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ABSTRACT

The literature survey presented collates most of the available
relevant infcrmation on the compressive, tensile, bond and shear
strength of masonry. The report is divided into two chapters. The
first, on the compressive, tensile and bond tests of small test
specimens, summarizes information on the basic tests that determine
different properties of non-homogeneous, masonry assemblages. These
basic tests are important in that they provide practical methods for
the site control of masonry quality by measuring the integrated effect
of any variations in component materials and workmanship.

The second chapter summarizes most investigations performed on
the shear strength of different assemblages and includes sections on
test techniques, monotonic tests, model tests and cyclic tests.

Further discussion and analysis of the results from the experi-
ments described here will be presented in a following Earthquake

Engineering Research Center report EERC 75-21.
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COMPRESSIVE, TENSILE AND BOND ELEMENT TESTS

Introduction

The compressive, tensile and bond tests on mall test specimens
constitute the basic testes for determining different properties of non-
homogeneous masonry assemblages. A thorough knowledge of these tests
and the behaviour of the component materials during the tests will aid
the reader in understanding the behaviour of larger masonry assemblages
subjected to more complex test procedures. The basic tests are also
important in that they provide practical methods for the site control
of masonry quality by measuring the integrated effect of any -ariations
in component materials and workmanship.

The behaviour of the small assemblages in the basic tests is the
result of the heterogeneous action of the mortar, masonry unit and

is present), and the purpose of this chapter is to provide
brief but cemprehensive summary of the knowledge available.

Tvo extremely good surveys on different aspects of the prism com-

(1)

pressive test have already been presented. The first by Monk in 1967

was a historical survey and analysis of the compressive strength of brick

“«

masonry. The second by Foster was a literature survey and re-ort of
experimental work emphasising the importance of the geometric shape and
boundary conditions of prisms .n obtaining realistic results for use in
design. The pertinent aspects of the two reports are included here but

e empuasiS of the following summary of prism compressive tests 1is

work published more recently.

1.2 Ff}?E"§9m[r95510“ Tests

Prisms are small specimens of brickwork. Typical examples are

given in Figure 1-1 which also provides definitions of terms by




A COMPRESSION TEST OF PRISMS
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illustration. For the determination of compressive strength, some

capping m terial (e.g. plaster, scftboard, plywood) is usually placed

and bottom of the prisms, which are then loaded axially in
to failure. The failure load divided by the net area pro-

estimate of the masonry compresisive strength.

Mechanism of Failure

The tensile splitting of masonry assemblages in compression is
a rather c¢ld empirical observation. The mode of failure, unless
buckling or ecc vic bending dominates, is a tensile rupture
angles to the direction of compressive strain. The result-
ing compressive strength of an assemblage is usually between the
strengths of the mortar and the masonry unit. In order
examine in more detail the mode of compressive failure, it is
to study the results of tecsts on hypothetical synthetic
material cerr i ch exaggerated joint-unit strain relationships.
zed for some time that the vertical splitting of
elated to the lateral strain of the mortar
masonry assemblages the elasticity of the mortar
is lower than that of the brick (about four
:rete block (about two to four millicn
lateral deformation is substantially
the brick or concrete block assuming that the
Poisson ratios are similar. Because the .asonry unit at the mortar
interface mu 1deragc » same lateral expansion as the mortar, due
ateral expansion of the mortar is
restrained, producing tensile strains in the masonry unit. This

n was qualitatively shown in two series of tests. The




first, a series of gypsum-cement cubes, was tested in the SCPRP(I)

laboratories with aluminium joints and polyethylene joints. The

moduli of el:sticity of the materials were as follows

Gypsum Cement 0.9 x 106 psi
Aluminium 10.6 x 10° psi
Polyethylene 0.05 x 106 psi

When the gypsum-aluminium system was tested a characteristic tensile
split was produced (Figure 1-2). Since the aluminium is about ten
times stiffer than the gypsum, the lateral strains of the cubes are
tending to be compressive. Thus, the joint material restrains the
cube against tensile splitting, permitting a shear fa’’ure at an
apparently higher compressive strength. With the polyethylene

being about one eighceenth as stiff as the gypsum, the lateral
strains in the cubes become tensile, resulting in a characteristic
vertical splitting, yielding an apparently lower compressive
strenqéh. The results of tests on five gypsum cubes tested in the

SCPRF laboratories with each of the two materials are as follows

TABLY 1-1

Gypsum Cubes with Gypsum Cubes with
aluminium joints polyethylene joints

3100 psi 1218 psi

3750 1300

4125 1337

4250 1412

4475 1425

393R psi Average 1338 psi Average

From Reference 1
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williams(B) performed a similar series of tests with three-
block high, concrete prisms. The concrete blocks were 11 5/8" x
3 3/4" x 3 5/8" with an endwise crushing strength of 5000 psi. He
used steel, rubber and th-ee types of mortar as the jointing
materials. The steel and rubber jointing materials were banded to
the concrete blocks with epoxy resin. The results of the tests

are presented in Table l-Z.

TABLE 1-2

Compressive Strength (psi)

I—
!
-

Jointing Material Mortar Prism

Steel 1/16" and 1/8"

Rubber 1/8", 1/4" and
1/2"

Mortar
Mortar

Mortar

From Reference 3

The failure mechanism of the metal-jointed prisms was by
crushing, initiated at any part of the prism and often in several
places simultaneously. The rubber-jointed specimens exhibited a
splitting failure with a sudden formation of one or two vertical
cracks in the inner block initiated from the joint. The prisms
with the highest strength mortar tended toward the behaviour of
the metal-jointed prisms whereas the low strength mortar prisms
failed more like the rubber-jointed prisms.

Assuming that the prime mode of compressive failure in masonry

assemblages is tensile splitting, it is now in order to summarise




the variables affecting this phenomenon. Broadly, the physical

properties of the mortar, grout and masonry unit, together with
their geometric relationships control the compressive strength.
Past investigators have tried to relate the - ~mpressive strength,
the modulus of rupture, the tensile strength and the sheaiing
strength of the masonry uni. to the compressive strength of the
assemblage. Phys cal properties determined for mortar materials
have been usually confined to compressive and tensile strengths.
Previous data concerning the geometric relationships have included
slenderness ratin of the assemblage, joint thickness, net area, and
coring patterns. In addition to these variables there is the
1fluence of workmanship to be considered. Thus, when broken into
s constituents, the compressive strength of a masonry assemblage
a complex matter. In a later section of this chapter the
of these parameters is reviewed.
Because a multitude of parameters govern the compressive
strength of masonry assemblages, a reasonably accurate quantitative
compressive strength is possible only if these
YS @ considered simultaneously. Two attempts have been
juantitatively determine the compressive strengt!
oth will be outlined.
in 1967 presented an analytical procedure to
compressive angth of masonry based on a stress
'sis consideration. The analytical result he obtained is
compared with experimen results determined in the
summary of Hilsdorf's ce ollows. Figure 1-3 shows the

a single brick within
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a masonry unit subjected to axial compression. It is assumed that
lateral tensile stresses in the x and z di:<ctions, Ox and Oz.
are equal. In Figure 1-4 these stresses are given as a function of
the local maximum stresses, Py' which act in the direction of the
external load. Line A in Figure 1-4 represents the failure cri-

terion for tne triaxial strength of the bricks and indicates the

combinations of compressive stresses 0 and lateral stresses Cx und
y

which will cause local failure or cracking cf the brick. The
exact shape of this failure cr: cerion curve is presently unknown.
If bricks follow Mchr's theory of failure assuming a straight line
envelope, then this failure criterion would correspond to a straight
line as shown in Figure 1-4. 1f, as often is _he case, the com-
pressive stress being applied to the mortar is greater than the
unjaxial compressive strongth of the mortar, the mortar has to be
laterally confined. Therefore, a certain minimum lateral com-
pressive stress has to act upon the mortar. This stress is counter-
balanced by tensile stresses in the uncracked sections of the bricks.
These minimum tensile stresses are represented by Line C in Figure
1-4. With increasing externyl load increas.ing local stress, the
ninimum lateral tensile stress increases. Under the best condi-
tions, failure of the masonry occurs when the lateral tensile
strength ot the brick is smaller than the stress which is necessary
to sufficiently confine the mortar. Therefore, the intersection of
the failure criterion Line A and the minimum lateral stress Line C
corresponds to the ultimate load of the masonry unit.

Hilsdorf presented the following equation in an attempt to

express the failure criterion described above in an analytical form.
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No information on the behaviour of bricks under triaxial stresses
was available. Therefore, it was assumed that the failure criterion

Line A corresponds to a stvaight line, which can be represented by

(1 - <X (1-1)

where och equals the compressive strength of brick and otb equals
the strength cf brick under biaxial tension. Line C corresponds

to the minimum lateral tensile stress which has to act in the brick

to sufficiently confine the mortar. It deperds on the behaviour of
the mortar under triaxial compression. As nc tests were carried outl,
it was assumed that the strength of the mortar under triaxial compres-
sion is similar to the strength of concrete under triaxial compres-

sion. Richart, Brandtzaeg and Brown(S)

in their investigation of
the triaxial strength of concrete found that it could be approxi-

mated by .

)
tl = fé +4.1 9. (1-2)

where f; is the compressive strength of a laterally confined
concrete cylinder, fé is the uniaxial compressive strength cf a
concrete cylinder and oz is the lateral confinement of the cylinder.

If this equation is valid for mortars, then the minimum lateral

confinement of the mortar joint is
0 = === (oy-om) (1-3)

where me is the lateral compressive stress in the mortar joint, :

oy is the local stress in the y-direction and ccln is the un.iaxial
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compressive strength of mortar. For simplicity let us assume that
the lateral stresses c’ in bricks and mortar joints are uniformly
distributed over the height of the bricks and mortar. Then from

equilibrium

a!b tb = 0‘- t- (1-4)

where oxb is the lateral tensile stress in the bricks, tb is the

height of the brick and t. is the height of the joint. Sub-
stituting this in Equation {(1-3) we get an expression for Line C in
Figure 1-4.

t

m
O i1 & (Uy - Oc') (1-5)

From Equations (1-1) and (1-2) the magnitude of the maximum local
stress at failure OY can be determined by the intersections of
Lines A and C.

4.1 ¢ +aco0
cm

g =0

(1-
Yy cb 4.1 0 =8

tb
+
o *2%

where 0O s ==

Using the non-uniformity coefficient at failure Uu' the

average masonry stress at failure can be expressed as

o o 4.1 0 + a0
o s e . cb tb cm
m 4] U «.10
u u tb

(1-7)
+a ocb
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o
where ¢ = EEE
tb
L]
fm
Therefore p = g
cbh ccm
4.1 + a g
B il
U 4.1 + a %
u

i.e. masonry compressive strength increases with increasing com-
pressive strength of bricks and mortar, with increasing tensile
strength of bricks and with decreasing ratio of joint thickness to
height of brick. It should be realised that Uu is not a constant
but depends on a number of parameters including the joint thickness
and the mortar strength.

? compariron of the ana.ytical and experimental strength
results are presented in Figure 1-5. The compressive strength of
the test specimens could be predicted to within #20% of the actual
values. Hilsdorf concluded by stating that before a general
applicability of Equa%tion(1-7) could be recommended, various charac-

teristic properties of masonry have to be estzblished. These are

(1) The coefficient of non-unifermity Uu as a function of
(a) quality of workmanship; (b) type and compressive strength of
mortar; (c) type of bricks; (d) pattern of masonry unit and coring

of bricks; (e) thickness of joints.

(2) The behaviour of bricks and mortars subjected to defined

triaxial stress states.

