater than that
for "W11".

Fig. 24 shows the load-deflection curve for "W9", the wall having
the lowest precompression load. This curve indicates that "W9" was the
most ductile wall, indicating that ductility may increase as the precom-
pression load decreases. '

The load-deflection curve given by Meli [5] is similar to the load-
deflection curves obtained for the tested walls. More walis should be
tested to obtain values for the contants of the curve and the effect of
the different parameters on these constants. |

The relationship between shear strength, Vult.? and precompressive
stress may be written generally as:

Vurt. = Vg * MO (2)
where: VSB = the ultimate shear bond strength

the coefficient of friction

g ond
1]

o} the precompression stress.

c
A comparison of the constants of Equation 2 with those suggested by

previous research for a single wythe is given in Table 11. The compari-
son shows that the single wythe Equation 2 cannot predict the shear

strength for the composite wall.

Table 12 shows the relationship between experimental ultimate bond

stresses causing separation and those obtained from Equation 1. The



Table 11. Comparison between the constants of Equation 2 as given by previous research for
one wythe

Ref Type of Constants W1 W3 W5 W7 Wo
© o wall v vca va Ve m c m c m c m
p§§ H ult, Yutt.  Vuit. Vult. Vuit. Vat. Vot Vait. Vit Vait.
12 Ungrouted block 67 1.1 519 175.5 444 150.7 406 204.6 507 202.4 357 174.
12 Grouted block 110~ 1.2 175.5 150.7 204.6 202.4 174.
150
13 Ungrouted block 32 0.9 402 175.5 340 150.7 310 204.6 392 202.4 269 174.
13 Grouted block 180 1.0 591 175.5 523 150.7 489 204.6 580.3 202.4 443.5 174.
2 Brick 220 1.1 672 175.5 597 150.7 559 204.6 660 202.4 510 174.
14 Brick 15 0.167 84 175.5 72 150.7 67 204.6 82 202.4 59 174.

a,,cC

bvﬁlt is the actual ultimate shear value for the composite wall.

Vit is the calculated ultimate shear value for the precompression stress for the wall.

12°]
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Table 12. The bond stresses using Equation 1 compared to test data

Wall W1 W3 W5 W7 W9
ﬂh 1680 2365 2170 1816 1722
VsB 56.2 63.3 61.3 57.6 56.6
Ultimate measured 175.5 150.2 --a 202.4 174.1
bond stress Vsp
Factor of safety 3.1 2.37 3.5 3.08

3The separation failure did not take place in this wall.

table indicates that actual bond stresses were more than 100 psi, as sug-
gested in Ref. 10. Table 12 also indicates that these walls had an aver-
age safety factor of 3, which is a reasonable value for masonry. There-
fore, Equation 1 can be recommended to determine the allowable bond
stresses for composite masonry walls.

The allowable shear strength, v, as given by the ACI Code [14] for
walls with height-to-width ratio of more than one, is:

v=1.5 /?; (3)

Table 13 shows the ultimate shear stresses for the tested walls
based on the gross area. A comparison of these values with the allow-
able ones is shown in Fig. 25, which indicates that the precompression

Table 13. Ultimate lateral stresses and the precompression stresses
for brick-to-block walls

Wall designation W1 W3 W5 W7 W9 w118
Intended precompression

stresses (psi) 410.9 342.6 308.6 400.3 263.5 398.2
Ultimate lateral

stresses (psi) 175.5 150.7 204.6 202.4 174.1 225.1
Measured precompression

stresses (psi) 415.3 374.8 379.4 409.9 326.9 442.4

dThe area for this wall is considered as the masonry area neglect-
ing the collar joint area.
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stresses had small effect on ultimate shear stresses. This is probably
due to the small range of precompression stresses in these tests. The
average value of the safety factor is 2.9 (if the results of "W3" are
ignored). Therefore, the allowable shear stresses given by the Code

are reasonable for composite masonry walls.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the six brick-to-block composite walls tested, the follow-

ing conclusions can be drawn:

(1)

(2)

(3)

(4)
(5)

(6)

(7)

Using a composite masonry wall with grouting and reinforcing the
collar joint versus the block wythe increases the ultimate shear
load by 15%; the initial stiffness by more than 300%; and the
first crack load by 43%.

Precompression stress has little effect on ultimate shear stress.
Therefore, wider ranges of precompression stresses should be
considered in the future.

The equation proposed by Williams and Geschwindner [7] for the
allowable bond stresses can be recommended for composite walls
having a safety factor of 3.0.

Ductility decreases as precompression stress increases.

The steel did not yield in any wall, even though the minimum
amount allowed by code was used. Therefore, further study should
be done using less steel.

Ultimate shear Toad and stiffness increased by about 18% after
welding mesh to the base, which simulated the continuity of steel.
The load-deflection curve can be approximated as a trilinear rela-
tionship, as proposed by Meli [5]. More tests should be conducted
considering different parameters to find constants which define

this curve,

The ultimate shear strength for the composite wall cannot be
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predicted using the single wythe method as given in Equation 2.
(9) The assumption of composite action for the wall was valid based
on the strain and the behavioral resuits.

(10) Ultimate shear stresses for the tested walls ranged from 150.7
psi to 204.6 psi.

(11) The failure modes for brick-to-block walls were mainly bearing
failure in both wythes, in addition to separation failure involv-
ing either one or both wythes and the collar joint for walls W1,
W3, W7, and W9 and diagonal shear failure in one wythe, as in the

block wythe for "W11", or in the brick wythe for "W1" and "W7".
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APPENDIX A. PROCEDURE FOR BUILDING AND TESTING THE COMPOSITE WALLS

Each wall was built in three days, as follows:

(1) One of the wythes (and one-half of the other one) was built first;

(2) Except in the case of steel bars welded to the base, reinforce-
ment was placed and one-half of the wall was grouted. The second
wythe was then completed; and

(3) The remaining part of the wall was grouted.

The walls were then tested in the load frame. The vertical load
was applied using two hydraulic cylinders attached to a steel beam
(W14x78). The Tload was transferred to another steel beam (Wi4x78)
through 9-rollers on which the horizontal Toad was applied directly.
The loads were transferred from the latter beam to the wall through
straight coil loops groufed in the top of all wythes. These loops were
anchored to a steel plate at the top and bolted to the loaded beam. The
total shear capacity of the loops was designed to be higher than the

expected ultimate shear capacity of the walls.
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APPENDIX B. STRAIN RESULTS
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APPENDIX C. PRELIMINARY TEST FOR THE LOAD FRAME

A preliminary test was carried out to assess the capacity and the
rigidity of the load frame. A steel beam connected to the lab floor,
fixed at the bottom and free to move at the top, was used as a canti-
lever beam. Only a horizontal load was applied, at about 96 inches
from the fixed end. Two strain gages were placed on the horizontal beam
at which the horizontal cylinder was attached; two more strain gages
were placed at the bottom of the fixed end of the cantilever beam. The
applied load reached a value of about 120 kips, showing a maximum

measured deflection of 0.001 inches without significant strain.
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PART 2B. BEHAVIOR OF REINFORCED BRICK-TO-BRICK WALLS
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ABSTRACT

The results of testing five brick-to-brick reinforced composite
masonry panels subjected to gravity and in-plane shear loads are dis-
cussed herein. Each wall contained two wythes with a nominal 2-inch
collar joint. This joint was grouted and reinforced with either welded
wire fabric or vertical and horizontal bars. The vertical load was
applied first and held constant for all walls, followed by the hori-
zontal (in-plane) load. The loads (either vertical or horizontal)
were applied as distributed loads along the top of the wall (which was
free to move), with the base fixed. The wall panels were approximately
4 feet wide, 6 feet high and 9 inches thick. One-wythe and composite
prisms were built corresponding to each wall to determine the strength
properties. A comparison of strength characteristics of the tested

walls is discussed herein.
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The Titerature review and the control tests in Part 1 are to

be inserted here for publication submission.



68

COMPOSITE WALLS

Five composite brick-to-brick walls were built in three different
stages. Walls of two wythes, with a nominal 2-in. reinforced collar
joint, were tested. All walls were approximately 6-ft. high and 4-ft.
wide, were built either on a steel T~section (WT6x32.5) or on a steel
plate 1.25 inches thick. Straight coil loops were welded to the steel
base and positioned to align with the holes of the masonry. The holes
of the first two layers of the brick wythe and those of the first layer
of the block wythe were grouted to bond the coil Toops to the masonry,
after which the walls were cured in accordance with ASTM-E447-74 [9]
and tested after at least 28 days. The walls were designated as: W2,
W4, W6, W8 and W10. Table 5 indicates the age of each wall and its

amount of reinforcement. The procedure used to build the walls is

given in Appendix A.

Table 5. Test age and reinforcement details for brick-to-brick walls

Wall Test -age Reinforcement
Group No. days Vertical Horizontal
I W2 80 WWF2 4x4x4x4
I1 W4 66 WWF 4x4x4x4
II Wé 76 WWF 4x4x4x4
111 W8 37 143 & 2#4 barsP 543 bars c
II1 W10 38 1#3 & 2#4 bars 4#3 bars & truss joint
Aelded wire fabric consisted of No. 4 gage horizontal and verti-
cal wires.

bThe vertical reinforcement was welded to the steel base.

