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ABSTRACT

The literature survey presented collates most of the available
relevant information on the transverse or out-of-plane strength of
masonry walls. The report discusses several of the test techniques
used and summarizes the most significant available test results.
Formulations for predicting the capacity of walls subjected to trans-
verse loads are presented together with their correlation with
experimental results. Also included is a section relating test results

to present design practices and code requirements.
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1. INTRODUCTION

An important consideration in the analysis and design of a
masonry building is its ability to withstand lateral loads. Figure 1.1
shows a schematic drawing of the load transfer mechanism of a wall
subjected to lateral forxces - either wind or earthquake. The lateral
1oadé act on Wall A and are transferred to Wall B by horizontal
diaphragms which may include the floors and/or roof of the structure.
Consequently, in the design of a masonry building there are three
important factors to consider: (1) the ultimate in-plane shear
capacity of Wall B; (2) the shear transfer capacity between the
diaphragm and Wall B, and (3), the out-of-plane flexural capacity of
the transverse Wall A.

The in-plane shear strength of masonry walls has been the sub-
ject of three recent reports by Mayes and Clough(l'2'3), and the
objective of this literature survey is to summarize most of the
available information on the out-of-plane flexural capacity of masonry
walls subjected to transverse loads. Chapter 2 describes most of the
test techniques that have been used to simulate transverse loads on
masonry walls. In Chapter 3, test results on the transverse strength
of masonry walls are summarized. In Chapter 4 formulations to predict
the transverse flexural capacity of masonry walls are discussed. 1In
Chapter 5 present design practices are considered with regard to

transverse load test results.
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2, TEST TECHNIQUES

2.1 Introduction

In order to determine the flexural capacity of a masonry wall
subjected to transverse loading, several kinds of test techniques have
been used in laboratory test programs. One of the most common and
frequently used methods is the air-bag test described in Section 2.2,
which usually uses a large wall panel as the test specimen. Small
specimens are used in the wallette test discussed in Section 2.3.
Other methods used by investigators include the use of hydraulic jacks
to apply line loads to the wall. Dynamic tests have been performed

with explosive or pulse loadings to simulate gas explosions on a wall.

2.2 Air-bag Tests

Typical transverse air-bag test equipment for full-size walls
is shown in Figs. 2.1 and 2.2. It consists of a movable restraining
steel frame with a plywood backboard stiffened with steel channels.
Seamless steel pipes welded to steel channels provide support behind
the test specimen. These support members are firmly attached to the
retaining framework in positions that provide the required vertical
span for the specimen, which is usually 7.5 ft. An air-bag (nylon
reinforced neoprene or polyvinyl sheeting, etc.) is hung between the
backboard and the face or compressive side of the test wall. The air-
bag is inflated with air from a compressor to produce a uniformly
distributed transverse load over the face of the wall. Pressure in
the system is measured by means of a manometer or pressure transducer.

The transverse load is applied in increments (usually four psi)

and deflections at every one-third point along the height are measured
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by dial gages or transducers and recorded at each increment. To
prevent complete collapse of the wall at failure and resulting damage
to the displacement equipment, wood restraining members are generally
clamped to an adjacent steel frame. As shown in Fig. 2.2 these wood
restraining members are far enough away from the tensile side of the
wall to permit maximum deflections of the wall.

The test procedure described above is in accordance with

ASTM E 72—61(4)

which specifies (paragraph 20(6}) that the load shall
be applied to the outside face of three test specimens and to the
inside face of another three. Most investigators, however, tested
with the load applied to what would be considered the "outside" face
only. In the case of brick-block composite walls, a load is applied
from each side(S).

The walls are considered non-load-bearing walls when only a
horizontal transverse load is applied. When both a transverse load and
a vertical compressive load are applied(5’6), the walls are considered
load bearing walls. When there is both vertical and horizontal loading,
the vertical compressive load is applied first and after the desired

stress level is reached, the transverse load is applied and gradually

increased until the specimen fails.

2.3 Wallette Tests

A second test, frequently used to determine the flexural strength
of masonry walls, is the wallette test as shown in Fig. 2.3. A 2-block
high prism (described in ASTM Standard El49-66(7)) is usually used in
this test, although sometimes 3~block or 4-block high prisms are used.

A comparison of results from the air-bag system and from the

wallette test is given in Section 3.6.
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FIG. 2.4 TRANSVERSE TEST BY SINGLE-LINE LOAD
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2.4 Other Static Tests
Some transverse load tests have been conducted with the use of

8 .4 . . ,
hydraulic jacks( :9,10 O). An example is shown in Fig. 2.4(10).

A
line load is applied at the mid-height of the test specimen by an
hydraulic jack. Figure 2.5 shows another example where two line loads
are applied (through rollers) at the outer guarter points of the
height of the wa11(40). In this case, the total load theoretically
produces the same maximum bending moment as that induced by an equal
total wind pressure uniformly distributed over the wall. Actually the

load is applied to the face of the wall by rollers or similar devices,

and care must be taken to avoid a local failure at the loading point.

2.5 Dynamic Tests

Some transverse dynamic load tests have been conducted in order
to test the resistance of a masonry wall to a blast load such as a gas
explosion. An example of the blast loading technique is a recent
series conducted by the UAS Research Company(ll to 16). The test
setup for this program is shown in Figs. 2.6 and 2.7. Tests of masonry
walls under blast loading were also carried out by McKee and Sevin(l7).

Another dynamic loading test was conducted by Morton and
Hendry(ls). The walls used in this program were one-third scale brick
subjected to precompression. Twenty-three walls Qere tested to
failure using a lateral dynamic pulse applied as a line load to the
wall at mid-height. The lateral strengths of the walls for both
dynamic and static loading were compared, and it was concluded that

the different rates of loading have little effect on the ultimate

strength of masonry panels.
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13
Monk(40) conducted impact loading tests for full size SCR masonry
wall panels (4 ft. x 8 ft.), using a sandbag as shown in Fig. 2.8.
The bag is raised and then released producing an instantaneous load
on the wall at impact. The walls are tied to the support rollers to
hold them in place when complete failure takes place; tying does not
restrict the walls from rotating around the supports. The bottom of

the specimen rests on rollers.
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3. FACTORS AFFECTING THE TRANSVERSE STRENGTH OF MASONRY WALLS

3.1 Introduction

Factors generally included in formulations to predict the
transverse strength of a masonry wall include the tensile and com-
pressive strength of the masonry, the vertical load and the amount of
reinforcement. Variables that affect the transverse strength but which
are not directly included in the formulations are the strength of the
masonry units, the strength of the mortar, the initial rate of absorp-
tion of the masonry unit, the thickness and width of the mortar joint,
the pattern in which the units are laid and the workmanship.

A substantial number of research programs have been conducted
in an attempt to determine the effect of the above variables on the
transverse strength of masonry walls. A summary of most of the test
programs that have been performed is given in Table 3.1 together with
the appropriate reference. The tests on solid brick walls, hollow
clay brick walls and concrete block walls are listed separately.
Although the influence of the variables mentioned above are inter-
related, they are discussed here separately. Formulations to predict
the transverse strength of masonry walls are discussed in the following

chapter.

3.2 Effect of Masonry Unit Strength and Initial Rate of Absorption
The two major properties of a masonry unit that affect the bond
strength between the masonry unit and the mortar are the strength and
initial rate of absorption (IRA) of the unit. The Structural Clay
Products Research Foundation(lg) investigated the influence of these

two variables and found conflicting results.



16

S z oN beq xte " 8 X L°C “ CGv:% T g x v x ¢
) S
. FTUn q3IbUsAIS— U (PoN 9 N < " < “ (9:1%T) 3
43 3T yibusais-ybty € N é ON ¢ " (€:%:1) ¢
" € " " " " " (9:1:1) "
" € " " " n " aN\_v umm T v “
ov 3 ON yoel “ " " (€:%:1)| 51T X %S
oy TneIpAY X 9/1-2
" N v EEI " ¥ " " " "
" ITUD IND-BATY 4 ON " " N " " ..
.. M 5 S9X N N " “ " "
N JTUN PTTOS Z ON " " " " " "
" N 9 EEF " B " " “ "
" N F4 ON N " " " puoq "
~-ubty
" " S SOA “ " » " “ N
H
g FTo YO Tiq pexoy Fa " " ON 8 X ¥ " (D8 X v X ¢
T STigm bulxesq pexny v M " EEYS T X v " 7o) B
-ona3s Jjo so1x Aq pe
~3x0ddns aJxe STTem OM]
Tt v N B SIX u " < "
&3 T N “ N 0T X & " e 6 XGSXE€E
37 S B N " " " " 0T X6 X €
61 #O0T TUNTPSK ST " " " " " " "
‘ybTH UITM @peab
MoTxq 8yl burbueyd
0z € ON beq-ite ON 8 XV SuIkm | G¥:%:1){8 X ¥ X € ¥0O1ag
atbuts S ptios
peoTT prO1 Jusu H X M uor3edII [(S:1:D) |7 X M X H [uor3eoTy
53595 [eatssaxdwo) | ssavASURIY, | —80I0JUTIY | (3F) SZTIS -1SSRTD ARJIOW | (Ur) 8|2TS -1sserd
*OoN 30
39y SI9Y30 *ON peot TTEM s{etiolen

53S9, pPROT 9sIdASURLL JO ISTI

1°¢ 219eq



17

" n € n [ 1] " It AN.\—w uw\— : Hv "
" " € .. soel N N N (€:%:7) N
arneipiy
" w 3 9 3oedut " B N B B
o Tueulp
oy O TIY WIS £ ON el " 8 X ¥ " (9:1:1) ZIT X %S
oTTneIPAY g X 9/1-C
€T 9 " w " " " " "
91 sbutuado %0z 1T SoA 3serq " 8 X 8 ELEVDY s| 8X¥vXE€E
aAey weyl JO omg, oTbuts
B 4 " " " u " (9:0:1) B
" 8 B " " wo EHEYNY) (€:0:T) 0'¢ =1
a1qnog
" €T " ssTnd " " N " N
o TueuiAp
81 € " sxoel N 9°Z X ¢ " (€:0:71) ST =13
ofTneapiy a1eos
pxty3g-suo
S [4 S9A beq 1Te ON 8 X L'¢ kM | Bp:%1) | 8 X ¥ X € N0 TIH
aTbuTS ] PTIOS
peoT peoT FYET] HX M UuoT3ed13 (S:1:0) { T X M X H |UOT3edT3
s3s9 | 9aTssexdwo) | asasasuriy, |-90X0JUTSy | (3F) 9zTS ~TISSeTD IR1ION (ut) @21s -Isse1)D
*ON Jo
* I SI2Yao “ON prol ITeM STeTIdey

(*3U0D) $383], PLOT 9SADASURIJ, FO IST]