(3) A relationship between the strength of bricks under

biaxial tension, uniaxial tension and flexure.
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A second attempt to quantitatively predict the compressive

strength of masonry prisms was presented by Francis, Hormand and

Jerrems(G)

in 1970. Their analytical procedure was based on a
strain consideration and a summary of their derivation follows.
The prism shown in Figure 1-6(a) is subjected to an axial com~
pressive stress oy' The lateral stresses induced in a central
brick and in the .ortar joint above or below it are shown in

Figure 1-6(b). The extensional strains in the x and z directions

in the brick are therefore as follows

G R (oy - oiJ)]

1
» "

xb b
(1-8)
|
., E (o, + v, (oy - cxb)]
Similarly, in the mortar joint the extensional strains are
e = 2 [-0_+v (0 +0)]
xm Em y zm
(1-9)
1
. B L= Yom * Vp (@ +om)]

where Eb is the mouclus of elasticity of the brick; Em is the
modulus of elasticity of the mort~~; Vb is the Poisson ratio for
the brick and Y is the Poisson ratio for the mortar. The lateral

expansion is assumed to be the same in brick and mortar. Thus

(1-10)

Also, for equilibrium, the total lateral tensile force on the brick
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From Reference ©
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must be balanced by the total lateral compressive force on the

mortar joint, in both the x and z directions. In the x direction

therefore
= (1-11)
cxbdcb cwmf!tm
or
me = Z; oxb =Q cxb and similarly
(1-12)
ozm =Q czb
tb
where o = . and tb is the thickness of the brick and tm is the
m
thickness of the mortar joint. By equating e and o’ and ezb
and e and substituting for © and © we obtain
zm xm zm
o (Bv._ =~ vb)
0. =0 Yy 8 (1-13)

xb zb 1 +af - W - anm

where 8 =

The lateral tensile stress cxb induced in the brick is bound
to reduce f;, the value of oy at which compressive failure occurs;
in the limit if oxb and Czb were equal to the lateral tensile
strength ctb of the brick, a lateral tensile failure would occur
even if the compressive stress oy were zero (Point A in Figure 1-7).
At the other extreme, the limit would be the compressive stress
f; = 0, the value necessary to cause failure in the absence of
lateral tensile stresses (Point B in Figure 1-7).

The way in which the value of f; varies with 0 and 0

xb zb
between these extreme limits is not known for brick but, as




_—FAILURE ENVE_OPE

LATERAL -
COMPRESSIVE LATERAL

STRESS - TENSILE STRESS
- -

From Reference




19

Hilsdorf vuggested, the Mohr's Theory of failure was assumed. The

relationship can be expressed by the eguation
(o, - £") (1-14)
m

where

Q

Substituting this expression for be in the previous equation

the following relationship between f and CC is obtained.

m b
£ ) 1

pw B o TRCES -15)
i ¢ (B - \b) (1-1

-\ afl -V
(1 Vb) + as (1 m)

The term (1 - V. ) in the denominator is normally very much smaller

b
than aB (1 - vm) and p can be represented with sufficient accuracy,
by
1
By - Vv )
o . 4 BV b’ (1-16)
aB(l - v )
(6) ‘
The aythors conducted an experimental program on the

compressive strength of four block high prisms, where the thickness
of the mortar joinis was the major parameter. Two different types
of clay bricks were use. in their experimental program, one a solid
brick and the other a perforated brick. The theoretical and
experimental results are presented in Figure 1-8. The theory in-
dicates a less pronounced difference between the performance of the
two types of brick than was found experimentally. The reason for

this discrepancy the authors stated probably lies in the method of




® SOLID BRICKS
© PERFORATED BRICKS
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estimating the lateral tensile strength, as to date only crude
methods are available.

In addition to predicting the effect of joint thickness, the
authors stated that their failure mechanism indicates severa) well-
known phenomena associated with the compressive strength of brick-
work:

(1) The strength of brickwork shou.d . “<rease with an increase
in the compressive streng“h of bricks and odulus of elasticity of
mortar.

(2) A large ¢, representing bricks having low lateral ten-
sile strengths compared to their compressive strengths, has a
deleterious effect on the strength on the prism. This has been
verified by an extensive test program recently completed by the
British Ceramic Research Association (7).

(3) The presence of vertical joints, which have a much lower
lateral tensile strength than that of the bricks, may be expected
to reduce further the compressive strength under axial load,
although this can be improved if good bond strength is achieved.

The authors concluded by saying that although their proposed

s mechanism of failure does not take into account all the relevant
factors, it is a start in the right direction, as .t appears to
be capable of explaining a number of well-known but apparently
unconnected phenomena associated with the behaviour of brickwork
in compression.

As both of the nethods just presented are approximate it is
appropriae to examine the limitations and assumptions of each.

Both formulations assume




‘a) o© 0
x z

(b) There is perfect bond between the brick and mortar
interfaces

(¢) There is a uniform lateral and vertical stress
distribution

(d) Mohr's Theory of Failure applies for brick.

. . _(6)
In addition, the formulation of Francis et al assumes that both
brick and mortar have Hookean behaviour up to failure. In the
assumed stress distributions of both methods, Figures 1-3 and
1-6, the shear stress at the brick mortar interface is ignored,
consequently the failure criteria presented are only valid for an
element at the centroidal axis. In addition both methods assume
that failure occurs in the brick and propagates *hrough the mortar
joint. Both methods ignore the possibility of a failure in.tiating
either in the mortar joint or by bond failure at the mortar, brick
interlace.
A comparison of the results of the two nethods is shown in
fé tn

Figure 1-9 where the ratio - is plotted against 24 for the
“cb b
= 4000 psi, O = 400 psi, O = 2000 psi,

tb cm
Ey,
= 0 15, P = — = 2 and U = 1,

m ’ E, n

To improve on the quantitative relationships presented, infor-

case where OC

b

mation on the complex strain distribution over the height of the
masonry unit and the mortar joint needs to be determined before
better models of the failure mechanism can be developed. In order
to include an important section of masonry units - (i.e. reinforced
hollow clay and concrete blocks), the effect of the grouted core

should also be included in the previous derivations. Generally the
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weaker, and more flexible grout material will increase the biaxial
tension in the masonry units. In addition to the effect of the
grout the influence of the vertical mortar joint should be included

to simulate the running or common bond construction.

Variables Influencing Prism Compressive Strength

There are two broad groups of variables that affect the prizm
first
§s patterns in prisms under test

to apparent masonry strengths which differ from the results

btained on full size samples. These factors comprise prism shape

gecmetry, prism capping, and 'pe of masonry bond, and are

'

scussed at length in Foster ‘ literature survey. The second

group are the factors which interact to determine the actual mecha-
nism of failure of the prisr. These include the masonry material,
the mortar, the joint thickness and the workmanship, and

(1)

's survey.

discussed at length in Monk

Restraint

1omogeneocus SO pic al is tested in compression
between platens . pping ma of higher elastic modulus
than the test specimen C nsile stresses are induced in the
test piece. The higher the modulus of the capping and the higher
the friction between the test piece and the platens, the greater
the modif.ication to the stress system in a direction requiring
increased failure. This is the effect of "platen

.

restraint. When platens or capping of lower modulus or stiff-

than the test material are used, the test piece is subjected
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to tensile stresses arising from the greater lateral strains of
the platens or capping. For rigid masonry materials which are
substantially weaker in tension than in compression, this ten-
sile splitting effect can lead to a considerable reduction in

the load necessary for failure.

(ii) Effects of Prism Shape

The effect of platen restraint is to given an erroneously
high estimate of masonry compressive strength. The use of such
results in design is potentially dangerous and must be avoided.
It would be expected that, in the event of platen restraint
the greater the height or number of courses, the more the masonry
in the center of the specimen would be free from artificial
stresses. An initial decrease in apparent strength as the
number ¢f courses increased, tending toward a constant strength
limit would be expected. This behaviour pattern is amply
demonstrated by the literature with regard to both the failure
mode and apparent strength. Nominal 9 in cubes have demonstrated

(8,9) clearly indicating

10)

initial splitting followed by shear

mixed stress patterns. Sinha and Hendry's( results indicate

that the shear strength of the brick markedly influence the
behaviour of 9 in x 9 in prisms as the number of courses decrease.
A number of investigations have shown that increasing the

height of the specimen or number of courses leads to lower

failure 1oada(2'1°-13). The achievement of constant strength

above about 4 courses for single wythe prisms of br*ck(lz) and of

(2)

concrete block , and above an h/d ratio of about £ for 2 and 3

(13)

wythe prisms , was also demonstrated. A minimum number of




been recommende both brick and c

(14)

Belgiunr




joints simulating common bond, rould better represent full size

brickwork and give lower strengths than stack bonded prisms.

cific cases that stack

while it has been shown 1n some Sj
bonded prisms are r stronger than common bonded prisms
- (12)
+ would appear unwise to accept this as generally true .
2 ~ - ‘ 3 ‘ -
cstafford-Smith and Carter demonstrated that peak values of
horizontal tensile stress in compression loaded walls are

associated with the vertical joints. The higher Young's Modulus

btained for stack-bonded prisms is an indication of different

performance, and lower strengths for double wythe prisms com-
Dare with single wythe indicate the potential significance of

vertical mortar joints ; It is concluded that the bond

At | ely S sible.

V) M nrvy Unit Stre TA’:'V
Mar investigators have tried to relate mas nry unit

trength to wall or prism strength for a given mortar. The
1lled "efficiencv" of the wall or prism has been expressed

the ratio of wall or prism strength to the masonry unit
tryor ¢ Th¢ 1 (“ 1er £ ‘*f t+he -*'—,t'_r“,(i P f testing r +he mo le
f failure of a single unit (shear failure) as compared to that

§ ~ 1 2

O the it 1n a wall or prism (tensile splitting) has not beer
114 .

fully recognized 1 this effort. The most comprehensive compi-

+ v ¢ 3 -

“Re1i01 f brick masonry compressive data was prepared by the
Building ¢ . . ;
bullding i€ Committee of the U. S. Department of Commerce ir
sane {36}

+ e » cover* g the results of 708 individual tests. Fronm

M 4 1 . X
this work no notable consistency between brick strength and
masonry strength was observed.
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Given a wide enough range of products, unit properties will tend
to correlate with one another. Thus a statistical correlation
will he expected between any one unit property (e.g. compressive
or tensile strength) and compressive strength of masonry made
from the same units. Such correlations have indeed been
obtained(zg). It is emphasized that such relations are

statistical and not functional. Therefore they may not be a

sound basis of prediction in specific rases.