CThe truss joint was 1/8 inch thick, 5 5/8 inches wide and placed
horizontally in the bed joint every 16 inches (6 brick layers). For
all other walls, the reinforcement was placed in the collar joint.
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Five composite prisms were built, using materials similar to those
of each wall. The prisms and walls were cured under the same condi-
tions and tested on the same day. The average dimensions were 15.8-in.
high and 15.7-in. wide for the first wall only; for the other walls,
these dimensions were 15.8-in. high and 7.6-in. wide. Thickness and
reinforcement were similar to the corresponding full-size wall. The
prisms were loaded vertically in accordance with ASTM specifications [9]
and failed as follows: Horizontal cracks along the bed joints started
in both wythes at about two-thirds of the ultimate load. These cracks
were followed by vertical separation between the masonry wythe and the
collar joint. Vertical cracks crossing the masonry units of both wythes
occurred next, followed by complete failure. Average dimensions of the
walls and compressive strengths of composite prisms are given in Table

6. Typical failure of the composite prisms is shown in Fig. 10.

Measurements
Strains and deflections were measured at different load points.

Paper-back strain gages of lengths of 0.6, 0.8 and 2.4 inches were used
for masonry units. The first two lengths of the strain gages were used
for the brick units and the last one (the long one) was used for the
block units). These strain gages were Tocated at five points on each
wall as follows: at the center and the two edges of the vertical and
horizontal center lines of the wall. Some of these strain gages were
destroyed either during building the wall or due to cracks in the units.
The results of the strains are given in (Fig. 22) Appendix B. The de-

flections were measured using dial gages with 0.007-inch sensitivity.
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Figure 10. Typical failure in composite prism



71

Test Procedures

Before testing the walls, a preliminary test was carried out to

check the capacity and rigidity of the frame. The details of this

test

are given in Appendix C.

Table 6. Average dimensions of the walls and compressive strengths

of the composite prisms

Wall Thick- ' .
desig- ?idt? Thi?kneis H?igh§ ness of (Are%) ™ C.0.v.
. in. in. in. collar in. psi %
nation joint
W2 48.5 8.73 72.1 1.63 423.41 3020 21.0
Wé 47.7 8.94 72.1 1.84 426.6 2890 13.6
W6 47.5 9.13 72.3 2.03 433.44 2452 8.8
W8 47.5 9.45 71.6 2.35 448.5 2088 6.2
3.1

W10 47.6 9.08 71.8 1.98  432.5 2136 1 :

as:

(1)

(2)

(3)

(4)

The test procedure forall walls was the same and can be described

Strain gages and load cell (to give the vertical load readings)
were connected to a programmable data acquisition system.

Initial readings were taken after applying the vertical load in
three cycles, from zero to 10 kips and back to zero.

Vertical Toad was applied in increments up to the intended precom-
pression load, then kept approximately constant until the end of
the test. The value of the intended vertical load was determined
as different ratios (1, 0.9, 0.75 and 0.5) of the allowable

load. After applying high values of horizontal load, the vertical
Toad changed. Therefore, it was readjusted for every load point.

Next, the horizontal Toad was applied in increments until the wall
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failed, i.e., reached its ultimate load-carrying capacity.

(5) At every load point, strains, defiections and loads were recorded.
Cracks were recorded, marked and numbered with the same number as
the load point.

The walls were oriented so that the horizontal Toad was always ap-
plied from east to west. Fig. 11 shows the joint reinforcement and the

composite wall under construction.

Composite Wall Test Results

Wall "W2" was subjected to a precompression load of 160 kips (0.9 of
the allowable load). The first crack occurred at a lateral load of 48
kips at the first bed joint from the bottom of the wall in both wythes.
This crack was horizontal, indicating tensile bond failure. Several
vertical cracks occurred at the bottom-west corner of the south wythe,
followed by a separation crack between the south wythe and the collar
joint at a lateral load of 88 kips. After a drop in the horizontal load,
bearing failure in both wythes propagated toward the east and a diagonal |
crack propagated from the bottom of the south wythe at a lateral load of
83.3 kips. Bearing failure in both wythes occurred in conjunction with
the ultimate load of 90 kips in addition to separation failure and
diagonal shear failure in the south wythe only. The crack pattern at

different Toad points is shown in Fig. 12.
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Wall "W4" was subjected to a precompression load of 90 kips (0.5 of
the allowable Toad). A horizontal crack occurred at a lateral load of
24 kips. This crack was at the second bed joint in both wythes. At a
lateral load of 66 kips, a diagonal crack in the bottom-west corner
occurred through the brick units in the north wythe. At this stage, the
lateral Tload was released because the precompression load was decided to
be raised to 180 kips. This lateral load was reapplied until the wall
failed. The first crack occurred in the same place as in the first
test, but at higher load (i.e., at a 1atera]_1oad of 40 kips, compared to
first crack's appearance at 24 kips in the first test). The bearing
failure increased and the welds connecting the plate to which the hy-
draulic cylinder was fixed broke at a lateral load of 72 kips. The test
was then terminated, and was repeated after fixing the plate. No cracks
occurred other than those previously recorded when the load was reap-
plied. However, a double separation between the two wythes and the col-
lar joint occurred at the ultimate Toad of 94.4 kips in addition to the
bearing failure in both wythes. The crack pattern at the different Toad

points is shown in Fig. 13.

Wall "W6" was subjected to a precompression load of 135 kips (0.75
of the allowable load). The first crack occurred horizontally at the
first bed joint at the bottom of the wall in both wythes at a lateral
load of 18 kips. Several horizontal :cracks occurred at the bottom of

both wythes at a lateral load of 48 kips. Some vertical bearing type
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Figure 13. Crack pattern for wall "W4"
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cracking also occurred at the bottom-west corner of both wythes, fol-
lowed by complete bearing failure of that corner, at the ultimate load
of 85.3 kips. In addition, vertical and diagonal cracks appeared at

the south wythe on]y; The crack pattern at the different load points

is shown in Fig. 14.

The precompression load on wall "W8" was 157 kips (0.9 of the allow-
able load). The first crack was vertical and occurred at the bottom-west
corner of the north wythe at a lateral Toad of 36 kips. Horizontal
cracks in the first bed joint of the south wythe occurred at a lateral
load of 48 kips. Similar cracks occurred in the north wythe at a lateral
load of 66 kips. The bottom-west corner in the north wythe was crushed,
followed by a vertical separation between the north wythe and the collar
joint, at an ultimate load of 96 kips. Another vertical separation be-
tween the south wythe and the collar joint in the west side occurred,
but only after the first vertical separation. The crack pattern at the

different load points is shown in Fig. 15.

Wall "WiQ"
Wall "W10" was subjected to a precompression load of 157 kips (0.9

of the allowable load). The first crack occurred horizontally at the
second bed joint in the south wythe at a lateral Toad of 24 kips, and
also in the north wythe at a lateral load of 42 kips. Crushing of the
bottom-west corner in the north wythe occurred at the ultimate load of

90 kips followed by similar curshing in the south face. Vertical
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Figure 14. Crack pattern for wall "W6"
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double separation between the two masonry wythes and the collar joint
occurred following the crushing of the bottom-west corner. The crack
pattern at the different load points is shown in Fig. 16. Figs. 17
and 18 show photographs for different types of cracks. Fig. 17 shows
examples of bearing failure in walls "W2" and "W6". Fig. 18 shows
the vertical separation between the masonry and the collar joint and

the diagonal failure in walls "W2" and "W8".

Discussion of Walls Behavior

The tested brick-to-brick walls failed in the following ways: bear-
ing failure of the compressive corner at the bottom of the wall, followed
by bond failure between the masonfy and the collar joint. A summary of
these modes of failure and the maximum measured loads for all walls is
given in Table 7. The load-deflection curves are shown in Figs. 19 and
20. The initial straight-1ine portion in these curves occurred for only
low loads. No reinforcement yielded in any wall (as evidenced by
measured strains and as shown in Appendix B).

Fig. 19 shows the load-deflection curves for "W2", "W8" and "W10".
These three walls were subjected to about the same intended precompres-
sion load (Nu). These walls differed in type of reinforcement only.

They had, howéver, almost the same area of steel. Comparing the results

of these three walls indicates:

(1) Wall "W2" was stiffer at very Tow loads, but "W10" was stiffer than
the other two walls at higher lateral loads.

(2) The joint reinforcement in wall "W10" reduced the ultimate lateral

load, but not significantly (about 6%). This agrees with similar
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Figure 16. Crack pattern for wall "W10"
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a) Bearing failure in wall "W2"

b) Bearing failure in wall "W6"

Figure 17. Examples of bearing failure
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a) Vertical separation between the masonry and the collar
joint

b) Diagonal failure in wall "W2

Figure 18. Examples of diagonal failure and separation between the
masonry and the collar joint
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Table 7. Maximum loads and modes of failure for the brick-to-brick

walls
Intend- Meas- Ulti- First Separa- Mode of
Wall ed pre- ured® mate crack load tion load fo_? 0
desig- compres- precom- lat- (kips) (kips) aiiure
nation  sion  pression eral wouth South NorthSouth North  South
(kips) (kips) (kips)
W2 160 196.9 90 48 48 -- 88 Bearing Bearing
' failure failure
& diag-
onal
crack
started
& bond
failure
Wa 180 200.4 94.4 40 40 90 90 Bearing Bearing
failure failure
& bond & bond
failure failure
W6 135 172.3 85.3 18 18 =-= == Bearing Bearing
failure failure
& verti-
cal and
diagonal
failure
W8 157 174.8 96 36 48 9% 96 Bearing Bearing
failure  failure
& bond & bond
failure failure
W10 157 173.8 90 24 42 90 90 Bearing Bearing
failure failure
& bond & bond
failure failure

The precompression load increased during test and was readjusted
This value is the measured one at the ultimate

at every load point.

lateral load point (at failure).
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conclusions for load bearing (only) single wythe wall [6].

(3) The modes of failure in the three walls were similar (bearing
failure and separation).

(4) The use of mesh reinforcements or truss joint reinforcements each
provided the walls with greater ductility than vertical and hori-
zontal bars and allowed the wall to deflect more before failure.