1°¢ 919l




18

“ 1 " u " " " (P:5%1:T) 8 X Z Xy
CT X v X g
il xB8 xXg
“ T " " u " a31s0d " CIXVRCT
—-woD 3 ZTX8XCT
" [4 B " u " " (9:51:1) ZIXTTXZT
B € " " N N " N ZIX8X%9
" [4 " " n u " “ Tt X8 xg
" T » o n " " (P:5T:T) [S ¥ 8 X 2T
" T “ " " " " " ZTX8X%01
" € “ " " " n (9:5T: 1) "
" 6 " n " “ " (v:%1°1) "
n ’ 4 “ " " “ " (€:0°T) "
6 4 S9X spoel n 6 X 9 aqI&M | (£:%1:0) ZTX8XRCT
oTTnRIpPAY a1butg
ov 913 Te3jsut 3 (41 " “ " " a3t1sod (9:1:T) JZT X ¥ X 9
puoq Axuosew IO ‘9100 ~woy N 3
TPIUOZTIOY § TeOTIADA T XZ X9
3o 309339 ay3 axedwo)
" € " " “ " “ " 9T X § X 8
8¢ XeTd 30 @2x00 TejuOZ| 9 u " " " " w Xy X9
—-TI0Y puU® 3100 TeoTIIdA
Jo 2309339 9y3z axeduo)
u € " " " 8 X ¥ " " "
" 2 " u « 8 X ¢ " u T X8 X ¥
" € « " " 8 X ¥ " « "
0z ) oN beq-ite ON 8 X ¢ oy fy | G %) |21 x 9 x ¥ Ae1D
o7buts s MOTTOH
peol peoT Jusur H XM UoT3edT3 (S:71:0) T X M X H [uoryediy
159y, | @atsseadwo) | esasasuea], | -sozojursy | (33F) °2TS -Isse1)d IR} IOW (ut) ©218 -188®1D
*ON jo
*3°4 SIBNI0 *ON peoq Trem sTetIa} el

A.UGOOV $3189], PRO] IsI2ASURL] FJO ST

1°¢ 31988




19

B " 9 " w " N N w ZIx8xz1
“ " 3 N N N “ " w TT X9 Xg
B N € N " N N N N ZTX9%Z1
" autol psq o3 9 N " R 8 X ¥ u " TTXp X§
1orTexed ueds TTeEM
N N 9 N " " o N N ZIX8XZ1
N B € " " " " B N TT X9 X g
N w € w N N N " ” ZTX9XTT
6¢ 3urol paq o3 9 OoN beq-xTR ON v X8 WM | Goik ) [ 2T X v X § Re1d
Tewzou ueds Trem arbutg S MOT TOH]
peo] prog Jusut HXM uoT3esT3y (S:1:D) T X M X H |uoTaeoty
$3S9], | 9ATSsaxdwo) | esxsasueay, | -soxogutay | (3F) °2TS ~-Tsse[d ARJAON (ut) =218 ~ISSeT)
.umm sI9U30 .wm peo] TTEeM sTetaolen

(*3U0D) $3S3], pROT 9SIVASURI, FO IASTT
1°€ 21925



20

" v EEP B " " B " "
" v ON " uro(-sax " 3ooTq W 9T X 9 X 8
~3}otaq 3
931 sodwod 8 Xp X €
" 9 S8X " " " " " "
S 4 u beq-ate ON 8 X L°C " (57:5%:1) |9T X 9 x 8
s
" OT/L-v ' %€ € " " " £ X8 ERErY " 9T X 8 X 8
‘! Z Sse pobueydo ST By aThuts
" € N " jutol-sax N B N B
8 € ON el " € X 8 Kataed| (g:1:2) |9T X 8 X ¥
oTnexpiy p~C-¥
u 9 S9X N " " " " "
" 1 ON B " " 3o0Tq N R
-yoraq
93 150dwoo
N 9 S9& " " “ N " "
N T ON " N N X31A€0 N 8XtXg 3
300Tq 9IXpX8
~¥oTag
v-7-¥
" v S9X " " " N " "
" A oN w " : Aytaed " 9T X ¥ X 8
v-2-v
u " 0T EEF " u " " N "
“ 3TuR PILOS 4 ON " " " " (€:0:7)
N "
“ " S S9K N " N " " B
" " € ON B “ " " puoq-ybTy "
" " v mmw n 1] " " H n
9 ITUn MOTIOH T ON beq-xte ON 8 X ¢ oux&m | (€:0:1) (9T x 8 X 8 3001
aTbuts N 939I0UO0)
peot pRO1 JuswW HXM UOIZROTI (s:1:0) T X M X H [uotledty
$3859], | oaTssaaduo) | es10ASURL] | -90X0JUTSY | (3F) oZIS -TsselD IRJAOK (ur) a2ts -Isse{)
*ON 3o peoq TI®M STeTI9}eR
* 3oy sI8Y30 " ON

(-3uoD) s389] proT ¥sidasuel] JO ISTT

1€ 319®L




21

In one series of fifteen tests on claybrick panels using the
air-bag test setup of Fig. 2.1, the only variable included in the
program was the strength of the masonry unit. Aall fifteen walls were
built with the same type "S" mortar and the same joint thickness. The
dimensions of the brick units are shown in Fig. 3.1 and the physical
properties are listed in Table 3.2. The results of the tests are
summarized in Table 3.3 and the load-deflection curvés for the three
sets of wall specimens are plotted in Figs. 3.2(1) to 3.2(3). The
test results indicate that a lower brick strength gives a lower
ultimate transverse strength of the wall and a lower modulus of rupture.
Furthermore a lower brick strength gives a lower modulus of elasticity
resulting in larger lateral deflections. It should be noted that the
initial rate of absorption of the high strength units is 4.0 (grams
per min. per 30 in?) while that of the medium‘and low strength units
is 14.8 and 24.1, respectively. Consequently it could also be con-
cluded that higher transverse strengths are associated with the
lowest IRA.

In the second series of tests, 135 wallette specimens were
tested in the setup shown in Fig. 2.3. The specimens were 4 inches
by 4 inches by 16 inches long and were constructed with type "S"
mortar and 27 different types of brick units. The investigators
concluded that the property that appears to have had the greatest
influence on the transverse strength of the wallettes was the initial
rate of absorption (IRA) or suction of the unit at the time of laying.
The effect of the IRA is shown in Table 3.4 and indicates that lower
transverse strengths are associated with IRA's of less than 5 grams

. .2
per min. per 30 in? and greater than 30 grams per min. per 30 in. .
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Effect of Brick Suction on Transverse Strength

of 4-In. Brick Masonry Wallettes®*

Suction Wallette Strength
of
g peirgii per MOdz;us Strength
30 sg in. n Rupture Ratio
psi
Less than 5 30 113 0.84
5 to 30 80 135 1.00
Over 30 25 98 0.73

*
16 by 16-in. wallettes built with type S mortar and

3/8-in. joints

from reference (19)
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The contradiction in the two sets of results led the
investigators to conclude that other variables affect the bond
developed at the brick mortar interface; e.g. the character of the
bedding surface and the extent to which mechanical interlocking of the
mortar -with brick is achieved. The investigators suggested the
possibility of developing a measure of surface toughness, not only at
the surface itself but the size, shépe and depth of pores contiguous

with the surface of the brick.

3.3 Effect of Mortar

As stated in Section 3.1 the transverse strength of a masonry
wall is primarily affected by the bond characteristics between the
masonry unit and the mortar. The bond developed at the interface, in
addition to being a function of the properties of the masonry unit, is
also related to the properties of the mortar. Several investigators
have attempted to isolate particular properties of the mortar that
affect the bond at the unit-mortar interface. These include the com-
pressive and tensile strength of the mortar, the thickness of the
mortar Jjoint, and the width of the mortar joint. Research programs
associated with each of these properties are discussed separately in

the following sections.

3.3.1 Effect of Mortar Strength

Stang et al.(g) in 1926 conducted a series of twenty-seven
transverse wall tests using various types of clay tiles, both wetted
and dry at the time of laying, and mortars of various strengths. The

walls were 2 ft. long and 6 ft. wide and were loaded with two line

loads applied through timber members by hydraulic jacks. The walls
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Table 3.5

Results of Transverse Tests of Hollow-Tile Walls

Wall designa- tg?ii— Descripti?n ?f tiles and size| Maxi~ | Distance Eq;;zi- Modulus
tion ! ness in inches mum between f of
X uniform
load restraints load Rupture
inches pounds inches 1bs/ft° le/inz.T
1-E~1 8 6-cell, 8 by 12 by 12 1,080 106 27 18
1-8-1 8 do 1,970 108 49 39
1~-E-2 8 do 2,080 107 52 41
4-E-2 8 do 2,390 105 60 47
1-5-2 8 do 2,900 109 71 62
8=5~2 8 | H-shaped, 8 by 10% by 12 4,350 92 115 73
1-M~2 8 6-cell, 8 by 12 by 12 1,570 107 39 29
1-E-3 8 do 1,670 107 41 32
5-E~3 8 do 1,980 102 50 36
6~E-3 8 XXX, 8 by 12 by 12 1,980 107 49 . 39
7-E-3 8 do 2,190 104 55 | 41
9-E-3 8 | Pouble shell, 8 by 12 by 5 3,320 107 82 70
1~S~3 8 6-cell, 8 by 12 by 12 2,700 109 66 57
4-S-3 8 do 2,080 110 51 44
5-5-3 8 do 1,980 105 50 38
6-5-3 8 | XXX, 8 by 12 by 12 2,410 105 60 47
10-8-3 8 2-cell, 8 by 5 by 12 3,010 104 76 60
13-5-3 8 3-cell, 8 by 5 by 12 3,630 103 92 72
14-5-3 8 | T-shaped, 8 by 6% by 12 1,980 106 49 38
15~5-3 8 do 2,500 108 62 52
1-E-4 8 | 6-cell, 8 by 12 by 12 2,660 106 66 53
1-S-4 8 do 4,450 109 110 98
2-E-2 12 6-cell, 12 by 12 by 12 5,580 105 140 49
; 6-cell, 8 by 12 by 12

(1+3)-E-2 12 3-cell, 3-3/4 by 12 by 12 5,690 106 142 50
2-5-2 12 6-cell, 12 by 12 by 12 6,100 108 151 57
(104+11+12)-s-3 12 Faced with brick 6,100 106 152 55
14~5~3 12 T-shaped, 8 by 6% by 12 4,870 106 121 42

1The symbols listed in this column represent, in the order used:
and mortar number.

tion,

Table 3.6

Tile lot number, construc-

Average Strength of Mortar Specimens

s Average
Speci- Average
Moxrtar . mens comT tensile
Number Proportions (by volume) tested pressive strength
strength
1bs/in? lbs/in®
1 14L:3s 12 85 14
2 1c:1%1:65 81 760 80
3 1C:1%L:4s 105 1,190 135
4 1C:3s 12 1,990 155
from reference (7)
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were simply supported at an interval of approximately 9 ft. An
equivalent uniform load at failure was calculated that gave the same
bending moment as the two line loads at the center of the simply
supported panel. The results of the tests are given in Table 3.5 and
the mortar strengths in Table 3.6. All walls constructed with mortar
types 1, 2 and 4 were laid with dry tiles while those constructed with
mortar type 3 were laid with wetted tiles. The failure mode of all
walls was a tensile failure between the mortar and the tiles. A
comparison of the strengths of equivalent wal;s constructed with
different mortar types indicates that the wall strength increases as
the mortar strength increases i.e. Walls 1-E-1, 1-E-2 and 1-E-4 had
wall strengths of 18, 41 and 53 lbs/in?, respectively. Walls 1-S-1,
1-8~2 and 1-S-4 had strengths of 39, 62 and 98 lbs/in?, respectively.
The compressive strengths for mortar types 1, 2 and 4 were 85, 760 and
1990 1bs/in?, respectively. Similar walls constructed with the wetted
tiles, i.e. 1-E-3 and 1-S-3 had wall strengths of 32 and 57 lbs/in%,
respectively. The compressive strength of mortar type 3 was 1190
lbs/in? . This series of results indicates that an increase in the
moisture content of the walls decreases their strength. This is
illustrated by the fact that walls 1-E-2 and 1-S-2 constructed with

a weaker mortar had dgreater wall strengths than the corresponding
walls 1-E-3 and 1-S-3.