(vi) Mortar

Mortar proportions hav~ been traditionally expressad as
paste-sand ratios that vary from 1:2 1/4 to 1:3 by volume. This
is based, in part, on the amount of paste that is necessary to
approximately fill th- voids. Given a series of uniform spheres,
the theoretical per cent of voids can vary from 26 to 48 percent,
depending on the scheme of packing. Experiments carried out on
actual uniform sphere systems give characteristically a void
ratio of 38 percent. Actual sands have void ratios that will
vary from 25 to 40 percent. This suggests that some optimum
packing is possible through sand gradation. Experimentally, the
lowest void volume achieved is about 16.8 percent, using a

mixture of particles as follows:

TABLE 1-3
l .
’ Percent of Relative
Total Volume Diameter
i Coarse 70 50.5
Medium 20 8.0
Fine 10 1.0
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The effect of

sand gradation is nowhere near as marked as

that of paste-sand volume ratios.

he influence of the mortar formulation on the prism strength

very marked. Table 1-9 shows typical influences of mortar
(20)

composition strengths

TABLE 1-9

¢ Mortar Compressive Strength on Ultimate
essive Strength of

Vi

4-in Brick Prisms*

Compressive | Strenc
- L

Strength Ratic
psi

|

e ——— ——————
!
:1/4 L 35 2503

——

1/28

in prisine Fuilt with one type of br
8-in joints

-1 ck
4dCK

cured cube strength

From Referenc

is reduced by more than h

_ Y
Lia s

ASTM mc _ar. Because the

strong as the

is not directly con
mcrtar strength.

s "
o~ s (31 3 )
Greenley anc Watstein

< )

effect of

additives

mortar strengthc
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added a chemical additive which substantially increased the
strength of the mortar and consequently the prism strength. Tie
results are presented in Figure 1-10. The increased mortar
strength had a greater effect on the high-strength bricks.
Watstein and Allen considered the effect of high bond organically
modified mortars and concluded that the average compressive
strength of standard prisms built with high bond mortar was 37
percent greater than those built with conventicnal mortar; the

secant moduli of elasticity were 25 percent greater.

(vii) Join* Thickness

The iafluence of joint thickness relative to the height of
*he masonry unit has been recognised as a significant parameter
of the prism strength and was included in both attempts to guan-
tify the compressive strength of prisms. Figure 1-8 from
refererce 6 and Table 1-10 from reference 20 indicate the mag-

nitude of the effect for various masonry units.

TABLE 1-10
Mortar Joint_ Prismsl %
Thickness in¢ Compressive Strength? ! Strength Ratic
1/4 17 6550 psi i 1.00
3/8 5850 psi [ 0.89
1/2 4900 psi i 0.75
5/8 4050 psi ] 0.62
3/4 3150 psi i C.48

1
"Prisms 4 in thick, 8 in long and 16 in high

2 , .
Type S mortar used in all specimens

3Values taken from a faired curve derived from two separate
plots.
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(viii) Workmanship

In common with other building materials, the strength of
clay masonry is affected by workmanship. The deep furrowing of
bed joints and the partial filling of vertical head and collar
joints are practices that reduce strength to some degree. ‘“hick
joints as discussed in the previous section will lower strength.
Addition of line above specification limits to improve workabi-
lity will also result in strengths that may be below design
expectations,

Code recognition of the influence of workmanship is shown in
the 1964 Edition of the Uniform Building Code which reduces
allcwable stresses in many categories by a factor ~f two for
uninspected work as compared to inspected work, From time to
time, investigators have tried to compare the effects of variocus
kinds of workmanship on masonry strength. Most of this work
has beern sporadic and inconclusive. However, a serious attempt
in this area of investigation was made as part of the 1928 wall
testing program at the National Bureau of £ . ndards(27). Two
"grades” of wcrkmanship were used. "Commercial" or "ordinary"
workmanship was characterised by complete absence of vertical
Joeint filling, deep grooving of horizontal joints and compara-
tively high speed laying. In the "supervised" or "superior"
workmanship these characteristics were avoided.

For wall specimens built with brick with strengths from
3C00 te 4000 psi, superior workmanship resulted in masopry
Strengths approximately 60 tc B0 percent areater than for

Specimens built with ordinary workmanship. For specimens built




with an 8700 psi brick the increase was only about

A rather limited investigation in the SCPRF laboratories
considered the effect of workmanship on the strength
brick prisms built with an 11,866 psi brick and ASTM
mortar. In this case, superior workmanship resulted

increase prism strength of about

The filling of head and collar joints, the avoidance of

deeply furrowed bed joints and the use of as thin a joint as

permitted by the dimensional vari tions of the units are all
workmanship factors that will impruve the strength or the masonry.
Safety factors .hould reflect the use of good supervised
workmanship ti har - the well-designed and
any structural material. Where uninspected,
be permitted, appropriate design reduction
employed. Wh'.le the available data do
decreases with increasing brick strength,

0 derive definite functional relati




1.3 Tensile and B ond _Strength Tests

The tensile and bond strength tests, not as extensively

studied as the pris

jeve lopment f test techniques that determine provertie appropriate
for the analysi f larger elements. Because of this diffi ulty many

lques have been prcposed and us

). 1
programs with a nsequent lack of correlation among them There are
ba 1lly three broad areas of interest first, the tensile strengtt
of the individual masonry unit; second, the bond strength between the
mortar int and the masonry unit; and third, the tensile strenagt! f
» small test specimen, such as a circ 11s8C, 1indicating the mb 1 ne
behav) 1X £f the omponents.
l.3a I»:_~_
Many investigators have included the results of the st i
ASTM C-¢ modulus of rupture test in their reports but have
mpared .t with ocher methods of obtaining the tensile strenct!
(3
f an individual uvnit. and O'Leary ~ nducted an exten-
investigation in which five method f obtaining the ter ¢
3t £ lay bricks werse ompared. The three major type f
nsidered in the study were the flexure r modulu f rupture
the direct tensile test and an ir L tensile test. Ir
two different types of tests were performed or e
€ taken from the full brick.
The tandard ASTM C-67 flexure or modulu f rupture test
ts f supporting the unit on twc support 7 iy




loaded at mid-spar The modulus of rupture is
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the range was 7.9 to 10.3, Cores cut from the ends of the ex-
truded bricks prodvced lower strengths than cores cut from the
center of the bricks. The authors postulated that the reason for
the lower strength is almost certainly due to the pooier packing of
the unfired clay at the ends of the brick during the extrusion

process. The mean tensile strength cf the center cores compares
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h the strength obtained by splitting the unit

The direct tensile strength of bricks measured when the units
are pullcd apart by an axially applied load is thought to be of

lit

o+

le value because a) it is an extremely slow test requiring 24

\

hours to cure before testing can take place,b) accidental eccentri

city of loading is extremely difficult to avoid,and c¢) for extrude

bricks, if tested on the full length, failure will alm

0
0
rt
0
n
"
-t
o
>
’
<

occur adjacent to the end plates, or if the length of the unit is

reduced by cutting each end prici to fabricating the test piece

the least tensile strength of the remainder of the unit wiil be
mearured rather than the tensile strenyth at a randomly selected

position.
Because of the difficulty involved irn determining the tensile

strergth of the large class 2f hollow clay and concrete units the

tensile strength test as part of their standards for the California

: | » -~ ~a - 1 ~ 1 am
Quality Control Specifications. Alchough the same problems as
outlined by Thomas and ‘lLeary exist, it is believed that this 1s







strengtla of hollow units. A photograph of the test setup is
shown in Figure 1-11.
In conclusion, it is clear that more comparative experimental

studies are required to determine reiiable, accnrate and relevant

information on the tensile strength of both solid and hollow

b

Trhe bond strength between the mortar and on unit msiste !
|

Dol b : s e et y i .
the strength developed when a tensil: load normal to the } 1 ‘

!
faces 1s applied. The second, the shear bond strength, is the strengtt

developed when a mortar masonry joint is subjected to a shear

ad. Several experimental programs have investigated va

facets of the bond strength between the mortar joint and the nry
anit. Most of the studies have used solid clay units as the

establish failure criteria
nditios
In adopting cross brick
tests, Polyakov' >’ found d
load 1n the center of the cc
ie made the assembly in the
16 f two rtared
lamps. ther research workers,
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the tes* quite satisfactory and it is now generally accepted that
cross brick couplets give satisfactory results for bond ir tension.
Pearson used selected bricks for the top ang, for econuomy, a common
unselected brick for the bottom. Before placing the mortar for
assembly he treated the lower brick with high early strength cement
grout to ensure failure con top of the jouint. This of course is
contrary to the practice at site. It would appear that Pearson's
results for bond tensicn were higher tha: normal because the mortar
was prevented from losing any moisture to the bottom brick.
Davison(45) fourd that the bond strength between the mortar joint
and the upper brick was less than that b. tween the mortar joint
and the lower brick. He attributed this to the fact that before
laying, *he upper brick moisture from the mortar will be absorbed
into the lower brick. Therefore the cor:istency of the mortar is
less when the upper brick is hard due to this loss of moisture.
Berijamir and Williams“l) reported on a comprehensive set of
couplet test ., The various test arrangements for the differen*
stress combinations are shown in Figure 1-13 and Table 1-11 pro-
vides a summary ci the compressive and tensile ctrengths of the
different mortars. Table 1-12 provides results for couplet bon-d
tension tests (6 = 0 in Figure 1-12) for the same mortars considered
in Table 1-11. It is significant to note that when the morta- bond
to the brick was placed in direct tension, failure occurred at about
20 percent or less of the mortar tensile strength or at not more
than 2 percent of the ultimate compressive strength.

The results of the authors' couplet tests presented in Table

1-13 and Figure 1-14 show that the shear strength of the —~rtar



TABLE 1-11

CAL PROP .RTIES OF MORTAR

-+

Mortar 28-day | 28-day | !Mortar Reference

iropcx:xonsa Compress.| Tensile | [Retentivity
| Strength Strength| [
| (psi) (psi) | [ (%)
!

Stanford
Shear Wall
Project

From Reference 41
a. Proportions by dry loose volume.
b. Dy wends on water percentage.

wall specimens were actually tested at an age of 14 days
when the mortar strength was approximately 2500 psi.
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joints is greatly aifected by the normal stress acting on the
joint. An average coulomb relationship for the strength of the

mortar joint is given by the authors as follows

o = g & 1.1 0 (1-17)
Xy Xyo Y

where ny is the shearing resistance of the mortar joint, oxyo the
shearing resistance of the mortar joint for zerc normal stress and
cy the normal stress acting on the mortar joint, (compression
positive). An average value of oxyo of about 230 psi is indicated
from Figure 1-14. 1In this equation oxy is the maximum shearing
stress developed on the section and should be multiplied by 2/3 to

obtain the average stress on the joint. Because the failure

envelope plotted in Figure 1-14 is non-linear Equation (1-12), is only

applicable when the normal stress is compressive and greater than
60 psi. For compressive stresses below 60 psi and all tensile
stresses the data in Figure 1-14 indicate that the following

relationship is more applicable.

o (max) = 50 + 3 (1-18
xy 1 oy )

o (average) = 100 + 2 ¢ (1-19)
Xy e Y

The authours made two observations concerning Equation 19. First,
vhen oxy = 0, oy becomes -50 psi. This would indicate a tensile
bond failure of the joint at a value which is in approximate agree-
ment with the values reported in Tables 1-12 and 1-13. Second, for

the normal stress ny on the joint equal to zero, the eguation



TABLE 1-13

AVERAGE RESULTS OF COMBINED STRESS COUPLET TESTS
STIFF MUD, SIDE CUT, CLAY, VACUUM TREATED

BRICK:

Mortar
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indicates that the average shear strength «f the joint is about
100 psi. Since this is a case of pure shear it would be logical to
expect the failure to be in tension, and a value closer to the
tensile strength of the mortar might have been anticipated. The
explanation put forward by the authors depends on the fact that the
failure is initiated at the joint surface. Thre phenomenon of the
shear bond strength in cases of pure shear being lower t>an the
true tensile strength of the nortar, is similar to the tensile bond
strength being lower than *the true tensile strength of mortar.

