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ABSTRACT

The literature survey presented collates most of the available

relevant infomation 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 descr[ bed here will be presented in a following Earthquake

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

,
.J

1.1 Introduction

The compressive, tensile and bond tests on small test specimens

constitute the basic teste for determininJ different properties of non-

homogeneous masonry assembla'ges. 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 variations

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

grout (if it is present), and the purpose of this chapter is to provide

a brief but comprehensive summary of the knowledge available.

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

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 report of

experimental work emphasising the importance of the geometric shape and

boundary conditions of prisms in obtaining realistic results for use in

design. The pertinent aspects of the two reports are included here but

use empimsis of the following summary of prism compressive tests is on

work published more recently.

1.2 Prism Compression Tests

Prisms are small specimens of brickwork. Typical examples are

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

1-

1 _ _ - - - _ _ _ _ _ _ _ _ .-
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illustration. For the determination of compressive strength, some

capping material (e.g. plaster, softboard, plywood) is usually placed

on the top and bottom of the prisms, which are then loaded axially in

compression to failure. The failure load divided by the net area pro-

vides an estimate of the masonry compreasive strength.

!
,

1.2a Mechanism of Failure-

The tensile splitting of masonry assemblages in compression is

a rather old empirical observation. The mode of failure, unless
J

Euler buckling or eccen' tic bending dominates, is a tensile rupture

at right angles to the direction of compressive strain. The result-

ing compressive strength of an assemblage is usually between the

compressive strengths of the mortar and the masonry unit. In order

to examine in more detail the mode of compressive failure, it is

useful to study the results of tests on hypothetical synthetic

material systems wi th exaggerated joint-unit strain relationships.
r

It has been recognized for some time that the vertical splitting of

the masonry unit is related to the lateral strain of the mortar

joint, In most masonry assemblages the elasticity of the mortar

(one or two million psi) is lower than that of the brick (about four
.

to six million psi) or concrete block (about two to four million

psi). Therefore, its free lateral deformation is substantially

greater than that of the brick or concrete block assuming that the

Poisson ratios cre similar. Becaust. the .casonry unit at the mortar

interface must undergo the same lateral expansion as the mortar, due

to friction, bond, etc., the lateral expansion of the mortar is

restrained, producing tensile strains in the masonry unit. This

phenomenon was qualitatively shown in two series of tests. The

$ _ -_____ _ _ _____ !
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'
first, a series of gypsum-cement cubes, was tested in the SCPRF

laboratories with aluminium joints and polyethylene joints. The

dmoduli of einsticity of the materials were as follows

Gypsum Cement 0.9 x 10 psi j

Aluminium 10.6 x 10 psi

6
Polyethylene 0.05 x 10 p,g j

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, perriitting a shear faDure at an

spparently higher compressive strength. With the polyethylene

being about one eighteenth as stiff as the gypsum, the lateral

strains in the cubes become tensile, resulting in a characteristic

vertical splitting, yielding an apparently lower compressive
e

strength. The results of tests on five gypsum cubes tested in the

SCPRF laboratories with each of the two materials are as follows

TABIS 1-1

Gypsum Cubes with Gypsum Cubes with
aluminium joints polyethylene joints

3100 psi 1218 psi

3750 1300

4125 1337

4250 1412

4475 1425

393A psi Average 1338 psi Average

From Reference 1
.

O
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Williams 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 three 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 1-2.

TABLE l-2
,

a

Compressive Strength (psi)
<

Jointing Material Mortar Prism

Steel 1/16" and 1/8" 4750

Rubber 1/8", 1/4" and

1/2" 2200

Mortar 950 4030

Mortar 2040 4420

Mortar 2600 4570

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.
i

Assuming that the prime mode of compressive failure in masonry

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

r

'
?

. . - -
- - - _ - - _ - - - - - - - - - ---- - - - - - - - _ -

L,
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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 coepressive strength,
j

the modulus of rupture, the tensile strength and the shearing
4

strength of the masonry unit to the compressive strength of the

assemblage. Phys'eal properties determined for mortar materials

j have been usually confined to compressive and tensile strengths.

Previous data concerning the geometric relationships have included
<

slenderness ratio of the assemblage, joint thickness, net area, and
i

coring patterns. In addition to these variables there is the

influence of workmanship to be considered. Thus, when broken into

its constituents, the compressive strength of a masonry assemblagea

is a complex matter. In a later section of this chapter the

influence of these parameters is reviewed.

Because a multitude of parameters govern the compressive

strength of masonry assemblages, a reasonably accurate quantitative

estimate of the compressive strength is possible only if these

parameters are considered simultaneously. Two attempts have been

made to quantitatively determine the compressive strength of masonry

prisms and both will be outlined.

Hilsdorf(4} in 1967 presented an analytical procedure to

predict the compressive strength of masonry based on a stress

analysis consideration. The analytical result he obtained is

compared with experimental results determined in the study. A

summary of Hilsdorf's procedure follow.a. Figure 1-3 shows the

development of stresses as they may occur in a single brick within
.

t

4

._ _ - _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ - _ _ _
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.

a masonry unit subjected to axial compression. It is assumed that

- the lateral tensile stresses in the x and z directions, o and o ,
x z

are equal. In Figure 1-4 these stresses are given as a function of

-- the local maximum stresses, c , 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 a and lateral stresses a and
y x

n a which will cause local failure or cracking of the brick. The

x ,

I exact shape of this failure cri 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. If, as often is the case, the com-
.

*

pressive stress being applied to the mortar is greater than the
__ .

un3 axial compressive strength of the mortar, the mortar has to be
1
I laterally confined. Therefore, a certain minimum lateral com--

-

pressiv'e 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 external load or increasing local stress, the
-

~_
i

U minimuni lateral tensile stress increases. Under the best condi-
-

,

-- '-
tions, failure of the masonry occurs when the lateral tensile

>

, 4
strength of the brick is smaller than the stress which is necessary

[ (i to sufficiently confine the mortar. Therefore, the intersection of
c

[ the failure criterion Line A and the minimum lateral stress Line C
.

M corresponds to the ultimate load of the masonry unit.
->

2__, di Hilsdorf presented the following equation in an attempt to
- g

z u

4 Y express the failure criterion described above in an analytical form.
-

.

.h \
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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 st*aight line, which can be represented by

a

6 [1 - 2--] (1-1)o =c =0
0X 2 6

.

where equals the compressive strength of brick and o equalsb th

the strength of brick under blaxial tension. Line C corresponds

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

to sufficiently confine the mortar. It deperds on the behaviour of,

the mortar under triaxial compression. As nc tests were carried out,

it was assumed that the strength of the nortar under triaxial compres-

; sion is similar to the strength of concrete under triaxial compres-

sion, Richart, Brandtzaeg and Brown in their investigation of

the triaxial strength of concrete found that it could be approxi-
.

mated by ,
,

f =f + 4.1 o (1-2)z

wheref{isthecompressivestrengthofalaterallyconfined

| concrete ' cylinder, f[ is the uniaxial compressive strength of a

concrete cylinder and o is the lateral confinement of the cylinder.

If this equation is valid for cortars, then the minimum lateral.

i

confinement of the mortar joint is

1'

cm) (1-3)(# -#0, = 4.1 y

where o is the lateral compressive stress in the mortar joint, {

is the local stress in the y-direction and a ,is the uniaxialc
y

,

..

.
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12 *m
; ' 7|

g
| 1
| compre.ssive strength of mortar. For simplicity let us assume that ik

>
the lateral stresses a in bricks and mortar joints are uniformly

,x; w
-<

l distributed over the height of the bricks and mortar. Then from ?
l '. ]

equilibrium b
.n
'>

j)' c *b " 'm * (1-4)xb m

9,
.,y

where o is the lateral tensile stress in the bricks, g is the
.i

g .;

9}height of the brick and t is the height of the joint. Sub-m
..

.>

stituting this in Equation (1-3) we get an expression for Line C in g

Figure 1-4. [
:i

.^t
"

C") (1-5) r,9(0 -cc = -
xb 4.1 t Y N,b

.:
9

From Equations (1-1) and (1-2) the magnitude of the maximum local |p
bstress at failure a can be determined by the intersections of 12

'

y .A

hfLines A and C.
4

4.1 a +a0
53*a =c. (1-6)y en 4.1 og+a 6 i'

.

t '

2 -where a=
'?

a

Using the non-uniformity coefficient at failure U , the
u

.f.t

average masonry stress at failure can be expressed as .;;t
a

a = t' = - Y- cb tb + a a 5[j
a a 4.1 a

cm gy_7)=
ym m U U 4.1 og+aog ;

>

Ag

Q Ik
"

4.1 + a (-g g
f' = eb tb ;3
m U 4.1 + a 4 cp

V
.4*

,,

'

s

_ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ - . - _ - - - -
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0
*where &= .

#
tb

f'
"Therefore p=

g
cb g

**
4.1 + a

U
1 tb

"

( 4.1+a$

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

f height of brick. It should be realised that U is not a constant
u

_

but depends on a number of parameters including the joint thickness

and the mortar strength.

7 comparison of the analytical 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 Equation (1-7) could be recommended,various charac-

'+ teristic properties of masonry have to be established. These are

] (1) The coefficient of non-uniformity U as a function of

b (a) quality of workmanship; (b) type and compressive strength of

[.. mortars (c) type of bricks; (d) pattern of masonry unit and coring
r_

}Y of brickst (e) thickness of joints.

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

_ triaxial stress states,
q.

kp (3) A relationship between the strength of bricks under
d.
e biaxial tension, uniaxial tension and flexure.
I
y

.

4
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A second attempt to quantitatively predict the compressive

strength of masonry prisms was presented by Francis, Hormand and

Jerrems in 1970. Their analytical procedure was based on a

strain consideration and a sumar/ of their derivation follows.

The prism shown in Figure 1-6(a) is subjected to an axial com-

pressive stress 0 . The lateral stresses induced in a central

brick and in the aortar joint above or below it are shown in

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

in the brick are therefore as follows

g g b (# 2)][0 +ve = ~

y

(1-8)

2][o +v I# Ie = -

g g b y

Similarly, in the mortar joint the extensional strains are

d [- o m)]- 'e +v (c +c=
m E m r y

(1-9)

[ 1 (.- 3 xm ]m (a )+ce = +v
zm E zm y

,
~ :a

where E is the moGulus of elasticity of the brickr E ,is the3

modulus of elasticity of the morta ; v is the Poisson ratio forb

the brick and v ,is the Poisson ratio for the mortar. .The lateral
:.

f expansion is assumed to be the came in brick and tortar. Thus
. .t

}
}
[k

e = eg
(3-10)

4 e,3 e,,=

Also, for equilibrium, the total lateral tensile force on the brick

,



. ._ .

16

i

.

Jcry
(

t
I f-

A -

[d "y

/ /*u
yU exbw

t A
#xbb /"$ /%'

" 69 69
Yt

% T/ xm~

m/ ~ T
xm .

*~ b N N I Np

"y "Y

(ra) 1bsJ
, f

.

FIGURE l-6 BRICX AND MORTAR STRESSES DUE TO AN APPLIED COMPRESSIVE LOAD

From Reference 6

k

.



s 17

i

must be balanced by the total lateral compressive force on the,;

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

i therefore

i

I o dt =c dt (1-11)
Q xb b xm m

$
or-

( tb o =ao and similarly; c = -
xm t xb xb1- m

g =gg

q
b

where a = and g is the thickness of the brick and t is the-

;- m

} thickness of the mortar joint. By equating e and e and e,g g
?
f and e and substituting for a and a we obtain
3 zm xm zm

i
0 (Sv -v)-

b
Uxb " zb " 1+ -v ~ "$v

--
b m

,

i %'

.{ where S = - .

4 m
,

.?

} The lateral tensile stress o induced in the brick is boundg

to reduce f', the value of c at which compressive failure occurs;
.

* Y

in the limit if o and o were equal to the lateral tensileg g
a

",| strength o of the brick, a lateral tensile failure would occurg

'4 even if the compressive stress a were zero (Point A in Figure 1-7) .
~

At the other extreme, the limit would be the compressive stress
,

f' = og , the value necessary to cause failure in the absence of

; latetal tensile stresses (Point B in Figure 1-7) .

The way in which the value of f' varies with o and Ug g

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

I
#;v
3
~;

- - - _ _ _ _ - - - - _ _ _ - - _ - - - _ - - - _ _
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|

|

Hilsdorf t,uggested, the Mohr's Theory of failure was assumed. The

relationship can be expressed by the equation
4

l_ (g , f.) gy_14)0 =
xb $ cb m

where

eb
4 =

tb

Substituting this expression for o in the previous equationg

the following relationship between f' and o is obtained.g

f' 1

(SV V) (1-15)0= =

1 + (y ,y,-) b0cb ,oggy,y)

The term (1 - v ) in the denominator is normally very much smallerb

than OS (1 - V,) and p can be represented with sufficient accuracy,

by *

'
1

D I0V -p= m b (1-16)+
| 08 (1 - V,)
|

l

The authors conducted an experimental program on the
|

| compressive strength of four block high prisms, where the thickness
!

| of the mortar joints was the major parameter. Two different types
i

| of clay bricks were usei in their experimental program, one a solid
i
i 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

.
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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 several well-

known phenomena associated with the compressive strength of brick-

work:

(1) The strength of brickwork should m crease with an increase

in the compressive strength of bricks and :nodulus 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 .

', (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
3

'l factors, it is a start in the right direction, as it appears to

;[ be capable of explaining a number of well-known but apparently
(

:.

{. unconnected phenomena associated with the behaviour of brickwork
.

in compression.
y

[+] As both of the methods just presented are approximate it is|

appropriate to examine the limitations and assumptions of each.q
:1

k Both formulatiot..a assume

$
.c

.

J

.
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|

.'yb (a) a =c
fx z
9

(b) There is perfect bond between the brick and mortar 5
.)

interfaces .a
..m
'd

(c) There is a uniform lateral and vertical stress 7
4

distribution h
'):

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

In addition, the formulation of Francis et al(6) assumes that both 'j
p

brick and mortar have Hookean behaviour up to failure. In the
,

assumed stress distributions of both methods, Figures 1-3 and $
d

1-6, the shear stress at the brick mortar interface is ignored, I
y

liconsequently the failure criteria presented are only valid for an 3

3.
element at the centroidal axis. In addition both methods assume >;

3
that failure occurs in the brick and propagates through the mortar j

7

joint. Both methods ignore the possibility of a failu'e initiating 3r

$
either in the mortar joint or by bond failure at the mortar, brick 'j.

. t.r

interface. -

..3
3A comparison of the results of the two n.ethods is shown in

f' t 4

Figure 1-9 where the ratio is plotted against -- for the '$
" *
O t

cb b 1
case where o = 4000 psi, o = 400 psi,c = 2000 psi,

'

g g
Ey .,

'W=v =v = 0.15, S = - = 2 and U = 1. =b

Qb m n

To improve on the quantitative relationships presented, infor- 4
:

mation on the complex strain distribution over the height of the
*

masonry unit and the mortar joint needs to be determined before
4

better models of the failure mechanism can be developed. In order 4

to include an important section of masonry units - (i.e. reinforced ~ t

hollow clay and concrete blocks), the effect of the grouted core a
+

'7
should also be included in the previous derivations. Generally the j

p
:.3
s

.l{

'a m
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.;

weaker, and more flexible grout material will increase the biaxial 1
,

> 1 )
I tension in the masonry units. In addition to the effect of the
; 4
L grout the influence of the vertical mortar joint should be included M
> Y_

| to simulate the running or common bond construction. h>

1

M'

1.2b variables Influencing Prism Compressive Strength ,$ .
B;-

There are two broad groups of variables that affect the prism g
if_

compressive strength. The first of *.hese are the factors which <j
15Y

interact to modify the stress patterns in prisms under test and 6
d

lead to apparent masonry strengths which differ from the results M
N
y

obtained on full size samples. These factors comprise prism shape 6y
-1

or gecmetry, prism capping, and type of masonry bond, and are i;;

&; cI2)discussed at length in Foster't literature survey. The second y
g4

group are the factors which interact to determine the actual mecha- d
4

.p;
nism of failure of the prisr'.. These include the masonry material,

g#j
the mortar, the joint thickness and the workmanship, and are Sj

Adiscussed at length in Monk's(1) survey. 9
'9.
.y
m.

(i) Platen Restraint ^t{
k

If a homogeneous isotropic material is tested in compression y
3"N

between platens ar capping material of higher elastic modulus j
Q:,

than the test specimen, no tensile stressets are induced in the $
FO

test piece. The higher the modulus of the capping and the higher R
.t
.%the friction between the test piece and the platens, the greater u.>

$

|h
the modification to the stress system in a direction requiring

W|Qincreased load to failure. This is the effect of " platen

. i$t
restraint." When platens or capping of lower modulus or stiff- g

@t
ness than the test material are used, the test piece is subjectedi "

p3
{t
u

-

w

&

.

_. . . .
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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

t
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 cf courses increased, tending toward a constant strength

limit would be expected. This behaviour pattern is amply,

e

demonstrated by the literature with regard to both the failure
.