In research performed at the Structural Clay Products Research
Foundation (SCPRF)(lg) the effect of the tensile strength of mortar on the
transverse strength of 4 inch flexural wallette tests was investigated.
All 16 inch by 16 inch wallettes were built with the same type of brick
(11,771 psi) with a constant 3/8 inch joint thickness. The four types

of Uniform Building Code mortars (Type M, S, N and 0) were used and the
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Table 3.7

Effect of Mortar Tensile Strength on
Transverse Strength of 4-In. Brick Masonry Wallettes*

Mortar Wallettes
Modulus
Proportions Tensile of Relative
% %
Type by Strength n Rupture Strength
Volume psi .
psi
M 1C:%L:3s 278 5 137 1.10
S 1c:%1.: 448 200 5 125 1.00
N 1C:11.:68 128 5 96 0.77
0 1C:2L:98 48 5 85 0.68

*16 by 16-in. wallettes built with same type of brick (11,771 psi)
and 3/8-in. joints

**28~day strength of air-cured briguettes

from reference (19)
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results are shown in Table 3.7. The modulus of rupture of the wallettes
increased with increasing tensile strength of the mortar. Furthermore,
the increase in tensile strength of the mortar is also associated with
an increase in compressive strength of the mortar and consequently, it
could be concluded, that the modulus of rupture of the wallettes
increases with increasing compressive strength of the mortar.

The effect of mortar strength on the flexural strength of the
walls was included in an extensive research program performed by Yokel,
Mathey and Dikkers(G) on walls subjected to compressive and transverse
loads. The walls were 8 ft. high and 4 ft. wide and were constructed
from both hollow concrete block and clay brick units. The two mortars
included in the test program were 1C: 3S and 1C: 1L: 4S, having com-
pressive strengths of 525 psi and 1100 psi, respectively. In addition
an 8710 psi (compressive strength) high-bond strength mortar was used
with the hollow concrete block units and a 7280 psi high-bond strength
mortar was used with the brick units.

The results of both compressive and flexural tests on the wall
panels are given in Table 3.8. The results of the hollow concrete
block tests indicate that the high strength mortar had a negligible
effect on the compressive strength of the walls but increased the
flexural strength by a factor of 21 over that with the 1C: 3S mortar.
For the 4 in. Brick A walls the high-bond mortar increased the com-
pressive strength by a factor of 1.5 to 4 over that with the 1C: 1lL: 4S
mortar. The effect of the high-bond mortar on different types of bricks
was variable. In comparing Brick A to Brick $ the high-bond mortar
increased the compressive strength by a factor of 1.25 and decreased

the flexural strength by a factor of 0.6, whereas a comparison of
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Brick A and Brick B shows the compressive strengths to be comparable
and the flexural strength of Brick B to be 1.5 times that of Brick A.
Hence it appears that the higher bond (and compressive) strength
mortar has a significant effect in increasing the flexural strength of
the walls, by a factor of 4 for the brick walls and a factor of 21 for

the concrete block walls.

3.3.2 Effect of Mortar Joint Thickness and Width

The width and thickness of the mortar joint are two factors that
were found to affect the transverse strength of masonry walls. These
two factors are related to workmanship rather than the quality of
mortar and were the subject of three separate investiqations(lg’zo'Zl)
In the research program performed at the Structural Clay Products
Research Foundation(lg) the thickness of the mortar joint was varied
between 1/4 in. and 3/4 in. by 1/8 in. increments in twenty-five
4 in. x 6 in. ¥ 16 in. clay brick wallette tests. The results are
given in Table 3.9 and the strength ratio with respect to the standard
3/8 in. joint is also tabulated. It is clear that the flexural
strength varies inversely to the thickness of the mortar joint. This
is similar to the effect of mortar joint thickness on compressive
strength of prism as shown in Fig. 3.3.

In a test series performed by the Structural Clay Products
Institute(ZO) the effect of the width of the mortar joint was investigated.
The test specimens were 8 ft. high and 3 ft. or 4 ft. wide and were
tested with the air-bag test setup of Fig. 2.1. The walls were con-
structed from "solid" clay units with nominal brick thicknesses of 8 in.,

6 in., and 4 in. In order to determine the effect of the width of the

mortar joint a series of walls were constructed with full bed joints
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SOLID BRICK PRISMS
FOUR BRICKS HIGH

6 AVERAGE CURVE
DRY PRISMS; POLISHED FACES

o
L
r O DRY PRISMS; MASONRY
SAW-CUT FACES

e VARIOUS JOINT THICKNESSES

o,y = 4150 LB.F/IN?

PRISM COMPRESSIVE STRENGTH oy [LB.F/INZx10°]

o 1 | 1 1 !
0] 0.2 0.4 0.6 0.8 1.0

AVERAGE JOINT THICKNESS, tn, [IN]

FIG. 3.3 VARIATION OF PRISM COMPRESSIVE STRENGTH WITH MORTAR
JOINT THICKNESS--SOLID BRICKS

From Reference (19)



(0Z) ®dousIDISI WOIF

—— - 0°€g £€9°T H8
(0074 1744 0°L6 €9°1 4S8
— - 0°LL ¥8° 1 HY
8°¥ 1744 O0°STT 88°T d89
8°¢ 9¢ 0°8¢T €9°¢ SV
6°¢ 9¢ 0°TVT 06°¢ S9
6°% °23 0°GLT 0s°L S8
wu ‘anteA a
ubtseg o3 1sd _F 1sd Mw ‘ut
Teazuswrxadxg /anTeA ‘eoIy SSOI5H uO paseyqg ‘YIpTM SOTIOS
oT3Ry ub1saq yjbusaizs 1eanxsig peg

38

U3busIls 9SIDASURIL UQ UIPTIM PRg ILIIAON JO SousnTIUL

0T € 9TqeL




39

and these were designated 8S, 6S and 4S. A second series of walls

were constructed with only face shell bedding and these were designated
8SF and 6SF. In addition to the "so0lid" clay units with face shell
bedding two series of tests were performed on walls with hollow clay
units with the same face shell bedding as the solid units and
designated 8H and 6H.

The results of the tests are given in Table 3.10. The effect
of face shell bedding on the solid units decreases the flexural
strength by factors of 0.55 and 0.81 for the 8 inch and 6 inch units,
respectively. For hollow units with the same mortar bed width as the
solid units (SF and H series), the flexural strength decreases by
factors of 0.55 and 0.67 for the 8 inch and 6 inch units, respectively.

The decrease in flexural strength of the solid units due to face
shell bedding was attributed to the more rapid drying of the narrower
bed. This unfavorable curing condition has an adverse effect on the
bond strength between the mortar and masonry unit. The additional
decrease in the flexural strength of the hollow units is attributed by
the authors to an even worse curing condition than for the face shell
bedded solid units. The hollow units apparently provide a great
internal "chimney effect" that creates even more rapid drying and con-

sequently decreased bond strength.

3.3.3 Effect of Workmanship

Probably the most difficult parameter to evaluate is the effect
of workmanship. The quality of workmanship affects the size, width and
thickness of the mortar joint, the quality of the mortar and the IRA of
the masonry unit. All these factors affect the transverse strength of

a wall, hence attempts to evaluate the overall effect of workmanship
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Table 3.11

Transverse Load Tests of Brick Walls

(1)

PHYSICAL PROPERTIES OF BRICK

Compres- Modulus Water Absorption ,
Brick sive of - - Weight
ric Strength | Rupture 24-~hr. 5~hr. l—an. Pért%al f;y
psi psi cold, | boil, | Ratio immersion :
c B C/B ;
% % Dry As laid
High-
strength 17,600 2,275 1.9 3.45 0.53 8 8 5.85 |
Medium- i
strength 2,670 550 1.3 15.1 0.74 23 11 4.49 |

!Immersed on flat side in 1/3 in. of water.

(2)

PHYSICAL PROPERTIES OF MORTAR

Absorption in grams per 30 sg. in.

Water Compressive
Content, Strength
. Proportion, by Weight Flow,
Kind of Mortar by Volume of Dry percent Air Water
Materials Storage, Storage,
percent psi psi
Cement 1C:0.25L:3S 19.6 113 1390 3220
Cement-lime 1C:1L:68 23.3 107 440 640
C = cement, L = lime and S = sand.
(3) TRANSVERSE TESTS OF BRICK WALLS
i i , psf Mod R ! i
Wall Type2 Equivalent Uniform Load, p odulus of Rupture®, psi
1 2 3 Average 1 2 3 Average
AR 115 120 140 125 73.6 76.7 89.5 79.9
AB 53.3 38.0 52.3 48 34.7 24.7 34.0 31.1
AC 85 80 82 82 53.6 50.4 51.7 51.9
lrested at age of 28 days

’aA is combination of high-strength brick and cement mortar with grade A workmanship.

AB is combination of medium~strength brick and cement-lime mortar with grade B

workmanship.

AC is the same combination as AB but with grade A workmanship.

from reference (22)
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are difficult. An attempt to evaluate the effect of workmanship was
performed in 1938 by Whittemore et al.(22) who defined excellent or
grade A workmanship to be a wall with completely filled bed joints and
poor or grade B workmanship to be a wall with bed joints that were not
completely filled. The mortar and brick properties are given in Tables
3.11 (1) and (2). The test results are given in Table 3.11 (3). The
two series of walls AB and AC with the same mortar and brick had grade
B and A workmanship, respectively. The walls (AB) with grade B work-
manship had flexural strengths 60% of those of the grade A walls (AQ).
Although the objective of the test series performed at the Structural

Clay Products Institute(2o) was to evaluate the effect of mortar joint
width, by Whittemore's definition this was an evaluation of the effect
of workmanship on solid units. The strength of the walls with poor
workmanship according to Whittemore's definition was 55% and 81% of the

strength of the walls with excellent workmanship for 8 inch and 6 inch

units, respectively.

3.4 Effect of Wall Pattern

One of the architectural features of masonry is that a variety of
wall patterns can be obtained with the various sizes, shapes and colors
of masonry units. These patterned walls generally are not used as
load bearing shear walls, therefore their capacity to withstand out-of-
plane or transverse loadings is of major importance. In a series of

(23) the

tests performed by the Portland Cement Association in 1963
effect of various wall patterns was investigated. The nine wall
patterns used in the tests are shown in Fig. 3.4. The walls were 8 ft,

high and 4 ft wide and tested with the ASTM E-72-55 test setup. The

walls were constructed from concrete block units of various sizes. All
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the walls were tested such that they spanned vertically. The top six walls
shown in Fig. 3.4 were also tested with a vertical compressive load of
85 psi. PFour of the walls (standard, horizontally stacked, diagonal
basket weave and 4 inch running bond) also were tested such that they
spanned horizontally, and in addition the same four walls were tested
with horizontal joint reinforcement.

The results of the tests are given in Table 3.12 for Type M and
Type S mortar. For walls spanniné vertically the two diagonal types
of bond increased the flexural strength by approximately 50%. The
horizontally stacked bonded wall, surprisingly, increased the flexural
strength by 30% whereas the vertically stacked bonded wall decreased
the flexural strength by 13%. The effect of wall pattern was more
dramatic for walls spanning horizontally. The strength of the
horizontally stacked bonded wall was 28% of that of the standard 8 inch
running bond wall, while the corresponding value for the diagonal
basket weave wall was 60%. The wall with 4 inch high units and
running bond had an increase in strength of 30% when compared with the

wall with 8 inch high units.