(39,43)
y

Hendr et al performed bond and shear strength tests

using the test setup shown in Figures 1-15 and 1-16. The test

material in both sets of tests consisted of one-sixth scale model

bricks with an average crushing strength of 4350 psi. The test

samples had a bonded area of one square inch.
For a given type of brick and mortar the bond strength is
affected by the moisture content of the bricks at the time of

(43)

To investigate this phenomenon Sinha and Hendry dipped

laying.
their bricks in water for periods of time varying from 5 seconds to
2 hours before the couplets for the tension and shear tests were

made. The moisture content of each sample was determined and the

results of the bond tension tests are shown in Table 1-14, while

those of the bond shear tests with no compressive load are in

Table 1-15. From these results, it is clear that the moisture

content of the bricks at the time of laying influences the bond

. 40
strength of the brickwork, although Thomas and Slmms( )

concluded
from a small number of full size tests that it was not a very H

important factor. Sinha and Hendry's results agree with those of
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TABLE 1-14

COUPLET BOND TENSION STRENGTH
Area of couplets = 1.0 in?

Treatment of brick before use
Dry |Dipped in|{Dipped in|Dipped in'Dipped in|Dipped in
water for|water for|water for|water for|water for 5
5s 2 min 5 min ] 1C min 2 h
Mortar strength-
l-in. cube 1900 1120
psi
“°“t“’(§ CoOREent! o.esl 3.0 9.91 11.66 11.81 12.17
20.38 57.25 84.88 39.75 7.50 2.50
16.5C 10.25 45,75 28.63 81.00G 6.90
11.75 60.00 15.75 7.50 63.00 6.25
Bond tension 70.08 24.75 34.00 €9.00 40.00 2:25
strength 72.00 17.00 47.00 60.00 7.00 6.00
psi 29.00 13.00 59.00 70.00 64.00 10.75
18.00{ 100.00 6€.00 45.00 43.00 6.00
33.00 66.00 73.00 35.00 8.00 2.25
27.00 48.0C 64.00 5.50
66.00 2.25
Avg 33.07 44.00 55.54 44.40 39.20 5.06

From Reference 43.
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TABLE 1-15

COUPLET BOND SHEAR CTRENGTH
Area of couplets = 1 in 2

Treatment of brick before use
Dry | Dipped in| Dipped in| Dipped in| Dipped in| Dipped in
water for] water fecr! water for| water for] water for
5 g 2 min ‘ 5 min | 10 min 2 h
Mortar strength-
l1-in cubes 1900 1120
psi :
”°1““":‘;:°“t°"t 0.66] 3.38 9.91 11.66 | 11.e1 12.37
32.40 50.40 64.80 45.72 56.88 28,70
39.60 46.80 46.80 39.60 46 .80 20.00
Bond tension 59.40 57.60 46.80 39.60 46,80 12.95
strength 6E .40 46.08 50.40 43,20 49,32 21.30
psi 83,60 97.20 94.40 88,20 21.60 28,80
86.40 86.40 75.60 108,00 18,00
64.80 109.60 61.20 86.40 9.00
86.40 84.80 97.20 52.40 30.06
46.80 79.20 75.60
84.80 75.60
67.12 71.60 63.30 61.94 21.10

From Reference 43,
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. (
Semenstov described in Polyakov's work. Semenstov concluded

s ¢ +h

the wetting of bricks before laying with cement mortar sub-
ntially increases *he bond, but that saturated bricks lead to a

in bond strength.

(43)

tensile and shear bond results ) » authors
proposed the following general relationship between bond tensicn
and shear bond O with no compressive
Xyo

cement mortar.

their bond
found that

n the value of bonc

ionship

standards and
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resistance and to be represented by

o = 0 + £ o (1-23)
Xy Xyo y

where f is the coefficient of friction. 1In both investigations

an initial series of tests were conducted to establish the coeffi-
cient of friction. The couplets were made by placing tissue

paper between the top brick and the mortar joint to eliminate the

bond shear. Sinha and Hendry found that the relationchip between

compressive stress and frictional shear stress is linear up to a
shear stress of 154 psi, the compressive stress being 200 psi at
-his limit. The corresponding values in Murthy and Hendry's tests
were 105 and 145 psi, respectively. The coefficient of friction
determined from the two studies was 0.74 and 0.725, respectively.
The shear strength of the couplets in the linear shear stress r:znge
. where bond shear was eliminated could be given by Op = f cy where
O is the shear stress of the uplet due to friction alone on the
brick mortar boundary - Figures 1-17 and 1-18.

To predict the shear strength when bond shear was not eliminated
the authors used the relationship given by Equation (1-23), whers ?}ﬁ“
was determined experimentally. The theoretical results presented
in Figures 1-17 and 1-18 were calculated from Equation (1-23). The
relationship between the compress .ve stress and the shear stress
was found to be linear up to a shear stress of 181 psi in Sinha
and Hendry's test and 105 psi in Murthy and Hendry's test. 1In
Sinha and Hendry's test the shear strength did not increase again
until the compressive strength exceeded 245 psi. There was an

apparent increase in shear resistance when the compressive stress




120 — o

100

FRICTION + BOND —
— FRICTION ONLY

~ 80
7
a
.:E
o 60
z
w
x
-
)
ax 40
<
w
T
wn

20

| R | | | 1 J | _J
0 20 40 60 80 100 120 140 160 180

NORMAL COMPRESSIVE STRESS O’y (PS1)

FIGURE 1-17 SHEAR STRENGTH OF BRICK COUPLETS SUBJECTED TO VERTICAL
COMPRESSION From Reference 39




BOND +FRICTION

160} -

bl “—— FRICTION

80}

SHEAR STRESS (PSI)

O EXPERIMENTAL (BOND+FRICTION)

40

® THEORETICAL (BOND+FRICTION)
/A EXPERIMENTAL (FRICTION)

| | 1 | | | L . B

0 40 80 120 160 200 240 280 320 360
NORMAL COMPRESSIVE STRESS (PSI)
FIGURE 1-18 SHEAR STRENGTH OF BRICY COUPLETS SUBJECTED TO VERTICAL -
COMPRESSION From Reference 43

LS



for concrete

agrees with the

ma ¢

brick mortar joints.

jamir

that the tens




9% JOU9I9 ] o

woxd

dALNID OSId

AMNOSYW LV Q38 OL TVWHON ININOJWOD SSEMLS 40 NO1IWIWWA 61-T1 JHNOId
g 39NV
006 08 o0L 009 0§ OP o0f 002  o0i o0

4 oa,
ﬂ 4 d¢d
_ 2]
o
-
0
NG o
s S wa
. 3 de
AJ
m
b @ P4
T2 e
T e tllVl .I«Iww:glhl
d9




60

discs. The two major variables of the investigation were the angle
of the mo~tar ped to the line of application of the compressive
load and the strength of the mortar. The results of the investi-
gation are presented in Figure 1-20.

The authors concluded by stating that some of the general
findings of the investigation may have more significance than some
of the specific numerical results. They outlined the general
findings as follows: The diametral “esting of masonry discs proved
to be a simple, feasible orocedure for the measurement of the
respective tensile properties. The coefficient of variation within
the test series was unusually low for this type of material and
indicates the reliability of results that may be obtained with the
composite unit. A further advantage of masonry disc diametral
testing is the variety of information that can be obtained by the
rotation of the bed joint with respect to the direction of the
principal tenrile stress. When the angle between the direction of
the principal tensile stress and the bed joint is 90°, the results
of the diametral testing of the masonr' discs give a measure of
bond strength between the mortar and the brick. When the angle
between the direction of the principal tensile stress and the bed
joint is 45°, tihe results of the diametral testing of the masonry
disc becomes a measure of the shear strength cf a masonry assemblage
which is applicable to masonry beams and shear walls.

The diametral testing of masonry discs was utilized in the
Structural Cl.y Products Small Specimen Testing Proqram(24), and
later was the object of a theoretical analysis by Stafford-Smith

7 :
t al(4 ). Included in the theoretical analysis was a comparison

e A e e
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of some of the theoretical results with the experimental results
obtained in the Structural Clay Products Small Specimen Test
Program. Staffcrd-Smith et al performed a linear finite element
analysis on the circular masonry disc used in the diametral test
procedure, for the case of the bed joint at 45 degrees to the line
of the load application. 1In the analvsis the authors varied the
brick to mcrtar modular ratio and calculated the maximum principal

tensile stress from the formula

NP
Dt
E
and plotted N against EE . The plot is shown in Figure 1-21.
™ (46) (24)
In Johnson and Thompson's paper and the SCP report the

maximum principal stress was assumed tc oe

2P
™Dt

i.e. that of a homcgeneous disc. Stafford-Smith et al recalculated
the diagonal tensile strength of the SCP tests and plotted them
against the mortar tensile strength - Figure 1-22. It is clear
that for the plot presented, the tensile strength of the discs
calculated by the authors approximates the tensile strength of the
mortar.

The authors concluded that the diagcnaal tensile strength cf
the brickwork is approximately equal to either the tensile strength
of the mortar or the tensile strength of the brick whichever ic
less. They further concluded that in the particular problem of

diagonally loaded brickwork discs, concentration of high principal

T S R U T
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tensile stresses was found to be induced in the elements of lesser
stiffness, the greater the modular ratio of the materials the
larger the peak tensile stresses. In addition they stated that

in the stress analysis of non-homogeneous materials such as brick-
work an analysis based on the assumption of a homogeneous material

may lead to substantial underertimates of the maxirum stresses.




2. SHEAR STRENGTH OF MASONRY ASSEMBLAGES

2.1 introduction

An important consideration in the analysis of a masonry building is
the ability of the structure to withstand lateral loads. 1In seismic
areas of the world large lateral loads are induced by earthquakes and in
both seismic and non-seismic regions lateral loads arise from wind
loadings. Most masoary buildings consist of various ascemblages of
different types of shear walls, (Figure 2-1) and the resistance to the
lateral loads is predominantly by their in-plane shear resistance. Con-
sequently the experimental and theoretical behaviour of individual, or
components of individual, shear walls are of interest in understanding the
behaviour of masonry buildings subjected to lateral loads.

The object of many early experimental research programs in this area
'as to determine the resistance of masonry assemblages to monotonic shear

oads. As research progressed, investigators tried to determine failure
criteria for different assemblages subjected to various combinations of
shear and compressive loads. More recently investigators have also
considered the behavicur of various assemblages under cyclic loading.
The properties of interest in these programs have been the ultimate
strength ard/or yield strength, the mode of failure, the stiffness
degradation and hysteretic behaviour and the effect of different para-
meters on these properties.

Only a limited number of major investigations has been performed
on the shear strength of masonry assemblages. Each program will be
briefly summarized and the pertinent results and conclusions presented.

The second section of the chapter outlines ths various test ~echnigues

67
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used in the different investigations, the third section briefly sum-
marizes investigations that utilized the monotonic type of load. The
fourth section summarizes investigations performed on models of masonry
buildings while the fifth section summarizes investigations on the cyclic

behaviour of masonry assemblages.

2.2 Test Technigues

Development of sophisticated mechanical and electrical equipment
over recent years has led to an increase in the sophistication of
apparatus able to be used in experimental investigations. Consequently,
the scope and aims of many programs have broadened, yielding more detailed
and relevant infcimation.

Investigators over the last two decades have used many different
test technigues in their experimental programs on the shear strength of
masonry assemblages. The diversity of methods has arisen because of the
difficulty in simulating the actual load conditions of a masonry com-
ponent in an experimental program. In this section, most of the basic
experimental technigues that have been used will be ouvtlined.

One of the first methods used in the determination of the shear
strength of masonry walls was that shown in Fig. 2-2. The external hold-
down force R was applied to resist the overturning momc;t of the panel.