(5) The vertical separation occurred only at the ultimate lateral
load. This may indicate that the bond failure was due to the Targe
deflection rather than the high lateral Toads.

(6) The first crack in wall "W2" occurred at a higher lateral load
than either of walls "W8" or "W1Q".

Fig. 20 shows the load-deflection curves for walls "W4" and "W6".
These were identical, with different intended precompression loads. This
figure indicates similar deflections at low lateral loads and at higher
loads. Increasing of the precompression load had little effect on the
ultimate lateral load (e.g., a 33% increase in the precompression load
increased the ultimate lateral force by only 10.7%).

Table 8 shows the ultimate bond stresses that caused the separation,
and compares them to the values obtained from the equation given in [7]as

Vep = 38.9 + 0.0103 fp, (2)

SB

The average safety factor is 3.25, which is reasonable for masonry.
The table indicates that the actual bond stresses were more than 100 psi,
as suggested in Ref. 10. Therefore, Equation 2 is recommended to deter-
mine the allowable bond stresses for composite masonry walls.

The allowable shear strength, v, as given by the ACI Code [11]
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Table 8. The bond stresses using the proposed equation [7] and the

test data
Wall W2 Wa W6 W8 W10
fm (psi) 3020 2890 2452 2088 2136
Vsg (psi) 70 68.7 64.2 60.4 60.9
Ultimate measured bond 207.8 211 --a 214.1 208.1
stresses
Factor of safety 2.97 3.07 3.54 3.42

The separation failure did not take place in this wall.

for walls with height-to-width ratio of more than one is:

v=1.5 /?; + 75 psi (3)
A comparison between ultimate and allowable shear stresses is shown
in Fig. 21. These ultimate values are given in Table 9.
The average value of the safety factor is 2.9 (from Table 9), mean-
ing that the allowable value given in the codes (Equation 3) is applied

for composite masonry.

Table 9. Ultimate lateral stresses and the precompression stresses
for brick-to-brick walls

Wall W2 Wa Wé W8 W10

Intended precompression

stresses (psi) 377.9 421.9 311.5 350.1 363
Ultimate lateral

stresses (psi) 212.6 221.3 196.8 214.1 208.1
Measured precompression

stresses (psi) 465 469.8 397.5 389.7 401.8
Allowable lateral stresses

(psi) (Equation 3) 75 75 74.3 68.5 69.3
Safety factor 2.83 2.95 2.65 3.13 3

The relationship between ultimate shear strength and precompres-

sion stress can be written in the general form of:
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Vare, = Vg * Mo (4)

where: Vu]t = the ultimate shear stress

VSB = the ultimate shear bond strength
u = the coefficient of friction
O = the precompression stress.

The values of VSB and y for single brick wythe are given by the
research investigations indicated in Table 10. The proposed constants

for composite walls are also shown in the table. Therefore, Equation 4

can be written in the form:

v =141 + 0.19 0 (5)

ult

The comparison shows that the proposed equation is valid for all

tested composite walls.



Table 10.

Comparison between the constants of Equation 4, as given by previous research,
for one wythe and proposed constants for composite walls

Ref.

Constants - W2 W4 W6 W8 W10

V C m C m (o m [od m [o m
s M Vurt. Vutt. Vult. Voit. Vult. Voie. Vuie. Vuit. Vuie.e Vult.

2
12

Proposed

220 1.1 672 212.6 597 221.3 559 196.8 660 214.1 510 208.1
15 0.167 84 212.6 72 221.3 67 196.8 82 214.1 59 208.1
141 0.19 212.8 212.6 221.2 221.3 200.2 196.8 207.5 214.1 210 208.1

L6



92

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be made for brick-to-brick walls:

The failure modes for brick-to-brick walls were mainly bearing
failure in both wythes, in addition to separation failure involving
either one or both wythes and the collar joint.

The precompression load has only a small effect on the ultimate
shear stress. However, a wider range of precompression loads
should be considered in the future.

Williams and Geschwindner's proposed equation for the bond stresses
[7] can be used for these composite walls with a safety factor of
3.25.

Joint reinforcement reduces the ultimate shear load, but not sig-
nificantly (= 6%). This reduction agrees with similar conclusions
[6] for load bearing single wythe walls. However, additional tests
are needed to substantiate this conclusion.

Although the minimum amount of steel required by the ACI Code was
used, the steel did not yield. Therefore, further studies should
be done using less steel.

Ultimate shear stresses range from 196.8 psi to 221.3 psi.

The load deflection curve can be approximated as a trilinear rela-
tionship, as proposed by Meli [5]. More tests should be conducted
considering different parameters to find the constants which define
this curve.

Ultimate shear strength can be predicted using Equation 5. The

allowable shear stress can then be calculated using a safety factor
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of 3 as follows: Va1l < 47 + 0.0625 0.
(9) The allowable value (Equation 3) of shear stresses as given in the

ACI Codes can be applied for composite walls.
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APPENDIX A. PROCEDURE FOR BUILDING AHD TESTING THE COMPOSITE WALLS

Each wall was built in three days, as follows:

(1) One of the wythes (and one-half of the other one) was buiit first;

(2) Except in the case of steel bars welded to the base, reinforcement
was placed and one-half of the wall was grouted. The second wythe
was then completed; and

(3) The remaining part of the wall was grouted.

The walls were then tested in the test frame. The vertical load
was applied using two hydraulic cylinders attached to a steel beam (W14x
78). The load was transferred to another steel beam (W14x78) through 9-
rollers on which the horizontal load was applied directly. The loads
were transferred from the latter beam to the wall through straight coil
loops grouted in the top of all wythes. These loops were anchored to a
steel plate at the top and bolted to the loaded beam. The total shear
capacity of the loops was designed to be higher than the expected ulti-

mate shear capacity of the walls.
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APPENDIX B. STRAIN RESULTS
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APPENDIX C. PRELIMINARY TEST FOR THE LOAD FRAME

A preliminary test was carried out to assess the capacity and the
rigidity of the load frame. A steel beam connected to the lab floor,
fixed at the bottom and free to move at the top, was used as a canti-
lever beam. Only a horizontal load was applied, at about 96 inches
from the fixed end. Two strain gages were placed on the horizontal
beam at which the horizontal cylinder was attached; two more strain
gages were placed at the bottom of the fixed end of the cantilever
beam. The applied load reached a value of about 120 kips, showing a

maximum measured deflection of 0.001 inches without significant strain.
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PART 3. ANALYSIS OF COMPOSITE MASONRY WALLS: PART I
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ABSTRACT

The finite element technique was used to analyze composite masonry
walls herein. The composite walls considered were either brick-to-block
or brick-to-brick, with a reinforced collar joint between the two
wythes. The walls were 6-ft. high, 4-ft. wide, and 9-in. thick. Load-
deflection curves and ultimate shear loads were predicted on the basis
of the finite element method and on the theory for flexural strength.

In the uncracked case, the wall was treated as a cantilever beam fixed
at the base and free at the top. In the cracked case, a portion of the
bottom of the wall was freed, based on tensile stresses in the mortar
which exceeded the mortar's ultimate tensile strength. A proposed load-
deflection curve based on finite element results is also discussed here-

in. The theoretical results were compared with experimental ones.
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INTRODUCTION

The design and analysis of reinforced masonry are based on the
elastic theory of working stress design. Most of the formulas based
on working stress design are similar to those used for reinforced con-
crete, except that the ultimate strength of the masonry, f;, and the
allowable stresses are modified to reflect the properties of masonry
instead of concrete. Other methods of analyzing masonry walls are not
yet recognized in the ACI and UBC Codes. These include the finite

element technique, which is widely studied and used.
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LITERATURE REVIEW

Cerny and Baldridge [1] compared different methods of distributing
lateral in-plane force in multi-story masonry shear walls, then com-
pared their results with more accurate computer analysis submitted there.
The methods compared were:

(1) Considering the wall as a beam fixed at both ends, loaded at the
top;

(2) Considering the wall as a cantilever beam Toaded by uniformly
distributed loads along its entire height; '

(3) Considering the relative rigidities of the walls as proportioned
to the moment of inertia in wall cross section;

(4) Considering the wall as a beam fixed at both ends, and using the
simple beam equation to calculate relative rigidity;

(5) Considering the wall as a cantilever element fixed at the base

and loaded with a concentrated load at the top.

The computer analysis conducted by Cerny and Baldridge assumed a one-
story building with two shear walls treated as beam elements connected
in one plane by a very rigid truss element, representing the rigid roof
diaphragm. They concluded that method (5) most consistently agreed
with their computer analysis.

Kalita and Hendry [2] (1970) reported an investigation of the
applicability of shear wall theories to multi-story brickwork buildings.
A finite element analysis was conducted and a simplified comparison

theory developed from the experimental results. The tested structure
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was a five-story building (one-sixth-scale), using one-sixth-scale model
bricks for the walls with precast reinforced concrete slabs for the
floors. The structure was loaded to produce in-plane lateral loads, in
addition to precompression of the walls. Loads were applied by hydraulic
cylinders located at the floor levels. Different precompression loads
were applied on each floor. For preliminary tests, loads were kept be-
Tow one-fifth to one-quarter of the expected ultimate load. The tested
structure and its load-deflection curves are shown in Figs. 1 and 2.

The values of the shear modulus, G, were calculated from the equation:

3
Ve L 1.2 vh
A=17Er Y Thg (1)

where:

A = the measured deflection from the straight-line portion of the

experimental load-deflection curve;

V = the lateral (in-plane) force;

h = the height of the wall;

E = the elastic stiffness of the wall cross section;
A = the cross sectional area for the wall;

G = the modulus of rigidity; and

I = moment of inertia of wall cross section.
Kalita and Hendry concluded that:

(1) Failure occurred in the first story due to the breakdown of bond
and frictional resistance at the brick/mortar interface;

(2) The rigidity and stresses in a brickwork structure can be calcu-

lated reasonably by analytical solutions. These solutions include
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the finite element method.