3.5 Effect of Reinforcement

Although only a few investigations have been performed to
determine the effect of reinforcement, two distinct and different types
of reinforcement have been considered. The first is joint reinforcement,
i.e. horizontal reinforcement placed in the mortar joints. It is
effective for a wall spanning horizontally between vertical supports.
The second type is vertical reinforcement which is placed in the cores
of hollow units and in the grouted core of cavity walls. It is effective

for walls spanning vertically between horizontal supports. The effect
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of joint reinforcement was evaluated by both the Portland Cement

3 8
Association (PCA)(2 ) and Cox and Ennega( ). The effect of vertical

24)

reinforcement was evaluated by Scrivener( and the Masonry Institute
of America(zs).

In the tests performed by the PCA and described in the previous
section horizontal joint reinforcement was included in the mortar bed
joints at 8 inches and 16 inches center to center in walls with
different bond patterns. The walls were tested with a horizontal span
of 8 ft. with a test setup similar to Fig. 2.1.

A comparison of the results obtained for the unreinforced walls
for different bonding patterns is shown in Table 3.12. The horizontal
joint reinforcement had the most dramatic effect on the horizontally
stack-bonded walls. For type M mortar and reinforcement 16 inches
center to center, the transverse strength increased from 47.7 1b/sq.
ft. to 130 1b/sq. ft., a 171% increase. For the type S mortar the
increase was from 29.2 1b/sq. ft. to 131.3 lb/sq. ft. a 333% increase.
The corresponding transverse strengths with reinforcement 8 inches
center to center were 191.2 lb/sg. ft. and 190 lb/sg. ft., respectively.
For the 8 inch high standard running bond walls, the percentage
increase in transverse strengths over unreinforced walls for reinforce-
ment placed at 16 inches center to center and 8 inches center to center
were 15% and 54%, respectively. For the 4 inch high unit standard
running bond walls the corresponding increases in transverse strength
were 10% and 20%, respectively. It should be noted that all three walls
witﬁ different bonding patterns had approximately the same transverse
strength when horizontal reinforcement was placed at 8 inches center to

center - the range of values was 190 to 203 1lb/sg. ft.
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Table 3.13

Summary of Recommendations

Average moment

L in ft

zali ;E_i;ptzie%t L = %?- for a safety Remarks

7P of heiiht factor of 2

A 860 18' 5" 13

B 1200 22 o" - 18" O" design span
c 1140 21T 4" 15

D 1280 22' 7" - 18' 0" design span

from reference (8)
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Cox and Ennega(s) investigated the effect of horizontal joint
reinforcement on two different types of masonry construction. They
used a test setup similar to that shown in Fig. 2.1, where the walls
spanned (8 ft.) horizontally between vertical supports. The two types
of construction used in the investigation were a 4 in. x 2 in. x 4 in.
clay brick cavity wall and an 8 in. x 8 in. x 16 in hollow
concrete block wall. The panels. were 3 ft. 4 in. high and 8 ft. long.
The cavity walls were designated as type A and B. The type A specimen
had minimal horizontal joint reinforcement consisting of 1/4 inch Z bar
ties for each 3 sq. ft. of wall area. The type B specimen had rein-
forcement in each bed joint consisting of 3/16 inch longitudinal wire
with 9 gage web members with a drip or crimp located at the center of
each web member. The C and D type walls were constructed from hollow
concrete block units. The C walls were unreinforced while the D walls
had standard joint reinforcement consisting of 9 gage longitudinal
wires with 9 gage web members in each joint.

A summary of the results is given in Table 3.13 and the moment-
deflection curves for the four types of walls are given in Fig. 3.5.
The results for cavity walls (A and B) indicate that the joint rein-
forcement increases the load at which rupture occurs by approximately
40%, and the ultimate strength by approximately 100%. Furthermore,
failure of the unreinforced walls occurs at a deflection soon after
rupture (i.e. brittle failure) whereas the reinforced walls are able to
carry load from a deflection of 0.04 inch at rupture to 0.25 inch
at ultimate load (i.e. ductile behavior). A similar type of behavior
was observed for the hollow concrete block walls. Joint reinforcement

increased the rupture load by 12% and the ultimate strength by 36%.
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For the unreinforced walls the rupture and ultimate locads and
deflections are the same indicating a brittle failure whereas for the
reinforced walls there is an increase of 20% from the rupture to the
ultimate load. The deflection at rupture is 0.03 inch and 0.27 inch
at ultimate, indicating a ductile type of behavior.

Cox and Ennega included in their results spans at which a 20 psf
wind loading would cause failure, see Table 3.13. Applying a factor
of safety of two would result in spacing transverse supports 13 to 15 ft.
apart for nonreinforced walls; however, they recommended 12 ft. spacing
in compliance with the "American Standard Building Code Requirements
for Masonry"(26). They also considered a span of 18 ft. to be reason-
able for walls with horizontal reinforcement in each bed joint for
both types of walls.

Scrivener(24) conducted two series of tests on 10 ft. high walls
with 4 1/2 inch thick clay brick units and vertical reinforcing in the
cores of the bricks. In the first series of tests the walls were
tested in a horizontal plane with a face load applied by an air bag.
The air bag reacted against the floor slab and the walls were simply
supported at theilr ends. This was a somewhat artificial test as the
dead load of the walls was incorrectly applied. In the second series
of tests(27) the walls were kept in their natural vertical orientation
and the face load was applied by an air bag in a manner similar to that
shown in Fig. 2.1. The load was applied cyclically by changing the air
bag from one face to the other. The walls contained varying amounts
of vertical reinforcement as shown in Table 3.14. A typical cyclic
load—-deflection curve is given in Fig. 3.6. Included in the results

of Table 3.14 are the theoretical yield locads which were calculated by

the method described in Section 4.5.



50

Table 3.14

Cyclic Face Loading of Reinforced Brick Walls

- Test Results and Wall Details

Yield Loads (lb/ftz)
Wall Reinforcement
Theoretical Experimental

None - 32

2 - 3/8" diam. 31 33

3 - 3/8" diam. 46 42

4 - 3/8" diam. 61 64

3 - 1/2" diam. 77 84

Bricks: McSkimmings 4%" reinforcing and lattice bricks.

Walls: Brickwork 10' high x 5' wide supported on RC beams at base and
top.

Reinforcing: Vertical deformed bars in grouted cores, lapped with
starter bars from RC beams.

from reference (23)
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FI1G. 3.7 MONOTONIC LOADING TEST RESULT

From Reference (25)
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The two main points resulting from this test series are as
follows: First, the theoretical yield load was within 10% of the
experimental yield load for all walls. Secondly,the cyclic load
deflection curves showed highly ductile behavior characterized by
large inelastic deflections. Scrivener noted that even with deformations
of 6 inches and greater there was never any sign of bricks separating
from the wall. The hysteresis loops were narrow because of the
positioning of the reinforcement at the center of the wall.

In a series of eight tests performed by Dickey and Mackintosh(zs)
the spacing of vertical reinforcement in hollow concrete block walls
was evaluated. The test specimens were 20 ft. high and 8 ft. 8 in.
long constructed from both 8 inch and 6 inch units. The walls were
tested in a manner similar to that shown in Fig. 2.1. Each wall had a
bond beam at the top and a bond beam at 7 ft. 2 in. from the founda-
tions.

The objective of the test series was to determine the effect of
the spacing of vertical reinforcing on the flexural resistance of
reinforced concrete masonry walls; All walls contained the same area
of vertical steel 1.2 sg. in. and only the spacing varied. Also
included was a stack bonded test specimen. The force-deflection
relationships fof the walls with re-bar at 8 ft. and 2 ft. spacing are
shown in Figs. 3.7 and 3.8, respectively. It is clear that the wall
with bars 2 ft. center to center was able to maintain load over a
larger deflection (5 inches) as compared to 4 inches for the wall with
bars 8 ft. center to center, but the ultimate load of the two walls
was the same. It is interesting to compare the force-deflection
relationships obtained in the cyclic tests (Fig. 3.6) and the mono-

tonic tests (Fig. 3.7). There appears to be a more ductile behavior
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in the walls tested cyclically. Dickey and Mackintosh concluded that
vertical reinforcing for walls laid in running bond functions for stress
and deflection over the total width as effectively at 8 ft. spacing

as it does at 2 ft. spacing

3.6 Effect of Added Vertical Load

Yokel et al.(6) performed an extensive series of tests on the
transverse strength of masonry walls with a combination of transverse
and vertical loads. The relationships between the vertical com-~
pressive load and the transverse load for ten types of construction
(listed in Table 3.6) are shown in Figs. 3.9 (1) to (10). The walls
were loaded axially with a uniform load and the transverse load was
applied uniformly over the face of the wall with the test setup shown
in Fig. 2.1.

A brief summary of the manner in which the walls failed is now
given. Both the 8 in. hollow concrete block walls with 1:3 mortar and
high-bond mortar failed by tensile cracking along horizontal joints
near midspan when the compressive bearing stress ranged from 0 to 359
psi to 449 psi, respectively. For vertical compressive loads greater
than these values, vertical splitting occurred along the ends of the
walls near the top or the bottom as shown in Fig. 3.10. Eight inch
solid concrete block walls with 1:3 mortar failed along a horizontal
joint at or near midspan, under combined loading in which the super-
imposed vertical compressive load ranged from O to 552 psi, as shown
in Fig. 3.11. |

The general trend in the failure of the 4-inch brick walls, as
listed in Table 3.8, is similar to that of concrete block walls. Under

combined loading conditions with small vertical compressive loads,
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FIG.

3.12

TYPICAL FAILURE OF BRICK WALLS WITH
LOW VERTICAL COMPRESSIVE LOADS

From Reference (6)
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failure occurred on the tensile face of the wall with cracking along
a horizontal joint near midspan, as shown in Fig. 3.12. An increase
in the vertical compressive load resulted in flexural failures that
were initiated on the compressive side of the specimen. At very high
vertical loads failure occurred suddenly with crushing as shown in
Fig. 3.13.

For the 4-2-4 in. cavity hollow concrete block or brick-block
walls, tensile failure due to combined loading occurred near midspan
in walls to which a low compressive load was applied. An increase in
the vertical compressive load resulted in buckling of the ties and
subsequent crushing of the masonry for the brick-block walls. At high
vertical compressive loads, failure occurred by crushing accompanied by
some splitting of the concrete masonry units near the top of the wall
as shown in Fig. 3.14.

In the case of 8 inch composite brick and hollow concrete block
walls, tensile failure occurred on the block face along a horizontal
joint near midspan for walls having low vertical loads. For high
compressive loads, these walls either failed by crushing of the concrete
units or flexural loading had to be suspended because of the limited
capacity of the horizontal loading equipment.

It is clear from these test results that the addition of a
vertical compressive load to the walls increases the transverse strength
of the walls which fail in flexure. Figure 3.15 shows load-deflection
curves for 20, 60 and 120 kip compressive loads, with the dashed line
referring to the 20-kip case. Note that at this small vertical load
the wall apparently exhibits considerable ductility. This may be

attributed to the loss in stiffness with section cracking and not to
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any. real ductility of the materials. Large additional deflections
can then develop without a significant increase in moment. At higher
compressive loads, failure tends to be more brittle, as is illustrated
in Fig. 3.15 by the dashed-dotted line which refers to the 120 kip
vertical load.

In tests performed by the Portland Cement Association six walls
that had been tested by transverse loads on a vertical span were
repaired by a polyester resin adhesive and were then retested with a
combined transverse load and an 85 psi uniform compressive load. The
test ‘results are shown in Table 3.12. The addition of a vertical
compressive load to the walls tested in flexure across a vertical span
proved to be an effective method of increasing the flexural strength.
These tests show that use of the bearing load carrying capacity of a
wall is one way of increasing the stability of the wall for transverse
loads.