This method was used by SChneider(48), Scrivener et a1(49'50)

82
Structural Clay Products Research Founiation(SI"‘) in their test pro-

and the

grams. The mn=thod also formed the basis of the standard procedure of
racking tests described in ASTM E 7:-68. This method of test provides
only a relative measure of the sheariny cr diagonal tension resistance
of a panel and is useful only for comparison with construction tested
in the same manner. To what extent the state of stress is influenced by

by the boundary conditions and the tie-downs is a matter of speculation.
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The above method was moaified by Schnexder( ) in a second series

e A

f tests he performed in 1959 and was also utilized by Scrivener in

one of his series of three tests. Instead of using the external force

e

resist the overturning moment, an internal hold-down anchor depicted
”

n Figure 2-3 was used. Here the or jection of a large external com-

ressive stress at the edge of the panel is eliminated. However, since

overturning resistance depends upon the development of bond between the

jamb steel and the grout, a certain flexibility in types and arrangement

"
>
9}
b
p
(8l
b=
~
O
h
e
m

most frequent techniques used to determine the

.

elative shear strengths of walls is that shown in Figure 2-4. Thi

1nethod was 2wsed in the extensive test program perfcrmed by Blume and

ssociates for the Western States Clay Products Associa

ot
3

b

-

0
.
t
m
2
’
e
vy
+
2
(®

-5 indicate the diagonal tension stresses in the

indow openings. Figure Z-6 indicates a square photoelastic specimen

E 3 > q E I

ided on a diagonal in t-e same ma:ner in which the actual diagonal
(55) "

t was onstructed. The report stated that the similarities
tween the two figures is evident and Figure 2-6 ¢ that failure
ould occur as a result of extensive tensile stresses across the

(56)
ertical diagonal. Borchelt used the diagonal test method but added
mpressive load as shown in Figure 2-7.
/!f\
schneider , in 1967, performed a series of test I rete
i \ry piers with the test set-up shown in Figure 2-8 The ge etry
r tr stem was maintained by the struts at the end of the openir

4 the axial and shear loads were applied by a system of jacks and tie




FIGURE 2- TRESS PATTERN IN A LATERALLY LOADED WALL PANEL MODEL WITH

WINDOW OPENINGS. NOTE THE DIAGONAL TENSION STRESSES IN THE

CENTER
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rods. Schneider believed that this procedure came closest to simulating
the manner in whic.. irateral forces are imposed on a pier within a
puilding wall.

The limited number of cyclic loading tests performed by Williams(a),

1(58) (59)

e )

and the New Zealand Pottery and Ceramics Research Association
(PACRA) utilized the cantilever specimen shown in Figure 2-9. The
resistance to the coverturning moment was provided by whatever internal
reinforcement was in the piers. This is a variation of the internal hold-
down method used by Scrivener and Schneider. 1In the case of Williams

and PACRA's tests, the vertical load was applied by a system of springs
and rollers.

An extensive program being performed by Mayes and Clough(GO) attempts
to approximate the boundary conditions of the piers in a structure, as
closely as possible, in the experimental test set-up. (Figure 2-10).

The major advantage of this test technique is the ability of the panels
to simulate the variation in the overturning momenrt on a pier. 1In

addition, the test panel closely approximates the boundary conditions

that the piers experience in an actual structure.

.3 Monotonic Shear load Tests

The equipment required for cyclic load tests is generally more
costly ard sophisticated than that required for monotonic load tests,
and consequently much of the early research was performed using monotonic
loads. This section summarizes the results and conclusions of the
investigations on the shear strength of masonry assemblages subjected
to monotonic lcadings. The first group of investigations summarized,
are those that utilized the test techniques shown in Figures 2-2, 2-3,
and 2-8. The second group consists of those investigations that utilized

test techniques similar to those shown in Figures 2-4 and 2-7.







performed 36 full-scale tests on three basic types of
concrete block and Shel-Brik), using the test tech-
Typical dimensions of the elements he tested

are shown in Fig 11. The brick walls tested consisted of the double

rvythe grouted construction made from 3 1/4" x 3 1/4" 0" (lay units.

oncrete block walls consisted of 8" x 8" x 16" hollow concrete
Shel-Brik walls comprised two basic sizes, namely
"

16" units. The ¢onclusions drawn by the

resented are as follows:

in the specific parameter

mix as it was varied
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(5) Insofar as reinforced grouted masonry is concerned, the basic
failure mechanism is one of diagonal tension and any structural unit com-
posed of this material must, of necessity, be reinforced properly to
resist this stress condition. In the case of conc. e b.ock, little
difference existed between the ultimate loads sustained .y similarly
constructed walls reinforced on the basis of eithe~ 5.003 bd or 0.002 bd
where b is the width and d the thickness of the wall, indicating that
reinforcement e, ual to 0.002 bd was sufficient to develop the ultimate
shear resistance of the grouted masonry. The load at which the first
crack was formed was noticeably lowered by a reduction in the amount of
wall steel.

(6) The intermittently-filled cell walls, which resisted a trtal

'

load of about 67% of that sustained by the solid grouted walls, evidenced
a considerable lack of rigidity even in the lower load range. 1In the
region between first crack and ultimate load , the increase 1n deflecti
was quite rapid with failure occurring rather suddenly

It should be noted that several of the conclusions presented above

by Schneider are in direct contradiction with conclusions presented
by other authors.
Schneider conducted another series of 50 full-scale tests on pa..cls
isting of single concrete-block masonry plers. The test technique

employed was that shown in Figure 2-8, and typical panel dimensions are
>wn in Figure 2-12. Euch panel was constructed from standard 8" = 8"
x L€ ccnerete block units. The conclusions drawn by the author from

the r sults presented are as follows:

1 Shear strength definitely increases with a decrease 1n the

height to width ratio (H/W) of the pier, and the rate of increase jumps

sharply below a H/W ratio of 1:1
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consistency of the test results throughout the range

the following relationship

shear stress of a pier contained within a sheax

reinforcement I provided. 1In the following

of pier.

Cantilever

Reference 57

ater




TABLE 2-2

Fixed Pier Elements

e Shear Stress-psi.

- 112.5 H/W

55 H/W

5 H/W

From Reference 57

exhibits a tendency
loading sequence. On
defining ductility as the ratio the total deflection

ced to the deflection at the i shear crack, the ductility

the amount and orientation ¢ he shear reinforcing
not prove to be a
spacings utilised

and Table 2-2 for

s have the same

)bjective,

coutlined separately. n th 5t set of six tests,

- e . ) _ 2 e . o
letermine the C nfl cing the flexural




type of failure. To achieve this he used a test setup similar to that
shown in Figure 2-3, with the reinforcing ted throughout the wall.

The results ¢ the tests are presented in

drawn by the author from the results presented are

vertical reinforcement are the

ness and failure load. Both

an increase in the amount

&~

bond beams does

- 34 + ~
prediction




TABLE 2-1

BEHAVIOUR OF WALLS UNDER TEST

Wall Theoretical
1 '.lllt!c'. prediction
stiffness c*® failure
(Ib/in) load (1b)
Al 6 in blocks, unreinforced | 1,500 1b, opening of hori- l Lifring off first course as 1,550
zontal crack above first a8 a whole
h——— —— _———-u.—--—mlﬁ.‘."' —_——
L 6 in blocks, vertical 5/8 Horizontal cracking at 2.5 x 105 15,000 1b, wall lifted off 14,600
in rods at each end of base, horizontal cracking base. above first course,
wall. above first course at third course, and fifth
4,000 1b, vertical cracks cour se
appeared at 8,000 1b.
A3 6 in blocks, vertical S5/8 Horizontal cracking at 0 x 109 26,000 1b, a 1/16 in crack 25,400
in rods at each end of base at 8,000 1b. hori- above first course
wall three 1/2 in rods rontal cracking above
within. first, second, and fourth
courses at 14,000 1b,
vertical cracks appeared
at 16,000 1b.
rl‘ 6 in blocks, reinforced Horizontal cracking at 5.7 x 105 | 24,000 1b, a 1/8 in crack 25,600
as wall A) and in addi- base and above first above first course and
tion bond beams with two course and third course at major horizontal cracks
1/2 in bars in fourth and 10,000 1b, vertical cracks above and belov lower bond
ninth courses. appeared at 22,000 1b. beam.
IAS Two leaves, 4 in blocks, Horizontal cracking, outer 1.6 x 1 15.000 1t, a 1/4 in crack 15,700
inner leaf vertically leaf, at base and above above first course of
reinforced with 1/2 in first, sixth, a.d seventh outer leaf some crushing
rods at each end of wall courses at 4,000 1b, hori- at toe of inner leaf.
and three 1/8 in rods zontal cracking, .nner
within, outer leaf leaf at base and above
unreinforced, leaves first, second and sixth
tied with 8 s.w.q. courses at 8,000 1b, ver-
crimped ties. tical cracking, inner
leaf, at 10,000 1b, hori-
l zontal crack above first
course, outer leaf opered
to 1/10 in ac 12,000 ib.
A6 Two leaves, 4 in blocks, Horizontal cracking, 1.3 x 106 18,000 1b, at 4/10 in lifting 15,800
inner leaf rei: farced as outer leaf at base. off base of outer leu”.
inner leaf of wal. AS,
outer leaf with /“ur
3/8 in vertical rods not
welded to base 10ods,
leaves tied with 1 in x
1/8 in gauge shaped
ties. l l
-
Wall "elastic” stiffness is calculated on the longitudinal deflection at the tenth course
—

From Reference 54
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(49)

In the second series of twelve full-scale tests Scrivener was

inteiested in determining the effect of different distributions of rein-
forcing steel on the shear mode of failure of the walls.

yield failure occurring he used the test setup shown in Figure 2-2 where

To prevent the

R was increased in proportion to P to prevent an overturning moment on

the wall. The results of the tests are summarized in Table 2-4.

The conclusions drawn by the author from the results presenied are

o
o |
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o]

(2) Walls with evenly distributed reinforcin

"

(3) With a low percentage of reinforcing, fa

"
t

after the onset of severe cracking. With higher p
forcing, the failure load is miL~h greater than the

0
Al
[+1)
=
b
b
Q

A

e

the load-deflection curves showed nc

w0

ne curve shapes showed no pattern from wall to w

r load-deflection ratio at a point on the curve)
any direct relationship with the percentage of rei
for steel percentages from zero to 0.4% (gross are
(width approximately 0.001") the stiffness varied

.2 x 10 kip/in. At severe cracking (some widths

s
ot
rh
ad
-
v
n

ss varied from 1.1 x 10 kip/in to 4.4 x 10

(5) Higher failure loads were obtained with

satisfactory crack behaviour and failure loads.

Jertical and horizontal reinforcing steel are equally effective

g have a later onset

severe cracking than walls where the reinforcement
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ilure occurs soon
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causing severe
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TABLE 2-4

BUHAVIOUR OF WALLS UNDER TEST

e e — e e —— -
Wall Reinforcing ) First Crack(d) Severe Cracking(e) Failure
Vertical Vertical Horizontal Percentage Load “Stiffness” Load "Stiffness"” Load (f)
Bars Bars Bars (a) b) Causing x 10 ’(c) Causing x 10-,(0)
Peripheral  Within ") (kip) (kip/in.) (kip) (kip/in.) (kip)
c1 N = 0 16 5.3 28 1.1 28 |
n2 2-5/8% > — 104 32 4.9 a8 4.4 68
clo - —_ 2-5/8" A7 24 3.0 28 2.3 L]
-
2-1/2"
c? 2-5/8% s 2-1/2" A7) 40 % L] 2.7 0
ca 2-5/8" 1-1/2" 1-1/2" AT a“ 2.1 48 ? 56
o 2-5/8" -1/ - A7 52 2.0 56 .6 60
D1l 2-5/8" w— e A7 % 1.9 40 1.6 65
-
2-/2"
c3 2-5/8" -1/ s . 205 L L] 3.0 56 2.5 70
D12 2-5/8" »1/2° 2-1/72" 272 60 2.8 12 1.8 104
D4 2-5/8" 3-1/2" a-1/2" . 340 64 4.9 92 3.2 In excess|
of 112
D13 2-5/8" »-5/8" ¥-5/8" .420 44 5.5 7% 2.0 %
Dl4 2-5/8" »5/8" 4-5/8" .47 an 2.4 80 2.0 112 ,l
e - g e S Sy e J
Notes :

a. The horlizontal reinforcing in the top bond beam, which for each wall consisted of 2-1/2" bars (except for
walls D13 and D14 where 2-5/8" bars were used), is not included in the table or in the percentage of rein-

forcing.

b. The percentage of reinforcing is calculated on the parcentage area of steel divided by the gross cross-

sectional area of the wall {.e., in this case 8' - 8" x 5 - 5/8%.

c. The "atiffness” is calculated on the requisite load divided by the deflection at the load end, 10th course.