Page [3, 4] reported a nonlinear analysis of masonry walls by the
finite element technique. Only in-plane loading was considered; however,
the wall was assumed to be a continuum of isotropic elastic bricks act-
ing in conjunction with mortar joints. Both the inelastic mortar
properties and progressive joint failure produced the nonlinear response.
The finite element subdivision is shown in Fig. 3. The brickwork was
modeled using nonlinear characteristics [3]. In the nonlinear model,
progressive joint failure was simulated as the load was increased. A
comparative finite element analysis which assuhed the brickwork to be an
isotropic, linear elastic continuum with average properties was conducted.
Page concluded that the finite element model yielded results congruent
with other tests, even for higher loads, and that the model offered a
realistic analysis on the basis of isotropic, elastic behavior.

Anand and Young [5] and Anand et al. [6] applied the finite element
technique to inter-laminar shearing stresses in the collar joint of a
nonreinforced composite wall. These stresses were caused by in-plane
loads applied as one wythe only. The study considered only a two-dimen-
sional element and assumed the materials to behave linearly. The follow-
ing assumptions were considered:

(1) That all materials were homogeneous;

(2) That displacements bewteen nodal points varied linearly to insure
continuity of displacement between elements;

(3) That out-of-plane bending effects were neglected in model development.

(4) That the collar joint, as well as the two wythes, were unreinforced.
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Figure 3. Composite beam test: finite element subdivision [4]
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Anand and Young considered longitudinal and transverse models in their
study, as shown in Fig. 4. The longitudinal model was considered through
the wall Tength and the transverse model was considered through the wall
cross section. They concluded that application of the longitudinal

modeT could obtain resu]ts for collar joint shearing stresses which
compared with those of the transverse model. However, the longitudinal
model did not allow transverse deformation, either due to Poisson's

effect or due to bending.
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28"
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Figure 4. Models and mesh for composite masonry wall [6]
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THEORY

The finite element technique is well-known [7, 8] and widely used.

The ANSYS [9] computer program used to analyze the composite wall is a

large-scale general purpose computer program. The composite wall was

considered as a cantilever beam, supported at the bottom and free at the

top.

The elements were treated as two-dimensional plane stress elements.

The following assumptions were made:

(1)
(2)

(8)

all materials are homogeneous;

plane sections through the thickness before loading remain plane
after Toading;

all displacements vary linearly between the nodal points of the model;
the out-of-plane effects are neglected;

strains are not a function of the thickness;

the tensile force is carried only by the reinforcement after the
masonry element cracks;

the Toads (both vertically and horizontally) were applied to the
wall in proportion of the stiffness of each wythe; and

no interfacial bond stresses are transferred between wythes.

The chosen element in the ANSYS program is a two-dimensional iso-

parametric solid element with four nodal points.

Elastic Stiffness Matrix

The stiffness matrix of the composite wall was calculated on the

basis of the stiffness matrix of each wythe. The total cross section

of the composite wall can be written as:
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3
-l = = =
Al=b [t +t ¥ tcj] = b 121 t, = bT (2)
The applied force F = A % comp (3)
but Ocomp. - (Ej)comp. ¢ (4)
Also, F = b[(Ot)br + (Ut)bz + (ot)cj] | (5)

where: A = cross sectional area for the composite wall;

tbr’ tbz’ tcj = thickness of brick, block and collar joint wythes;
b = width of the composite wall;
T = total thickness of the composite wall;

F = total force carried by the wall;

Ocomp. = stress for composite section;
(E.) = elastic modulus for composite wall; and
j'comp.
g = strain.

Since the strain was assumed to be constant through thickness, and
since plane sections through the thickness remain plane, then
Gj = Eje
where j can be X, y or z direction.
For the study conducted, Ej was taken as the initial tangent modulus.

Equations 2 through 5 Tead to
_ ]
(Esdcomp. = T [(Ejt)pp * (Esthpy + (Ejt)es) (6)

The last equation is based on uniaxial stresses. In the general

form, Equation 6 can be converted to the matrix format as follows:

_ 1
Ecomp.! = T [tpplElpy ¥ Tpp Elpg * tcj[E]cJ] (7)

Trefer to the notation section given at the end of this paper.
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The stiffness matrix of the composite wall was taken as the average
of those values given in [10, 111, for walls 6-ft. high, 4-ft. wide and

9-in. thick. These matrices are given in the Appendix.

Mesh Size
Four sizes of mesh were used, i.e., 6, 24, 40 and 96 grid units.
In addition to the masonry elements, the steel elements were treated
as bar elements fixed at the bottom. The masonry elements were squares
of the same size for all cases except for the mesh of 40 elements. The
results obtained with these sizes were compared. The difference in re-

sults for the last three sizes proved negligible. The 40-element mesh

was chosen as shown in Fig. 5.

Boundary Conditions

The wall was treated as a cantilever beam fixed at the base and free
at the fop. Since the wall was loaded with vertical and horizontal
forces, the stress distribution at the base for the elastic stage is as
shown in Fig. 6. The maximum tensile stresses due to the turning moment
caused by the lateral load are at the base of the wall. The wall cracks
when the tensile stress reaches a value greater than the ultimate value
of the weakest element in the wall. The weakest element in tension is
the mortar joint, so the wall was treated accordingly in two cases:

(1) Uncracked case: If the tensile stresses at the base were less
than ultime tensile stresses for mortar, the wall was assumed uncracked.
Therefore, the wall was analyzed by the finite element method, using

boundary conditions as previously discussed.
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Figure 5. Mesh elements for
composite wall
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(2) Cracked case: Part of the cross section cracks, due to increase
of tensile stress beyond the ultimate tensile capacity of the mortar.
The cracked portion was freed at the base, keeping the remainder of the
wall and the reinforcement as fixed. Stresses were then calculated for
the uncracked section and compared with the ultimate tensile capacity to
calculate the Tength of the cracked part. If the tensile stress exceeded
the ultimate one established for the first element, the element was freed
and considered as cracked. The stresses were then recalculated and the
same procedure was repeated until the tensile stress in the next element
was less than the ultimate one. For the reinforcement, ANSYS program has
the capability of calculating the stresses for a nonlinear material with
a specified plasticity ratio. The iterative procedure for obtaining this
solution and the resulting plasticity ratio is illustrated in Fig. 7.
Two plasticity ratios of 0.01 and 0.1 were compared, resulting in a dif-
ference of the maximum deflection of the wall of less than 0.5%. A
plasticity ratio of 0.1 is selected.

An example of free nodes in one wall and the resulting shape dis-
tortion caused by lateral and vertical Toads, see Figs. 8, 9 and 10. 1In
the next horizontal load step, stresses were calculated on the basis of

results from the previous cracked portion and the procedure was repeated.

Calculation of stresses

Constant strains at a point through the thickness were assumed for
calculation purposes. The finite element output by ANSYS gives the
stresses in the wall as one material. The strains were then calculated

from these stresses. Next, the stresses in each wythe were calculated
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with another computer program (written by the author).

Tensile strength of mortar

The tensile strength of mortar varies with the direction of applied
force. When a tensile load is applied normal to the bonded faces of the
masonry, a strength value is developed. When a shear load is applied
parallel to the bonded faces of the masonry, the second strength value is
developed. The different parameters affecting tensile streﬁgth have been
investigated by several experimental programs.

Davison [12] (1961) found that the bond strength between the mortar
joint and the upper brick was less than that between the mortar joint and
the lower brick. Benjamin and Williams [13] reported the results of com-
pressive and tensile strength of the different mortars. Table 1 sum-
marizes these values. The mortar used in tested composite walls [10, 11]
was close to the one tested by Ditto, having properties of 1C:0.25L:3.5S,
with compressive strengths of 2748, 2029, and 2341 psi and an overall
average compressive strength of 2277 psi.

TabTe 1. Compressive and tensile strengths for different types of
mortar [13]

Mortar 28-day 28-da¥

properties compressive  tensile
by strength strength Reference

volume (psi) (DSig
1C:0.25FC:3S 3260 402 Stanford Shear wall project
1C:0.25L:3S 3050 300 Ditto
1C:0.50L;4.5S 1200 145 V.P.I. tests
1C:1L:6S 500 55 Ditto

1C:0.25L:3S 2500 225 Ditto
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The mortar's ultimate tensile strengths for grouted units accord-
ing to the ACI Code [14], using a safety factor of 3.5 [15], are as
follows:

For loads normal to bed joint = 140 psi

For loads parallel to bed joint = 280 psi.

On the basis of the mesh used, the results of the cracked section
will not be affected for a difference in ultimate tensile strength of
10-20%. Therefore, the values used in determining the cracked section

were the code values, although these may be lower than actual ones.
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DISCUSSION OF RESULTS

Load-Deflection Curve

The finite element method was used with procedures developed for
cracked and uncracked wall sections to calculate the deflections of the
different nodes. The results, based on the tested walls conducted in
[10, 11], are shown in Figs. 11-16.

The walls contained in each figure (Figs. 11-16) were based on the
same precompression load. Slight differences in other parameters, such
as dimensions, reinforcement or ultimate strength, did not significantly
affect the results. The first three figures (Figs. 11-13) compare the
load-deflection curves as calculated by the finite element method to the
experimental results for the brick-to-block walls. The other figures
(Figs. 14-16) show the comparison between the finite element results and
the experimental ones for the brick-to-brick walls., These figures indi-
cate good agreement between the experimental Toad-deflection curves and
those calculated by the finite element using the cracked-uncracked case
concept for brick-to-block walls. Therefore, the finite element method
with the cracked-uncracked case concept can be used to reasonably pre-
dict the load-deflection curve for the composite brick-to-block masonry

walls. More investigation is needed for brick-to-brick walls.