3.7 Comparison Between Small Scale Wallette Tests and Full Scale Wall
Tests '

While performing expensive full-scale tests it is important to
determine their correlation with small-scale tests that can easily be
performed in test laboratories. The most simple test having a failure
mechanism similar to the mortar joint tensile failure in flexural tests
is the wallette test shown in Fig. 2.3. Three different series of
investigations have been performed to evaluate the correlation that
exists between wallette and full scale transverse tests.

The Structural Clay Products Institute(2o) performed a series of

tests on 6 inch and 8 inch thick clay brick walls. The wallettes were

24 in. x 24 in. and were tested with the setup shown in Fig. 2.3
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The walls were wide and spanned 7 ft. 6 in. between vertical supports.
They were tested with the air-bag system shown in Fig. 2.1. The results
of the two series of tests are given in Table 3.15. The 4S8, 6S and 8S
specimens were all solid clay units with full bed joints. The range of
the ratio
{(modulus of rupture of walls)/(modulus of rupture of wallettes)

was 1.1 to 1.3. For hollow units, 6H and 8H,the ratio was 0.92 for the
6 inch units and 1.6 for the 8 inch units. Except for the 6 inch hollow
units the modulus of rupture of the wallettes was lower than that of the
full scale walls with the best correlation found with the solid units.

The Structural Clay Products Research Foundation(zs) performed
a similar series of tests of 4 inch wide structural clay facing tiles.
The wallettes were 16 inches high and the walls were 4 ft. wide and
spanned 7 ft. 6 in. between vertical supports. The results are
given in Table 3.16. The ratios of the modulus of rupture of the walls
to wallettes varied between 0.47 and 0.7. For this series of tests,
the modulus of rupture of the wallettes was substantially higher than
that of the walls. This is opposite to the trend observed in the tests
on the clay brick units.

(29)

Johnsqn and Mathys performed a series of comparative tests
using various types of hollow clay tiles with a type S mortar. All

the horizontally cored units, designated with an H, were laid with full
bed joints while the vertically cored units, designated with a V, were
laid with a face shell bedding. Three flexural wallettes two units
high were built with each type of unit and were tested according to

ASTM-E 149. For each type of unit six wall specimens 4 ft. x 8 ft.

were constructed. Three of the specimens were tested with the span
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perpendicular to the bed jocints (vertical span) and three were tested
with the span parallel to the bed joints (horizontal span). The
typical mode of failure of both the wallettes and walls (vertical span)
was a bond failure at the tile-mortar interface near the mid-height of
the vertical span. The results of the tests are given in Table 3.17.
The ratio of the modulus of rupture of the walls (vertical span) to
wallettes ranged from 0.38 to 1.4, which is a clear indication that
for this series of tests no correlation exists between the two types
of tests.

In conclusion, it is apparent from the limited number of tests
performed that no definite trend exists between the results obtained
from wallette and full size wall tests.

A comparison of the transverse strengths of standard running
bond walls for vertical span and horizontal span shows that the
horizontally spanned walls are more than two times stronger than the
vertically spanned walls using type M mortar. The same observation
was made in reference (8), which states that "the strength in
horizontal span was found to be several times greater than the strength

reported by other experimenters for vertical span".
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Preceding page blank

4. FORMULATIONS TO PREDICT THE TRANSVERSE STRENGTH OF MASONRY WALLS

4,1 Introduction

The objective of most experimental research projects is to
validate or improve a theoretical model. Because of the complexities
associated with the non-homogeneity of masonry structural members,
accurate theoretical models are difficult to deQelop and in many cases
empirical or simplified relationships have been developed in their
place. With respect to the transverse strength of masonry walls,
several different theoretical approaches have been ﬁsed. The most

(6,30,31) who evaluated

extensive work has been performed by Yokel et al.
the theoretical capacity of unreinforced walls in a manner similar to
that for concrete columns. In a correlation of the experimental results
with their theory, inclusion of the slenderness effect of the walls
produced reascnable agreement.

27) (25)

Both Scrivener( and Dickey worked with reinforced masonry
walls; they used formulations similar to those used for reinforced
concrete beams and obtained reasonable correlation with experiments.
Cajdert and Losberg(4l) and Haseltine and Hodgkinson(42) used an analogy
with the yield line theory for reinforced concrete slabs and performed
tests on both reinforced and unreinforced walls with several different
boundary conditions. Baker(43) used another method commonly used for
reinforced concrete slabs; that of assuming the strength of a wall is
given by the strength of two independent strips spanning in either
direction. Baker performed experiments with one-third scale model
panels simply supported on all edges.

Each of the above formulations and its correlation with experiments

are described in the following sections.
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4.2 Cross-Sectional Capacity of Unreinforced Walls

The moment capacity of a cross section of a wall is not only a
function of the tensile and compressive strengths of the masonry but
also of the vertical load acting on the cross section. If the flexural,
tensile and compressive strengths and the stress-strain properties of
the masonry are known, an interaction curve between vertical load and
moment can be drawn.

Yokel et al. show typical stress-strain curves for three
different types of masonry,see Fig. 4.1. In order to simplify the
analysis, a linear stress-strain relationship is aséumed as shown by
the dashed line in Fig. 4.1. Instead of this basic assumption,
Meinheit(32) suggested that a stress-strain relationship more like that
of concrete would give better agreement with experimental data.

If it is assumed that a plane section of the wall remains plane
in flexure, and that a linear stress-strain relationship as shown in
Fig. 4.1 is a valid approximation for masonry up to the point of failure,
then the stress distribution at failure over a cross section under an
eccentric vertical load can be determined as shown in Fig. 4.2. Figure
4.2(a) shows the stress distribution at failure under axial loading.

In Fig. 4.2(b), the load eccentricity is increased to a point where,

at failure, the section develops its flexural tensile strength at one
wall face and its flexural compressive strength at the other wall face.
If the load eccentricity is increased further, the stress distribution
at failure will be associated with a cracked section as shown in

Fig. 4.2(c}. Finally, Fig. 4.2(d) shows the stress distribution at
failure for pure flexure, when no resultant vertical load acts on the

cross section. In this last case, the capacity depends entirely on

the flexure tensile strength of the masonry.
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Figure 4.3 shows an interaction curve for a solid rectangular
section. The interaction curve is based on the assumption that flexural
compressive strength equals the compressive strength under axial com-
oression (f& = a f&, or a = 1). Typical stress distributions, associated
with different portions of the curve, are shown in the figure and also
the equations of these curves are shown. Further details of these

(30)

interaction curves are discussed by Yokel and Dikkers .

4.3 Slenderness Effects Of Unreinforced Walls

The effects of slenderness on the moment capacity of walls are
shown in Pigs. 4.4 and 4.5. Figure 4.4 shows the free body of the
upper half of a deflected wall under axial and transverse loads. The
effective moment at any point along the height of this wall will be
determined by the location of the line of action of the vertical force,
relative to the location of the deflected centerline of the wall.
Figure 4.5 shows a wall which is free to rotate at its upper and lower
ends and is subjected to an eccentric vertical load which has a thrust
line parallel to the axis of the wall. The moment acting on this wall
is P e at the upper and lower ends of the wall. At midheight, the
moment is equal to P(e + A). Thus the deflection of the slender wall
causes a moment magnification equal to PA. The moment magnification

can be predicted approximately as

Ple + A) = Pe —— (4.1)

ﬂz EI/h2 (Euler load)

where P =
cr
E = modulus of elasticity
= moment of inertia of cross section
h = total height of wall.
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The condition shown in Fig. 4.5 is not likely to occur in an
actual building. A more realistic case is shown in Fig. 4.6 which
shows an eccentrically loaded wall which is more or less fixed at its
base and more or less free to rotate at the top. In this case the
moment is not magnified as much as in Fig. 4.5, and if the wall is
very stiff the moment may not be magnified at all.

An approximate prediction of moment magnification for any com-

bination of end eccentricities and end fixities is given by(6’3l’33)
Cm
M= MO I—‘——P— (4.2)
P
cr
where M = maximum moment acting on the wall,
MO = maximum moment imposed by external force.
(For an eccentric vertical load MO = P e and
wh2
for a transverse load Mo =5 ).
= > 0.
Cm 0.6 + 0.4 Ml/M2 > 0.4,

5
]
N
(0]
=
It

the smaller end moment acting on the wall

1
M2 = the greater end moment acting on the wall
2 2 .
Pcr = T EI/(kh)” critical load
k = length coefficient by which height is adjusted to

equivalent height as shown in Fig. 4.7.

In Egq. (4.2), Cm is equal to zero for the case shown in Fig. 4.5
and for the case of transverse loading.

In order to estimate the value of the critical locad Pcr in
Eq. (4.2), the flexural wall stiffness EI is also important. Yokel

(31)

et al. in a study of vertically loaded unreinforced and reinforced
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concrete masonry walls suggested the following expressions to

approximate to EI:

EI

EiIn/2.5 (reinforced masonry) (4.3)

EI

EiIn/3'5 (unreinforced masonry) (4.4)

where Ei initial tangent modulus of elasticity

moment of inertia of uncracked net section.

H
il

For transverse loading combined with a vertical load for brick walls,

Yokel(6) proposed that

BI = E.I (0.2 + 29 < 0.7 E.T ,
in Po - in

where P = short wall axial load capacity determined on the basis of
prism strength.
4.4 Correlation Between Theory And Experiments For Unreinforced Walls
Figﬁre 4.8 shows an example of correlation of theory developed
from Sections 4.2 and 4.3 with the combined vertical and transverse
load tests on 4 inch brick walls with type N mortar conducted by Yokel
et al.(6). The test results are shown by solid circles and heavy
horizontal lines. The left ends of these heavy lines represent the
maximum moment caused by transverse load. The length of the horizontal
line itself represents the added moment, equal to the product of the
vertical load and the wall deflection at the point of maximum moment
{mid~-height). The magnitude of this added moment was computed using
the horizontal deflections, measured at the time of wall failure.

The solid curve in Fig. 4.8 is the calculated cross~sectional

capacity which is shown in Fig. 4.3 and should be compared with the
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right end of the horizontal line. The broken curve represents the
wall capacity, computed by reducing the cross sectional capacity for
slenderness effect in accordance with the theory discussed in Section
4.2, This reduced curve corresponds to the left ends of the horizontal
solid lines. The intersection of the broken curve with the vertical
load axis corresponds to the two solid circles on the load axis, which
show the test results under vertical load without transverse load.
Note that the theoretical curves closely predict the actual magnitude,
as well as the trend of the test results. Slenderness effects are
considerable in this case and their magnitude is weil predicted by
theory.

Similar comparisons are shown in Fig. 4.9 for 4 inch brick walls
with high-bond mortar, and in Figs. 4.10 and 4.11 for 8 inch hollow
block walls with type N mortar and high-bond mortar, respectively. The
4 inch brick walls with high-bond mortar show fair agreement between
theoretical curves and test results, whereas the 8 inch hollow concrete
walls show that the theoretical short-wall interaction curves (solid
curves in Figs. 4.10 and 4.11) underestimate the wall strength for all
panels. The reduced interaction curves (broken curves) predict moment
capacities equal to or smaller than the observed reduced capacity

Figure 4.12 also compares the observed transverse strength of
the walls with the theoretical interaction curves for 8 inch solid
concrete block walls with type N mortar. All panels except one exceed
the reduced moment capacity (dashed line) predicted on the basis of
the axial prism test.