$. mode and apparent strength. Nominal 9 in cubes have demonatrated

Ik initial splitting followed by shear clearly indicating'

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

that the shear strength of the brick markedly influence the

y behaviour of 9 in x 9 in prisms as the number of courses decrease.

i

[ A number of investigations have shown that increasing the

b height of the specimen or number of courses leads to lower
z.

h, failure loads ( ' The achievement of constant strength.

v

h above about 4 courses for single wythe prisms of bri.ck and of
1

concrete block ', and above an h/d ratio of about E for 2 and 37

wythe prisms , was also demonstrated. A minimum number of '

it

?
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i

four courses has been recommended for both brick and concrete .

masonry prisms in Belgium (14) <.

.

,

(iii) The Effect of Capping

A variety if materials have been used between the steel

platen of the testing machine and the masonry specimen to

achieve uniform distribution of applied load. There is sub-

stantial evidence that considerable modification of the stress

t

pattern occurs with prisms of low h/d ratios or few courses.
,

'West et al tested 9 in cubes using various combinatisns

\
of mortar and plaster capping, and plywood and strawboard pack- ;;

'l
ing. Platen restraint led to apparent strengths 50% higher than {

those obtained with mortar capping on both ends. Lenizner

1
measured lateral strains in the bricks in 9 in cubes, while !

,

under compression. capping with mortar was shown to increase

I 9

the lateral strain by 75% over the value obtained using plywood
e

only. Yokel et al obtained strengths 44% lower when plaster
.

was substituted by fibrebcard as capping on 3-course concrete

masonry prisms.

It is clear that on prisms of low h/d ratios, the end

preparation of the samples can introduce considerable uncertain-

ties in the test results; these end effects can be avoided by

the use of prisms of high h/d.
.

(iv) The Effect of Bond Type

Brickwork in vertical compression fails by vertical split-

'

cing induced by tensile forces in the biaxial state of stress.

..

It would therefore be expected that prisms with vertical mortar
s

,

?>

- . . _ _ _ _ _ _ _ _ _ _ _ - M.
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|

|

joints simulating common bond, tould better represent full size

brickwork and give lower strengths than stack bonded prisms.

While it has been shown in some specific cases that stack
i

bonded prisms are no stronger than common bonded prisms (19,20))
i

it would appear unwise to accept this as generally true .

Stafford-Smith and Carter demonstrated that peak values of

!horizontal tensile stress in compression loaded walls are,

!

f associa+.ed with the vertical joints. The higher Young's Modulus
t

| obtained for stack-bonded prisms in an indication of different

!
j performance, and lower strengths for double wythe prisms com-
l

| pared with single wythe indicate the potential significance of

vertical mortar joints
~

It is concluded that the bond.

I

i type in the prism should simulate the bonding in the structure

as closely cs possible.

!

!

| (v) Masonry Unit Strength
t

Many investigators have tried to relate masonry unit

f strength to wall or prism strength for a given mortar. The
|

| so-called " efficiency" of the wall or prism has been expressed

I

| an the ratio of wall or prism strength to the masonry unit
!

| strength. The influence of the method of testing on the mole

(

| of fai3.ure of a single unit (shear failure) as compared to that

I
; of the unit in a wall or prism (tensile splitting) has not been

fully recognized in this effort. The most comprehensive compi-

lation of brich masonry compressive data was prepared by the

Building Code Committee of the U. S. Department of Commerce in

1926 cover hg the results of 708 individual tests. From,

this work no notable consistency between brick strength and

masonry strength was observed.

L+

r- - >
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Besides brick compressive strength the correlation of ]
J

other brick strength properties with wall strength has been
'

investigated. The 1928 NBS program was probably the most

extensive attempt in this matter. Ratios of the following brick

properties relative to wall strength were computed:

Compressive strength of half brick flatwise ;

Compressive strength of hali brick edgewise

Modulus ot *upture of brick flatwise g

Tensile strength of brick

Shearing strangth of brick.

In the conclusions to the NBS work it is stated, "The strengths

of the solid walls were more clearly related to the shearing

strengths of the bricks than to any other strength property

measured. The compressive strength of the half bricks flatwise

appeared to be the next best measure and was better than the

compressive strength on edge, modults of rupture and the tensile .;

strength of the bricks." Bragg obtained good correlation

with wall strength using either the compressive strength or the

transverse strength of the units. On the other hand, data from

the SCPRF National Testing Program showed some correlation

between brick compressive strength and prism strength and very

little between brick modalus of rupture and prism strength.

To summarice, the present knowledge neither proves nor

disproves the fact that the compressive strength flatwise of a

half unit is a reasonable measure of wall or prism strength.

Masonry compressive strength will be determined by some

combination of unit properties together with mortar properties.

W - _ _ _ _ _ ____ _ - - - - _______. __
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q Civen a wide enough range of products, unit properties will tend

to correlate with one another. Thus a statistical correlation

will be 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 It is emphasized that such relations are.

j

statistical and not functional. Therefore they may not be at

,1 sound basis of prediction in specific cases.

(vi) Mortar

. Mortar proportions have 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 araount 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,

i e

actual uniform sphere systems give characteristically a void,

ratio of 38 percent. Actual sands have void ratios that will
.

vsry from 25 to 40 percent. This suggests that some optimum,

'

; packing is possible through sand gradation. Experimentally, the
t

lowest void volume achieved is about 16.8 percent, using a,

h; inixture of particles as follows:

i

TABLE l-3

W

l' Percent of Relative
? Total Volume Diameter

Coarse 70 50.5,

|i
! Medium 20 8.0

[[ Fine 10 1.0 '

|0
}

u
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1

RequirementJ for aggregate to be used in masonry mortar
4

include the following proportions and relative diameters, based I
!

on ASTM C-144:
,

..

TABLE l-4
l
3

Percent of Relative ,j
Total Volume Diameter h

j
4-8 Ss max 25 - 12.5

,

8 - 100 70s - 100% 12.5 - 2.0 i
100 - 200 15s - 25% 2.0 - 1.0

greater 200 10s max < 1.0 -

t

Fineness Modulus = 1.6 to 2.5 a

Thus it is observed that natural sands used for masonry
3

mortars may have particle size distributions which are different 'l
!

from that needed for optimum packing. Hence, the relatively )
i

high percent of voids in sands requires the amount of paste "

'imentioned above, together with the water, to produce a workable ;

4mix. For some standard types of mortar the following water ]
)

cement ratios have been found necessary to produce workability l

0)for an average masons hand ,

.

f
TABLE l-5

ASTM Mortar Type W/C Ratio Average Flow 1

M( IC l/4 L : 3S ) 0.74 124.3 A

S( 1C:l/2 L : 4 1/2 S ) 1.13 130.2

N( IC:1 L : 6S ) 1.64 122.7 !

1

The minimum required strengths of standard mortars, moist
a

Cured a8 prescribed in ASTM C-270 are

l

i

mg :~-. -_.-
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f
i

i ) TABLE l-6 ||
<

(

| ASTM Mortar Type 28-day Strength
'

L

M(lC:l/4 L : 3S) 2500 psii <

|

S(IC:1/2 L : 4 1/2 S) 1800 psi'
i

l
'

N(IC:1 L : 6S) 750 psi,

O(lC:2 L : 95) 350 psi

K(lC:4 L : 155) 75 psi

,

An actual series of tests produced the following values .

The sand was varied from 2 './4 to 3 parts by volume.,.

t TABLE l-7

ASTM Mortar 28-day Compressive Strength

.

[ Type 1:2 1/4 1:3
:z

M 7392 psi 5358 psi

7 e N 3663 psi 2475 psi

i K 643 psi 363 psi

.

.
is seen that a considerable difference in mortar strengthIt

can result by varying the amount of sand. The influence of sand
1

gradation is seen in the following data (25) obtained on a type-

i

!J rortar with a 1:3 paste-sand ratio.
L

S

TABLE l-8
>

;

| Sand Gradation 28-day Strength
.

-j Compression Tension
_

5 Fine 1869 psi 262 psi

Medium 2445 psi 380 psi

{ Coarse 2713 psi 333 psi

Coarse to Fine blend 2382 psi 287 psi

[f Fine to Coarse blend 2290 psi 327 psi
..

'

4
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The effect of sand gradation is nowhere near as marked as j
I '

that of paste-sand volume ratios.

The influence of the mortar formulation on the prism strength
,

is very marked. Table 1-9 shows typical influences of mortar

composition on prism strengths (20)
'

,

.

TABLE l-9

Effect of Mortar Compressive Strength on Ultimate '

Compressive Strength of 4-in Brick Prisms * 9
:;

Mortar Prisms

Proportions Compressive Mean Strength

Type by Strength ** n Compressive Ratio

Volume psi Strength,f' ,

m ./
psi r

$M 1C l/4 L : 3S 2503 5 5805 1.06

S 1C:l/2 L : 4 1/2S 1292 5 5497 1.00

N 1C:1 L : 65 579 5 3900 0.71

'

O 1C:2 L : 9S 262 5 2905 0.53

.

*4 by 8 by 16-in prisms tuilt with one type of brick (11,771
psi) and 3/8-in joints

**28-day air-cured cube strength
From Reference 20

Roughly, the prism strength is reduced by more than half as
..

one goes from type M to type O ASTM mertar. Because the typc M

mortar is about 12 ti.mes as strong as the type O mortar, it is
<

obvious that prism s trength is not directly controlled by the

mortar strength.

Greenley and Watstein and Allen ' considered the

effect of additives on the prism and mortar strengtht. Greenley b

i

|i.'.
4;

[
DA |

M
- Qh|
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.

added a chemical additive which substantially increased the,

' strength of the mortar and consequently the prism strength. Ti.e

results are presented in Figure 1-10. The increased mortar
'1

strength had a greater effect on the high-strength bricks.

j Watstein and Allen considered the effect of high bond organically
3
! modified mortars and concluded that the average compressive
t

j strength of standard prisms built with high bond mortar was 37
?
-

[ percent greater than those built with conventional mortar; the

secant moduli of elasticity were 25 percent greater.
=

$

j (vii) Joint Thickness
.

. The influence of joint thickness relative to the height of
.

} the masonry unit has been recognised as a significant parameter
o
[; of the prism strength and was included in both attempts to quan-
]|
f tify the compressive strength of prisms. Figure 1-8 from
.N

i referer.ce 6 and Table 1-10 from reference 20 indicate the mag-
$

'

nitude of the effect for various masonry units..

k

} TABLE 1-10
.

$ Mortar Joint Prismsl
y Thickness in2 Compressive Strength 3 Strength Ratio

1

[ 1/4 6550 psi 1.00

[; 3/8 5850 psi 0.89

',( 1/2 4900 psi 0.75

-; 5/8 4050 psi 0.62
bl 3/4 3150 psi 0.48

t.i i

:.j{ ' Prisms 4 in thick, 8 in long and 16 in high
.% 2
." Type S mortar used in all specimens
:r

3
Values taken from a faired curve derived from two separate

2; plots.

|

N

.-
P
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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. Thick
,

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

y allcwable stresses in many categories by a factor of two for

v
i uninspected work as compared to inspected work. From time to
i

{ time, investigators have tried to compare the effects of various

kinds of workmanship on masonry strength. Most of this work,

t

g has been 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 LL ndards (27) Two; .

" grades" of wcrkmanship were used. " Commercial" or " ordinary"

workmanship was characterised by complete absence of vertical

joint filling, deep grooving of horizontal joints and compara-,

i

tively high speed laying. In the " supervised" or " superior"m

i

[ workmanship these characteristics were avoided.
E
7 For wall specimens built with brick with strengths from
-1
c

( 3C00 to 4000 psi, superior workmanship resulted in masopry
r

g strengths approximately 60 to 80 percent greater than for
f
f 8Pecimens built with ordinary workmanship. For specimens built

)

.
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L
}with an 8700 psi brick the increase was only about 30 percent.
;r

A rather limited investigation in the SCPRF laboratories (33) f g

n

;3
considered the effect of workmanship on the strength of 8 in. 9

brick prisms built with an 11,866 psi brick and ASTM type S [Y

mortar. In this case, superior workmanship resulted in an .j

increase in prism strength of about 14 percent.

The filling of head and collar joints, the avoidance of I3,
?

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

permitted by the dimensional vari?tions of the units are all
'

workmanship factors that will improve the strength or the masonry.

Safety factors hould reflect the use of good supervised -

P

workmanship that is characteristic of the well-designed and

engineered use of any structural material. Where uninspected,
,

%

workmanship is to be permitted, appropriate design reduction

factors should be employed. Wh".le the available data do indicate
-

that this factor decreases with increasing brick otrength, the
t

,

data are too few to derive definite functional relations by [
1

statistical methods.

,

*

.
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[
3,3 Tensile and Bond Strength Tests

IThe tensile and bond strength tests, although not as extensively j

i studied as the prism ccepressive test, are equally as important. One
|

I
{

| of tt.e major difficulties faced by investigators in this area is the -

I

[ development of test techniques that determine properties appropriate
,

i

! for the analysis of larger elements. Because of this difficulty many
,

I

dif f erent testing techniques have been preposed and used in various

programs with a consequent lack of correlation among them. There are

basically three broad areas of interest: first, the tensile strength
!

of the individual masonry unit; second, the bond strength between the

nortar joint and the masonry unit; and third, the tensile strength of

a small test specimen, such as a circular disc, indicating the combined
|
' behaviour of the components.
I
,

| 1.3a Tensile Strength of Individual Units
!

| Many investigators have included the results of the standard
'
.

'

ASTM C-67 modulus of rupture test in their reports but few have

compared it with other methods of obtaining the tensile strength

of an individual enit. Thomas and O' Leary conducted an exten- !

sive investigation in which five methods of obtaining the tensile

strength of clay bricks were compared. The three major types of

tests considered in the study were the flexure or modulus of rupture

test, the direct tensile test and an indirect tensile test. In

addition two different types of tests were performed on core

samples taken from the full brick.

The standard ASTM C-67 flexure or modulus of rupture test

consists of supporting the unit on two roller supports 7 inches

~

.

h
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e
e

.

s}.
apart and loaded at mid-span. The modulus of rupture is calculated 9

from the formula if
.

3wl .

2bd
'!

where w is the maximum load, i the distance between supports, b ,
'

,4

the width of the specimen and d the depth. The direct tensile t
4

test consisted of gluing plates onto the ends of the unit and :

t

applying a direct axial load. The indirect tensile test was based
,

on a study by Losenhaupt, Van Riel and Wyler( They studied the.

i
plane strain problem involved when compressive forces are applied

t
,

along opposite faces of a concrete cube. Using mathematical and j

photoelastic techniques they showed that the tensile stress was $
/

fairly uniform along the plane of the load application and given .

'by <

0.648P
dt

where I is the ecmoressive force, d the equivalent diameter and 1
;

the length of the specimen. Thomas and O' Leary used this method to
,

obtain the indirect tensile strength of the brick units. Indirect

e

and expanding plug tests were performed on core sarples taken from

the center and end of the brick units. The authors used two basic j
brick units for their program, a .colid clay brick and a perforated

clay brick with three 1-inch diameter holes. The indirect tensile

e

strength calculated on the width of the bricks produced a higher

stress than cn the length. For the solid units the ratio of the

tensile splitting strength to compressive strength expressed as a

percentage varied rt.7m 8.9 to 10.9, whereas for the perforated unit
,

'.

4

____ _ _ _ _ _ _ _ _ - _ _ _ _ bk
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,

|

the range was 7.9 to 10.3. Cores cut from the ends of the ex-

truded bricks produced 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 pooter packing of

the unfired clay at the ends of the brick during the extrusion

process. The mean tensile strength of the center cores compares

reasonably well with the strength obtained by splitting the unit

across the width.

The direct tensile strength of bricks measured when the units

are pullr.d apart by an axially applied load is thought to be of

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

hours to cure before testir.g can take place, b) accidental eccentri-

city of loading is extremely difficult to avoid,and c) for extruded
.

bricks, if tested on the full length, failure will almost certainly
1

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

reduced by cutting each end prior to fabricating the test piece

the least tensile strength of the remainder of the unit will be
,

measured rather than the tensile strength at a randemly selected

position.

Because of the difficulty involved in determining the tensile

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

f California Concrete Masonry Technical Committee adopted the direct

h tensile strength test as part of their standards for the California

,
Quality Control Specifications. Although the same problems as

outlined by Thomas and O' Leary exist, it is believed that this is

the best method available at present for determining the tencile
1

1
J

4
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l
|

|
strength of hollow units. A photograph of the test setup is

! shown in Figure 1-11.
!

In conclusion, it is clear that core comparative experimental,

I
''

studies are required to determine reliable, accitrate and relevant j
,

information on the tensile strength of both solid and hollow#

I
'

masonry units.
|
1

'; 1.3b Bond Strength Teats

The bond strength between the mortar and masonry unit consists
;

of two major components. The first, the tensile bond strength, is

the strength developed when a tensila load normal to the bonded '

faces is applied. The second,the shear bond strength,is the strength
|

developed when a mortar masonry joint is subjected to a shear

load. Several experimental programs have investigated various

facets of the bond strength between the mortar joint and the masonry

unit. Most of the studies have used solid clay units as the
#

masonry material although Sahlin(44) has reported on some concrete

masonry tests. Three of the most extensive studies (39,41,42).

were

performed in association with shear tests on piers in order to

establish failure criteria for the pier under combined stress

conditionc.