Firat crack is the first crack visible to the naked eye -~ some .001" wide.
Severe cracking is the stage where some part of the crack pattern has cracks of width 01"

Fallure load is that maximum load which could just be sustained by the wall.

» ftgN
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of the wall, which correspunds to 100 kip failure load. Above this
percentage, additional reinforcing had little effect on the failure
load. From the walls with optimum (0.3%) or higher percentage of
reinforcing, the ultimate horizontal shear sitress (ultimate load divided
by the gross cross-sactional area) was found to be 170 psi.

The objectives of the third series of six full scale tests performed

)
by 5crivener(50 was to determine the effect of full and partly-filled

cavities and to compare the performance of these walls with an
"equivalent" reinforced concrete wall. The results of the tests are
summarized in Table 2-5, Scrivener summarized his conclusions as

follows:

(1) A masonry wall with all cavities filled with grout can with-
stand a higher load before first crack, severe cracking and failure and
is stiffer than the equivalent wall with only reinforced cavities filled.

The .trength increase is from 20% *o 50%.

(2) Although the stiffness of a fully-filled masonry wall and the
"equivalent" reinforced concrete wall are very similar, the masonry wall

is only some 60% as strong as the reinforced concrete wall.

The Structural Clay ‘’roducts Research Foundation conducted two
series of tests on walls 8' high by 8' long. The objective of the first
series of tests(SI) was to compare the strength obtained from five
identical 8' x 8' walls tested by the standard ASTM E 72-68 racking
procedure with that obtained from five identical 16" diameter circular
discs tested by the method devised by Johnson and Thompson(46) (Figure
1-18). The result of the study was that the "apparent"” shear strength

of the walls tested by the standard ASTM Racking procedure (Figure 2.2)

was 60% greater than the result obtained from the tests on the circular
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TABLE 2-5

R Ol UNDER TEST

WALLS

Load
causing
(1b)
48,000

84,000 3,80

40,000

100,000

area of steel

2,400

119

Stiffness+
+

(1b/in x 10-9)

load divided by the deflection of

nak

just

r

ed - usually some 0.

eye

be sustained by the wall.

01

in

Severe Cracking

Load

causing

60,000

88, 000

68,000

10,000

the load

wide.

of the crack pattern has cracks of width 0.01

“(1b)

Failure

Sti ffnnss:

(1b/in x 107 )
1,900

3,100

176,000

for each wall consisted of two 4 in diameter bars and is not included

divided by the gross cross-sectional area of the wall,

end at the tenth course.

in.

From Reference 50




89

discs. The authors concluded by stating that although the method of
testing shown in Figure 1-18 was new to clay masonry testing and the
extent to which the results represent the state of pure shear or diagonal
tension are as yet unknown, the external hocld-down force regquired in the
ASTM racking test increases the apparent shear strencth by 60%.

The purpose of the second series of tests(sz‘ was to compare the
shear strength of walls constructed from 4" structural clay facing tiles
with those constructed from 4" clay brick units. 1he shear strengths
were determined by the standard ASTM procedure (Figure 2-2). The results
indicated that the apparent shear strength, based on net area, of walls
constructed from facing tiles is significantly higher than the cor-
responding values for 4" brick specimens. The report concludes that the
mode of failure in racking involves not only the rupture through the mor-
tar joints but also in many cases through the tile units themselves, and
that the high tensile strength of the fired clay body apparently in-
fluenced the results.

Haller(6l) in reporting on the various investigations performed at
the Swiss Federal Laboratories included the work done on the shear
strength of masonry walls. In these investigations iwo different test
techniques were used. The first was similar to that shown in Figure 2-9.
The second, shown in Figure 2-1 was unigue to Haller's program. They
used two different sizes of specimens, the larger 9'-6" x 8'-8" x 6"
specimens were tested in *he setup sh vn in Figure 2-]3, while the
smaller 4'-8" x 5'-3"x 6" specimens wesre tested in the setup showrn in
Figure 2-13. 1In addition to the two types of specimens, twn different
typecs of bricks were used; a normal quality brick laid with a lime-cement

mortar and a special quality brick laid with a cement mortar. The
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S U S gt 3= & o

=

=

PN i
3 .

s

2% Al



90

e

19 @0u31a39ay woid

Apdad

ey TR

£1-2 JHNO14

S4

ey

- 2/1 G- | —

i

o 2C/1 6= | -
Sd

diddldy

-

akd

e

o

—

3

SRR

2

iiiiiiiEEEE
Sd2

jg——— &/ 9= —=~




91

results of the tests are presented in graphical form in Figure 2~14. An
empirical relationship between the compressive stress (oc) and the shear

strength (Txy) given in Figure 2-14 is

Ty = OS W - 250) psi (2-2)
for the special quality bricks, and

Ty = (35 /oc_+3'eﬁ - 540) psi (2-3)

for the normal quality bricks,where Txy is the shear stress and cc the
compressive stress in psi.

From the results presented, Haller observec that the shear strength
is composed of the adhesion of t* mortar to the brick, the shear
resistance of the mortar plugs (i.e. the mortar that penetrates into the
perforations) and the friction forces vwhich increase with compressive
stress. In the absence of compressive stresses orly the first two
effects (i.e adhesion and shear resistance) are active. Haller con-
cluded by stating that with no compressive stress on the walls the shear
strength 1s considerably affected by the absorptivity of the mortar,

ncluding the plugs.

Az .aentioned in Section 2-1, one of the most widely used techniques
to determine the relative shear strength of masonry walls and wallettes
is the diagonal test method shown in Figure 2-4. The largest study per-
formed using this technique was that done by Blume(ss) for the Western
States Clay Products. The 84 walls used in Blume's tests were 4 feet
Square. The materials used were 8" hcllow clay brick units and 4" wide
clay brick units. Typical wall details are shown in Figure 2-15. The

shear strength index of the walls was calculated from
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From Reference 61




7 L ]

e . v ._,.. IS ——

— 1 3/4"

7 65" =~ ——

. 4'- 0" —————

—— g | /4"
TYPICAL WALL DETAILS TYPICAL WALLS
WITH 8" UNITS

TYPICAL WALLS
WITH 4" UNITS

FIGURE 2-15 TYPICAL TEST SPECIMEN

From Reference 55




94

where V is the average net or gross shear stress, P the diagonal load
and A either the net or gross cross-sectional area. The more important

conclusions presented in the study are as follows:

(1) The ultimate unit shear values obtained frcm the above index
in nine unreinforced, 2 1/2 inch grout core, masonry wall specimens
ranged from 324 psi to 413 psi, using the materials listed in conclusions

2 and 3.

(2) (a) The mortar must be workable and satisfactory to a good
mason. I. was recommended that the mortar be made of 1 part portland
cement, 3/4 part hydrated lime and an average of 4 parts damp, loose
mortar sand with an allowable range of 3 3/4 to 4 1/4. (b) The fine
grout mix recommended was 1 part portland cement to not more than 3 parts
of non-bulked dry sand or 4 parts of moist loose sand by volume. No lime
is recommended. The grout must be fluid and suitable in all respects
for proper placing, toc entirely fill the core space. (c) There should
be no arbitrary limits on the water content of the mortar or of the
grout. Workability and placing characteristics are much more important
than compression tests which muy grossly exceed,the code requirements.
This conclusion implies that mo-tar with the given proportions satisfies
strength and bond requirements provided the amount of water used is

sufficient to satisfy workability requirements.

(3) Of the two brick properties, compression value and modulus of
rupture, the latter is more significant for the shear value cf the

masonry. It was recommended for optimum shear capacity that the brick
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Other investigators have shown that the amount and

ution of reinforcement in a panel affect both the strenath and

The average shear of the hollow brick masonry panels

3 psi to 391 ps ending upon the particular br
he shear values
three different brick
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those with high bond mortar
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Brick A -~ Conventional mortar Brick A -~ High~bond mortar
—— e — S———— 4
Edqge-load Racking strength Edge-load Racking strength
(Gross (Gross (Gross (Gross
3 s s ad . 2 3 . 2
ibf = 1 1bf/in ibf x 10 (1bt/4n") ibf x 1 (Ibf/in") ibf x 10 (ibf/in
- R S ——— S ———————————————— e — |
C 44 175 0 141 560
C 45.5 181 D 11¢ 457 {
5s 140 68 270 SO 281 168.5 67¢
5 281 89.2 A L1 562 178 708 |
75 421 118 4587 832 238 94¢ !
10C $62 127 06 1120 209.5 833 !
128 702 133 $30 1400 258 1020
150 843 141 $60 2530 213 926
mpressive flexural tests on Gx8 ft wall panels !
3 |
Flexural strength (1bf/in”) 80 360
ompressive strength (1bf/in“) 319¢ 483
Bed int area (in" 178 178
Diagonal cross-sectional area (in® 252 252
Brick & -~ High-bond mortar Brick § -~ High-~bond mortar !
! — — . — _ —_— —_— — — —
Edge-lcad Hacking strength Edge-load Racking strungth
|
Gross Gross Gross (Gross Gross
) 2 3 p 3 2. |
Ibf = iC I1bf/4in ibf x 1 (ibf/in") 1bf x 107) (1bf/in ibf x 1 {(1bf "in" )
 —— e ——————— — -— — e —y
161 608 0 167 €90
0 167.5 64, 0 0 178 724
S 267 245 924 C 195 80k
5 67 231 872 SC 293 21?7 B9E
i e 4 2?. "4 l-r LT .\(l‘ Xﬁ’"
15 80 2464 928 12% 732 274 1130
20 106¢ 261 964 15 879 97 13 {
3 1595% e 1056 200 173 JO€ 128¢
| S— e — e ——————————————  PU— - —_—
ompressive flexural tests on 8x8 ft wall panels {
Flexural strength (lbf/in" 452 22
mpressive strength (1bf/in” 51?7 61
Bed joint area (in® 187.% 17
iagonal cross-sectional area (in®) 265 42 |
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systems it will be possible to consider an analysis of stress interaction

in such systems.

(56) (62)

Borchelt used Greenley and Cattaneo's high strength mortar
results and hypothesized that the failure of a high bond masonry system
subjected to the joint action of an edge load and a racking load occurs
when the principal tensile stre=s reaches a constant value. Borchelt
assumed the stress distribution to be that shown in Figure 2-16. By
assuming an equivalent homogeneous linear system in plane stress,

P- ichelt found the maximum principal tensile stress (ot) from equilibrium

and Mchr's rircle to be

ac J//éc 2 2
0, = T ¢+ (7) ' te (2-5)

P P
where o - = 1 = 4 i P and P, are the compressive

c bt i xy /32 bt e d
and edge loads, respectively; and b and t are the width and thickness

of the panel, reépectively. Borchelt divided Equation 2-5 by the com-
pressive strength of the pier ccp and obtained the dimensionless

equation

2
T o o o
aﬂ- - /(%) + t2 £ . (2-6)
cp cp %o

The dimensionless data used by Borchelt from Greenley and Cattaneo's
tests are presented in Table 2-7.