In the case of cavity walls or composite walls, theoretical

interaction curves are somewhat different from those of single wythe
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walls, but similar comparisons can be developed. The results of
tests(6) of 4-2-4 in. concrete block cavity walls are plotted in Fig.
4.13 together with interaction curves computed on the basis of prism
tests. The assumption was made that each wythe takes one half the
vertical load and one half the moment. Po was computed on the basis
of the average strength obtained from prism tests on the 4 inch hollow
block. Moments were computed conservatively, assuming that partial
top~end fixity existed and this produced about one half the pin-ended
moment, see Fig. 4.13(a). The analytical curve for section capacity
reflects the tests reasonably well., It can be seen from the magnitude
of the observed added moments which are due to deflection at failure
(length of the horizontal solid line), that slenderness effects are an
important factor in this wall system.

The prediction of wall capacity for brick-block cavity walls is
more difficult and complicated because of the two different material
properties and associated load transfer mechanism. Details of these
prediction formulae are given by Yokel et al.(6), whose final results
are shown in Fig. 4.14. Figure 4.14 shows that up to P = lOO.kip, the
moment capacity is controlled by the brick. In this range the computed
reduced moment capacity (dashed line) agrees well with the test. The
total moment capacity, which is shown by the solid line is somewhat
less than observed capacity (right ends of the solid horizontal lines)
and consequently the magnitude of the measured slenéerness effect is
larger than that of the computed effect. Above an axial load of 100
kips the computed strength underestimates cbserved wall strength
considerably. 1In this range it is thought that strength is controlled

by the concrete block which forms the back face with respect to the

transverse load,
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Yokel et al. summarized their extensive investigations with the
following conclusions:

(1) Transverse strength of masonry walls is reasonably predicted
by evaluating the cross-sectional capacity and reducing that capacity
to accouﬁt for the added moment caused by wall deflection. The general
trend of the test results is in good agreement with theory, and the
magnitude of individual test results is conservatively predicted.

(2) Cross-sectional moment capacity of wall panels was con-
servatively predicted by a theoretical interaction curve which was
based on compressive prism strength and linear strain gradients.

{3) Slenderness effects, computed by the moment magnifier method
as modified to account for section cracking, predicted closely the
slenderness effects observed in the 4 inch thick brick walls, and
reasonably predicted these effects for concrete masonry walls, concrete
block cavity walls, and brick and block cavity walls.

(4) The qualitative observation was made that with large
eccentricities the flexural compressive strength of masonry exceeds
the compressive strength developed in pure one~-dimensional compression
by a significant margin, and that flexural compressive strength
increases with increasing strain gradients.

(5) The transverse strength of cavity walls was conservatively
predicted by assuming that each wythe carries its proportional share of
vertical loads and moments, and that transverse_loads, but not shear
forces parallel to the plane of the wall, are transmitted by the ties.

{(6) The transverse strength of composite brick and block walls
was approximately predicted by assuming that the walls act monolithically.

{7) Whenever walls did not fail by stability-induced compression

failure, their axial compressive strengths were reasonably predicted by
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prism tests. In the case of concrete masonry with high-bond mortar,
compressive tests with prisms capped with high strength plaster over-
estimated wall strength, while prisms set on fiberboard showed good
correlation with wall strength.

(8). Flexural tensile strength of all the wall panels tested
equaled or exceeded 1/2 of the flexural strength as determined by prism

tests.

4.5 Flexural Capacity Of Reinforced Masonry Walls
27)

Scrivener suggested that a reinforced brick wall coﬁld be
considered as a lightly reinforced wide beam, with the brick weak in
tension similar to concrete. The yield load (ultimate load) can be
predicted to within a few percent by considering the section in this
way and applying ultimate moment theory (as for reinforced concrete).
The stress strain curve for brick is assumed to be the same as that

for concrete so that the concrete constant 0.59 in the Whitney equation

can be used. The ultimate moment Mu is

M =aA f (d-0.59A f /f' b) (4.5)
u sy s y ¢

where As = cross-sectional area of steel
fy = yield stress of steel
d = depth to center of gravity of steel
b = beam width
fé = brick crushing strength.

A comparison between the theoretical ultimate loads calculated
by Eq. 4.5 and the transverse load tests performed by Scrivener are

discussed in Section 3.4 and are shown in Table 3.12.
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The maximum difference between the predicted and experimental
results for the four tests performed is 11%. Although only a few tests
were performed the agreement between the predicted and experimental
results is good. As the walls did not have a vertical load, the
formulation used by Scrivener is only applicable for low rise walls.
Development of a formulation for reinforced walls with a vertical load

is obviously required and this should be validated with tests.

4.6 Reinforced Concrete Slab Theories Applied To Masonry Walls
(41)

Cajdert and Losberg conducted transverse load tests of
3.5m (11.5 ft) wide, 2.0m (6.5 ft) high and 0.25m (9.8 in.) thick clay
block walls. Two of the walls were supported along three edges (upper
edge free), the other two walls were supported along four edges. For
each support condition, an unreinforced wall and a wall reinforced
with 2-¢10 mm deformed bars in every third horizontal joint (0.1% of
total area) were tested as shown in Fig. 4.15. The transverse load
was applied uniformly by a plastic air~bag system. The crack loads
and ultimate loads of the four walls are shown in Table 4.1.

The theoretical.crack loads in Table 4.1 were calculated
according to the theory of elasticity for isotropic plates with
Poisson's ratio assumed to be 0.20. This value is based on individual
tests of unreinforced masonry beams. The measured wall crack loads are
in good agreement with theoretical values,rexcept for the reinforced
wall laterally supported along three edges (No. 865:10 in the Table),
where the horizontal reinforcement cbviously delayed the crack formation
at the free edge. The horizontal strain for an unreinforced masonry
wall is mainly concentrated at the head joints while, in the reinforced

wall, the strain shows a smoother distribution along the wall because
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of the reinforcement, (see Fig. 4.16). The theoretical ultimate loads
in Taeble 4.1 were derived by using an analogy with the yield line theory
for reinforced concrete slabs. This simple analogy gives about * 20%
deviation between measured and calculated ultimate loads. The assumed
yvield line pattern is shown in Fig. 4.17.

(42)

Haseltine and Hodgkinson also carried out transverse load
tests of masonry walls which were supported along two, three and four
edges. They concluded that the yield line theory could be a satisfac-
tory means of designing panel walls in brick work, although this is
surprising in view of the brittle nature of the matefial. They stated
that the calculations for random yield line cases would probably be
very tedious, and suggested that using elastic plate theory as
developed by Timoshenko provides a safe estimation of the strength of
a wall which would be considerably easier for the designer.

Baker(43) carried out some experimental work with one-third
scale models of brick panels with simple supports on all sides and no
in-plane restraint. The models were subjected to a uniform lateral
face load and Baker proposed a simple empirical method to predict the
load capacity of masonry walls under transverse loadings. In this
method the total load capacity of a panel is assumed to be the sum of

the load capacity of two independent strips spanning vertically and

horizontally. That is,

(4.6)

load capacity of the wall

i

where ()

=
<
It

ultimate moment of resistance per unit width of brick work
spanning vertically
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MH = uyltimate moment of resistance per unit width of brick work
spanning horizontally

h = vertical span of panel

2 = horizontal span of panel.

This theory is compared with experimental results in Fig. 4.18, and with
results by the elastic theory and the yield line theory. In the figure
the ordinate is the non-dimensiopal moment coefficient ku,where ku =
(section modulus) x (modulus of rupture, spanning vertically)/wu RZ or
ku = Mv/wﬁz. The aspect ratio of the wall is £/h. Elastic theory
underestimates the ultimate load but gives a rgasonable prediction of
cracking load, shown in Fig. 4.19. The ultimate load is overestimated
by the yield line theory for a strength ratio (MH/MV) equal to 2, the
value specified by most codes. Ultimate lcad was closely predicted by
the strip theory of Eqg. (4.6). Baker concluded that this theory may
allow for the reserve strength after initial cracking in an empirical

way with sufficient accuracy for practical design.
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5. DISCUSSION OF TEST RESULTS IN RELATION TO CURRENT DESIGN PRACTICE

5.1 Introduction

The ultimate objective of most experimental masonry research
projects has been to ensure that design codes provide sufficient safety
in the design of masonry buildings. Code provisions are formulated or
changed by the collective Jjudgment of groups of competent engineers
based on relevant available information. Inherent in this procedure
is a significant time lag between the availability of relevant research
results and their inclusion in an appropriate form in code provisions.
Consequently the purpose of this chapter is to examine code requirements
and design practices to see how they relate to research information
currently available. Part of the material (Sections 5.2, 5.3 and 5.6)
for this chapter is taken directly from the summaries and conclusions

of an extensive investigation performed by Yokel et al.(6)

5.2 Determination Of The Transverse Strength Of Unreinforced Masonry
Walls
The material in this section is a direct reproduction of material
presented in reference 6.
Two wall properties must be evaluated in order to determine the

transverse strength of masonry walls:

1. The capacity of the wall cross section to resist combined

bending and axial loads.

2. The effect of wall slenderness on load capacity.

It has been shown by Yokel(e)

that the moment capacity of a wall
cross section is not only a function of the tensile and compressive

strength of the masonry but also of the vertical load acting on the
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cross section. Thus an interaction curve can be developed which shows
the maximum ﬁoment capacigy as a function of wvertical load. Such an
interaction curve can be developed if flexural tensile and compressive
strengths and the stress—-strain properties of the masonry are known.
The cross-sectional capacity can be conservatively determined by
assuming a flexural compressive strength equal to the compressive
strength of prisms under axial loading, a linear stress-strain
relationship for masonry, and a flexural tensile strength equal to 50
percent of the modulus of rupture as determined by prism tests. This
procedure is conservative since it appears that most specimens
developed flexural compressive strengths in excess of the strength of
'axially loaded prisms, and that the assumption of a linear stress-strain
relationship will underestimate the moment that the cross section is
actually capable of developing.

In Yokel's study, the capacity of wall cross sections was evaluated
directly, by testing eccentrically loaded prism specimens and indirectly,
by adding the moment exerted by the axial load on the deflected wall to
the moment exerted by transverse loads.

Slenderness effects were caused by the additional moments which
the vertical loads impose on the deflected wall. Not only will the
vertical load impose added moments on the walls, which will equal the
product of the vertical load and transverse deflections relative to the
line of action of the vertical load, but the vertical lcad will also
act to increase the magnitude of transverse deflections. These
slenderness effects, which will magnify the moments acting on the walls,
can be approximately predicted by the moment magnifier method, provided

that EI, the stiffness of the wall, is correctly estimated.
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Slenderness effects have been successfully and conservatively
predicted for slender brick walls by using the moment magnifier method
with an equivalent stiffness which may be predicted either by Eg. 5.1
or Eg. 5.2. Equation 5.1 is somewhat simpler while Eg. 5.2 shows
better agreement with test results for the entire range of vertical
loads that the wall can support.  No extensive data are available on
slender concrete block walls. Transverse strength can be reasonably
well predicted however, by using Eg. 5.1 or Eq. 5.2 to predict
slenderness effects for solid block walls, and by making the conservative

assumption for hollow block that the cracking line represents ultimate

strength.
P
t - — ———
My = M (1 5 )
cr
where Pcr = T E12
(0.8h)
E,L I,
and EI = 13 = (5.1)
P
or EI = E, I, (0.2 4+— <O0.7E, I, (5.2)
i 1 Po — I 1

The moment magnifier equation [Eg. 4.2] uses a coefficient Cm,
which accounts for the shape of the deflection curve and a coefficient
k, which accounts for end fixity. In the special case where moments
are caused by transverse loads, the coefficient Cm is taken as 1. How-
ever, in the case where transverse moments are caused by eccentric
vertical loads, a case which was not covered by Yokel's investigation,

the moment magnifier equation is also applicable,with a factor Cm which
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will depend on the relatiQnship between vertical load eccentricities
at the wall supports. Thus the moment magnifier method could be
applied to determine transverse strength under all practical loading
conditions.