In adopting cross brick couplets (Fig. 1-12 ) for bond tension

tests, Polyakov found difficulty in fixing the application of

load in the center of the couplet, and also in laying the bricks.

He made the assembly in the form of a cube, shown in Figure 1-12,

tade of two halves mortared together and pulled apart by special

clamps. Other research workers, Pearson and Kampf found

r

._ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - '
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I

the test 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 and, for econong , a common

unselected brick for the bottom. Before placing the mortar fora

i

T

assembly he treated the lower brick with high early strength cement<

i grout to ensure failure on top of the joint. This of course is
:
J contrary to the practice at site. It would appear that Pearson'sW
o

_ results for bond tension were higher than normal because the mortar

was preven +.ed from losing any moisture to the bottom brick.

Davi son found that the bond strength between the mortar joint

i and the upper brick was less than that between the mortar joint
.

[ and the lower brick. He attributed this to the fact that before

laying, the upper brick moisture from the mortar will be absorbed

2 into the lower brick. Therefore the coruistency of the mortar is

![ less when the upper brick is hard due to this loss of moisture.

{ Benjamin and Williams (41) reported on a comprehensive set of

.

couplet test.. The various test arrangenents for the different

'j stress combinations are shown in Figure 1-13 and Table 1-11 pro-
)
,

vides a summary of the compressive and tensile otrengths of thes

a

different mortars. Table 1-12 provides results for couplet bond4

)
tension tests (0 = 0 in Figure 1-13) for the same mortars considered

',
"

in Table 1-11. It is significant to note that when the mortar bond '

t

to the brick was placed in direct tension, failure cecurred at about
.,

|[ 20 percent or less of the mortar tensile strength or at not more
1

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 "artar

.

Q
,'

s

0 - _ _ _ - - _ - - -
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TABLE l-11 0
-1
^PHYSICAL PROP'. RTIES OF MORTAR

.

.

Mortar 28-day 23-day Mortar Mortar Reference
'

Proportions" Compress. Tensile Flow Retentivity

Strength Strength

(psi) (psi) (%) (%)

1C:0,25FC:35 1260 402 95-100 77 Stanford
Shear Wall (
Project <

1C:0.25L:3S 3050 300 95-100 "--

IC:0.50L:4.5S 1200 145 b 63 V.P.I
Tests

1C:1L:65 500 55 b 73 " 1

Tl1C:0.25L:3S ' 2500 225 b 55 "

From Reference 41 '

a. Proportions by dry loose volume.

b. 'Dioends on water percentage.

'r431 specimens were actually tested at an age of 14 days
_

c.
'

~ when the mortar strength was approximately 2500 psi.

:.
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TABIZ 1-12
,

'
COLTLET Pf1N3 HMSION STkT.%TMS ,

TEST CONDITIONS BOtO
e

, STRINGTH

f ReferenceMortar Mcrtar Mortar Brick Brick Nurter cf p
Proportions Flow Retentivity Type Suction ! Spec 1rens

#Str .
|

|

IC 0.25F.C.:35 95-100 77 1 corrected to Stanford 10 high 42.5,

zero by 1/2 hr. j PrMeet low 24.7 .,
soaking

| | avg. 37.1
'

?

I |
*

1C 0.25L:35 95-100 not 1 corrected to * 9 high 3t.2
measured zero by 1/2 tr.i . Iow 14.1

I'
soaking avg. 25.1

!
1C 0,25L:35 95-100 77 1 corrected te j 10 high 51.3-

,

sero bf 24 low 33.0,

hrs. soaking avg. 43.5,

I

|V.P.I.'IC 0.25L 35 100-110 50 2 10 - 20 G high ?f.c
' T Icw 1.C
!

ests
avg. 18.7

- !

IC 0.SCL:4.55 100-110 E3 2 10 - 20 8 high 52.0*

i low 23.0j
' avg. 40.3
I

.

I i
IC:1L 6s 100-110 73 2 10 - 20 " 8 high 54.0

f' ! low 22.C
; avg. 35.2

| i
'

10:0.50L 4.5s 95-105 66 3 10 - 20 "

| 12 high 59.0 ;,

;
, low 26.0

avg. 40.8

I
1C 0.15L:3s - -- 4 brick Canadian 1 5 high P&.0:

set | Tests low 43.C
wet j |

avg. E5.0

From Reference 41.

I
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joints is greatly affected 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

a = a + 1.1 o (1-17)xy xyo y

where o is the shearing resistance of the mortar joint, e ,the
shearing resistance of the mortar joint for zero normal stress and

a the nornal stress acting on the mortar joint, (compression

positive). An average value of a of about 230 psi is indicated

from Figure 1-14. In this equation o 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
B

1 60 psi. For compressive stresses below 60 psi and all tensiles

1

1

stresses the data in Figure 1-14 indicate that the following

relationship is more applicable.

'
|
' o (max) 150 + 3 o (1-18)=

xy y

W (average) = 100 + 2 o (1-19)- 0
y

g

| >

The authors made two observations concerning Equation 69. First,
,

when o = 0, o becomes -50 psi. This would indicate a tensile

bond failure of the joint at a value which is in approximate agree-3

ment with the values reported in Tables 1-12 and 1-13. Second, for

the normal stress o on the joint equal to zero, the equation
Xy

-

O
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TABLE 1-13 9

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

$
Ultimate Ultimate P

f[,'
Mortar Test Angle Shear Stress Normal Stress Number of

degrees Spe imens3P P
.ff7 y sin 0 g cos 0
';

psi psi
,

0* O 38.8 5 >

'

45' 39.5 26.3 5

60* 57.7 22.3 5

A-1 (14) 75* 82.5 15.8 5
..

'

high 90* 148 0 5

quality 105* 307 64.2 c* 6
120' 451 174 e 5

135* 927 618 c 4 '

s

O' O 32.0 5 4

45* 34.5 23.0 5 )
A-2 (14) 60* 47.2 18.2 5 +

medium 75* 72.7 12.9 5

quality 90* 109 0 5

105* 279 49.9 c 5 .,

'120' 364 145 e 6e

135' 801 534 e 5

!
0' O 30.7 5 !

45' 35.5 23.7 5

B (14) 60* 63.7 24.5 5
low 75* 74.2 13.3 5

quality 90* 118 0 5
105* 319 56.8 c 5 s

'120' 393 151 c 5
135' 904 602 c 5

i

*The letter "c" emphasizes that normal stress is compressive.

From Reference 41.
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a
?

indicates that the average shear strength c f the joint is about h
3
?100 psi. Since this is a case of pure shear it would be logical to i:|j
Q

expect the failure to be in tension, and a value closer to the s

i
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. The phenomenon of the

shear bond strength in cases of pure shear being lower than the
-

true tensile strength of the raortar, is similar to the tensile bond I

strength being lower than the true tensile strength of mortar. ;

Hendry (39,43) 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

0 <

affected by the moisture content of the bricks at the time of 4

laying. To investigate this phenomenon Sinha and Hendry ' dipped ;

their bricks in water for periods of tire varying from 5 seconds to -

e

2 hours before the couplets for the tension and shear tests were
t

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

strength of the brickwork, although Thomas and Simms concluded ,

,

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

important factor. Sinha and Hendry's results agree with those of

:
4*

Y
_ _ _ _ _ _ _ _ . dh
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A
TABLE l-14 i,j

NCOUPLET BOND TENSION STRENGTH
Area of couplets = 1.0 in y2

h
:

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 4

5s 2 min 5 min 10 min 2h

Mortar strength-
1-in. cube 1900 1120 ,,

''
psi

M isturg_ content 0.66 3.38 9.91 11.66 11.81 12.17 .

(se
.

20.38 57.25 84.88 39.75 7.50 2.50

16.50 10.25 45.75 28.63 81.00 6.90

11.75 60.00 15.75 7.50 63.00 6.25
Bond tension 70.08 24.75 34.00 69.00 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 4

18.00 100.00 66.00 45.00 43.00 6.00
'33.00 66.00 73.00 35.00 8.00 2.25
!27.00 48.00 64.00 5.50

66.00 2.25 r

< 23.07 44.00 55.54 44.40 39.20 5.06Avg

From Reference 43.

_

a

?

-- -. . _ _ _ _ _ _ _ _ _ - _ _
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TABLE 1-15

COUPIET 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 for water for water for water for
5s 2 min 5 min 10 min 2h

Mortar strength-
;

l-in cubes 1900 1120
} psi '

!
t

M sture ontent 0.66 3.38 9.91 11.66 11.81 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 65.40 46.08 50.40 43.20 49.32 21.30
psi 83.60 97.20 94.40 88.20 21.60 28.80

75.60 86.40 86.40 75.60 108.00 18.00
L 73.60 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-

r

- Avg 62.10 67.12 71.60 63.30 61.94 21.10
$
;

}' From Reference 43.

4,

t

J *

1

E

?

i
4
-;

..

e

e

*
N

_ _ _ _ _ _ __



____ __ ___________ ___ ._ - ______________ ________ _ _________________________________-

54 Ii

J.

Semenstov described in Polyakov's(36) work. Semenstov concluded
|
E

that the wetting of bricks before laying with cement mortar sub- I

stentially increases +he bond, but that saturated bricks lead to a
3

large reduction in bond strength.
{

From the tensile and shear bond results , the authors

proposed the following general relationship between bond tensicn
J

o and shear bond c with no conpressive stress for solid bricksg

and a 1:3 cement mortar.

8.8/0 (1-20) -0 =
.xyo tb

-

Murthy and Hendry found that their bond shear was 2.3 ,

times the bond tension. Polyakov found that the ratio of bond

shear to bond tension depends on the value of bond tension and is

given by tne following relationship 3

'c,

2.?5 - 0.5 o (. 2?= .g g

J

The Russian standards and code have limited the permissible bond

tension to 1.8 kg/cm (25.6 psi) and Semenstov suggested the ;

following relationship

1.7 0 (1-22)G = .xyo tb

To determine the effect of precompression on the shear strength

of the couplets Hendry et al(39,43) performed a series of tests

with the equipment shown in Fig. 1-16, using a varying compressive

load. In both series of tests the authors assumed the total shear

strength of the couplets to consist of bond shear and frictional

;

._ _ _ h
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_

resistance and to be represented by
,

;
3 a = a + f a (1-23) L
. xY xYO Y

'\

where f is the coefficient of friction. In both investigations

an initial series of tects were conducted to establish the coeffi-

cient of friction. The couplets were made by placing tissue

Lpaper between the top brick and the mortar joint to eliminate the1

bond shear. Sinha and Hendry found that the relationehip between

compressive stress and frictional shear stress is linear up to a

shear stress of 154 psi, the compressivc stress being 200 psi at
.

'this limit. The corresponding values in Murthy and Hendry's tests

r

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 rcnge

i where bond shear was eliminated could be given by a =fa where
f y

istbeshearstressofthe _ ..uplet due to friction alone on theo
f

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), where o
xyo

was determined experimentally. The theoretical results presented

in Figures 1-17 and 1-18 were calculated from Equation (1-23) . The

relationship between the compressive 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. In
.

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
,

4

4

)C _ _ _ . _ - - . _ _ _ _ _ _ _ _ _ _ __ _ . _ - - _ - - - - - - _
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N
exceeded 245 psi, which the authors assumed to be due to frictional

]
:$

resistence alone. $
j

Although there is little inforration available for concrete j

masonry, the information reported by Sahlin agrees with the 5
'

tests reported by Benjamin and Williams (41) for brick mortar joints. j
.s-

'the data given by Sahlin in Table 1-16 indicate that the tensile I
,

t

strength of mortar is about 1G percent of its ultimate compressive ;
9
d

strength and that the bond strength in tension is about 20 percent j
of the tensile strength or 2 percent of the compressive strength.

,

4
. . -;

TABLE 1-16 '

-

;

Mix Type of Compressive " ensile Bond 2

Cement: Lime: Sand Mortar Strength psi Strength psi Strength psi
i

1:1 1/4 : 4 3/4 M 2000-2500 250-275 58 '

f

_ }
1:2 : 7 S 1240-1290 155-180 26

8 y. 8 x 16 inch concrete units with 57.1 percent net area and -

absorption 15.3 to 17.1 were used.
,

From Reference 44
.

1.3c grsile 3trength of Masonry Assemblages

In order to evaluate the tensile strength of a composite

masonry unit, Johnson and Thompson developed a diametral test

procedure similar to the indirect Brazilian test for concrete. The

test consisted of applying a compressive point load long the

diameter of a circular masonry disc as shown in Figure 1-19. If

the masonry disc is considered to be a homogeneous material the
?

variation of the stress component normal to the mortar bed at the i

disc center is given in Figure 1-19. To evaluate the applicability

of the test the authors tested a large number of 15 inch diameter

.

.pq
-
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N

h
:

discs. The two major variables of the investigation were the angle ;

-n
of the mortar ned to the line of application of the compressive 'j

(.-
load and the strength of the mortar. The results of the investi- -

'

ri
. - <

gation are presented in Figure 1-20. 5]
- r..

The authors concluded by stating that some of the general .|
q

findings of the investigation may have more significance than some
@E

of the specific numerical results. They outlined the general
:,;
k.

findings as follows: The diametral testing of masonry discs proved j
.R

to be a simple, feasible crocedure for the measurement of the :
t

- r:
respective tensile properties. The coefficient of variation within $

r

the test series was unusually low for this type of naterial and

indicates the reliability of results that may be obtained with the
f.

composite unit. A further advantage of masonry disc diametral .f
~ f,

testing is the variety of information that can be obtained by the e

rotation of the bed joint with respect to the direction of the i

ir

principal tensile stress. When the angle between the direction of fj
$the principal tensile stress and the bed joint is 90*, the results ;̂
~

of the diametral testing of the masonry discs give a measure of i
s,

bond strength between the mortar and the brick. When the angle '

between the direction of the principal tensile stress and the bed
1
'

joint is 45*, the results of the diametral testing of the masonry
,

disc becomes a measure of the shear strength of a masonry assemblage

i which is applicable to masonry beans and shear walls.

The diametral testing of masonry discs was utilized in the

Structural C1;f Prod. cts Small Specimen Testing Program , and
,

4

later was the object of a theoretical analysis by Stafford-Smith
,

et al(
,

Included in the theoretical analysis was a comparison.

5
ml

__ _ _ _ _

E
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0

$
of some of the theoretical results with the experiaantal results

:Q
%

obtained in the Structural Clay Products Small Specimen Test ]l
y

Program. Stafford-Smith et al performed a linear finite element i

'Ianalysis on the circular masonry dise used in the diametral test N

$
procedure, for the case of the bed joint at 45 degrees to the line 4

4

%:
of the load application. In the analysis the authors varied the y

brick to mcrtar modular ratio and calculated the maximum principal s

a

tensile stress from the formula
a

NP }
uDt

,

.

E *

B
and plotted N against g{ . The plot is shown in Figure 1-21.

"
In Johnson and Thompson's (46) paper and the SCP(24) report the -

maximum principal stress was assumed to oe

4

2P
iuDt

,

i
'E

i.e. that of a homogeneous disc. Stafford-Smith et al recalculated
"

i
the diagonal tensile strength of the SCP tests and plotted them

,
| against the mortar tensile strength - Figure 1-22. It is clear i.

l

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 diagcaal tensile strength cf -

the brickwork is approximately equal to either the -tensile strength

of the mortar or the tensile strength of the brick whichever is t

less. They further concluded that in the particular problem of

diagonally loaded brickwork discs, concentration of high principal

f:

s
q
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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 underectimates of the maxirum stresses.

P

s

' . . . . .
*

_ _ ______



2. SHEAR STRENGTH OF MASONRY ASSEMBLAGES

!

l

2.1 Introduction

An important consideration in the analysis of a masonry building is

the ability of the structure to withstand lateral loads. In 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 masonry 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 investigatars have also

considered the behaviour of various assemblages under cyclic loading.

The properties of interest in these programs have been the ultimate

strength and/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 tlw various test echniques

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
i

behaviour of masonry assemblages.'

2.2 Test Techniques

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
i

and relevant infccation.

!

Investigators over the last two decades have used many different|

O test techniques 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 cot-

ponent in an experimental program. In this section, most of tne basic
' experimental techniques that have been used will be outlined.

One of the first methods used in the determination of the shear'

A

strength of masonry walls was that shown in Fig. 2-2. The external hold-

down force R was applied to resist the overturning momer.t of the panel.

'

p This method was used by Schneider , Scrivener et al and the
<,
I'

Structural Clay Products Research Four.dation(51,52) in their test pro-
.

grams. The nethod also formed the basis of the standard procedure of

'

racking tests described in ASTM E 72 68. This method of test provides
j

only a relative measure of the shearir.g 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

y
7 by the boundary conditions and the tie-downs is a matter of speculation.



|

';j f'70
ij
1
6
T

k
rp

'S
."3
'1.

p av
I f ,

I' + P +P jg i
U ,U

g
I Ig|
I|,

} P'I V !
l !