Ultimate Shear Load
The ultimate shear load was assumed to correspond to an ultimate
compression strain of 0.003 at highest point similar to the ultimate

shear load for concrete [14, 15]. The strain corresponding to the
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ultimate stress of the individual masonry wythe was similar to the be-
havior of concrete [10, 11, 15]. Therefore, the ultimate strain was
assumed to be 0.003, similar to concrete behavior. The stress-strain
curves for a single wythe as given in [16, 17, 18] indicate that these
curves are similar to concrete, which justifies this assumption. Table 2
shows a comparison of the ultimate shear load by both experiments and

finite element method.

Table 2. Comparison between the estimated and measured ultimate shear
loads

Brick-to-block walls Brick-to~-brick walls
Wall Measured Estimated Wall Measured Estimated

No. Vy Vy No. Vu Vy

W1 76 96 W2 90 102
W3 64.2 96 W4 94.4 112
W5 89.5 96 We6 85.3 100
W7 90 96 W8 96 102
W9 78 83 W10 90 102

Strains on the tested composite walls were measured at different
locations to assess the validity of the assumptions that "strain through
thickness is constant." Fig. 17 shows examples of these results and indi-
cates the horizontal strains due to the lateral loads in the three wythes
(masonry and the grout). This figure indicates that horizontal strains do
not vary significantly through thickness. The figure also shows the fi-
nite element results compared to the experimental. Both the experimental

and the analytical results indicate the strain values to be small.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be made:

The finite element technique with the cracked-uncracked case con-
cept can be used topredict the shear capacity and load-deflec-
tion curve for composite brick-to-block walls.

The ultimate shear load can be estimated approximately based on
ultimate strains of 0.003 for composite masonry walls using the
finite element technique with the cracked-uncracked case concept.
Within the range of loads considered, the effect of the precom-
pression load is not significant on either the load-deflection
curve or on the ultimate shear load.

For brick-to-brick walls, more investigation is needed to predict
the load-deflection curve.

The strain distribution for the walls validates the assumptions.
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NOTATIONS
A Cross sectional area for the composite wall.
b Width of the composite wall
Ej’ (Ej)comp Elastic modulus of elasticity for the single wythe and

the composite wall

[E]br’ [E]bz and [E]cj Stiffness matrices for brick, block and collar

joint
[Ecomp.] Stiffness matrix for composite wall.
F Total force carried by the wall.
G Modulus of rigidity of the composite wall.
h Wall height.
I Moment of inertia about the strong axis.
j Direction of stress (x, y or z)
N Vertical precompression load.

tbr’ tbz and tcj Thickness of brick, block and collar joint wythes.

T Total thickness of composite wall.

v Lateral (in-plane) Toad.

JA Elastic section modulus for the composite wall.
A Horizontal deflection at the top of the wall.

€ Strain.

Ocomp. Stress for the composite section.
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APPENDIX. STIFFNESS MATRICES FOR THE COMPOSITE WALLS

Block-Brick Walls

For W1
ty = 37, by = 355 Lt =185, ¢ = 9.
451  0.5385 O
(£] = 105 [0.5385 2.795 0
0 0 1.07
6 .
Ex = 2.347x10° psi
£, = 2.676x10° psi
v,, = 0.183
ny = 0.220

ny = 1.025 psi

For i3
= H] = 1] = 1] - n
t, = 37" =355 Lt =167, t=8.92
2.43  0.535 0
[E] = 10 [0.535 2.797 o0
0 0 1.067
E, = 2.328x10% psi
E, = 2.679x10° psi
vy, = 0.191
Yy = 0220

= 6 s
ny = 1.022x10" psi
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tyg = 37" 5ty = 3.55% tgr =1.93" , t=9.18"

461 0.54 0
(E] = 10° [0.54 2.794 0
0 0 1.071
E. = 2.357x100 psi
« = 2.357x10° psi
E, = 2.676x10° psi
vy, = 0.193
vyx = 0,219
N 6 .
ny = 1.026x10" psi
For W/
tg = 37" 4ty = 355 L o = 2.03" , t=9.28"

[2.472 0.502 0 ')
[E] = 10° |0.542 2.792 0
b o 1o

E, = 2.367x10° psi

E, = 2.673x10° psi

y

v, =0.

Xy 0.194
Vyx = 0.219

6y = 1.026x10° psi
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For 19
ty = 37", ty =358 , to =2.14" , t=0.39"
2.485 0.544 0
(E] = 10° [0.548 2.791 0
0 0 1.073
E, = 2.379x10° psi
Ey = 2.672x106 psi
\Y = (.
gy = 0-19
v = 0.219
yX
ny = 1.027x106 psi
Brick-Brick Walls
For W2
t, = 3.85' , t, = 1.63' , t =3.55" , t=8.73
3.146  0.654 0
[E] = 10° [0.654 3.825 0
0 0 1.479
EX = 3.034x106 psi
£, = 3.689x10% psi
AV = 0,
gy = 0171
v,y = 0.208

- 6 s
ny = 1.426x10" psi
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For 44
= ] = n = " = n
t, = 3.55" , to =184 , t = 3.55, t=8.9
155  0.655 0
(E] = 10° |0.655 3.798 0
0 0 1.472
6 .
E, = 3.042x10" psi
E, = 3.662x10° psi
v = 0,172
Xy
v, = 0208
_ 6 .
ny = 1.419x10° psi
For W6
= B = " = " = 1
b= 355 Lt =203, t =355, t=9.]
3.162 0.656 O
i€ = 10° [0.656 3.778 0
0 0 1.467
E = 3.048x10% psi
= 3.048x10° psi
E, - 3.642x10° psi
vy = 0174
Yoy = 0.207
6 = 1.414x10

Xy 6
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6 .
G.. = 1.415x10
Xy x10" psi

r = 2.35" , tp = 3.55" , t = 9.45"

- ] = "
p s 3.55" , t=29.08

For 48
- H
tyy = 3.55" , ¢t
3.176  0.658 0
(€] = 108 l0.658 3.737 0
0 0 1.456
6 .
EX = 3.060x10" psi
£, = 3.601x10° psi
v o= 0,176
Xy
Vo = 0.207
_ 6 .
ny = 1.403x10™ psi
For W10
= 1" = n
tp = 355" Lty =198, t
3.161 0.656 0
e = 10° J0.656 3.78 0
0 0 1.468
E = 3.047x108 psi
(=3 psi
€, = 3.643x10° psi
vy, = 0174
by = 0:208
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For W11
- 1 = " - IH
t, =3.7°, t, =3.55 , nogrout , t=9.45
174 0.496 0
(£] = 10% {0.496 2.826 0
0 0 1.041
E = 2.087x10° psi
« . psi
Ey = 2.713x106 psi
vy, = 0.176
vy = 0.228
6 = 0.999x10° psi
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PART 4. ANALYSIS OF COMPOSITE MASONRY WALLS: PART II



140

Analysis of composite masonry walls: Part II

M. H. Ahmed, Graduate Research Assistant
M. L. Porter, Professor
A. Wolde-Tinsae, Associate Professor

From the Department of Civil Engineering, Iowa State Uni-
versity, Ames, IA 50011



141

ABSTRACT

The results of tests on eleven composite masonry walls are com-
pared with three different methods of analysis and discussed herein.
The walls were each two wythes, of either brick-to-brick or brick-to-
block, with a 2-in. reinforced collar joint. The analytic methods
employed were the theory for flexural strength, the finite element
technique with the cracked/uncracked walls concept, and the ACI and
UBC Code values. A proposed equation based on the theory for flexural

strength is discussed herein.
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INTRODUCTION

Design and analysis of reinforced masonry as recognized by the
ACI or UBC Codes is based on the theory of working stress design.
Other methods, such as the theory for flexural strength or the limit
design, have been recognized for reinforced concrete. This study
investigates the availability of using the theory for flexural
strength and the finite element technique for reinforced composite

masonry walls.
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THEORETICAL ANALYSIS

Introduction
Three different methods of analysis are discussed. These methods
are based on the theory of working stress design, the theory for

flexural strength, and the finite element method.