The practical procedure in an actual design problem would be to
determine cross-sectional capacity on the basis of flexural compressive
and tensile strengths, cross-sectional geometry, and the vertical load
at which transverse strength is to be determined, and then to reduce
this capacity to account for slenderness, on the basis of wall length,
end~support conditions, and wall stiffness "EI" at the design vertical
load.

Yokel suggested that the following eguations may be used to
predict ultimate and cracking strength. The ultimate transverse moment

imposed on the wall in the direction of transverse loads, M,

57 can be

taken as

' P
MO = Me (1 - 5 )
cr

The maximum end moment opposite to the direction of transverse

loads, Ménd’ will be
M = M
end e
where Me = maximum moment capacity of the wall in the direction
of transverse loads,
M; = maximum moment capacity of the wall opposite to the
direction of transverse load,
P = applied axial load,
PCr = critical load for stability-induced compressive failure,

computed on the basis of a modified EI, accounting for
section cracking and reduced stiffness at maximum stress,
where
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P E,. I

I=E.I/O.2+——<.7 = =1
E N n\ Po>_o B, I or EI 3

Ei = initial tangent modulus of elasticity of masonry,
In = moment of inertia based on uncracked net section,
Po = short-wall axial load capacity.

The transverse cracking strength of a wall, Mc, can be determined

by the following equation:

P
i )
CYo

where
Mc = moment at which cracking occurs,
Mt = maximum moment considering tensile strength with zero
vertical load,
e = distance from centroid to edge of kern,
Pcro = critical load for stability-induced compression failure

computed on the basis of E, and I,; 0.7 P o is recommended
as critical load for uncracked walls.

In view of the loss of moment of inertia after cracking of hollow
block walls, it is recommended that the ultimate strength of slender

hollow concrete block walls equals the cracking strength.

5.3 Discussion Of Present Design Practice For Unreinforced Walls

The material in this section is a direct reproduction of material
presented in reference 6.

Present masonry design is based entirely on working stresses.
Even though design provisions were developed with specific margins of

safety relative to ultimate strength in mind, comparison of hypothetical
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ultimate strength computed on the basis of design practice standards
with ultimate strength actually achieved is not necessarily the only
criterion by which the design provisions should be judged.

Three different design standards will be considered:

(1) The ANSI Standard Building Code Requirements for Masonry(26)

{2) Building Code Requirements for Engineered Brick Masonry

developed by SCPI(34)

(3) Design Specifications for Load-Bearing Concrete Masonry

(35)

developed by NCMA and proposed recommendations developed
3
by ACI Committee 53138

5.3.1 ANSI Standard Building Code Requirements

The ANSI building code requirements (A41.1-1953) limit allowable

slenderness as follows:

Type of masonry h/t Ratio (based on
nominal dimensions)

Hollow unit walls 18
Solid unit walls 20
Cavity walls 18*

These limits may be compared with a nominal h/t of 24 for the brick
walls, and a nominal h/t of 12 for the block walls as well as the
cavity walls tested in Yokel's(6) program. Consequently, these design
requirements permit the construction of walls that will be subject to
considerable slenderness effects, particularly in the case of cavity

walls. On the other hand, this standard does not contain any provisions

for stress reduction‘to account for these slenderness effects. To assure

*
t in cavity walls is the sum of both wythe thicknesses.
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a safe design, permitted allowable stresées are extremely low, com-
pensating for potential slenderness effects. Such a procedure, which
does not account for such an important variable, requires a very high’
margin of safety which penalizes short walls and therefore leads to
uneconomical design.

For composite walls, this standard limits the allowable stress
to that permitted for the weakest of the combinations of units.and
mortars of which the member is composed. There are no provisions for
considering the location of the wvertical load with respect to the

weakest wall materials.

5.3.2 SCPI Standard For Engineered Brick Masonry
In the present SCPI Standard (1969), the following equation is
used for the computation of allowable vertical loads on nonreinforced

brick walls:

P=cCccC_ (0.20 £) A
e s m g

where Ce and CS are determined from the following equations:

< = = 1,
Por e < 30" Ce 1.0
t t 1.3 1fe 1 °1
—_< < = x> L ={& _ = - —
For 20 e>% ce 6o T 2 (t 20)(} e )
: 1+ — 2
t
£ £ 1 eY,  1fe 1 °1
— < < = = 1.9 -2+ == - =1 -
For g <8l =3 t) 2\t 20) e2)
wherxe
e = maximum eccentricity,
ey = gmaller eccentricity at lateral supports,
e, = larger eccentricity at lateral supports,

wall thickness.

‘-r
0
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Value of el/e2 is positive for walls bent in single curvature and
negative for walls bent in double or reverse curvature. For members
subjected to transverse loads greater than 10 psf, el/e2 is assumed

as +1.0 in the computation of Ce.

h

t e1\?
= T 5+ —) |< 1.
c, = 1.20 300[5 75 +<15+e>]_1o

2

Loads and moments at eccentricities in excess of t/3 are limited by
allowable flexural tensile stresses.

Test results on Brick A walls with 1:1:4 morﬁar from Yokel's(6)
work are compared in Fig, 5.1 with hypothetical ultimate strength curves
based on the 1969 SCPI Standard. These curves were developed on the
assumption that the ultimate loads are equal to Ce CS f; Ag,

The dashed curve applicable to eccentric vertical loads was
based on el/e2 = - 0.4 (assuming partial fixity at one end and a
pinned condition at the other end). The axial load capacity predicted
by this curve is in fair agreement with the test results obtained in
this investigation and the capacity predicted by Eq. 5.2. However for
smaller values of vertical load, there is considerable difference in
the moment capacities. The reasons for these differences are discussed
in the following paragraphs.

Pigure 5.2 shows a comparison between the loading condition on
the tested wall panels and the loading conditions which were used in
SCPI tests. As shown, brick walls were subjected to eccentric vertical
loads in the SCPI tests. If the moment magnifier method is applied to
" these two cases of loading, the following coefficients would be used:
Lateral loading: Cm =1, k=0.8

Vertical loading: Cm = 0.5, k = 0.8.
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TEST CONDITIONS

IN REFERENCE (6) SCPI 1969
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The resulting predicted slenderness effects would be quite
different for the two cases.

Figure 5.3 compares the SCPI curve with transverse strength
predicted by the moment magnifier method using the coefficients
C, = 0.5 and k = 0.8. The predicted interaction curve for lateral
loading is also shown for the sake of comparison. It can be seen that
the moment magnifier curve for vertical load eccentricity approximately
agrees with the SCPI curve.

It should be recognized that the SCPI test curve was developed
on the basis of tests with eccentric vertical leoads only. When slender-
ness effects are analyzed by considering added moments caused by
deflections, it can be demonstrated that the case of lateral lcading is
not correctly simulated by eccentric vertical loads. However, this
difference is generally not recognized in present design practice.

Thus the moment magnifier method provides a more flexible approach for
the prediction of slenderness effects under all loading conditions.

In the 1969 SCPI sStandard, the case of transverse loading has
been recognized as a result of Yokel's investigation. This loading
condition corresponds to the dashed-dotted curve in Fig. 5.1 and is
in reasonable agreement with the results obtained in Yokel's
investigation.

The shaded area in Fig. 5.1 shows the allowable loads and
moments in accordance with the case of transverse loading specified in
the SCPI 1969 standard. These values are safe, however the margin of
safety seems to decrease with increasing e/t. It is obvious that these
recommendations provide a margin of safety by "scaling down" a
hypothetical ultimate strength curve. This scaling down is along

constant e/t lines. At the eccentricity of e/t = 1/3 the interaction
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curve is scaled down radially, which provides a rather slim margin of

safety at that eccentricity. For loads larger than P, (Fig. 5.1), the

2
margin of safety for transverse moments gradually increases. At load
Pl no moment is permitted, while actually a wall would be capable of
supporting a much greater moment at that load than at load P2, where
the maximum transverse moment is permitted. The philosophy behind the
method of scaling down the ultimate interaction curve is questionable
and should be reexamined, considering all possible combinations of

vertical loads and moments at ultimate loads, as well as at service

loads.

5.3.3 NOMA and ACI Recommendations
These recommendations account for slenderness effects, but do
not account for end or loading conditicns. The following equations

are recommended by NCMA and ACI for nonreinforced walls:

Pp=o0.20f£|1- N R
oo ™ 40t n

An = net cross-sectional area of the masonry.

Axial load:

where

Eccentric loads:

£ £
2., shall not exceed 1
F F
a m
where
fa = computed axial compressive stress,
P . .
Fa = X—-= allowable axial compressive stress,
n
fm = computed flexural compressive stress,

F = 0.3 fé = allowable flexural compressive stress.
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Up to an eccentricity of e/t = 1/3, a cracked section may be assumed
to compute bending strength in solid unit walls, neglecting the
flexural tensile strength. In hollow unit walls, eccentricity is
limited to a value which would produce tension.

In Fig. 5.4 allowable axial load (Pall) computed by the NCMA
standard is compared with critical axial load computed for the 8 inch
solid concrete block walls used in Yokel's program, where critical
axial loads were assumed to equal 0.7 Pcro' (Eg. 5.2). Critical loads
were computed for different h/t ratios for the pin ended case and for
partial fixity as assumed in the interpretation of test results. It
appears that the pin ended cése is fairly close to the NCMA equation.

The slenderness reduction equation used by NCMA and ACI, which

is also termed "empirical equation," considers only the geometry of
the wall gross section. Variables which influence slenderness effects
and which are not considered by the equation are f;/E, cross—sectional
~geometry, end fixity, and loading conditions. The justification for not
considering some of these variables may be in part attributed to the
fact that there is a linear relationship between f; and E within a
certain range bf‘maSOnry strength, and that end conditions are similar
for most convehtional masonry structures. It is qﬁestionable whether,
with the increasing use of high strength masonry and of high rise -
masonry cohstruction( it is still possible to disreéard these variables
without the use of unduly high margins of safety.

Interaction curves for ultimate and allowable loads are compared
in Fig. 5.5 with test results and with interaction curves constructed
in accordance with Yokel's investigation; It should be noted that the

NCMA allowable flexural stress is 0.3 f& and the allowable compressive

stress only 0.2 fQ. These stresses when multiplied by 5, which may be
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considered the axial load margin of safety and assumed constant through-
out ﬁhe e/t range, will result in a short-wall interaction curve. This
curve assumes an "a" value greater than 1 (flexural compressive strength
is af; where f; is the prism comp;essive strength) for large e/t values,
with a peak at PO and a distortion which will result in greater ultimate
moments at higher e/t ratios. This short-wall interaction curve is
modified for slenderness by reducing the part of the total stress due
to axial load (P/A), without at the same time reducing the stress
caused by moments (Mc/I).

For the slenderness of the walls tested, the modification of
the interaction curves is relatively minor. Curves were therefore
constructed for an h/t ratio of 30, to provide a better comparison
between Eg. 5.2 and the NCMA equation.