I

FI I U -j

iI a
i

9,l | H
I

| P P , ;g g
& 4 f 4 4 4 A *. n n

I
l I I

| EXTERNAL HOLD DOWN INTERNAL HOLD DOWN }
FIGURE 2-2 FIGURE 2-3

.

?
.s

P 3

f $
'

I ~

,

i

t
9

.

.|

,

"

i
I

A

P RACKING PANEL 4

| fFIGURE 2-4i
'

|

i
, s
'I
*!

&

_.___. __ _ _ - - - _ - -



_ _ _ _ _ _ .

|
71

The above method was modified by Schneider in a second series

of tests he performed in 1959 and was also utilized by Scrivener (54) b

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

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

in Figure 2-3 was used. Here the orjection of a large external com-

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

overturning resistance depends upon the develolment of bond between the

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

of jamb steel is lost.

Probably cne of the most frequent techniques used to detemine the

relative shear strengths of walls is that shown in Figure 2-4. This

nethod was used in the extensive test program performed by Blume and

Associates for the Western States Clay Products Association. In

that study a qualitative photoelastic model of a wall with two openings

under a story shear F was performed. The results presented in Figure

2-5 indicate the diagonal tension stresses in the center pier between

window openings. Figure 2-6 indicates a square photoelastic specimen

loaded on a diagonal in the same manner in which the actual diagonal

test was constructed. The report stated that the similarities

between the two figures is evident and Figure 2-6 shows that failure

should occur as a result of extensive tensile stresses across the

vertical diagonal. Borchelt used the diagonal test method but added

a compressive load as shown in Figure 2-7.

Schneider , in 1967, performed a series of te:sts on concrete

masonry piers with the test set-up shown in Figure 2-8. The geometry

of the system was maintained by the struts at the end of the openings

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

i

_ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _
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rods. Schneider believed that this procedure came closest to simulating

the manner in whic.. lateral forces are imposed on a pier within a

building wall.

[ The limited number of cyclic loading tests performed by Williams ,

Meli and the New Zealand Pottery and Ceramics Research Association
,

(PACRA) utilized the cantilever specimen shown in Figure 2-9. The

resistance to the overturning 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. In the case of Williams
,

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

and rollers.
e

L
,i An extensive program being performed by Mayes and Clough(60) attempts
t

to approximate the boundary conditions of the piers in a structure, as

4 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 moment on a pier. In
*

addition, the test panel closely approximates the boundary conditions

that the piers experience in an actual structure.

$
.

2.3 Monotonic Shear Load Tests
.

; The equipment required for cyclic load tests is generally more

costly and sophisticated than that required for monotonic load tests,y

'. and consequently much of the early research was performed using monotonic

loads. This section su=marizes the results and conclusions of the

L investigations on the shear strength of masonry assemblages subjected

I. to monotonic leadings. The first group of investigations summarized,

are those that utilized the test techniques shown in Figures 2-2, 2-3,
?
!i 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.
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.

.j Schneider(53) performed 36 full-scale tests on three basic types of (
5 i
; masonry (clay brick, concrete block and Shel-Brik), using the test tech- |

.

I nique shown in Figure 2-3. Typical dimensions of the elements he tested
3

[ are shown in Figure 2-11. The brick walls tested consisted of the double
__

1

wythe grouted construction made from 3 1/4" x 3 1/4" x 10" clay units.

; T'e concrete block walls consisted of 8" x 8" x 16" hollow concrete
a
'

bio .s . The Shel-Brik walls comprised two basic sizes, namely:
4

- 6" x 6" x 16" and 8" x 6" x 16" units. The conclusions drawn by the

author from the results presented are as follows:

(1) With a height to width ratio of approximately 1, the walls

tested registered an ultimate shear strength of 145 psi on the gross#

; area, regardless of the var.ation in the specific parameter of a

particular test.

(2) The type of mortar mix as it was varied in the tests, apparently*

i
}

had little effect upon the overall shear resistance of the brick walls.

v.

", Although the straight lime mortar mix possessed practically no shear

resistance, its bonding ability was at least sufficient to help tie the,

wall together so that it functioned as a thoroughly integrated unit.
4

(3) The existence of an opening discontinuity and its shape within

the wall exerted a strong influence upon the behaviour of the brick walls.

i
The shear resistance was definitely not reduced in direct proportion to

;

: the reduction in net panel width across the openings. As the relative

opening size increased, the rate of decrease in shear resistance of the

'

wall became smaller.

(4) No basic difference between the shear resistance of stack and
r

running bond concrete block masonry seemed to exist, other factors such

! as workmanship and amount of reinforcing remaining the same.
.
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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 block, little

difference existed between the ultimate loads sustained ,y similarly

constructed walls reinforced on the basis of eithar 0.003 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 ultimates

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 total

load of about 67% of that sustained by the solid grouted walls, evidenced

a considerable lack of rigidity even i: the lower load range. In the

region between first crack and ultimate load , the increase in deflection

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 pacels

consisting of single concrete-block masonry piers. The test technique

employed was that shown in Figure 2-8, and typical panel dimensions are

shown in Figure 2-12. E4ch panel was constructed from standard 8" x 8"

x 16" ccncrete block units. The conclusions drawn by the author from

the r.rsults presented are as follows:
.

(1) Shear strength definitely increases with a decrease in the*

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

5 sharply below a H/W ratio of 1:1.
>

k __ __
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(2) The very consistency of the test results throughout the range

of H/W ratios selected for analysis suggests the following relationship

for average ultimate shear stress of a pier contained within a shear
I

wall where horizontal reinforcement is not provided. In the following [

tables v represents the shear force and b the thickness of pier.

TABLE 2-1

.

Fixed Pier Elements Cantilever Pier Elements

** **# ** * ""
H/W H/W

Stress-psi S tress-psi
,

v v
0.2:1<H/W<1:1 g- = 310-l'5H/W 1:1<H/W<3:1 g-- = 95-15H/W {

1:1<H/W<3:1 g - = 152. 5-17. 5H/W 3:1<H/W g - = 50

v
3:1<H/W -- = 100

bW

From Reference 57

(3) The presence of adequate horizontal reinforcement materially

increases the shear resistance of the pier. The consistent nature of

the test results suggests certain relationships between the H/W ratios

and ultimate shear stress where adequate horizontal web reinforcement

occurs. These are expressed in Tr.ble 2-2. Although the term " adequate

horizontal reinforcement" was not specifically defined in the report,

the results of Table 2-2 are based on experiments where the horizontal

reinforcement consisted of No. 5 bars 8 in. on centers.

- ._ _______- ._
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^h.

TABLE 2-2 'h
cr

Fixed Pier Elements %
%
T

H/W Ultimate Shear Stress-psi. y
T
h

0.2:1 i H/W i 1:1 V/bW = 347.5 - 112.5 H/W a

1:1 1 H/W i 3:1 V/bW = 290 - 55 H/W
'

3:1 i H/W i 4:1 V/bW = 200 - 25 H/W
t.

r

4:1 1 H/W V/bW = 100.
i

From Reference 57 j

E;

(4) Concrete masonry, if properly reinforced, exhibits a tendency (
,

towards a ductile-like behaviour throughout the loading sequence. On

'

the basis of defining ductility as the ratio of the total deflection

experienced to the deflection at the first shear crack, the ductility ;

:
exceeds two. ,

.

(5) Although the amount and orientation of the shear reinforcing

influence 71 the shear capacit.y, the bar spacing did not prove to be a
!

rdgnificant factor within the range of reinforcing spacings utilised

in these tests,i.e. up to four feet on centers.
.

The results presented in Table 2-1 for H/W > 3:1 and Table 2-2 for .

H/W > 4:1 infer that all piers satisfying these ratios have the same ;

ultimate loa.d. This inference neglects the possibility of predicting

the ultimate load of a pier failing in flexure as cutlined in the

following investigation.

,54),

Scrivener et al performad a series of tests on reinforced

concrete hollow masonry walls 8'-8" high and 8' long constructed from 6"

thick standard units. Each set of tests had a different objective, and

hence each will be outlined separately. In the first set of six tests,

Scrivener (54) wanted to determine the factors influencing the flexural
,

'

,.
g;

.; ,

?M je[
* L, . .. w

_ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ b
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type of failure. Tc achieve this he used a test setup similar to that

shown in Figure 2-3, with the reinforcing distributed throughout the wall.

The results of the tests are presented in Table 2-3.

The conclusions drawn by the author from the results presented are

as follows:

(1) The amount and distribution of vertical reinforcement are the

critical factors in determining the stiffness and failure load. Both

the stiffness and failure load increase with an increase in the amount

of vertical steel. The most effective position for the reinforcement is

in the periphery of the wall.

(2) The inclusion of horizontal bond beams does not significantly

alter the stiffness or failure load.

(3) The failure load is predictable and the calculations for

obtaining this failure load are simple. In these tests, failure loads

were usually predictab.'.e to within 5%. The most inaccurate prediction

underestimated the failure load by 12%. The failure load may be

calculated by assuming that all vertical steel has yielded and that the

center of compression is at the toe of the wall. The resisting moment

of the wall is then the sum of the moment of the yield force in each
i

bar times the lever arm distance from the toe of the wall to the center

line of the bar. From Figure 2-9,

IA d. e
si 1 y (2-1)p =

u H

where P is the ultimate load, A 'he area of the ith bar, d its_

distance from the toe of the wall, e the yield stress of the steel and

H the effective height of the pier.

. .. . _ _ .
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TABLE 2-3

CD
BEHAVIOUR OF tOLLLS UNDER TEST A

wall theoretical
" elastic" prediction,,gg
stiffness * cf failure

3 (1b/in) load (1b)
At 6 in blocks, unreinforced 1,500 lb, opening of hori- Lifting off first course as 1,550

zontal crack above first as a whole
course

A2 6 in blocks, vertical 5/8 Horizontal cracking at 2.5 x 105 15,000 lb, want 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 lb, vertical cracks course
appeared at 8,000 lb.

43 6 in blocks, vertical 5/9 Horizontal cracking at * O e 105 26,000 lb, a 1/16 in crack 25,400
in rods at each end of base at 8,000 lb. hort- above first course
well three 1/2 in rods sontal cracking above
*si t h i n . first, second, and fourth

courses at 14,000 lb,
vertical cracks appeared
at 16,000 lb.

A4 6 in blocks, reinforced Horizontal cracking at 5.7 x 103 24,000 lb, a 1/8 in crack 25,600

as well A3 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 lb, vertical cracks above and belot* lower bond
ninth courses. appeared at 22.000 lb. beam.

bA5 heo leaves, 4 in blocks, Horizontal cracking, outer 1.6 x 10 15.000 It , a 1/4 in crack 15,700
inner leaf vertleally 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 lb, hori- at toe of inner leaf.
and three 3/8 in rods sontal cracking, inner
within, outer leaf leaf at base and above
unreinforced, leaves first, second and sixth
tied with 8 s.w.g. courses at 8,000 lb, ver-
crimped ties. tical cracking, inner

leaf, at 10,000 lb, hori-

zontal erack above first
course, outer leaf opered
to 1/10 in at 12,000 lb.

A6 Two leaves, 4 in blocks, Horizontal cracking, 1.3 x 106 18,000 lb, at 4/10 in lifting 15,800
inner leaf reis forced as outer leaf at base. off base of outer leef.
inner leaf of wall A5,
outer leaf with f w
1/8 in vertical rocts not
welded to base mods,
leaves tied with 1 in a
1/8 in gauge shaped
ties.

e
wall " elastic" stiffness is calculated on the longitudinal deflection at the tenth course

_

rrom meferene. 54

4

o g , g i ,- f ij fp {e ;fgj bb" -%d s *
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[
In the second series of twelve full-scale tests Scrivener (49) m

interested in determining the effect of different distributions of rein- '

.,

I $
forcing steel on the shear mode of failure of the walls. To prevent the j j

.O
yield failure occurring he used the test setup shown in Figure 2-2 where i!

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

r

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

!$:.
The conclusions drawn by the author from the results presented are E

'

s
(1) Vertical and horizontal reinforcing steel are equally effective if

"

b
-

in providing satisfactory crack behaviour and failure loads. $
4

ki(2) Walls with evenly distributed reinforcing have a later onset j
of severe cracking than walls where the reinforcement is concentrated .-; ; .

l
in the wall periphery.

!
(3) With a low percentage of reinforcing, failure occurs soon 1

,

after the onset of severe cracking. With higher percentages of rein- i f

forcing, the failure load is mt-h greater than the load causing severe d
'

3 \

cracking. [I
-

(4) As the load-deflection curves showed no linear portion and
'

t

9the curve shapes showed no pattern from wall to wall, the stiffness "
,

f|\'

(or load-deflection ratio at a point on the curve) did not seem to bear jg,

:
any direct relationship with the percentage of reinforcement. However, 3, -

'

4 1

for steel percentages from zero to 0.4% (gross area), at first crack

3 M(width approximately 0.001") the stiffness varied from 1.9 x 10 kip /in to i
d'

5.5 x 10 kip /in. At severe cracking (some widths exceeding 0.01") the # '

stiffness varied from 1.1 x 10 kip /in to 4.4 x 10 kip /in. [
a .

't
(5) Higher failure loads were obtained with walls with higher

percentages of reinforcing up to 0.3% of the gross cross-sectional area g

b
N

- - - - ------- -
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TABLE 2-4

BI2tAVIOUR OF WALES UNDER TEST

Wall Reinforcing First Crack (d) Severe Cracking (e) Failure

vertical vertical Horizontal Percentage load " Stiffness * load " Stiffness" toad (f)
Bars Bars Bars (a) (b) Causing a 10 '(c) Causing a 10''(c)

~

Peripherst within (t) (kip) (kip /in.) (kip) (kip /in.) (kip)

C1 0 16 5.3 28 1.1 28

D2 2-5/8" - - .104 32 4.9 48 4.4 68

CIO - - 2-5/8" .173 24 3.0 28 2.3 48

&

2-1/2"
C7 2-5/8" -- 2-1/2" .173 40 2.7 48 2.7 fo

C8 2-5/8" 1-1/2" 1-1/2" .173 44 2.1 48 .9 56

C9 2-5/8" 2-1/2" - .1?3 52 2.0 56 .6 60

D11 2-5/8" - - .173 36 1.9 40 1.6 65

s

2-1/2"
C3 2-5/8" 3-1/2" - .205 48 3.0 56 2.5 70

D12 2-5/8" 3- 1/2" 2-1/2" .272 60 2.8 72 1.8 104

D4 2-5/8" 3-1/2" 4-1/2" .340 64 4.9 92 3.2 In excess

of 112

D13 2-5/8" 3-5/8" 3-5/8" .420 44 5.5 76 2.0 96

Die 2-5/8" 3-5/8" 4-5/8" .470 48 2.4 80 2.0 112
I

Notes

a. 1ha horizontal 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. We percentage of reinforcing is calculated on the percentage area of * steel divided by the gross cross-
sectional ares of the wall 1.e., in this case 8' - 8" x 5 - 5/8".

c. De " stiffness" is calculated on the requisite load dividad by the deflection at the load end, loth course,

d. First crack is tha first crack visible to the naked eye -- some .001" wide,

e. Severe cracking is the stage where some part of the crack pattern has cracks of width .01"

f. Failure load is that maximian load which could just be sustained by the wall.

us
b'( ^ h' gM .'. Q ( ,f,p Q,4 e 4 6 . . g-. 2 g.

l
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h:
of the wall, which corresponds to 100 kip failure load. Above this

mi
percentage, additional reinforcing had little effect on the failure h,

lbiload. From the walls with optimum (0.3%) or higher percentage of g;j}
reinforcing, the ultimate horizontal shear stress (ultimate load divided

b/by the gross cross-sectional area) was found to be 170 psi. Se

f$PThe objectives of the third series of six full scale tests performed d
t

by Scrivener ( was to determine the effect of full and partly-filled h
h3cavities and to compare the performance of these walls with an [
O rr',

;

" equivalent" reinforced concrete wall. The results of the tests are p$j

ksummarized in Table 2-5. Scrivener summarized his conclusions as )Q
an

follows: W1

.]
M

(1) A masonry wall with all cavities filled with grout can with- if,

e
i!;

: stand a higher load before first crack, severe cracking and failure and J
f:

is stiffer than the equivalent wall with only reinforced cavities filled.
}
L

The atrength increase is from 20% to 50%. p
r

j
(2) Although the stiffness of a fully-filled masonry wall and the

.{
g
''

y" equivalent" reinforced concrete wall are very similar, the masonry wall
t_

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

qThe Structural Clay 7roducts Research Foundation conducted two '

iseries of tests on walls 8' high by 8' long. The objective of the first
,

series of tests was to compare the strength obtained from five
,

y
identical 8' x .8' walls tested by the standard ASTM E 72-68 racking i

procedure with that obtained from five identical 16" diameter circular '

a

discs tested by the method devised by Johnson and Thompson (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)
m

was 60% greater than the result obtained from the tests on the circular
b
8
a

_ -
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TABLE 2-5

BEIIAVIOR OF WALLS UNDER TEST $

Wall Type Reinforcing First crack ** Severe Cracking Failure

Vertical Ve ~.ical

bars bars '

ad adPeri- within IIorizontal* Percentaget Stiffness + Stiffness Load
ausing + causingpheral

(in) (in) (in) (%) (lb) (lb/in x 10-3) (lb) (lb/in x 10-3) (lb)
E8 Partly-

filled 21 11 11 0.173 48,000 2,400 60,000 1,900 72,000 )8 2 2

EIS Fully- {
filled 21 11 11 0.173 84,000 3,800 88,000 3,100 92,000 |

8 2 2 i

E17 Rein-

( forced

concrete 2-f 1-f 1-f 0.173 ---- ---- 160,000

El! Partly-
~ !

filled 2-f 3-f 2-f 0.272 40,000 2,400 68,000 1,900 76,000 |
|

Ell Fully-

2-f 3-f 2-f 0.272 100,000 2,800 101,000 2,000 116,000filled

E18 Rein-
forced

concrete 2-f 31 2-f 0.272 176,000 |
2

The horizontal rcinforcing in the top bond beam for each wall consisted of two ! in diameter bars and is not included |*
'

in the figures in the above table.
+ The percentage of reinforcing is calculated on the area of steel divided by the gross cross-sectional area of the wall, |

1.e. 104inxSjin. |

The " stiffness" is calculated on the requisite load divided by the deflection of the load end at the tenth course. I

** "First Orack" is the first crack visible to the naked eye - usually some 0.001 in wide.
*+ " Severe cracking" is that stage where some part of the crack pattern has cracks of width 0.01 in.