Working Stress Design
Based on the well-known working stress design [1] and analyzing the
masonry shear wall as a cantilever beam, fixed at the base and free at
the top, the horizontal deflection measured at the top of the wall due
to in-plane loads is calculated by equation [2]

3
1T _Vh” 1.2 Vh
A =Tt TAG (1)

the measured deflection from the straight-1ine portion of the

where A
experimental load-deflection curve;
V = the lateral (in-plane) force;

h = the height of the wall;

E = the elastic stiffness of the wall cross section;
A = the cross sectional area for the wall;
G = the modulus of rigidity; and

I = moment of inertia of wall cross section.
This equation can be applied only if the wall is in the elastic
range and has no cracks. The allowable shear strength of the masonry
shear wall according to the UBC Code [2] is based on the ultimate com-

pressive strength, f&, for masonry, as follows:

TRefer to the notations section given at the end of the paper.
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= 1.5/?;’$ 75 psi for h/b 2 1 (2)
= (2-0.5 h/b) /?; $ 150 psi  for 0 < h/bs 1 (3)
The aT]owable shear load, Va]], can be calculated as

Vanp = Actual gross area x f, (4)

Theory for Flexural Design

Shear wall equation

The shear wall equation [3, 4] was calculated in accordance with
ACI Code [5] specifications for a rectangular shear wall subjected to

combined axial load, bending and shear. The equation is:

_ B, (2 g’
Mu"Asfyb [(] Af)(z' )'b_2(1+'3_'8‘|)] (5)

. C . Asty + Ny
Where: | = 2Agf, + 0.85B1bErT
f
=y
B = 5700

Using the simplified equation with 31 = 0.85:

M, = 0.5 Agfyb(1 + = Ny (7 - —) (6)
s
Since the shear wall is considered as a cantilever beam, then
Mu =h . Vu (7)

Table 1 shows the dimensions and the ultimate strengths for the
composite masonry walls tested [6, 7]. These walls were two-wythe
walls with a 2-inch reinforced collar joint. Five of these walls were
brick-to-block walls designated as W1, W3, W5, W7 and W9. The other
walls were loaded with in-plane loads, in addition to vertical pre-

compression loads. Table 2 shows the ultimate shear force as given in
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Table 1. Dimensions and ultimate strengths for composite masonry

walls [6, 7]

Wall

Average dimension

desig- b T h As fm Ngo Vu
nation in. in. in. in.2  psi  kips  kips
Brick-to-block
W1 47.6 9.10 72.2 0.48 1680 178 76
W3 47.8 8.92 74.1 0.48 2365 146 64.2
W5 47.7 9.18 72.7 0.48 2170 135 89.5
W7 47.9 9.28 72.4 0.48 1816 178 90
W9 47.7 9.39 71.6 0.51 1722 118 78
Brick-to-brick
W2 48.5 8.73 72.1 0.48 3020 160 90
Wa 47.7 8.94 72.1 0.48 2890 180 94.4
Wé 47.5 9.13 72.3 0.48 2452 135 85.3
W8 47.5 9.45 71.6 0.51 2088 157 96
W10 47.6 9.08 71.8 0.51 2136 157 90
Table 2. Comparison between the shear forces calculated by Equations
6 and 7 and the ones measured for composite walls
Wall Eq. 7 Wall Eq. 7
ggi}g; Vuc Vum Var/ Vue ggi}g; Vue Vum Vam/Vuc
W1 44.4 76 1.71 W2 51.8 90 1.74
W3 44.4 64.2 1.45 Wa 54.4 94.4 1.74
W5 42.4 89.5 2.11 W6 43.7 85.3 1.95
W7 46.8 90 1.92 W8 46.4 96 2.07
W9 37.6 78 2.07 W10 46.2 90 1.95
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Table 1, with the ultimate shear forces calculated from Equations 6 and
7. This comparison shows that the shear wall equation values are much
lower than measured ones. Ignoring the results of "W3" due to the
misuse of this wall before testing [6], the comparisons in Table 1
indicate that the actual ultimate shear loads were higher than the
calculated ones by an average value of 1.95 for brick-to-block walls

and 1.89 for brick-to-brick walls.

Proposed equation for masonry walls

The following assumptions were made to calculate the ultimate shear
load for composite masonry walls:
(a) a plane section before bending remains plane after bending [81;
(b) the tensile strength of masonry may be neglected [8];
(c) the ultimate strain for composite masonry is 0.003;
(d) the masonry reaches its ultimate strain before yielding of
the tension steel;
(e) the concept of equivalent rectangular stresses is applied; and
(f) vertical reinforcement is equally distributed along the entire
section.
Fig. 1 shows the strain and stress distribution for the wall cross

section. From the figure, the tensile force carried by the ith steel is

1 _
Ty = AgiEey; (8)

- dj
T'I = ASTE m Eu (9)

]See notations at the end of this paper.
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Figure 1. Strain and stress distribution for the wall cross section



148

Similarly,
- aj_
Cj Asj E K, €y (10)
where:
Ti = tensile force carried by steel at point i;
Asi’Asj = area of steel at points i and j;
E = elastic modulus of the composie wall;
€ = strains at point i;
di = distance of point i from the neutral axis;
Ku = contact;
b = wall width;
e " uTtimate strain in masonry;
Cj = compressive force carried by steel at point j; and
aj = distance of point j from the neutral axis.
Total tensile force T = [T,
As1E€u ) d.
Since i = number of tensile forces each carried by Aq;
~ E T = t
Id; =i (1- Ky) and 1A =A%
AtEeu
T= K, (1 - u) (11)
A(S:EEU
Similarly, €= (12)

At = area of steel in tension;

>
(@]
]

area of steel in compression;

T = total tensile force carried by steel; and
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C = total compressive force carried by steel.
The compressive force carried by masonry, based on the equivalent rec-

tangular stresses (see Fig. 1) is:

Cm = K]KUK3fmbt (13)

where:

Cm = total compressive force carried by masonry;

K1,KU,K3= constants;

f& compressive strength of masonry; and

t = wall thickness.

Taking moments about the extreme fiber in the tensile part of the cross

section yields:
b b Kyb -
T 3(1 - Ku) + Nu 5 - c(b - —5—) - Cm(b-KzKub) + Mu =0 (14)
The tensile force in Equation 14 was assumed to be distributed (i.e.,

the distribution of the tensile forces is triangle) or substitute

Equations 11, 12 and 13 in Equation 14

t
L= 52—[5;‘3 (- %) + KKK bPEEL(T = KK ) - %E—z!?- (1- KU)Z-N—‘ZJb—
But AL = A P-(—]—B-Ki‘l A1 - k)
and Ag 2 KuAS
u - i\E%ZEEIE'(Ku ) g;) B AZEi:b (1- Ku)3 ¥ K1K3Kub2tf$ ) E%E
M, = KyKgk pOt? - %L‘—tl (2 - 12k, + 85 + 2K - '\"2‘—b (15)
But M, = V,h
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B 2,01 _ AsE ub 2, 3y _ Nub
V, = FIKK3K Dty - =% y (1 - 6K, + 4K, + K ) - =] (16)

The ultimate shear force can be calculated using Equation 16 after

determining the constants K], K2, K3, and Ku.

Evaluation of constants (1) The constant "K ", which determines

the Tocation of the neutral axis, can be calculated from the elastic

stage (Fig. 1-a) as follows:

Kb Ny . Vyh  Vyh
b -& T
K-O5+JML
u 2V Ah (17)

where Z is the elastic section modulus.

For a rectangular wall cross section,

K = 0.5+ (18)

u 12 Vgh

For composite masonry walls on the basis of the values in Table 1,
= My 19
Ky = 0.5 + 0.0555 V;' (19)

For the range of precompression used in the tested walls [6, 7], and
based on Equation 19, the value of Ku can be taken as 0.6.

(2) The constant "KZ" determines the Tocation of the compressive
force. Based on the stress-strain curve for one wythe [6, 7], the fol-
Towing approximation can be made: The ultimate compressive strength oc-
curred at a strain of 0.00175 (the ultimate strain is 0.003); for sim-

plicity, the stress distribution is assumed to be as shown in Fig. 1-d

F I/EEKbe”t
1 2y u "3m

F1 = 0.292 KybKstfp
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-
1

= KA (T - <8) K bt
3m Eu u

0.42 KubK3tf$

Taking moments for the compressive force only about the neutral axis

yields:
(F1+F2)(Kub - KzKub) = F1(0.389 Kub) + F2(0.792 Kub)
1 -Kp=0.63
Ky = 0.37
and Ky = 0.292 + 0.42 = 0.712

The actual value of "Kz" should be greater than the calculated one,
due to the approximation made in the stress distribution (Fig. 1-d). The
value of "K2“ for concrete is equal to 0.5 By. If B is equal to 0.85,

then
K, = 0.425 (20)

Since the last value is slightly higher than the calculated one,
and probably more accurate, Equation 20 can be used.

(3) The constants K] and K3 determine the compressive force carried
by masonry. Table 3, using Equation 16 and the measured ultimate shear
loads [6, 7] to evaluate the contant "K]K3", shows the different values
of K]K3.

Fig. 2 shows the relationship between the .constant "K]K3" and the
value Nu/Af&. The figure indicates that:

Table 3. Values for the constant "KiK3"
Wall Wi W3 W5 W7 W9 W2 W4 Wé W8 W10

KiK3 0.6568 0.404 0.502 0.65 0.5396 0.3905 0.4394 0.4349 0.5566 0.543




152

- e

.7

.5

D

.4
™
x )
-~ K]K3— P.18 + 1.3 Nus/AfFm
L
[w] ,3 )
tw ‘K]K3" 8.88 + 1.8 HNu/Afm
=
|
<
>

.2

0O BRICK-TO-8LOCK WALLS
.1
® BRICK~TO-ARICK WALLS
2.2 - ' -

.1 .2

VALUE OF  Nu/Afm

Figure 2. The relationship between "KiK3" and N /Af,



153

N
For brick-to-block walls, KK, = 0.19 + 1.1 —=r (21)
13 AfT
N
For brick-to-brick walls, K.K, = 0.09 + 1.6 —— (22)
13 At
Based on the following values of the constants:
k, = 0.6
Ky = 0.425

E = 29,000 ksi

e, = 0.003

K]K3 = as given in Equations 21 and 22,
Equation 16 can be written as

Brick-to-block walls: V, = %[0.114 bztfr;]+ 22.81 Ab+0.16 N bl (23)

Brick-to-brick walls: Vu %[0.054 b2tf$4-22.81 Asb4-0.46 Nub] (24)

where Nu’ Vu and f& in these equations have to be in kips.

Table 4 shows the ultimate shear loads calculated by Equations 23
and 24 and compares them to the experimental ones. The table indicates
good agreement between theoretical and experimental loads.