For the small slendernesé ratio the moments predicted by the
NCMA equation are greater, accounting for an "a" value which is
greater than 1. These increased moments are less conservative than the
moments predicted by the interaction curve at a = 1, and seem to show
fairly good agreement with some of the tested panels, while over-
estimating the strength of other specimens.

Comparison of the two theoretical curves for h/t = 30 shows that
thé NCMA curve predicts a smaller axial load, but greater moments.
While no slender concrete masonry walls were tested, it appears on the
basis of the agreement between predicted and observed strength of the
more slender brick walls that the NCMA curve probably overestimates the
transverse strength of transversely loaded slender walls, even though
the curve plotted by Egq. {(5.2), which assumes a = 1, is very con-
servative. However, the NCMA equation is probably conservative for the

case of eccentric vertical loads.
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Allowable moments by the NCMA equation for an h/t ratio of 13
are shown in the shaded area in Fig. 5.5. As in the case of the SCPI
equation, the philosophy of scaling down predicted ultimate inter-
action curves should be reexamined.

5.4 Determination Of The Transverse Strength Of Reinforced Masonry
Walls

As with unreinforced walls, two wall properties must be

evaluated in order to determine the transverse strength of reinforced

masonry walls:

(1) the capacity of the wall cross-section to resist combined

bending and axial loads,

and (2) the effect of wall slenderhess on load capacity.

(27)

It has been shown by Scrivener that the moment capacity of
a reinforced wall cross-section with no vertical load is a function of
the amount of reinforcement and the compressive strength of the masonry.

(6)

Yokel has further shown that for unreinforced walls the moment capacity
is a function of the wvertical load. This relation is clearly applicable to
reinforced walls as well. Amrhein in his reinforced masonry engineering

handbook(37)

has developed working stress design formulations for the
moment versus vertical load interaction diagram for reinforced walls.

His formulations do not include the slenderness effects of the walls,

however.

5.4.1 Discussion Of Present Design Practice For Reinforced Walls
The major U.S. code requiring reinforcement of masonry is the
(38)

Uniform Building Code . The UBC requirements for minimum reinforce-

ment in walls are as follows:
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Reinforcement. All walls using stresses permitted for
reinforced masonry shall be reinforced with both vertical
and horizontal reinforcement. The sum of the areas of
horizontal and vertical reinforcement shall be at least
0.002 times the gross cross-sectional area of the wall and
the minimum area of reinforcement in either direction shall
be not less than 0.0007 times the gross cross-sectional area
of the wall. The reinforcement shall be limited to a maximum
spacing of 4 feet on center. The minimum diameter of rein-
forcement shall be 3/8 inch except that joint reinforcement
may be considered as part of the required minimum reinforce-

ment.

Further, the allowable axial stress for a wall is given by
1 h \3
fm = 0,2 fm [l - <40t> ]

£ = compressive unit axial stress in masonry wall,

f = ultimate compressive masonry stress. The value of f;
shall not exceed 6000 pounds per square inch,

t = thickness of wall in inches,

h = clear unsupported distance between supporting or enclosing
members (vertical or horizontal stiffening elements).

For combined axial and flexural loads the following interaction

framework is used:
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where

fa = computed axial compressive stress on the net area,
P .

F = — = £ given above for walls,

a A m
n

fb = computed compressive flexural stress,

Fb = 0.33 f; = allowable flexural compressive stress n.

The allowable load requirements are almost identical to those
of the NCMA and ACI recommendations for unreinforced walls discussed ’
in Section 5.3.3. The reinforcement requirements are additional and
only affect the allowable locads in regions of low vertical load, as

shown in the following three cases from reference 37.

Case I (Figure 5.6)
Compression on total cross-section of wall. Steel not credited

with resisting any compression.

P .
fa = pg PSi
£ = L psi
b S bt

The load may have a maximum eccentricity of t/6 or e/t = 0.167,
which is the location of the kern point, and there would then be zero

stress on one edge.

Case II (Figure 5.7)

Compression on part of the wall with some compression between
the face of the wall and steel. Line of zero stress is between the
outside edge of the wall and the steel. The steel is not credited
with resisting any compression. The moment is great enough or the

load would have an eccentricity large enough, e/t > 0.167, to create
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an area that has no stress on it. Masonry is assumed not to resist

tension.
P
£ = i
a bt psi
2M
£ = - £ psi.
b b2 kg(_;_ _ k3g§ a

Case III (Figure 5.8)

The moment is large enough to cause the steel to act in tension.
The moment capacity is determined by the amount of steel (np) in the

section.

fb = K/I & T T =% 1 psi.
2\2 T 3)T P T 2

It is clear from Figure 5.8 that the wall reinforcement only
affects the region of low vertical loads.

Slenderness effects are accounted for in the Uniform Building
Code in the same way as in the NCMA criteria (Section 5.3.3) and the
same comments are applicable. Only a small amount of research has
been performed on lateral loadings on reinforced walls and it is clear
that additional research is required. Scrivener's work indicates that
the ultimate strength design concept is promising and justifies further

research.

5.5 Flexural Tensile Stess
As the design of unreinforced masonry walls for transverse loads

is - often governed by the flexural tensile strength of mortar bed joints,
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it is of interest to compare the allowable tensile stresses specified
in various national codes and to compare these values with test
results.

Table 5.1 presents a list of allowable flexural tensile stresses
specified in several current national codes.

It would appear that the 1973 Uniform Building Code (USA) and
1970 Canada Code permit considerably higher tensile stresses than are
normal in Europe and other countries. The Switzerland Code is the most
conservative, although it allows for the beneficial effect of dead
load stress, with a maximum allowable stress of 56 psi. All codes
except the British and Australian (which is based on the British)
allow for different mortar strengths.

A plot of mortar compressive strength versus modulus of rupture
from various investigations is given in Fig. 5.9. Also included in
the figure are the Uniform Building Code allowable flexural tensile
stresses normal to the bed joint for inspected masonry construction.
As can be seen, a factor of two separates the code allowable wvalues

and the lowest test results.

5.6 Comparison Of Test Results With Existing Design Practice

These conclusions are directly reproducted from reference (6)

(1) The ANSI American Standard Building Code Requirements for
Masonry do not take into account slenderness and end conditions and

compensate for variability in wall strengths by high margins of safety.

(2) The design equations in the 1969 SCPI Standard account for
end conditions as well as slenderness. The equations were developed
on the basis of eccentric vertical load tests but also provide for

the case of transverse loading.
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Table 5.1

Allowable Flexural Tensile

Stresses in National Codes

(Unreinforced Brick Masonry)

Mortar Type,

Allowable Stress in

Code Mortar Mix (C:L:S) Tension in Flexure
or Strength (psi)
Parallel to Normal to
bed joints bed joints
1973 USA M or S 72* (36)** 36% (18)**
Uniform Building| (2500 psi or 1800 psi) | 56* (28)** 28* (14) **
Code
Ref. (38)
1970 Canada
National Mor S 72 36
Building Code N 56 28
Ref. (39)
Britain (and
Australia) 1:1:6 or better 20 10
Ref. (39) (to be used with caution)
Germany 1:0:4 28 Only exceptionally
Ref. (39) U permitted
Switzerland 1:2:8 14 .
Ref. (39) 1:0:3.2-3.7 5.95-12,4*%*% Not permitted
fl
Japan 1:0:3 or _m
Ref. (44) 1:2:5 32 or less than 53

*

Special inspection required

* %

No special inspection required

k%%

At mid-height of a story height panel
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(3) The NCMA, ACI and UBC recommendations consider slenderness
but not end conditions. The NCMA equations probably overestimate wall

strength under transverse loading conditions.

(4) The interaction diagrams for ultimate transverse strength
as a function of lateral loads, developed by SCPI and NCMA were scaled
down radially to determine allowable working load. This scaling down
in some cases results in extremely low factors of safety in bending,

while the factor of safety under vertical loads is very high.

(5) Neither the NCMA nor the SCPI Standard provide for the
design of composite (brick and block) walls. This type of construction

is widely used.

(6) While existing design standards are primarily intended for
the case of eccentric vertical loads, and in most cases do not account
for end conditions, the moment magnifier method, if used for the pre-
diction of transverse wall strength, could cover both the case of
eccentric vertical loading and the case of transverse loading and

could also account for end conditions.
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6. SUMMARY AND CONCLUSIONS

The survey of forty-seven references presented in the preceding
chapters indicates the extent of information currently available on
transverse strength of masonry walls. Several trends and conclusions
can be drawn from the results presented and these are summarised in
the following paragraphs. Some areas, where additional information is
desirable, are also included.

The three major factqrs influencing the transverse strength of
masonry walls are applied vertical load, bond strength between the
masonry unit and the mortar and amount and distribution of reinforce-
ment

(1) Vertical Load. Below the vertical load Pc, (designated on
a moment vs vertical load interaction diagram as the cracking load),
an increase in compressive load increases the transverse strength of a
wall. This increase in strength is associated with a trend towards
a more brittle mode of failure. For critical loads greater than Pc,
an increase in vertical load causes a decrease in the transverse
strength of a masonry wall.

{2) Reinforcement. The addition of reinforcement increases
both the strength and ductility of masonry walls loaded transversely.
As might be expected horizontal or joint reinforcement is most
effective for walls spanning horizontally whereas vertical reinforce-
ment is most effective for walls spanning vertically.

(3) Bond Strength. An increase in the bond strength between
the masonry unit and the mortar increases the transverse strength of

a masonry wall. The bond strength between the mortar and masonry unit
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is affected by several parameters including the strength and surface
roughness of thé masonry unit; the initial rate of absorption of the
masonry unit; the strength, width and thickness of the mortar joint,
and the workmanship. . Because of the interrelationship of some of

these variables conclusions with respect to their effects on the trans-
verse strength of a wall are not well defined. Some of the definite

trends of the test results are as follows:

(a) The transverse strength of masonry walls increases
with an increase in the tensile strength of the mortar. AaAn
increase in the tensile strength of mortar is also associated

with an increase in the mortar compressive strength.

(b) The transverse strength of a masonry wall varies

inversely with the thickness of the mortar joint.

{(c) A decrease in the width of a mortar joint decreases
the transverse strength of a masonry wall. This decrease in
strength is attributed to the more rapid drying of the
narrower bed and is more pronounced in hollow units because
of the even more rapid drying created by the internal

chimney effect of the hollow units.

(d) Initial rates of absorption of masonry units below
5 and above 30 grams per min. per 30 sg. in. decrease the

transverse strength of masonry walls.

{(e) The effect of the compressive strength of the masonry
unit is not clear. Investigations in this area have led to
the conclusion that other wvariables, such as surface roughness,

may be more important.
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(£) The quality of workmanship affects the width and thick-
ness of the mortar joint, the quality of the mortar and the
initial rate of absorption of the masonry unit. Each of these
variables affects the transverse strength of a masonry wall
and consequently the overall effect of quality of workmanship

is difficult to quantify.

Several theoretical approaches have been used to correlate
calculated and test flexural strengths of masonry walls. The moment
magnifier method used by Yokel on unreinforced walls produced reasonable
correlation with test results. The most promising method used for
reinforced walls with no wvertical load is similar to that used for
determining the ultimate capacity of a reinforced concrete bean.

From the work that has been performed to date it is clear that
additional information is required in the following areas:

{(a) The cyclic behavior of transversely loaded masonry walls.

(b) The effect of reinforcement including correlation with

methods for predicting the strength of the tested walls.

(¢) The degree of fixity provided by typical wall-slab and

wall~footing connections.

{(d) An adequate small-scale test method to predict the flexural

strength of full-scale masonry walls.
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