.

|
'* " Failure load" is the maximum load that could just be sustained by the wall.

From Reference 50

y ~ ,,s;a w n d u y p dh p.;,t - ,
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?

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 i
hisj a-

extent to which the results represent the state of pure shear or diagonal ;

i $i
j tension are as yet unknown, the external hold-down force required in the , ,h-

4

;

; V
ASTM racking test increases the apparent shear strength by 60%. 4[

->
The purpose of the second series of tests (52) was to compare the je

E
y;f

shear strength of walls constructed from 4" structural clay facing tiles M
y
4

( with those constructed from 4" clay brick units. ihe 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 1

.

constructed from facing tiles is significantly higher than the cor-

Jiresponding values for 4" brick specimens. The report concludes that the 3
-

$ -

mode of failure in racking involves not only the rupture through the mor- g,

L
tar joints but also in many cases through the tile units themselves, and [

l
that the high tensile strength of the fired clay body apparently in- {

hIfluenced the results.
F

Haller(61) in reporting on the various investigations performed at J
k'

at

the Swiss Federal Laboratories included the work done on the shear N
..p
k

strength of masonry walls. In these investigations two different test g
p
ti

techniques were used. The first was similar to that shown in Figure 2-9. Q 1

- p
The second, shown in Figure 2-l', was unique to Haller's program. They [ha

u
used two different sizes of specinens, the larger 9'-6" x 8'-8" x 6" pj

c.

ffspec 1 mens were tested in the setup sh m in Figure 2-3 9, while the

6
smaller 4'-8" x 5'-3"x 6" specimens were tested in the setup showr. An y

.$
jh-Figure 2-13. In addition to the two types of specimens, two different
Eql

types of bricks were used; a normal quality brick laid with a lime-cement .}
.,

d
mortar and a special quality brick laid with a cement mortar. The $

Of

B
wsd,
4!
T

C
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j results of the tests are presented in graphical form in Figure 2-14. An
:r!r

|{ empirical relationship between the compressive stress (o ) and the shear
a,. ,

i

: strength (T ) given in Figure 2-14 is
t XY

-1

(35 /c + 130 - 250) psi (2-2)T =

xy c
,

for the special quality bricks, and,

:
\ .

(35 /c + 280 - 540) psi (2-3)i T =

| xy c
|
r

( 3 for the normal quality bricks,where T is the shear stress and a the
; xy c
7

f compressive stress in psi.;
3

From the results presented, Haller observed that the shear strength

l 3

.[ is composed of the adhesion of tb mortar to the brick, the shear
.;

A resistance of the mortar plugs (i.e. the mortar that penetrates into the
I .r\ .,

| ? perforations) and the friction forces which increase with compressive
' y,.

| f stress. In- the abnence of compressive stresses or.ly the first two
.-

.
(i.e adhesion and shear resistance) are active. Haller con-effects

cluded by stating that with no compressive stress on the walls the shear

i strength is considerably af fected by the absorptivity of the mortar,
~; >

; including the plugs.

9,

At .nentioned in Section 2-1, one of the most widely used techniques
5

.

to determine the relative shear strength of masonry walls and wallettes
:3

; is the diagonal test method shown in Figure 2-4. The largest study per-
1
' a'

.,( formed using this technique was that done by Blume(55) for the Western

:O
f; States Clay Products. The 84 walls used in Blume's tests were 4 feet
.3

fj square. The materials used were 8" hollow clay brick units and 4" wide
q

:s clay brick units. Typical wall details are shown in Figure 2-15. The
;;.

@i
shear strength index of the walls was calculated from

f|gr*
|

,.f

. a-
-
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V = (2-4)A _B
r;

y
.i..f4where 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: fp

k(1) The ultimate unit shear values obtained frcm the above index th 1
y

in nine unreinforced, 2 1/2 inch grout core, masonr=y wall specimens 75' |
. '

3' |ranged from 324 psi to 413 psi, using the materials listed in conclusions g
%

2 and 3. M
$
:p(2) (a) The mortar must be workable and satisfactory to a good b
:

mason. Ii. was recomended that the mortar be made of 1 part portland ff
$cement, 3/4 part hydrated lime and an average of 4 parts damp, loose Q
3

v'mortar sand with an allowable range of 3 3/4 to 4 1/4. (b) The fine 3,
),4

grout mix recommended was 1 part portland cement to not more than 3 parts h
:.1
5of non-bulked A sand or 4 parts of moist loose sand by volume. No lime
']

$is recommended. The grout must be fluid and suitable in all respects y
9

for proper placing, to entirely fill the core space. (c) Tht:re should f2
b
|3!be no arbitrary limits on the water content of the mortar or of the

E
grout. Workability and placing characteristics are much more irrportant []

3
than compression tests which may grossly exceed,the code requirements. ){

:.
This conclusion implies that mottar with the given proportions satisfies :

strength and bond requirements provided the amount of water used is
,

,

sufficient to satisfy workability requirements. <

a

(3) Of the two brick properties, compression value and modulus of

.

rupture, the latter is more significant for the shear value of the
,

masonry. It was recommended for optimum shear capacity that the brick ,
,

i

. C_

_ __ _ _ _ _ _ _ _ _ _
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compressive strength be 6,000 to 10,000 psi, and that the brick modulus

of rupture be greater than 500 psi. It should be noted that in general

there is a correlation between the compression value and the modulus of

rupture (Section 1-3).

(4) Erick masonry panels with either minimal or no reinforcement

have essentially no ductility. It was found that with more extensive

reinforcement than that required by the building codes and especially

with special disposition of the steel at the center of the panel, some
Iductility and increased energy absorption can be obtained. However, e

:
'

the cost c f this special reinforcement is not justified by the extra
5

values obtained, except for special situations. It should be noted that

significant ductility has been obtained in cyclic load tests on masonry ,

piers (3,58,76,77)
-

,

..

(5) The diagonal tension (shear) failures, whether the panels were

reinforced or not, were not accompanied by heavy spalling, popping or f
7

the projection of fragments away from the wall (as occurs in compression
-

failure). Instead, the tension crack opened rp with a cru.ching sound. #

It was found that only a small amount of reinforcing, such as a single

.{
No. 4 bar in an. entire wall was enough tc hold the main pieces of the f.

? -

wall in place after failure. ;r
i;

a
(6) Unless reinforcement is required for a particular design stress j

function, its basic purpose must be (a) to help tie or anchor wall g

y
elements to a frame or other walls and (b) to hold the wall pieces to- [

i!I
gether in the event of failure in an earthquake. These tests indicate {

.i
that only nominal reinforcing is adequate for (b), and judgement in-

dicates the same for (a). It therefore seems that the arbitrary use of

k
-
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9,

y
large percentages of steel area in grouted masonry walls serves no real j

' 'purpose. Other investigators have shown that the amount and

distribution of reinforcement in a panel affect both the strength and 8
5dactility.
"a
3::(7) The average shear values of the hollow brick masonry panels y
9

varied from 123 psi to 391 psi depending upon the particular brick units. 2
With all cells filled with grout the shear values using the entire gross "

q<
wall area were 266, 266 and 387 psi for three different brick units.

.g
w

The corresponding values in the hollow state based on the net area were ?
:.

123, 128 and 221 psi, respectively; i.e, a 75% to 112% increase in
m.

strength. 3
,,

Two subsequent investigations were performed by Greenley and
,

q
Catta neo (62) and Borchelt where a distributed compressive edge load

f

was considered in addition to the point load applied on the cornets of
..

the panels. A diagramatic illustration of the applied loads is shown in
,

Figure 2-7. Greenely and Cattaneo(62) performed 32 tests on panels of 4
"s

4' x 4' x 4" nominal dimensions. In the 32 different tests, they con-

! sidered three different bricks and two mortars - one a high strength
.

(with additive) and one a conventional mortar. The results of the study 7

are presented in Table 2-6.
,

The authors concluded that a substantial improvement in the racking
,

strength of the wallette is obtained by the use of high strength mortar. j

Walls built with the conventional mortar all failed in a stepwise manner b

through the mortar / brick interface, while those with high bond mortar
*

,

failed approximately straight along the diagonal. They further concluded

that increasing the edge load will increase the racking strength of a -

masonry wall, and when more data are available from a wider variety of
,

.}
h
%

k
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TAB 12 2*,

RACKING STRENG7MS

Brick A -- Conventional mortar Brick A - High-bond mortar

Edge-load Racking strength Edge-load tacking strength

. (Gross (Gross (Gross (Gross
Ibf a 10') (1bf/in ) lbf a 10 ) (Ibf/in ) lbf a 10 ) (1bf/in ) Ibf a 10 ) (ibf/in )

3 2 3 2

0 0 44 175 0 0 141 560
0 0 45.5 181 0 0 115 457

25 140 68 270 50 281 168.5 670
50 281 89.2 355 100 562 178 708
75 421 115 457 150 832 238 946

100 562 127 506 200 1120 2 09.5 833
125 702 133 530 250 14G0 258 1020
150 84 3 141 560 450 2530 233 926

i Compressive flexural tests on Sze f t wall panels
2

. Flexural strength (1bf/in ) 80 360

Corpressive strength (1bf/in ) 3190 4830

[ Bed joint area (in ) 178 178
-

Diagonal cross-sectional area (in ) 252 252
.

Brick,J -- High-bond mortar Brick $ == Nigh-bond mortar

Edge-load Raeking strength Edge-load Racking strwngth
(Gross (Gross (Gross (Gross (Gross

I 2 2Ibf x 10 ) Ibf/in ) Ibf x 10 ) (1bf/in ) lbf a 10 ) (1bf/in ) lbf a 10') (1bf.'in 3
0 0 161 608 0 0 167 690

-_ 0 0 167.5 642 0 0 175 724
50 267 245 924 0 0 195 806
50 267 231 872 50 293 217 898

100 534 205 774 100 586 257 1060
150 .800 246 928 125 732 274 1130
200 1066 261 984 150 879 297 1230

,
300 1595 280 1056 200 1172 30 6 1280

Compressive flexural tests on 8x8 f t wall panels
riemural strength (1bf/in ) 452 220
Cowpressive strength (1bf/in 3 5170 6100
Bed joint area (in ) 187.5 171 *

ciagonal cross-sectional area (in ) 265 242
u

i

Frtan %eference 62

.

k

i

I

.y
'1

_ _ _ _ _ - - - - - - - _ - - - - - -
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h
systems it will be possible to consider an analysis of stress interaction Y

:?
in such systhms. -[k,

4Borchelt (56) used Greenley and Cattaneo's(62) 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

,:,
4

assumed the stress distribution to be that shown in Figure 2-16. By

assuming an equivalent homogeneous linear system in plane stress, I

aP achelt found the maximum principal tensile stress (o ) from equilibrium .

_

and Mchr's circle to be .

>

2a
{g. 3| 2

_

#
C- + T (2-5)o =- - - - +

t 2 \2/ xy
,

ej
P P 5
* d

; P and P are the compressive !and i =where o = --

c bt xy gg e d
4

and edge loads, respectively; and b and t are the width and thickness j

of the panel, respectively. Borchelt divided Equation 2-5 by the com- y
e

pressive strength of the pier o and obtained the dimensionless 2
cp

,

equation

i

fo )2i o a '

t t c- Y- / , (2-6)*
'. .

2/ (ocp/ocp o p

.

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 l
stress reaches a constant maximum value. He determined this value by

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

:

O
fg
h$
.sw

k
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4TABLE 2-7 .f{
VW

DIMENSIONLESS DATA FOR EbGE IDAD WITH RACKING '-:9
;Q
:2
3

s

*;
.

.y'

0 ET 0 ET U ET -.i' ,je_, xy e xy e xy -

0 0 a a a a acp cp cp cp cp cp Q
9

A

0 0.1642 0 0.1792 0 0.1862 .-J
'

.t:
.

.

0 0.1340 0 0.1661 0 0.1671 (V
3

-A

0.0582 0.1962 0.0516 0.253 0 0.1593 $
q.
:.

0.1166 0.2074 0.0516 0.2385 0.0478 0.207 i
,.
..

0.1748 0.2772 0.1032 0.2118 0.0956 O.245 .T
'

.t,
0.233 0.244 0.1548 0.254 0.1193 0.262 O

:-..

p.

0.2912 0.3006 0.2065 0.269 0.1434 0.284 @
:x

';$
0.524 0.2715 0.3098 0.2886 0.1912 0.292 . . '.

J
9

' '.5
.I

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

different types of bricks combined is

|

T C
U 0.1161= =

0 0cp cp

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

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

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

the applied edge load.

[T 0" / 0.0135 + 0.1161 (2-7)=
a a

% cp

or in terms of the actual edge loads

P P
*0.0270 + 0.2322 (2-8)=

.

o bt a bte cp cp

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

a good representation of the behaviour of the system. If the variable

t
had been calculated for each brick and mortar combination the dottedg

cp
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 analysis 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

edge loads is

P Pd *.0062 + .1578 (2-9)=
o bt a btcp 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

included their work on masonry walls subjected to combined normal and

shear stresses. They, like Borchelt, proposed a method for theoretically

determining the failure load of the masonry elements they tested. They2

e

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

stress and shear stress given by

v Ha = - and T =-
i c A W A
8

where P and P are the compressive and shear forces,respectively,H

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

on the wall the shear stress is 1.5 T if the stress distributionxy

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

circle the maximum principal tensile stress at B is

2 2

(1.5 T
3 ,a g

| +l (2-10)a =
t xy/ \ 2 2

.. .



|||!|||

Ob

-

6
5

e "c
n
e E'r
e Y
f

Ye
R

Y'm
o
r
F

b'-
''
'*

'*
!'
*

YR -

A -

E
2 T ~

R
3 O MI

Mo l
l
i A
TL G

'

AL N
ETA Ro NC T -

S <IE T 4 E
MI E 2 W YI

ORR o L -

o EO '+

R %'PE O
X H F "

ET D '

t Ao b Ds
i. P. p 'eI

o : I

c G 'o T N
'

-

I <

% o K >

C
"A

R -,

s 5o V
o.i

E
.o G ,.

D .

E

0
1

- ,.

- - 2 ,

E<

R
4 6 8 g U
2 1 0 G

. I

O O O F
_

t

b
d p ,

P
&c ,

q

,

,

,,
,

;g
g
!%

n
.



A>
105

-

d

+

P
v

,.

'

I f
! +P~

/, H
I

/|V

NORMAL STRESS AT B [
P /

'
y

CT =
B A /

!SHEAR STRESS AT B '

o/P BHT = 1.5 j
B A ''

= 1. 5 T /xy

/
'

? /
;

7 .

P +/<
=

g
l l

; Py

FIGURE 2-19 STRESSES AT THE CENTER OF THE ELEMENT

|

'

t-

6

m

< _ - -- _

'



|
|

D Y
106 15

-V
.3

- Turnsek and Cacovic stated that by photoelastic analysis it was $$$,
nfound that a calculated from the above formula is in good agreement p

- ?3[with the actual stress when the height to width ratio of the wall is j
2

larger than 1.5. They also said that the expression is valid when the ,Jh
' fi

height to width ratio is greater than 0.67, but when it is smaller than 'j5-

?
0.67 the calculated value is larger than the actual one, jf

:t-
u

Like Borchelt, Turnsek and Cacovic assumed that shear failure of 1

the walls occurs when the maximum principal tensile stress reaches a
3
r

critical value. They expressed the critical value in terms of the
[
>

average shear stress (TXYo) that would cause failure without a com- "

![
pressive load D

,

i.e. o = 1.5 T (2-11) d.
tCr. xyo y

3
i,

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

T of a wall with a compressive stress o is given by CW C ?

;
t-

o
#

T = T 1 + (2-12) ^i.

xy xyo 1.5 Txyo

.