Borchelt assumed that failure results when the principal tensile
stress reaches a constant maximum value. He determined this value by

considering the average diagonal load at failure when there is no edge

e et




FIGURE 2-16 STRESS DISTRIBUTION FOR EDGE LOAD WITH RACKING

66

From Reference 56
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TABLE 2-7

DIMENSIONLESS DATA FOR ELGE LOAD WITH RACKING

?L V2 1 OL fz_'rx SC_. fz-rx
on c,CP OCP cp OCP OCP
0 0.1642 0 0.1792 0 0.1862

o 0.1340 0 0.1661 0 0.1671
0.,0582 0.1962 0.0516 0.253 0 0.1593
0.1166 0.2074 0.0516 0.2385 0.0478 0.207
0.1748 0.2772 0.1032 0.2118 0.0956 0.245
0.233 0.244 0.1548 0.254 0.1193 0.262
0.2912 0.3006 0.2065 0.269 0.1434 0.284
0.524 0.2715 0.3098 0.2886 0.1912 0.292

From Reference 63
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load present. For the available data, the average value of the three

lifferent tyes of bricks combined is

Q

X2 o 0.116) = ==
cp Cp

Q
Q

where 71 is the shear strength of the panel with no compressive load.
Xyo

Using these values it is merely a matter of rubstitution in Equation 2-6

to secure the final equation for the ultimate diagonal load in terms of

the applied edge load.

T a
X . /o.ons + 0.1161 ==- (2-7)

or in terms of the actual edge loads

F / P
d e e e 8
— = v 0.0270 4 0.2322 ——— (2-8)
Borchelt plotted the results of Equation 2-8 with the experimental
results in Figure 2-17, and concluded that Equation 2-8 seems to provide
2@ good representation of the behaviour of the system. If the variable

had been calculated for each brick and mortar combination the dotted

~

Cr
lines of Figure 2-17 would represent the theoretical results of each

material. This is a more accurate and realistic approach as the maximum

allowable tensile stress will always be a function of the materials used.
Borchelt stated in his paper that this method of aralysis may not

be valid for conventional systems. The basis of th. . conclusion was on

the one set of results he used from Greenley and Cattaneo's tests with

conventional mortar.

The failure mechanism in this instance was reported
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to be stepwise through the mortar joints. For the purpose of this

report the experimental “nd theoretical results are plotted in Figure

2-18. The equation f the ultimate diagonal load in terms of the actual

ecdge loads is

Pd Pe
- ~ S .0062 + .1578 Bt (2-9)
cp cp

and the theoretical results are consistently below the experimental
results. This could be attributed to the fact that a bond and not a
tensile failure is obtained.

In a paper that summarized much of the masonry research per-
formed at the Research Institute in Ljubljana, Turnsek and Cacovic(éo)
included their work on masonry walls subjected to combined normal and
shear stresses. They, like Borchelt, propcsed a method for theoretically
determining the failure load of the masonry elements they tested. They

considered the element shown in Figure 2-19, subjected to a compressive

stress and shear stress given by

Q
W
|<

and T = —
Xy A

0

where Fv nd PH are the compressive and shear forces, respectively,

and A 1is the net or gross area of the wall. At the center point B

on the wall the shear stress is 1.5 1 if the stress distribution

across the width of the wall is assumed to be parabolic. From Mohr's

circle the maximum principal tensile stress at B is

A 2 o \2 o
B . . - S (2-10)
Ct B Txy) - ( > ) >

FRRETE 0 3
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Turnsek and Cacovic stated that by photoelastic analysis it was
found that O calculated from the above formula is in good agreement
with the actual stress when the height to width ratio of the wall is
larger than 1.5. They also said that the expression is valid when the
height to w.dth ratio is greater than 0.67, but when it is smaller than
0.67 the calculated value is larger than the actual one.

Like Borchelt, Turnsek and Cacovic assumed that shear failure of
the walls occurs when the maximum principal tensile stress reaches a
critical value. They expressed the critical value in terms of the

average shear cstress (rxyo) that would cause failure without a com-

pressive load

i.e. o© = 1.5 7 . (2-11)

Substituting Equation 2-11 into 2-10, the ultimate average shear stress

Ixy of a wall with a compressive stress cc is given by

o
c
Txy Txyo J//i T . (2-12)

Xyo

Turnsek and Cacovic attempted to verify their hypothesis experimentally.

They tes'ed six 4'-10" high x 3'-4" long x 9.8" thick brick walls. All
walls were made of bricks with a compressive strength of 2845 1b/in2 and
trhe same cement-lime mortar. Each wall was tested with a different com-
pressive stress and the value of Txyo was calculated from Eguation
2-12. From the results presented in Table 2-8, Turnsek and Cacovic,
concluded that Txyo was a constant for brickwork made from bricks and
mortar of the same quality. They performed further experiments with

bricks and mortars of diZferent strengths, and plotted the dimensionless




107

TABLE 2-8

MEAN COMPRESSIVE STRESS, MEAN SHEAR STRESS AND
PRINCIPAL TENSILE STRESS FOR SIX WALLS

| wall o 1 1
c Xy Xyo
2 2 2 - " 2 , 2
No. (kgf/cm™) (lbf/in") (kgf/cm™) (ib£f/in") (kgf/cm ) (1bf/in")
1 2.00 28.45 1.55 22.04 1.03 14.65
2 3.00 42.67 1.96 27.88 1.23 i7.21
3 5.00 71.12 2.19 31.15 1.07 15.22
4 5.00 Th+13 2.26 32.15 1.13 16.07
; 5 10.00 142.23 2.94 41.82 1.10 15.65
{ 6 10.00 142.23 Jsd2 44.38 1.20 17.07

From Reference 64

mean shear stress against the dimensionless compressive stress. The
results, plotted in Figure 2-20, indicate the validity of their propesed
method of calculating the ultimate shear strength for the materials used
by them.

To determine the influence of the mortar strength on the shear
strength of the walls the authors plotted their experimental results for
Txyo against the mortar strength -- Figures 2-21. In addition, after
two of the walls were initially crackl®d they were repaired and retested.
The results of the two repaired walls are included in F.: ire 2-21.

Pieper and Trautsch(63) performed 2 parameter study on the relative

shear strength of long walls, with the test setup shown in Figurs/é-ZZ.
The variables included in the study were the applied compressive'stress.
the length and thickness of the wall, the age of the brickwork, the

Strength of the mortar and the effect of wetting bricks during con-

Struction. The results presented by the authors are shown in Figures

k.
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2-23 to 2-28. Because of the unusual method of applying the shear load,
the results should only be regarded as indicative of the effects of the
various parameters. The two dominating variables of the study were the
strength of the mortar and the applied compressive stress. The shear
strength of the assemblage increased with an increase in either parameter.

Meli(58.72-75)

, and co-work~rs performed a comprehensive program on
56 6' x 6' cantilever walls. F.ch wall was built on a stiff concrete
beam and tested monotonically with the test setup shown in Figure 2-29.
Concrete blocks, hollow aid solid clay bricks, were the main types of
unit studied, while the reiniorcement consisted of either interior
reinforcement or tie columns and bond beams of the same thickness as the
wall. A vertical lcad was also imposed on several of the walls.

Walls encased in concrete frames behaved as monolithic elements for
small loads until separation occurred in the lower tensile corner and
later alsc in the opposite corner. Major stiffness reduction was due to
progressive flexural cracking in the frame or in the wall itself. Sub-
sequent behaviour depended on the type of failure.

For walls with low vertical reinforcement and low vertical loads,
failure was governed by flexure and behaviour was similar to that of an
underreinforced concrete beam. Extensive flexural cracking occurred and

strength was limited by yielding of the reinforcement followed by a

rather long plateau (Figure 2-30). Failure was finally due to crushing
of the compressive corner or to rupture of the extreme bars. Pre-
compression on the wall caused an increase in strength but for high
vertical stresses, behaviour tended to change to a brittle shear failure.
For high reinforcement ratios failure was governed by shear. A
relatively high stiffness was maintained until 2 diagonal crack occurred

at angular deformations between 0.001 and 0.002. The crack formed
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generally through the joints. The diagonal crack crossed the units only
for low strength units or for high precompression loads. For walls with
interior reinforcement the load increase after cracking depended on the
amount of reinforcement. If there was no precompression on the wall the
maximum load could be maintained for high deformations due to the
friction in the crack and to the dowel action in the reinforcement, and
behaviour was rather ductile. On the contrary, for high vertical loads
f failure was extremely brittle (Figure 2-30).

Meli stated that the strength and general behaviour of walls with
bending failure could be satisfactorily predicted with the usual
hypotheses for reinforced concrete. For usual reinforcement ratios,
simplified procedures give reasonable accuracy. Such procedures may
consist in considering that the resultant of compressive interior iorces
is located in the center of the extreme reinforcement on the compre ssive

side, and that all the remaining reinforcement yields at maximum

load.

Shear strength was more difficult to predict. Cracking load was
found - > be less variable than maximum load for which the failure
mechanism depends on more factors. Contribution of the exterior rein-
forcement to the cracking load was found to be negligible and prediction
was based on the properties of masonry as determined in tests on small
assemblages. The property that could best be related with wall strength
was the average shear stress obtained in diagonal compression tests of
small square panels (Figure 2-4). For valls tested in diagonal com-
pPression, averrge shear stress at diagonal cracking was found to be 85%
of that obtained in small assemblages. The reduction cai. be attributed

to the effect of confinement introduced by the loading plates in tests

Cf small panels and to the greater number of possible cracking trajectories
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in the walls. For walls tested as cantilevers, flexural stresses reduced
shear strength and the ratio between mean shear stress in walls at
diagonal cracking 2nd that obtained in small tests was 0.5 on the average.
Many attempts were made to relate wall strength with other mechanical
properties of masonry. For low strength bricks, where the diagonal crack
crossed the units, shear strength was found to be proportional to the
square root of masonry compressive strength (the ratio was 0.8 for
diagonal compression and 0.55 for cantilever tests). When cracking was
through the joints, expressions in terms of bond and friction between
mortar and units were fuund, but their accuracy is very poor.

Strength was increased by the addition of reinforcement in intermediate
holes due to the effect of grout cast in holes and of the steel reinforcement.
No general methods could be found for the prediction of those contributions;
reinforcement seemed to be more effective for concrete blocks than for clay
bricks due to thg poor bond between clay and grout in the last case. The
increase in cracking loaa due to precompression was found to be approximately
40% of the total vertical load applied. This result is limited to vertical
load not exceeding one third of the wall capacity.

To describe the load deformation behaviour Meli chose the trilinear
relationship shown in Figure 2-31. By changing the parameters of this
curve a wide range of cases ~-uld be covered. The stiffness cf the
first branch is not supposed to represent the initial uncracked stiff-
ness of the wall, but an average stiffness before diagonal cracking or

i severe flexural cracking. Such a stiffness can be calculated with

reasonable accuracy by ordinary strength-of-materials methods considering
cracked transformed sections for bending deformations and only the

contribution of masonry for shear deformations. Remaining parameters
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defining postcracking behaviour and ductility depend mainly on the type

of failure, reinforcement and vertical load. Experimental values for
typical cases are reported in Table 2-9.