Table 4. Comparison between Equations 23 or 24 and the experimental
ultimate shear Toads

Brick-to~block walls Brick-to-brick walls
Meas- Calculated Per- Meas- Calculated Per-
Wall ured Vy centage Wall  ured Vu centage
No. Vu Eq. 23 differ- No. Vy Eq. 24 differ-
kips kips ence kips kips ence
W1 76 80.7 6.2 W2 90 103.3 14.8
W3 64.2 96.3 5.0 Wa 94.4 106 12.3
W5 89.5 92.4 3.2 W6 85.3 85.7 0.5
W7 90 87 -3.3 W8 96 89.2 -7.1
W9 78 78.9 1.2 Wi0 90 88.6 -1.6
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Load-Deflection Curve
The load-deflection curve for composite masonry walls can be as
trilinear curve [6, 7]. The trilinear curve represents three stages, as
follows:

(1) The first stage is the elastic, or uncracked case. The deflection

is calculated in this stage using the simple equation of
A=%E§-+%g (1)

(2) The second stage is the cracked case, represented by the second
portion of the curve. The deflections in this portion were calcu-
lated using the cracked section concept assuming that the effective
area of the masonry is the uncracked one.

(3) The third stage is the ultimate shear load and can be calculated
either using the finite element [9] or using Equation 23 or 24,
Figs. 3 and 4 show the proposed trilinear curve for the masonry

walls. Fig. 3 shows this cruve for the brick-to-block walls. The deflec-

tions were calculated for the different precompression loads and indicated

no significant difference in the results, as shown in Fig. 3. Fig. 4

shows the proposed load-deflection curve for brick-to-brick walls and

shows the calculated deflections for different values of precompression.

Figs. 5 through 9 show a comparison between the proposed curve and
the experimental results for the composite walls [6, 7]. The figures
indicate the following:

(1) The proposed load-deflection curve reasonably represents the actual

behavior for the brick-to-block walls.
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(2) For brick-to-brick walls, the proposed curve deviates from the
experimental results in the second stage in particular.

The deviation shown in Fig. 7 from the experimental one may be due
to the break of the weld connecting the vertical reinforcement at the far
east end, allowing a softening in stiffness (the break occurred at a
horizontal load of 72 kips).

Table 5 compares the ultimate calculated horizontal load (using the
finite element technique with an assumed strain of 0.003) with the ulti-
mate measured horizontal loads, and with the ones calculated using Equa-
tions 23 and 24. Table 5 inciates that the predicted ultimate shear load
from Equations 23 and 24 is in good agreement with the experimental re-

sults and yields better results than the finite element method.

Table 5. Comparison between calculated "V " and measured "V " ulti-
uc um
mate shear Toads

Brick-to-block walls Brick-to-brick walls

Wall a b Wall a c

No. vuc Vuc Vum No. Vuc Vuc Vum
Wi 96 80.7 76 W2 102 103.3 90
W3 96 96.3 64.2 W4 112 106 94.4
W5 96 92.4 89.5 W6 100 85.7 85.3
W7 96 87 90 W8 102 89.2 96
W9 83 78.9 78 W10 102 88.6 90

dyltimate shear load based on finite element results [10].
byltimate shear Tload based on Equation 23.
CUltimate shear load based on Equation 24.

Figs. 10 and 11 compare experimental results for both the finite

element technique and the theory for flexural strength for shear walls
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represented by Equation 6. The allowable vertical stresses were calcu-

lated on the basis of ACI 531-79 equation [10]:

= _h \3
Fy = 0.225 f [1 - (40t) 1 (25)

The allowable force N jq = F, area (26)

The Tlast two figures (Figs. 10 and 11) and Table 5 indicate that
both the finite element using the cracked-uncracked case concept or

Equation 23 or 24 can be used to predict the ultimate shear load.
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CONCLUSIONS AND RECOMMENDATIONS

On the basis of this study, the following conclusions can be made:
That the ultimate shear load can be predicted by the modified shear

wall equation, by the finite element method, or by using the follow-

ing equations:

110.114 b2t + 22.81 Ab + 0.16 N,b] for brick-to-block walls

<
I

v
u

%{0.054 bztfé + 22.81 Asb + 0.46 Nub] for brick-to-brick walls

The last two equations give the closest values of ultimate shear

Toads to actual ones.

The constants K2, K]K3 and Ku can be taken as follows:

K2 = 0.425

K = 0.6
u

K]K

3 0.19 + 1.1 Nu/Af$ for brick-to-block walls

K K3 = 0.09 + 1.6 Nu/Afﬁ for brick-to-brick walls.

1
Tests need to be done to evaluate the constants, taking into
account the different parameters.

That the trilinear load-deflection curve can represent the actual
curve for the brick-to-block walls. Further study is needed for

predicting the Toad-deflections curve for brick-to-brick walls.
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NOTATIONS
aj Distance of point j from the neutral axis.
A Cross sectional area of the wall (gross section).
A Area of vertical steel in the entire wall section.
Ag Area of compression steel.
A: Area of tension steel.
Asi’ Asj Area of steel at points i and j.
b Wall width
cj Compressive force carried by steel at point j.
C Total compressive force carried by the cross section.
Cm Compressive force carried by the masonry.
di Distance of point i from the neutral axis.
E Elastic modulus of elasticity of the composite wall.
fy Yield stress for steel.
f$ Ultimate compressive strength for masonry
fv Allowable shear stress for masonry shear wall.
Fa Allowable compressive stress for masonry shear wall.

F],F2 Compressive forces for the cross section of the wall.

G, G Modulus of rigidity of the composite wall

h Wail height

I Moment of inertia about the y-y axis of the wall cross section.
K],KZ,K3 and Ku Constants

Mu Ultimate moment at the base of the wall.

N Allowable precompression Toads

all,



Vult.

Va]]

e . and

171

Intended precompression loads.

Vertical precompression load, kips.

Thickness of the wall

Thickness of block wythe.

Thickness of brick wythe.

Thickness of grout wythe.

Total tensile force carried by the tension steel.
Tensile force carried by the steel at point 1.
UTtimate shear stresses.

Lateral (in-plane) load applied at top of the wall.
Allowable lateral load.

Ultimate lateral load, kips.

Calculated ultimate lateral load, kips.

Measured ultimate lateral load, kips.

Elastic section modulus of the composite wall.
Horizontal deflection at top of the wall.

€4 Strains at points j and 1.

Ultimate strain of masonry wall.

Constant.

Poisson's ratio in the x-y direction.

Poisson's ratio in the y-x direction.



172

TENTATIVE DESIGN CRITERIA FOR REINFORCED COMPOSITE MASONRY WALLS

Notations

Ag Gross area for the composite wall cross section.

A Area of vertical reinforcement in the wall cross section.

b Wall width.

fy Yield stress for the steel reinforcement.

fé Ultimate compressive strength for composite masonry prisms.

h Height of the wall.

My Factored ultimate moment at the wall base, due to the effect
of the shear Toad.

Nu Precompression total vertical load, applied at the top of the
wall.

vy Factored ultimate in-plane shear stresses at top of wall, based
on gross area.

Vi Nominal shear load.

Vu Factored ultimate in-plane shear load.

) Constant equal to 0.7 for bearing failure.

Définition
Masonry elements composed of more than one type of masonry are
known as “composites". One of the different shapes of composite mater-
jal is the multi-wythe wall. These wythes can be made of blocks or
bricks. The space between the wythes can be grouted and reinforced;
so can the holes of the masonry. The composite wall here considered

has two wythes with a reinforced grouted joint.
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Failure Modes

The possible failure modes are:
(1) flexure;
(2) bearing;
(3) diagonal shear;
(4) sliding shear;
(5) transverse shear;
(6) bond:
a) between brick and mortar (along bed joint);

b) between brick and collar joint;
) between block and collar joint;

(

(
(c
(d) between block and mortar (along bed joint); and

(e) between steel and grout. |

(7) buckling of reinforcement.

The following design criterion was developed based on the flexure failure

mode.

Shear Strength

(1) The ultimate shear load shall be based on:
Vy

My
Mo~ (1b)
(2) The factored ultimate shear force shall be calculated as:
Yy = .M.! = gM_n.
u h h
where: My = 0.114 b2tf) + 22.81 Agb + 0.16 Nyb (2)
or My = 0.054 b + 22.81 Agh + 0.46 Nyb (3)



(3)

(1)

(2)

(3)
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where Equation 2 is used for brick-to~block walls and Equation 3
is used for brick-to-brick walls.
The factored ultimate shear stresses should be calculated on the

basis of total actual gross area of the wall cross section, or
v, = Vu/Ag (4)

The allowabTle loads and stresses should not exceed the values

calculated from Equations 2 through 4, taking into account a

safety factor of 3.0.

Compressive Strength
A minimum of three composite prisms in accordance with ASTM Specifi-
cations [5] should be built for each type of wall, using materials
and thicknesses similar to those of the walls. The ultimate com-
pressive strength can be determined by testing these prisms. For

design and analysis, f& should not exceed the least fé of the

individual wythes.

Reinforcements
Reinforcement shall be placed in the collar joint. Reinforcement
may be needed in the masonry wythes for other purposes.
Reinforcement needed for such walls is the minimum reinforcement for
masonry walls (i.e., 0.002 times the gross area as total reinforce-
ment, but not less than 0.007 times the gross area in either hori-
zontal or vertical directions).

Horizontal reinforcement is not necessarily needed in the bed
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joints. Metal ties can be used to hold the two masonry wythes

before grouting.

The reinforcement should be continuous through the floors.

Method of Analysis
The wall should be treated as a cantilever beam fixed at the base

and free at the top.

Equation 2 or 3 is recommended for use in the calculation of

‘u1timate and allowable loads and stresses.

The finite element analysis for two-dimensional stresses can be
used in conjunction with the concept of the cracked-uncracked

section to better understand the wall's behavior.