Turnsek and Cacovic attempted to verify their hypothesis experimentally.

They tested 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 lb/in and

the same cement-lime mortar. Each wall was tested with a different com-

pressive stress and the value of T was calculated from Equation

2-12. From the results presented in Table 2-8, Turnsek and Cacovic,

concluded that T was a constant for brickwork made from bricks andxyo

mortar of the same quality. They performed further experiments with

bricks and mortars of different strengths, and plotted the dimensionless

;

i

6
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TABLE 2-8

MEAN COMPRESSIVE STRESS, MEAN SHEAR STRESS AND,

'

PRINCIPAL TENSILE STRESS FOR SIX WALLS s

I

wall o T,y T,y,c

No. (kgf/cm ) (Ibf/in ) (kgf/cm ) (lbf/in ) (kgf/cm ) (lbf/in )

1 2.00 28.45 1.55 22.04 1.03 14.65
<

2 3.00 42.67 1.96 27.88 1.21 17.21
3 5.00 71.12 2.19 31.15 1.07 15.22
4 5.00 71.12 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 3.12 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 proposed

method of calculating the ultimate shear strength for the materials used
| r
I by them.
!

To determine the influence of the mortar strength on the shear
1

strength of the walls the authors plotted their experimental results for

T. against the mortar strength -- Figurs 2-21. In addition, after

two of the walls were initially crack 8d they were repaired and retested.
!,

The results of the two repaired walls are included in Figure 2-21.

Pieper and Trautsch performed a parameter study on the rela,tive

shear strength of long walls, with the test setup shown in Figure -22.

The variables included in the study were the applied compressip stress, ,

the length and thickness of the wall, the age of the brickwork, the ,[
pf.strength of the mortar and the effect of wetting bricks during con- 'i

1{
struction. The results presented by the authors are shown in Figures ff
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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
i

strength of the mortar and the applied compressive stress. The shear

strength of the assemblage increased with an increase in either parameter.

8,72M , and co-workers performed a comprehensive program onMeli

| 56 6' x 6' cantilever walls. Fach wall was built on a stiff concrete

beam and tested monotonically with the test setup shown in Figure 2-29.

Concrete blocks, hollow and solid clay bricks, were the main types of

unit studied, while the reinforcement consisted of either interior

reinforcement or tie columns and bond beams of the same thickness as the _

wall. A vertical load 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 k
i

later also in the opposite corner. Major stiffness reduction was due to 5
g

e y
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, [
.O

failure was governed by flexure and behaviour was similar to that of an [
h

underreinforced concrete beam. Extensive flexural cracking occurred and -

$
strength was limited by yielding of the reinforcement followed by a O:

J-
jfrather long plateau (Figure 2-30). Failure was finally due to crushing I
I

of the compressive corner or to rupture of the extreme bars. Pre- :;t''

f-(compression on the wall caused an increase in strength but for high

.!
vertical stresses, behaviour tended to change to a brittle shear failure.

*$.if. ,

i%t:

@h
For high reinforcement ratios failure was governed by shear. A j

relatively high stiffness was maintained until a diagonal crack occurred Q
. d

at angular deformations between 0.001 and 0.002. The crack fomed Q
E;W

k
>

___ _ _ __ _ . _ _ _ . _ _ _ _ _ _ _ _ . _
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THICKNESS OF WALL 4.5" i. 5 " 14.3"
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generally through the joints. The diagonal crack crossed the units only h
fM -i

! for low strength units or for high precompression loads. For walls with
[3,

interior reinforcement the load increase after cracking depended on the -

.hamount of reinforcement. If there was no precompression on the wall the g-

maximum load could be maintained for high deformations due to the

(j$ffriction in the crack and to the dowel action in the reinforcement, and ;y
,. y

behaviour was rather ductile. On the contrary, for high vertical loads'

d@iil
l

failure was extremely brittle (Figure 2-30). h!!,

+]
Meli stated that the strength and general behaviour of walls with 1

i

bending failure could be satisfactorily predicted with the usual h[

k[
r
'

hypotheses for reinforced concrete. For usual reinforcement ratios, '

L
q simplified procedures give reasonable accuracy. Such procedures may h

3
consist in considering that the resultant of compressive interior 1'orces | j

r a ,

d

|-
is located in the center of the extreme reinforcement on the compressive I '

d'

side, and that all the remaining reinforcement yields at maximum j i

! gr"

y[
load. $

r

b;.Shear strength was more difficult to predict. Cracking load was

'

found a 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 si

|
was based on the properties of masonry as detemined in tests on small Q

e m
assemblages. The property that could best be related with wall strength hg

h

,
>- g

was the average shear stress obtained in diagonal compression tests of
| Ix :

h small square panels (Figure 2-4). For valls tested in diagonal com- h
%u vi

[ pression, avercge shear stress at diagonal cracking was found to be 854 |g
U ti!
5, of that obtained in small assemblages. The reduction can be attributed p

f.
fj to the effect of confinement introduced by the loading plates in tests Nit. b

a-'s

of small panels and to the greater number of possible cracking trajectories

| %n
i

a
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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 end 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 found, 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 the poor bond between clay and grout in the last case. The

increase in cracking load due to precompression was found to be approximately
|
'

40% of the total vertical load applied. Thig 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 eculd be covered. The stiffners 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

} 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

s

,
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Q
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 J

between 2 and 3, while for walls with tie columns, ductility ratios were

|
>

always higher than 4. In every case precompression increased the initiali

stiffness of the wall due to the reduction of flexural cracking.
t

Meli went on to describe the results of cyclic load tests that !
,

were performed on walls similar to those tested monotonically. His .j ;

conclusions and recommendations from the overall study are summarized i i

in Section 2.5.
'
(;

(
l

2.4 Shear Strength of Model Structures
,

r

The most comprehensive research performed on the shear strength of

model structures was that carried out by Hendry and co-workers at the i.,

~$ !

University of Edinburgh. They realized that performing tests on d I

4

complete buildings or even large sections of such structures vould be h !

~i 4

expensive and difficult to carry out, and in order to overcome this y
1

difficulty, they turned to reduced scale experiments. Most of their I

work was performed on unreinforced brick masonry using 1/3 and 1/6 scale
]f

.hmodels. I
')

.

:Before investigating the shear strength of complex, modelled i
, ,

i
structures Hendry and Murthy(65) compared the compressive strength of , ', y ,.

!

i. 1/3 and 1/6 scale piers and walls with that of full size specimens. The |-j |
11

i variables of the study were the mortar strength, joint thickness and the
5

j!' .

s i- slenderness and eccentricity of the walls. Although the results are 1,

M j
14 i A

'n

:.]

b
-- b
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|TABLE 2-9

]pSUMMARY OF RESULTS OF WALLS TESTED WI'MI MONOTONIC ICAD

d4
i *

kReinforce- Type of Other test
_ racking Maxi * '96 ton / rad ( p

Strength. ton Stiffness 8 a
2ment Unit characteristics agf

b I
Bending 0 8.5 6,000 0.65 1.3 6 ( j|-

{. Failure 3.5 14.4 12,000 0.45 2.2 7-

32.3 24,000 0.50 3.5 g4 ! E- 10 -

t p J

0 8.7 13.5 5,200 'O.65 1.5|2Shear Failure,c
e Only 3.5 13.1 23 9,500 0.55 1.75l2 fI m

{ Extreme Holes
o o Reinforced _ g 18.4 32 l 17,000 |0.45 2.5 3 j10

f1 j,

3 ,, 8 Internediste 0 11.3 20 10,000 0.6 1.75 3.2 hi
'

* " ##***"
0 |' 15.1 35 12,500 0.5 2 l 2.7 .gw o Tully Grouted 1 ,1

. . . 0.5 2 ! 4.5| - S Shear Failure,

|4
.

j*
% _

Only 6 10.9 13.3 14,000 0.6 2

1.75|* E* # * ** 12.5 11.9 19.6 10,000 0.6 1.75 |,

n e m diate
| 8.9 12.5 7,500 0.5 2 30

! g-Reinforcement '

'6 | IHollow 0 6.3 7.5 8,000 0.6 4 >

*
ri k O 9.2 12.7 6,000 0.65 3 4

b'II ,
'

$ Solid Shear 0 5.2 8.8 5,500 0.7 2 - [ k
| $ Brick Failure '~

3 11.6 13.4 10,000 0.5 2 6

I[C? r
i 8 | IPerfo- Shear 0 6.9 9.3 5,200 0.4 3 6 c

srated Failure
7 3 11.9 13.7 6,500 0.5 1.5 4

Brick hje
.

" H1110w * * ' * *
.Shear

Clay Failure 3 12.3 12.3 13,500 0.6 2 5 I i
-

Brick.g j;
II] Sand * * ' * * Te Shear

b Pailure 3 11.8 13.1 10,500 0.4 2 7 .

| 8, a , a are the Parameters of idealized load deformation curve (see Figure 2.31)y 2

From Reference 58 (if j'

bY
a(Y1,

].

| '!
.
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y
not presented here, the authors concluded that the strength of full- g
scale brickwork for given strengths of brick and mortar can be reproduced

,

s .
by means of model tests. The authors also stated that if the same mortar

'g?;.

:-
is used to construct the model and full-scale brickwork, the model

.

brickwork would take higher stresses than the equivalent full-scale i-
;d
2.brickwork. In order to reproduce the strength of full-scale brickwork 97
?$Wsatisfactorily, it is necessary to use a mortar in the model structure, A

N'|iwhich has 1" cube with the same strength as the 2.78" cubes of the
,

W
mortar used in the full-scale structure. Sor a given mortar the "Ey/

33strength index obtained from the 1" cube exceeds that of the 2.78" cube. [
The first shear strength test reported (66) by the Edinburgh group

Nwas on a 1/6 scale model structure. The plan and elevation of the 7;

[psingle-story, shear-wall, test structure is shown in Fig. 2-32. Sinha

and Hendry(66) built five identical specimen and each was subjected to
..

E
i'!

one of the following compressive loads: 55, 78, 109, 131 and 147.5 psi g
if

and tested to failure under a racking load. All five structures failed p
$with r acks passing through the horizontal and vertical joints. Figure d-
2

2-33 showu the relationsnip between the racking load and the horizontal -2
5

deflection measured at clab level; whilst Figure 2-34 shows the variation $
q
.~of the shearing modulus of the brickwork with applied, shear stress {'
g

calculated from deflection measurements. The ultimate shearing strength
,

~

in the brickwork is plotted against the compressive load in Figure 2-35.

Also shown in this diagram are points relating to tests on model brick
,

~couplets and tests carried out on full-scale specimen by other inves- -

J

tigators. g
Like Borchelt and Turnsek and Cacovic , Sinha and Hendry

. > .

presented a formulation to predict the shear strength of brickwork. {
..

5
h.

v
.

(



m"9%hWuf4&hs;@2t#Wa@denM44Ga ivndHunesi wWGLis Aurneninsvevem+ .~.c, . .ww%..3
-

I" R.C. SL AB
LATERAL

LOAD y

h n

,

5"

y t,

- -I I I I I I i |

3/4"xI" STEEL CHANNEL

t = 0.688" NO. 3,4,5
NO.1,2

ELEVATIONt = 0.68

SHEAR WALL"B" R.C. SL AB SHE AR WALL"A"
'

t-+ +-- t-* +- t-* +- t-+ +-

I CROSS-WALL b - ~~ - - ~ T ~- {
--~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '

h{ - - - -

I t t i I 6" 10"
a n

"L____________.______________J
- - - -

~ ~ ~

15"
'

15"
~

' 5"'
. - - - - - .

~

15"
~

~ 5" ~ 5"

PLAN

FIGURE 2-32 SHEAR WALL TEST STRUCTURE

w
PJ
*From Reference 66

+ A,,N_W8:%L*_52 TIM._| .#.i.s.n..AL.s7..;.;.y.O.&_rgy=.-m..,_g-. __,.;, m_v.~ . . - , ~ . _.
. M.

; ..;,_ . , , . __ . . . . - _ . ~ . .
.

,3_ %%%.ww.,.,5 . um ,.. .,.
..

- __ ._ ,

--

I ,d. .

-___ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _ _

122
~ .'

O .,

y

?.

>

|k
m

'!
SE:
pg
; e.-

. 44
' 'S
(sQ

3,500 G3
hd.w

-

NO. 5
?y--

,

2

/,NO. 4 NO. 3 g3,000 -

#j M/ NO' 2 -

?7 .$"$vi f
[f[ f.$ 2,500 -

8 )[/[s - NO. I $ci
"

:$'
_; 2,000 g p igg

-

o i nz /, m.-

y 1,500 g-

<t :p
x

MJ
%:

1,000 4
:$y 2

500 f 4
4-

;ey
a
t

O 100 200 300 40C 500 600 700 800 900 y
DEFLECTION AT SLAB LEVEL (IN.xlO'4) R'''

N$
;c,4 |

,

..6 I

FIGURE 2-33 LOAD-DEFLECTION CURVES FOR SHEAR WALL STRUCTURES iQ
~Q.

n
M.
'!M-

;9|A|
, , , ,

1

a

From Reference 66 c.; ,f(
av

,.

41 '
_,i

_



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

7 __

123 y.
--

^]
1
=.3

-

'n
; Ji_

.

.

G fa
t 'MY
EAL

45 - tb
NO.4 |g

D
t 4:t:

40 - !$3L;n
NO.2 ; j!'.

; t '!
35 - 11i

! 4 .'
s 10M

i #.:., q;t' o__
:30 - .ox

,,

$ . ii:0c

$ ;80
NO. I s. i!;J-

,

bln"m 25 -

NO.a -

J 5 I,E
o - y
a f ;

)!
o '

2 20 - 'o '
.

9.. do
p:5 ?3 9 7:[;'(r e

.

J!4 15 - > sww
I @ yi:

#e 'Q [h)+!
u) i.

#10 - ; :-

e t?
^

I1dii;e
e

I tj-

5 - 14
dijie
u

Ih*

q
E.' ' ' ' ' 'O
EdiO 20 40 60 80 10 0 12 0

SHE AR STRESS (PSI) if
| - i!!
' Ty

:. <-

FIGURE 2-34 VARIATION OF SHEARING MODULUS OF BRICKWORK Ji"

- Oa
1 t'

?f :--p

' From Reference 66 ' , "
,

i
L

F

_ . -



____________ _____ _

$
-t

124 1
4
Yi

They stated that brickwork subjected to combined compression and shear g
.

d 3p

exhibits two distinct types of failure: 7
%.

1) Shear failure at the brick / mortar interface. The shear strength Q

consists of initial bond shear and resistance proportional to the normal q
$

stress due to friction between brick and mortar. The authors considered T
y.

-f$

two regions of shear failure. One a coulomb-Mohr type of failure below I

y,
where the shear strength T is given by Ja compressive stress d,

.y

k

o <c (2-13) !T =Vbo + p axy e c cl ,
y
. , -

:3;

where V is the bond strength and u the coefficient of friction S

bo ,

. g-
between the brick and mortar. The second region of shear failure

''

('
considered by the authors was a Mohr type of failure above a compressive }

C
stress of e The shear strength T is given by S

c2 xy rp
V
*,s+

$
T =po a >a (2-14) .

xy c c c2 .g i

n
.h ne

2) Diagonal tensile cracking through bricks and mortar, governed f
W g
Js

by constant, maximum, tensile stress. The authors considered the n

diagonal tensile failure to occur between compressive stresses o and i.
E

C1 -#

~r i

The maximum tensile stress was cbtained from Mohr's circle and "4
2 -a b

-s
given by 19

:F d
2 !i.

o o &
$ '

c + T - - - - o <a <a (2-15)
t 4 xy 2 cl e c2 .Q-

E!' ci

..a
const. 1 [*=

ji

':
'

at failure.
i

~

tl
,-

h.!Rdy^
go,
y

_ _ _ _ .
,
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h Sinha and Hendry assumed that Equation 2-15 would be satisfied by
1

3 o and a for the two conditions of T given by Equations 2-13 and
; el c2 xy

Y 2-14. Having obtained a and o the au' hors stated that betweend g

these two values failure will occur by ettaining the maximum tensile

y strength. Below and above this range failure will be governed by shear
'i

s'. 6t the brick / mortar interface. (Equations 2-13 and 2-14) . Compressive

stresses above o will suppres:s the inherent failure due to diagonalg

J 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

j stress at values of compression approaching the compressive strength of
._::

the brickwork.
;

( , The authors compared the experimental and theoretical results for
5

the model structures they tested. A comparison of the results is shown

(-1 in Figure 2-35. Included 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+

| 5
[ experimental results for the couplet tests and the model structures; and

| .I

'

for such tests as are available, they are also applicable to full-scale LY
#i

,

3
,y brickwork. This tentative conclusion about full-scale brickwork is P

w, |
'

different from that presented by Borchelt and Turnsek and Cacovic. The ,

,

[ latter indicate that the maximum tensile stress theory governs the |
:
I

complete compressive range.
I . :.

f
j f

From the results on the model structures Sinha and Hendry concluded
- !. 9

|'1
that a compressive stress increases the shear strength of the brickwork {

| 7 up to a certain limit, dependent on the compressive strength of the
$,

ih
a

,
_ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ - - . - - - - _ _ - - - - - - - . . - - - - - - - - - --
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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 load (Figure 2-34) .
3

In a later paper Murthy and Hendry reported on a lateral load
;

test that wLe performed on a 1/6 scale three story, three br.y, 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 i

,:

l~ determine the ultimate strength of the structure under lateral loading.