As can be inferred from the table, for bending failure ductility
ratios exceeding 4 were obtained even for relatively high precompression.
For shear failure of interiorly reinforced walls, ductility ratios were
between 2 and 3, while for walls with tie columns, ductility ratios were
always higher than 4. In every case precompression increased the initial
stiffness of the wall due to the reduction of flexural cracking

Meli went on to describe the results of cyclic load tests that
were performed on walls similar to those tested monotonically. His

SP——

conclusions and recommendations from the overall study are summarized

Edinburgh. They realized that performing tests on
or even large » ons of such structures would be
in order to overcome this
culty, they turned to reduced scale 2riments Most of their
work was performed on unreinfor brick masonry using 1/3 and 1/6 scale
models.
Before investigatli 1 of complex, modelled

structures Hendry and M hy ‘ he compressive strength of

-
-

ne

nd 1/6 scale piers and walls with that of full size specimens. The

variables of the study were the mor 5 ‘ hickness and the

slenderness and eccentricity of the wa lthough the results are
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TABLE 2-9

SUMMARY OF RESULTS OF WALLS TESTED WITH MONOTONIC LOAD
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1 | inforcement ;_ | ' o 3
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£,a.,3. are the parameters of idealized locad deformation curve (see Pigure 2.3l
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not presented here, the authors concluded that the strength of full-
scale krickwork for given strengths of brick and mortar can be reproduced
by means of model tests. The authors also stated that if the same mortar
is used to construct the model and full-scale brickwork, the model
brickwork would take higher stresses than the equivalent full-scale
brickwork. In order to reproduce the strength of full-scale brickwork

satisfactorily, it is necessary to use a mortar in the model structure,

Toowes W SRR

which has 1" cub. with the same strength as the 2.78" cubes of the :
mortar used in the full-scale structure. for a given mortar the
strength index obtained from the 1" cube exceeds that of the 2.78" cube. -
The first shear strength test reported(66) by the Edin’urgh group %%
%
was on a 1/6 scale model structure. The plan and elevation of the g
single-story, shear-wall, test structure is shown in Fig. 2-32. Sinha 'g
and Hendry(66) built five identical specimen and each was subjected to Ti

one of the followin¢ compressive loads: 55, 78, 109, 131 and 147.5 psi
and tested to failure under a racking load. &All five structures failed

with c~acks passing through the horizontal and vertical joints. Figure

-
:
Ei
-y

2-33 showu the relationsnip between the racking load and the horizontal
deflection measured at slab level; whilst Figure 2-34 shows the variation
of the shearing modulus of the brickwork with applied, shear stress
calculated from deflection measurements. The ultimate shearing strencth
in the brickwork is plotted against the compressive load in Figure 2-35.
Also shown in this diagram are points rel»ting to tests on model brick
couplets and tests carried out on full-scale specimen by other inves-
tigators.

Like Borchelt(sa) and Turnsek and Cacovic(64), Sinha and H¢nury(66)

presented a formulation to predict the shear strength of brickwork.
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They stated that brickwork subjected to combi~ed compression and shear

exhibits two distinct types of failure:

1) Shear faiiure at the brick/mortar interface. The shear strength
and resistance proportional to the normal
friction between brick and mortar. The authors considered

of shear faiiure. One a Coulomb-Mohr type of failure below

where the shear strength is given by
- %V 3

second region
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Sinha and Hendry assumed that Eguation 2-15 would be satisfied by

o and ¢
c

cl 2 for the two conditions of Txy given by Equations 2-13 and

2-14. Having obtained oc and oc the au’ "ors stated that between

1 2

these two values failure will occur by attaining the maximum tensile
strength. Below and above this range failure will be governed by shear
¢* the brick/mortar interface. (Equations 2-13 and 2-14). Compressive
stresses above °c2 will suppress the inherent failure due to diagonal .
tension and modify its value. Eventually at very high compressive
values, failure of the brickwork will take place in compression, typically
by vertical splitting. The authors did not consider the limiting shear
stress at values of compression approaching the compressive strength of
the brickwork.

The authors compared the experimental and theoretical results for
the model structures they tested. A comparison of the results is shown
in Figure 2-35. 1Included in the diagram are results of some couplet
tests performed by them, as well as some test results obtained from other
sources on full-size brickwork. They concluded that the ultimate shear

stresses calculated from the suggested formulae agree well with the

experimental results for the couplet tests and the model structures; and

for such tests as are available, they are also applicable to full-scale
brickwork. This tentative conclusion about full-scale brickwork is ;:1;
different from that presented by Borchelt and Turnsek and Cacovic. The

latter indicate that the maximum tensile stress theory governs the

complete compressive range.

From the results on the model structures Sinha and Hendry concluded
that a compressive stress increases the shear strength of the brickwork

Up to a certain limit, dependent on the compressive strength of the
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brickwork. In addition they concluded that the rigidity and shearing
modulus of brickwork decreases non-linearly with an increase in racking
load and a decrease in compressive locad (Figure 2-34).

In a later paper Murthy and Bendry(se) reported on a lateral load
test that was performed on a 1/6 scale three story, three bay, cross wall
structure with no openings. The purpose of the test was to examine the
increase in the structural rigidity as shear panels were added and to
determine the ultimate strength of the structure under lateral loading.
A plan and elevation of the test structure are shown in Figure 2-36.
Dead load stresses corresponding to those existing in a full-size
structure were induced by lead weights placed on the floor and on roof
slabs and suspended from the walls. These weights were equivalent to
increasing the weight of the model brickwork six times and produced a
maximum compressive stress in the cross walls of 49 psi.

The shear walls were infilled in stages, as follows:

(1) No shear walls

(2) Second bay, first story

(3) Second bay, first and second storys
(4) Second bay, all storys

(5) Second and third bay, all storys

(6) First, second and third bays, all storys

The load deflection curves for typical stages are shown in Figures
2=37 to 2-40. To give some indication of the stiffening effect of the
shear parels the authors calculated the rigidity of the structure at

the roof level at various stages of loading. The roof rigidity in test

n was defined as

i 50
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R - Total horizontal load
n Average deflection at roof level

The values of Rn at corresponding stages of loading were found to be

in the following ratios.

= 1:2.14: 3.43: 15.7: 52: 104

This comparison is only valid for the maximum horizontal load that Case
1l can withstand. Infill panels in one bay only increased the rigidity
by 15.7 times, in two bays by 52 times and in three bays by 104 times,
as compared with the initial structure without any infill, which of
course would not be considered stable. It should be noted that the
stiffening effect is increased more than in direct proportion tc the
cross sectional area of the infill panels.

The structure was loaded to failure with all shear panels infilled.
The primary failure took place when the horizontal load at each floor
level reached 1400 1lb, at which point the shear bond between bricks and
mortar in the shear walls in the lowermost story broke down. The mode of
failure was similar to that cbserved i) the author's tests on single-story
shear walls. As the resultant horizontal force did not pass through the
shear center of the horizontal section of the structure, shear stresses
were set up in the cross walls due to torsion and shear cracks developed
in these walls at the ultimate load. The mean shear stress in the shear
walls at failure was 123 psi. This is a comparatively high value
indicating high bond strength between the bricks and mortar.

The authors concluded this study by stating that it is possible to
obtain much valuable information on the behaviour of brick structures

using model brickwork of 1/3 or 1/6 full scale; and that model experiments
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can be used to extend our knowledge on a semi-quantitative basis and to
serve as a guide to test programs to be undertaken at full scale.

In continuation of the model studies Sinha, Maurenbrecher and
Hendry(ég) compared the experimontal results of lateral load tests on
1/6 and full-scale test structures. They also attempted to calculate
the Jdeflections in both structures by an approximate method, the
continuum method and the finite element method. A plan and elevation of
the test structures are shown in Figure 2-41. The lateral load was
applied to both structures to investigate the overall deflections and in
addition, for the full-scale structure, the distribution of vertical
strains in the ground floor walls. The lateral load in terms of average
shear stress in the bottom shear walls ranged from 5 to 28.4 psi. The
deflection of both buildings at different stages of loading is given i1

Figures 2-42 and 2-43.

The model structure was analysed by the individual cantilever, the

continuum and the wide column methods and the comparative results plotted

in Figure 2-44. It appeared from consideration of Figure 2-44 that these
methods could not be used for the design of brick cross-wall structures
without some modification. From their earlier work the authors
recognised that compressive stresses increase the rigidity of the
structure, hence they corrected the modulus of rigidity values for
compressive stress and then they recalculated the deflection of the
model structure by an approximate method which takes each story as a
separate unit so that the results of each floor are added cumulatively.
The results plotted in Figure 2-44 are promising.

The full-scale structure was analysed by the same methods as the
model and, in addition, by the finite element method. The results are

plotted in Figure 2-45. Also shown in this figure is a comparison

s .
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tween the full-scale and adjusted model deflections with the latter
increased by a scale factor of 5. Both curves have similar shapes and
agree well for low shear stresses up to 10 psi but with increasing
stress the model deflections greatly exceed the full-scale deflections.
The deflection versus shear stress for the two sctructures presented in
Figure 2-46 shows that the load-deflection curve is non-linear and the
effect is accentuated at higher stresses.

Sinha et al concluded by stating that existing analytical solutions
do not give reliable results for stress or deflections in brick structures.
The cantilever method overestimates the deflection and the extreme fibre
stresses; the continuum method underestimates the deflection while it
gives approximate values for maximum compressive stress but under-
estimates the maximum tensile stress. Finite element techniques appear
promising but further work is necessary before a reliable solution can
be suggested.

Kalita and Hendry"O) extended the work just described in order to
clarify the applicability of the shear wall theory and to determine the
contribution of return walls and floor slabs tc the rigidity of shear
walls. They worked on a simplified 1/6 scale, five story model, the
plan and elevation of which are shown in Figure 2-47. After construction
of the first story the authors determined the variation of the shear
modulus with compressive stress for the material. The previous study
had indicated that this was an important factor in correlating the
analysis with the experimental results. The results are shown in Figure
2-48.

The authors used two analytical methods for calculating the inter-
story deflection of the model. The first, the simplified approach used

(71)

by Benjamin » assumed the interstory deflection (n) to be
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P B .29 H
2.5 + (2-16)

h  12E 3 A G
n n

¥

where Pn is the story shear load, Hn the interstory height and Gn

in }-};m

the shear modulus which is a function of the compressive load. En' the
modulus of elasticity, was calculated from =
En = 2 Gn (1 + v) (2-17)

where v, Poisson's Ratio, was assumed to be 0.1. The second method,

AR O RSB T,

24

the firite element method (constant strain element), was used and

i

included the variation of G with compressive load. A comparison of
the analytical and experimental results, shown in Figure 2-49, indicates
that the finite element approach is slightly more accurate than the
simplified approach and gives about 10% lower deflections than the
experimental result for a racking load 1/3 of the ultimate load.

The finite element method was also used to determine the stresses

in the lowermost story of the structure. A comparison of the analytical

et S S A T

and experimental results, shown in Figure 2-50, indicates reasonable

"
”

agreement.

In addition to determining the accuracy of analytical techniques
in calculating interstory deflections and stresses, the authors inves- ';
tigated analytically (finite element method) and experimentally the

effect of flange width, and analytically the effect of slab width on the o

rigidity of shear walls. The model structures investigated were single %

story. The plan views are shown in Figure 2-51, and the results in o
Figure 2-52. Although there was a uniform 20% discrepancy between the

experimental and analytical results, the authors concluded that for the
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