Building the Wall
The wall may be built as follows:
Build the first wythe completely;
Place the reinforcement in the collar joint and hold to the metal
ties;
Build part of the second wythe and wait for one complete day;
Grout the complete first part and finish building the second; and

After another complete day, grout the rest of the wall.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Based on this investigation, the following conclusions can be made:
Using the composite masonry wall with grouting and reinforcing the
collar joint versus the block wythe increases ultimate shear force
by 15%, the initial stiffness by more than 300%, and the first
crack load by 43%.
The finite element technique with the cracked-uncracked case con-
cept can be used to predict the ultimate shear capacity and load-
deflection for composite brick-to-block reinforced masonry
walls.
Ultimate shear load can be predicted based on an assumed ultimate

strain of 0.003, using the finite element method or the composite

masonry wall equation. These equations are as follows:

<
i

%{0.114 bztfé + 22.8] Asb + 0.16 Nub] (brick-to-block wall)

v

u %{0.054 b2tf$ + 22.81 Asb + 0.46 Nub] (brick-to-brick wall)

The composite masonry wall equations gave the best.estimate for the
ultimate shear load.

The load-deflection curve for the composite masonry wall can be
assumed trilinear.

The assumption of composite action for the wall was valid.

The allowable stresses (Vall) can be calculated for brick-to-brick

walls using a safety factor of 3 as follows:



(11)

(12)

177

Va1 T 47 + 0.0625 9

where: o, is the precompressive stress (psi); and
Va1l is in psi.

The effect of precompression load on both the load-deflection curve

and the u]timate shear Toad is small for the range that is used in

these tests.

The allowable value of the shear stresses given in the UBC Codes is

applied for the composite wall.

The ultimate shear stresses for the tested walls ranged as:

Brick-to-block walls - 150.7~204.6 psi

Brick-to-brick walls - 196.8~221.3 psi

Joint reinforcement reduces the ultimate shear load but not signifi-

cantly (= 6%). This reduction agrees with simifar conclusions for

Toad bearing single wythe walls.

The allowable shear-bond stresses (VSB) can be calculated. based on

safety factor of 3.0, as follows:

Vep = 38.9 + 0.0103 fé

SB

where VSB and fﬁ are in psi.
The steel did not yield in any wall, even though it was the minimum

amount allowed by the ACI Code.

Recommendations

Application of the finite element method in conjunction with the

theory for flexural strength resulted in good agreement between predicted
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ultimate shear load and behavior of the composite masonry wall when
compared to the experimental results. The following recommendations

for further studies can be taken into consideration.

Experimental studies

For experimental tests to be conducted for composite masonry walls,
the following parameters need to be considered:
(1
(2
(3
(4

) Wide range of height-to-width and height-to-thickness ratios.
) Wide range of precompression stresses.
) Different values for reinforcement.
) Different types of mortars, joint thicknesses, and strengths for
masonry joints.
(5) The effect of the collar joint thickness.
(6) Conducting control tests to determine:
(a) Ultimate strength for mortars, grout and masonry in compres-
sion, tension, and shear.
(b) Stress-strain curves for different materials and for the
composite section; and
(c) Bond strengths between both mortar and grout, with both brick
and block, in both shear and tension.
(7) The effect of different boundary conditions should be investigated.
(8) Tests need to be conducted to evaluate the constants K2’ K]K3 and
Ku for the rectangular stress block.
(9) The actual stress distribution for the wall base needs to be

known.
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Analytical studies

For analytical studies to be made, the following parameters need
to be considered:
(1) analysis of the composite wall using the finite element method
with a wider range of actual strengths for different materials
used in the composite wall; and |

(2) ‘different boundary conditions.
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APPENDIX. SHEAR WALL DESIGN [3]

Consider a 25-story building, as shown in the figure below.

late forces on walls B & C at the 10th floor level, assuming:
Story height = 10 ft.
Effective wall thickness = 9" with 80% solid loads:
L.L. Roof = 30 psf
Floor = 40 psf
D.L. Roof = 80 psf
Floor = 100 psf

Floors assumed to span in E-W direcfion

Walls = 60 psf.

10
y 10— 20" 30 —— 20 ——
Ao 1w 1 T 1
+ ‘
A B B T A 25
d + o
i S B S ]
20— f— |
A B B| 20 A 25
L o=
30tk 30" L300
, 90" - - N

Consider wind as:
(a) wind pressure, 50 psi

(b) wind pressure, 25 psi

Calcu-~
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Wall Properties

Effective thickness = 0.8x9 = 7.2" = 0.6 ft.

Wall A
N-S direction Effective flange length (3.8.10.2 NCMA Specifi-

cation for the design and construction of load bearing concrete masonry)
+ 6 tofs, = 6(0.6) = 3.6 ft.
Area = 3.6(0.6) + 25(0.6) = 17.16 ft°

TAX = 3.6(0.6) % + 25(0.6)(%) = 188.15 ft’

- _ 188.15 _
X —T7‘:—-r6— = 10.96 ft.

I % (3.6x0.6)(0.6)% + % (25x0.6)(25)2 - 17.16(10.96)2

4

1063.97 ft

S S 3
S = 5eyggg = 75-78 ft

E-W direction

Area = 3.6(0.6) + 0.6(10) = 8.16 t°

A% = 3.6(0.6)(0.3) + 0.6(10)(5) = 30.65 ft°
- _ 30.65 _

X = 576 3.76 ft

% (3.6x0.6) (0.6)2 + & (.6x10)(10)% - 8.16(3.76)2

—
It

4

84.9 ft

- 849 3
S - ]0-3.76 - ]3.6-’ ft
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Wall B
N-S direction
Area = 20(0.6) = 12 ft2

2
= 1202007 _ 4og £t
12

s = 12{20) - 49 £
E-W direction
S~0

Wall C

N-S direction

S=z0

E-W direction

Area = 25(0.6) = 15 ft°
2
_15(25)% _

- 8(25) . 655 14

wm
I

Wall D

—

N-S direction Neglect the web
2

Area = 2(12)(0.6) = 14.4 ft

2
I = ]41‘2‘ 12) " = q172.8 74

g = 14.4 12) _ 28.8 Ft3

E-W direction

A = (30-0.6)0.6 + 2(12)(0.6) = 32.04 ft2
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. 29.4(0.?;(29.4)2 + 24(0.6)(15)2 = 4510.6 ft*

S =i"-5-}—24§-= 300.7 ft3

Wali N=-S direction E-W direction
Area I S Area I S
A 17.16 1063.97 75.78 8.16 84.9 13.61
B 12 400 40 - 0 0
C - 0 0 15 781.25 62.5
D 14.4 172.8 28.8 32.04 4510.6 300.7

Distribution of Lateral Load

-1
150
75 40
T 10th floor Tevel
50 ] 30
20 50 25| |
30 40 20
7‘4_ ’ pa— .
Case (a) for 50 psi wind pressure Case (b) for 25psi wind pressure
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Case (a) Case (b)

N=-S direction

75(150)(90) _ 40(150)(90) _
75(150)(75)(90) _ 40(150)(75)(90) _
E-W direction
75(150)(60) . 40(150)(60) _
Total V T000 675 k _—iTﬁﬁUL'_" 360 k
75(150) (75) (60) _ 40(150)(75)(60) _
Total Mo 000 = 50,625 k-ft 1000 = 27,000 k-ft
# of % of Case (a) Case (b)
Wall I Total I
walls Toad v Mo v Mo
N-S direction
A 1063.97 4 4255.88 70.6 714.8 53,612 381.2 28,593
B 400 4 1600 26.5 268.3 20,124 143.1 10,733
D 172.8 1 172.8 2.9 29.4 2,202 15.7 1,175
E-W direction
A 84.9 4 339.6 5.3 35.8 2,683 19.1 1,431
C 781.25 2 1562.5 24.4 164,7 12,353 87.8 6,588
D 4510.6 1 4510.6 70.3 474,5 35,589 253,1 18,981

IN-S 6028.68
IE-W 6412.7
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Vertical Load

Wall B
Total D.L. = 22[(80)(30) + 14(100)(30)1 + (20)(15)(10)(60)
= 1156.8 k
Total L.L. = 22 [(30)(30) + 14(40)(30)]

389.4 k

Total reduced L.L. (R.L.L.)
22[(30)(30) + (40)(30)1 + 13(22)(0.4)(40)(30)
183.5 k

n

]

Total V.L. Toad = 1340.3 k

Wall ¢
Total D.L. = (80)(5)(15) + 14(100)(5)(15) + 15(60)(10)(25)
= 336 k
Total L.L. = (30)(5)(15) + 14(40)(5)(15)

44.25 k

]

No reduction in L.L. permitted because of small contributing area per

floor.

Total V.L. Toad = 380.25 k

For Wall

For Wall B

Wa
N-S direction
v

= 268.3 k (Case a)
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V = 143.1 k (Case b)
Nu = 1340.3 k

V= 3.3 k/ft (Case a)
V = 4.29 k/ft (Case b)
Nu = 16.75 k/ft

For Wall C

E-W direction

V= 164.7 k (Case a)
V=287.8k (Case b)
Nu = 380.25 k

V =3.3 k/ft Tong (Case a)
V =1.,75 k/ft long (Case b)
Nu =7.6 k/ft

For panels of 4-ft. wide, the actual forces will be as follows:

Case a Case b
Wall v Ny v Ny
(k) (k) (k) (k)
B 13.4 67 17.16 67
C 13.2 30.4 7 30.4
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NOTATIONS
A Cross sectional area of the wall; in.2.
I Moment of inertia about the N-S axis; in.4.
M, Bending moment at the wall base; k-ft.
Nu Ultimate vertical load; kips.
S Elastic section modulus; 1n.3.
topse Effective thickness of the wall; in.

v Horizontal shear load; Kkips.
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