1

A plan and elevation of the test structure are shown in Figure 2-36.i

} 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

i) (2) Second bay, first story

;5 (3) Second bay, first and second storys
i;
'~

(4) Second bay, all storys

.[ (5) Second and third bay, all storys

(6) First,
.

second and third bays, all storys
-

i 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 :

's
g; shear panels the authors calculated the rigidity of the structure at
:.

jj the roof level at various stages of loading. The roof rigidity in test
'5;

|.f n was defined as '

w.
f_

Qihw
1

. ___.____
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i

[ Total horizontal load
,

; n Average deflection at roof level

J The values of R at corresponding stages of loading were found to be
"I

in the following ratios,
,

t

R: R: R: R: R*'

3 4 5 6

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

This comparison is only valid for the maximum horizontal load that Case

1 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 to the

Y cross sectional area of the infill panels.

E 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 lb, 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 observed in 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
l'

walls at failure was 123 psi. This is a comparatively high value,

1

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 Imdel brickwork of 1/3 or 1/6 full scale; and that model experiments
s

x
Y

I C-------------_------ _ - - - __ _____-- . - - _ - -
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f
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Tf
.q

can be used to extend our knowledge on a semi-quantitative basis and to ,F |

}
serve as a guide to test programs to be undertaken at full scale. g , |

I. - |

In continuation of the model studies Sinha, Maurenbrecher and MJ - i

a ; !

viHendry (69) compared the experimental results of lateral load tests on 4 ]
!| d-

1/6 and full-scale test structures. They also attempted to calculate .fyg
: w

the deflections in both structures by an approximate method, the f !;'
>- H:.
. Y

continuum method and the finite element method. A plan and elevat'.on of T. $

@ gd
the test structures are shown in Figure 2-41. The lateral load was jj

u a
applied to both structures to investigate the overall deflections and in py

en
h,addition, for the full-scale structure, the distribution of vertical

strains in the ground floor walls. The lateral load in terms of average

e
shear stress in the bottom shear walls ranged from 5 to 28.4 psi. The ..@|

%. m.I,

deflection of both buildings at different stages of loading is given it pyf
I

Figures 2-42 and 2-43. @g '

c :w ,.

,'M!S
I

qd iThe model structure was analysed by the individual cantilever, the
95?
:w

continuum and the wide column methods and the comparative results plotted if$
P2P

in Figure 2-44. It appeared from consideration of Figure 2-44 that these

#g.2
.

methods could not be used for the design of brick cross-wall structures
I: +

,

| without some modification. From their earlier work the authors b'/I;
. dqt.s

@%y$.recognised that compressive stresses increase the rigidity of the

| structure, hence they corrected the modulus of rigidity values for .: .g. fd
'

,

\

capk
n

@compressive stress and then they recalculated the deflection of the
:pitt

'

i .%2p@
imodel structure by an approximate method which takes each story as a Tnt

u e

separate unit so that the results of each floor are added cumulatively.' % , ^

/ i.,

^ 52'r
.

The results plotted in Figure 2-44 are promising. j .g

y$f:r
?

The full-scale structure was analysed by the same methods as the

. ~f N ,

model and, in addition, by the finite element method. The results are ]{{
-wr,

,

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

X &;y *

.g rAR
i A

j. y
~:.@je



MY-
'7 '

f f f '
I MODEL FULL-SCALE

'

W 41.5 IN 20 FT 5 l/4 IN
L 44.5 IN 2 i FT 9 3/8IN
C 8 IN 4 FT
b I 6 IN 7 FT 10.5 IN- =

d S IN 2 FT 61N

f I. h 17 IN 8 FT
H 7 FT 61/4 IN 42FT I IN,

y t' I IN 5 IN
t O.688!N 4.1IN- -

H

MODELPOSITION G | lT<H OF JACKS IN I I LOADING
A A T |FULL-SCALE I | 4

Ji I *= -

| h i A y B| 1
4I 4 4

h IW + JACKJ2

v i |< <
'

|
' *

| SPREADER
J3 9 1 < # BEAM

_ . . _, I C I ,
I I e
i I

U L_______ __.
___J_y<

' -

|c L =|
_

eb b
d d TYPICAL FLOOR PLAN

ELEVATION

FIGURE 2-41 CROSS-WALL TEST STRUCTURE C
From Reference 69 W

,. , , , , , , , ,,

.
_ _ _ _ _ _ . . . . .



. _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - . __ _

5 10 15 20 PSI 5 10 18.6 28.4 PSI g
i SHEAR 5 - " SHEAR5 - " a

4 - <> 4 - <'
,

~ >< 33 -~ '

H H
I I
$ $
w w
I I

2-2 >- ,

h | < if| -iw

t

I I I I I I I I I J
O 80 150 240 320 0 400 800 1200 1600 2000 2400

DEFLECTION (IN.x 10~4) DEFLECTION (IN.x 10-4)

FIGURE 2-42 DEFLECTION OF MODEL STRUCTURE FIG!1RE 2-43 DEFLECTION OF MODEL OF FULL-
SCALE STRUCTURE

From Reference 69 From Reference 69

N . . . e. .

Y htiit;,Yrik Y? YNN";" 'M :||g?||0 % Zy&_'aq,_ |;.i: , _ ,) 'm> y;;; y p..O 9 ,_, .v . . , .:.. .. x, v .c g_;.; g . . ;,g g g- .

A BC n e -



______ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - -~ -

j
A BC D E F A r, C D E F G

f / [ ! 5~
?

I | | | j yy ./

/
| || || /I

-

I I / 1
-

I .,! |j/
[ | ,I ! j ,l /4 ~

4

g| |If
g,! // I| ,I ,,I/
' ;

,

3 '

g 3 --
,

/- a MODEL,
il P /,[/f/ o WIDE COLUMNI g FULL-SCALEo,

APPROX. SINGLE-STORY I42- /, i /
,

I */ Y
FINITE ELEMENT

L /.|P
o

II 2-

SHEAR /A CONTINUUM Sibf/in2/! A CONTINUUM Sibf/in2B CONTINUUM IOlbf/in2 SHEAR B CONTINUUM IOlbf/ int
'

I C EXPERIMENTAL Sibf/in2 SHEAR C EXPERIMENTAL Sib'/in2II D CANTILEVER Sibf/inzSHEAR D CANTILEVER Sibf/inz
[[/ E EXPERIMENTAL IOlbf/in2 SHEAR I ^

E FINITE ELEMENT IOlbf/in2i F CANTILEVER IOlbf/in2 SHEAR
jf F EXPERIMENTAL lOlbf/in2/ .fr, G CANTILEVER IOlbf/in2

l | I I I

O 40 80 12 0 160 180 ' ' ' '
O 200 400 600 800DEFLECTION (IN x 10~4)

FIGURE 2-44 COMPARISON OF TIIE ANALYTICAL AND
EXPERIMENTAL DEFLECTIONS FIGURE 2-45 COMPARISON OF TIIE ANALYTICAL, [

From Reference 69 EXPERIf! ENTAL FULL-SCALE AND *

ADJUSTED MODEL DEFLECTIONS

From Reference 69

-
.

1

-



.

136
. ;

s y.
m,

*(t
7
abetween the full-scale and adjusted model deflections with the latter s_

[ E.
increased by a scale factor of 5. Both curves have similar shapes and y .,

agree well for low shear stresses up to 10 psi but with increasing /$
&

stress the model deflections greatly exceed the full-scale deflections. g
7

The deflection versus shear stress for the two structures presented in ,.y
q

Figure 2-46 shows that the load-deflection curve is non-linear and the d_3
p3

effect is accentuated at higher stresses. @
R

Sinha et al concluded by stating that existing analytical solutions 3
q
u

do not give reliable results for stress or deflections in brick structures. 'a
y

The cantilever method overestimates the deflection and the extreme fibre /s:
e

*'

stresses; the continuum method underestimates the deflection while it M
W

gives approximate values for maximum compressive stress but under- O
a.

estimates the maximum tensile stress. Finite element techniques appear 5,

proraising but further work is necessary before a reliable solution can $
Mbe suggested. ;u
:. ;

Kalita and Hendry(70) extended the work just described in order to s
*

9
-;:clarify the applicability of the shear wall theory and to determine the P6
4

contribution of return walls and floor slabs tc the rigidity of shear M;f
;m
y; .

walls. They worked on a simplified 1/6 scale, five story model, the f
4
Iplan and elevation of which are shown in Figure 2-47. After construction y}I

of the first story the authors determined the variation of the shear 55)
| 3

modulus with compressive stress for the material. The previous study [
M
n

had indicated that this was an important factor in correlating the
y

analysis with the experimental results. The results are shown in Figure f
3

2-48. A
O2
by:

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

n:s
by Benjamin (71) assumed the interstory deflection (n) to be Q

"W
,

,M.

w_ _ _ ___- -______________ ________-- -______ _______ _
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Now
3

P H 1.2 P H
= + (2-16) N" " " "

A
n 12 E I A G 7 $7:n n n n .g

.?Pg.

W
where P is the story shear load, H the interstory height and G Y2dn n n y

17
the shear modulus which is a function of the compressive load. E, the d

* [4
modulus of elasticity, was calculated from T.

%
dh..y

2Gn (1 + v) (2-17) MJE =

A.n

<.; ,

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

: f.r
the firite element method (constant strain element), was used and

included the variation of G with compressive load. A comparison of k
Ja
G:rthe analytical and experimental results, shown in Figure 2-49, indicates 3
R:
'n

that the finite element approach is slightly more accurate than the , $,
.

: W.simplified approach and gives about 10% lower deflections than the p
::%Wexperimental result for a racking load 1/3 of the ultimate load. m
h-

The finite element method was also used to determine the stresses ;@
- 35

in the lowermost story of the structure. A ccuparison of the analytical [
|kI

| .~ ~

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

agreement. N
. a.

In addition to determining the accuracy of analytical techniques he
X

in calculating interstory deflections and stresses, the authors inves- Mm
;QN

tigated analytically (finite element method) and experimentally the @
pl$

| effect of flange width, and analytically the effect of slab width on the $$
| -- $9
| rigidity of shear walls. The model structures investigated were single ' l'

'

$y
| story. The plan views are shown in Figure 2-51, and the results in Ty
| h
| Figure 2-52. Although there was a uniform 20% discrepancy between the ?Q

experimental and analytical results, the authors concluded that for the
n-sm.ftYi

1:Miw
|Y 7

. _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-_ -_ _ - - _ _ b
,
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7a
erasimple structure investigated the " effective" flange width was 0.35 of - yg .

the story height and the effective slab width war G.5 of the bay width. :[~ .!

,

'
.

2.5 Cyclic Shear Behaviour of Masonry Assemblages
.

One of the most important properties of masonry structural com-

ponents in seismic regions of the world is the ability of an assemblage E-

to resist cyclic in plane shear loads. Because more sophisticated

equipment is required for this type of experimental test, only a limited
-

number of investigations has been performed in this area in the last

five years. Four major investigations have been reported in the

0,76)literature, one each by Williams , Meli , Mayes and Clough

and Priestly and Bridgeman .

In a paper presented at the 5th World Conference on Earthquake
.

.

Engineering Meli summarized a substantial amount of the research

that was performed at the National University of Mexico by himself,
:

Esteva and co-workers (72,73,74,75)
.

^'
The cyclic load test program con- -f.

n
sisted of cantilever (Figure 2-29) and diagonal compression (Figure 2-4) 7

-

load tests on 9' x 9' panels. There were twenty-six concrete block

walls with interior reinforcement and four brick walls with the columns

tested. !-
t

Meli summarized the experimental behaviour of the walls as follows.

When subjected to cycles of alternating loads that cause cracking, walls

suffered deterioration of stiffness and strength. The load-deformation

curve changed significantly from the first to the second cycle; in most .2

cases the curve tended to a stable pattern in sdbsequent cycles and the
E

difference after the sixth cycle was negligible. The amount of dete-
.

rioratica depended mainly on the type of reinforcement and on the mode

of failure. The type of unit and the vertical load applied also affected
,

the behaviour. M.
d;

;|&)' <

N - k
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b |
k

f Concrete block walls whose failure was governed by bending showed

little deterioration before yielding of the reinforcement; after yielding

I I
; important reduction of stiffness occurred in subsequent cycles but
i

$g - |
strength was not affected (Figure 2-53a). For high deformations pro-

h|'|gressive crushing of the unconfined compression corner gave rise to
fif .major deterioration. in; !

W!
When strength was governed by diagonal cracking the hysteretic loop /

was characterized by an initial branch of very low slope, corresponding b

to the closing of the cracks due to the load applied in the opposite
; ..

direction, followed by a branch of higher stiffness similar to that of

the first cycle in the cracked stage. For that reason the load was

considerably lower than that of the first cycle for the same deformation, -h

although the initial strength was usually reached for higher deformations.

Behaviour was significantly influenced by the type of reinforcement.

!
- Walls with interior reinforcement only, whose failure was governed

|
|i t

by shear, showed'very important deterioration after diagonal cracking II

(Figure 2-53b), Often stabilization of the curve did not take place and |

initial strength could not be attained again, because of the progressive !

~

shearing off of the interior reinforcement. Increasing the amount of

,

interior reinfor cement did not give rise to a clear improvement of the
1 I
g behaviour. '

:

) Walls with tie columns and bond beams deteriorated after diagonal
..

88,

cracking much less than interiorly reinforced walls on account of the

confinement provided; nevertheless for high deformations, exceeding that

of maximum load, shear failure of the tie column progressively reduced
,

confinement and very important deterioration occurred (Figure 2-53c) .

- When a low level of precompression (40-60 psi) was applied to the

.
" alls deterioration decreased for all types of reinforcement and modes

of failure.g
w*
'%

. . _ . _J
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[The author postulated that the load deformation behaviour under L

g} :repeated loads can be represented by curves shown in Figure 2-54.
}

- iExperimental results justify the adoption of a single hysteretic loop i ;

i
after the first cycle. The most important characteristics of the [
hysteretic loop are the ratio between the area contained in that loop

;
"

and that contained in the first cycle and the ratio between the loads $ ~.o 4-4
i corresponding to the maximum deformation for the two cycles. The first I=

.
parameter is a measure of the loss in energy absorption capacity and the

I second of the strength deterioration. A constant value of these para-
A meters for each branch of the assumed trilinear load deformation curve

-

r can be considered. M the first branch, results justify the adoption )
Il
i

J. of a non-deteriorating elastic behaviour) for each of the remaining two 1

stages values of the parameters calculated from test results for different,

types of reinforcement, modes of failure and units are shown in Table

f 2-10.

Neli concluded the paper by stating that the behaviour of walls
Iwith interior reinforcement, where failure is' governed by bending, is g

nearly elastoplastic with remarkable ductility and small deterioration

under alternating load except for very high deformations where important {
4

|

' deterioration is caused by progressive crushing and shearing off of the 3
m

i compressive corner. If failure is governed by diagonal cracking,

dactility is smaller and, when high vertical loads are applied, behaviour f;(

his frankly brittle. Furthermore, walls with this type of reinforcement j ,'
,

showed important deterioration after diagonal cracking. Possibly, }-
y behaviour could be improved by using much higher ratios of vertical and

P
-

horizontal closely-sparsd reinforcement, or more effectively by confining _-

grout and vertical reinforcement in the corners by means of closely-
:

:

spaced ties. In conclusion, for adequate behaviour under alternating
i

C.
k.

_ _ _ _ _ _ _ _ _ _ -_ - - _ _
- -"
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TADLE 2-10

EXPERIMENTAL PARAMETERS OF HYSTERETIC LOOPS

Type of Type of Maximum V/Vo% A/Ao%Reinforcement Prec'ompressionFM e gg gg
~

0.0015 85 80
NO

0.0030 85 70
Flexur

0.002 95 80
Concrete 0.005 95 70

RIOR
Block O.0015 75 35

NO
0.004 40 20

Shear
0.0015 75 60
0.0035 50 30

llollow NO 0.002 35 20
Brick YES 0.002 30 35

0.001 90 80
TIE NO 0.003 70 40i

Solid iCOLUMNS Shear -

0.001 100 80
Brick YES 0.0025 100 60

FRAME Solid
-

YES 0.015 70 40(25 x 40 cm) Brick
-

V/V : Ratio between the load at maximum deformation in the hysteretic loop and theg
load corresponding to the same deformation 'n the first cycle. -

A/A : Ratio between the area contained in the hysteretic loop and the area contained
in the first cycle.

::-i b . . .

gj ajM !), , T61 Er.7 , :ss /7 (0.1-u gA;G745G M-,-
'

>
. ,e n, . , .. ja .,m 4 :. c .y ,, j,,jgg g;g.

, ; ,, ,
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I
U-

loads, the layout, aspect ratio and reinforcement of walls have to be
-

j
chosen, when possible, in such a way as to give rise to a bending failure. h

9i For walls of I:olid units Strengthened by tie columns and bond beams, j
U

large ductilities are reached in spite of important damage in the wall {
@

itself and in the column. Deterioration is still important for high

x
deformations due to the loss of confinement caused by the progressive y

!Y
iidestruction of the column in the corner. Nevertheless behaviour is
}%2

'

; !

definitely better than that of unreinforced or interiorly reinforced walls; ;}|

| this has also ' men made evident by their better seismic behaviour.
J1,

;li-Williams (3) performed a series of cyclic load tests on twenty onej

|, cantilever walls made of varying materials and aspect ratios. Seventeen
i

; <

! of the tests were performed with a quasi-static, displacement-controlled, b

i !
cyclic load while the other four were tested with a sinusoidally-varying, ~

;

F
-

displacement-controlled load. The frequencies of the sinusoids were 1 4

cps and below. The test setup used in the investigation is shown in

Figure 2-9. Tables 2-11 and 2-12 summarise the results presented by

I Williams. The theoretical values tabulated are calculated from the Y
formulae presented in Equation 2-1. Typical force-deflection curves 'are

q$1$

{ presented in Figures 2-55 and 2-56 ano others can be found in Reference @
'

23
j 3. Figure 2-55 is typical of the flexural or yield failure while Figure M

[kl
4 i

2-56 is typical of the shear failure.
d

dil
Williams discussed the results of the tests unde- the following g

LI
headings.

Jj{

(a) Stiffness Degradaticn - In all tests stiffness degradation with NI

:

load repetition was apparent. For walls behaving flexurally the major f
e

-

loss was between the first and second cycle of several cycles at the (
same amplitude. Additional cycles at the same amplitude were relatively

|C - - - - - - - - - -

1
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STATIC TEST WLI,DETAff.S
C

Material Designa- Helqht length "

tion As pect Vertical Reinforcing (1) " '" ** '" '
Ratio (2) (2)

(%) (psi)Brick 1 3'-9" 3*-8" 1 ' 4/j"barsuniformlydistributed" 0.242 " " 01 "" "
3 " 125"

1 "W. "
4 " 250"

1 "
" "

5 " 500"
1"C * "

"CB 1 4'-O" 4*-0* 1 5004/j" t-ars uniformly distributed
0.26" 0CB 2 * "

1 *" *CB 3 "

l 12$"
*" *CB 4 * "

1 22
"

Brick Al 3'-9" 3'-8" 1

"
5002/j"barsonperiphery"

0.67 250A2 " "

2/j"barsonperiphery1*

0.67
& 250

s2/j" bars horizontally"
0.33B1 3'-11" 2'-2" 2 2/j"barsonperiphery" 0.20 250B2 * "

2 =
" "

500B3 * "
2 =

" =
12534 " "

2 4/j" bars on periphery 1.61 250"
D1 3'-2" 6*-1" 0.5 6/j" bars uniformly distributed 0.22 O"
D2 " "

0.5 " "
2%0

_--
(1)

All reinforcing bars defonned mild steel butt welded to base - }" bars anchored into top haam with st andard
180" hook (1" radius. 1" turndown): other vertical bars and borizontal bars anchored wit h'#0" tend and H" pareension.

12) M and on groca horizontal section.
7 , (1) Only reinforced cores grouted.
' %:) :'
< ' ' - /-'

' NS|y, Frase teTerence ), 3 ,, ,3

T Ah,,7c @&'g c.. - .(.
_

e
'e= 'c*"' '-
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.
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t TABLE 2-12
-;
a

STATIC TEST RESULTS
/'

v

:'

IJ Area Theoretical Experimental Shear Predicted <

"*11i ';
2)

Yield Load Maximum Strength Behavior
~y (kip) Icad (psi)

'

(kip)
_

ci
CB1 172 10 11.2 65 flexural'.j.e

' " ".e CB2 20 20.5 119

|y LB3 30 29.5 174 transitional"

.5 CB4 40 44.7 260 shear"

.

'

J 1 186 10 12.5 67 flexural
,*'

" "
2 20.6 20.5 110

'

3 31.3 30.6 165 transitional"

4 (1) 52.6 32.8 116 shear"

" "
5 52.6 39.5 212

' "
..

/-

Al 178 48 37.5 210 shear
,#

'. .) A2 48 40.0 225" "

'. O
\

|
~

B1 108 9. 7 (10. 8' * 10.6 98 flexural'

s.

j. B2 16.7 16.6 154 transitional"

,j B3 6. 2 (7. 3) * 7.4 68 flexural"

! e4 25.2 16.0 148 shear"

e
r..

c Di 300 30 30.0 100 flexural

l .-
D2 98 70.5 235 shear"

'E-

1, y

J! ' Theoretical Ultimate Ioadf;

, . ,
|

:'

.

5Y

-

Y

*%g
9

q'' w
. gF

|he
~

J
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stable. The more flexural the situation the less pronounced the stiff-

ness degradation. On the other hand for walls which failed predominantly

in shear the initial stiffness degradation was large with severe load

reduction, and further stiffness degradation occurred on each subsequent

cycle. Deterioration of the reaction corner causes the reduction in

shear resistance, whereas in flexural behaviour the post-elastic

deformations are due to steel yielding, and load capacity of the reaction

corner is not impaired until large displacements are reached.

(b) Effect of Bearing Load - Every wall was capable of supporting

its bearing load until severe damage had drastically reduced its lateral

strength. The tests indicated that the elastic lateral strength of the

wall increases with increasing bearing stress. However of greater con-

cern in many instances is the post-elastic cyclic behaviour, and in-

creasing bearing loads are associated with a trend towards more shear-

like behaviour. The ultimate strength increases and the ductility

decreases with an increase in bearing load. This implies a beneficial

effect in an elastic consideration but conversely a detrimental effect

in a post-elastic consideration.

(c) Effect of Wall Geometry - It was considered that walls within '

the geometric range tested (height (H) to width (W) of 0.5 to 2) have

the most complex and unpredictable behaviour. As the H/W ratio in-

creases a more flexural wall results. Walls of very high aspect ratio
I can be regarded as long shallow beams with a characteristic flexural

behaviour. Low aspect ratio walls essentially have a shear type of

deformation and so, may be considered as pure, shear-resisting elements

with non-ductile behaviour. The walls whose aspect ratios fall between

these distinct types, form a transition zone where behaviour is not

_ _ _ _ _ _ _ - _ _ _ --
-

-- -
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a
*

,.

A

clearly defined. Of course the transition zone has no distinct boundaries ,'
,*

cnd its range is affected by bearing loads and reinforcing percentages ;*
1 %'

(d) Effect of Reinforcing - The tests of Schneider(57) and M
??

Scrivener (49) established that for any one masonry material, a reasonably |g
:L

constant, shear strength was obtained provided a nominal amount of SU
Areinforcing (horizontal or vertical) was incorporated. Hence an in- 0:S
W

crease of vertical reinforcing increases the horizontal load to cause
J3[
y

yielding of the steel without altering the shear strength appreciably; 'h' t
.

-

2cnd while other factors remain the same it has the effect of increasing }. --

the tendency to shear failure.
a

. i.*

(e) Effect of Dynamic Loading - The tests performed were limited -

4

7

and confined to frequencies below 1 cps, however the results were very }
.L

. .S

interesting and indicated the need for further reser.rch in the dynamic ',

crpects of masonry shear walls. Williams found that there was no in-
-

dication of an increase in the steel yield strength with dynamic loading.
,'

of the four walls he tested three, that showed a high degree of structural
y -.

>

deterioration in the static tests, behaved similarly under dynamic
. |

,

conditions. However for the " flexural" brick wall dynamic testing
< -

rsvealed that, in contrast to the satisfactory ductile behaviour of the '

-

| comparable wall tested statically, a severe but unexpected loss of

structural capability occurred with load repetition. This lead Williams

to conclude that contrary to normally accepted opinion, cyclic static i

4
tant results may be inappropriate for use as a conservative basis for

,

caismic design with reinforced masonry. Mayes and Clough ' presented

tha results of tests on eight dimensionally similar specimens con- aus

ctructed from 6" vide x 8" high x 16" long hollow concrete block units, see

Figure 2-57. The eight specimens consisted of four pairs of identical

km

-
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panel',. One of each pair was tested at an input displacement frequency
M

of 0.02 cps and,the other at 3 cps. The other. variables of the four sets ,f
4

are listed in Table 2-13. The results of the study were presented in the p'
m

form of hysteresis loops, graphs of the energy dissipation characteristics
'|.,sk;f

.

b*
and stiffness degradation properties and tabulated data on the ultimate ".?|h : ,

syy
strength and ductility indicators. Yfk |

In presenting their results the authors defined several " indicators"

that were associated with the force-deflection characteristics of the

piers, Figures 2-58 and 2-59. MId
$

Q
,,f| h(a) Peak Ultimate Loads - P and P (hj jy g.

,

Q@:| 1These are the maximum 1 cads, one in either ilirection, that were ^

g$5.attained during a test.

M
(b) Average Ultimate Ioads - P and P 'y 2

*:..

.GThe 1 cads P and P , ne in either direction, are approximately 90% M
2

n
of the mean of the peak ultimate loads and were maintained for more than ~g

. , ,

one cycle of input displacement. U
.

..m.

(c) Working Ultimate Ioad - P ' "

3

P was e sen as de load at wh the nrst dsMe cracks fom in3

the piers. P varie e ween 0 and 80% of de mean of de peak uldmate '

3

loads.

(d) Ductility Indicators - 6 to 6 .
4

Ductility indicators associated with P , P and P
2 3

"*#* * "*

give an indication of the displacement range over which loads P , P and
2

P were maintained. 6 and 6 are ass lated with the average ultimate3 2

strengths P and P , and are defined as the ratio of the displacement at
2

5
M

---------_U L
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t
.
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APPROXIMATELY 90% OF P ,Pi uz 1

| P -WORKING ULTIMATE STRENGTH I-

3
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FIGURE 2-58 DEFINITION OF ULTIMATE LOADS
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|
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which the pier can no longer withstand the lateral load P or P to the2

displacement at which P or P is first attained. 63 "" * are sMar
2 .

ratios, one in either direction, associeted with the load P .3

and P 'The mean of the loads P and Pg , the mean of the loads P 2

P and their respective shear strengths based on the gross area of 192 sq
3 d

3 7
6in. are listed in Table 2-14,6 to 6 are defined as 6

3 4 y =7; 2"T3
d d 2 6 .<

4 g
= "" * *#* are s h in F W e 2-59. h e mean6

3 d 4"d 1 8
1 5

of 6 and 6y and the mean of 63 "" 4
"#* ** *~

To give an indication of the stiffness degradation occurring between

different sequences of loading a stiffness coefficient (K ) defined as

Maximum +ve force - Maximum -ve force
~

I Corresponding +ve displ - Corresponding -ve displ.

was calculated for each cycle of loading. K for the right side pier wasy

plotted against the average lateral displacement and shear force for each
- t

cycle of loading *- typical plots are shown in Figures 2-60 to 2-63. On

a
each of these graphs a line indicating the first cracks visible to the O

eye and a line indicating the formation of the first major crack are also

plotted.
|

The energy dissipated per cycle of loading was expressed in terms of

| a dimensionless ratio E M. EM is defined as the ratio of the energy
'

, ~1dissipated to the total stored energy per cycle and is diagrammatically

9. f
f

Ishown in Figure 2-64. J

' ,b'

Energy Dissipated / cycle %
,

Total Stored Energy / cycle
4 _

6

i'

A Wp 2% ft
=

3,3 ,%
, .s

' {|

.' -

,i. . , .

C
.

- - -- --- _ _ _ . . _ _ _ _ _ _ _ _ _ _ __ _ __ __ _
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TAnLE 2-14

ULTIMA 1T STRENGTHS AND DtrTILITY INDICATORS

I I

17.37 Frequency Saarin Vertical Horisontal
P +P f +Y PI+P Y +T 6 + 0 (*'" "

-- "

O' + 6
i

:eso. (eps ) Stress Reinforcommet asinforcement
, : - P : T I

3

(Psil g g ,g , y g g,p gg ,, g,p

|1 0.02 250 2 - 46 - 26.0: 135 24s 125 20s 104 1.55 3.52 3 250 2 - #6 -

i 14.3s 179 31 161 28s 146 1.55 2.43 0.02 125 2 - 44 -

27.3: 142 26s 135 21s 109 1.5 4.14 3 125 2 - 84 -

24.Os 125 22.8s 119 t 18: 94 1.8 5.65 0.02 0 2 - 86 -- 20.5 107 18.5 96 15: 78 1.55 5.66 3 0 2 - #6 - 25.0 130 21.7s 113 19: 99 1.85 l 5.37 0.02
--

250 2 - 66 1 - 85 40.7s 212 39s 203 33s 172 1.5 4.4
| 8 1 250 2 - 66 1 - 45 46.8s 244 44s 229 33: 172 1.45 3.0Notes: 1.

Frequency of the sinusoidally arplied actuator displeeement
2. Bearing stress based on the gross area (192 sq. in.)
3. vertical Reinforcement in each jamb of the piers
4.

Horizontal Reinforcement at the 1/4 points of each pier
5. P,g and P

are the peak shear loads in either direction, and defined in Figure 2-58.d
T and Tbased on the gross area. g are the cntresgonding shear stresses

6. P and P
are the average ultieate shear strengths as defined in rigure 2-58y

T and T are the corresponding shear stresses based onthe gross area. g y

7. P is a working ultimate shear strength defined in Figure 2-583

is the corraw-onding shear strength based on the groes area.
T

38. O and 5, are approslaste ductility ratios associated with Pg

and e and defined in Figure 2-59,y
9 6 and 4, are duettlity indleatore associated with P3 3 W w ind in rigure 2-59.

$
-
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From the results presented the authors made the following observa-
_;

tions.
,-

my
.g
v.(1) The ultimate strength of the piers tested was affected by the Jy.

i
rate of loading, the bearing stress and the amounts of vertical and g$A

s
horizontal reinforcement.

[.h
.~e
"5(2) Piers that failed in the shear mode of failure had a peak ?if
bhultimate attength 13-23% less in the pseudo-static test than in the
j%^f

corresponding 3 cps test, whereas piers that failed in a combination of ?!.
%
! C.'.:he shear and flexure modes of failure had a pseudo-static peak ultimate ]
:

strength 16% greater than the corresponding 3 cps test. Consequently '

pseudo-static tests do not always produce conservative ultimate strengths. lY
s
;-

a(3) At a shear stress of 20-25 psi the piers tested with horizontal i

ireinforcement were 164 stiffer (K ) than piers with no horizontal reLM
]g

forcement.

| (4) As the shear stress increased from 25 to 50 psi the piers with

no horizontal reinforcement suffered a 14-20% decrease in their stiffness,
]

| whereas piers with horizontal reinforcement had a corresponding decrease

of 44.
'

|

| (5) The piers tested do exhibit a ductile type of behaviour under

| gradually increasing lateral displacements. They are able to resist 90%

of the peak ultimate load over a displacement (ductility indicator) range
1

of 1.45 to 1.85 and 70-80% of the peak ultimate strength over a displace-

ment range of 2.4 to 5.6.

Priestly and Bridgeman conducted a very thorough investigation

on the effect of horizontal and vertical reinforcement on the shear

I strength of cantilever piers. In addition they investigated the effect

,

g t-

__ k
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o

of a confining plate in the mortar joints at the compression toes of the -.

,

'

piers and found that this considerably improved the inelastic behaviour
-

of the piers.

Priestly and Bridgeman tested 14 reinforced, brick masonry walls
9

(RBM - two skins of solid bricks separated by a reinforced grout gap

and four hollow cell brick panels all of unit aspect ratio and between

3.41 ft (1.04 m) and 5.90 ft (1.80 m) square. Table 2-15 summarizes

the wall dimensions, amounts and distribution of deformed reinforcing

bars and material properties. For walls F2 to F15 RBM construction was
|

used and CBU-l to CBU-4, hollow cell construction was used. All RBM

walls were constructed from 9" x 3" x 2.75" high bricks separated by a

2.5" grout gap. The hollow cell walls were constructed frcm block units

of 5.5" nominal width. All cells were filled with grout. The main

variable in the tests was the amount of reinforcing. Vertical and

horizontal reinforcing steel was evenly distri3uted along the length and

height of Ehe walls except where designated 'P' in Table 2-15, 'P'

indicates that all vertical steel was concentrated at the ends of the ;.
I

panels. Except in the cases of walls F9 and FlO all were tested without t

|
.

an applied bearing load. The walls were tested cyclically by the -

.

| )cantilever method shown in Figure 2-9, at very low rates of loading ;

h1

(less than 0.1 H ).

| The authors discussed the results of their tests in the following
!

categories: I

(a) Ultimate Flexural Capacity - Table 2-16 compares failure loads
.

I
|

-

with the theoretical capacities in flexure and shear of the walls con-

j structed withcut confining plates in the critical mortar joints. The
i

{ yield load P is defined as the theoretical load at which the extreme
.

Y
7

6j
,, y

; <!

N A -
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TABLE 2-15 m
m

WALL PANFL D1 MENS 10NS AND PROPERTIES

Size Vertical Reinforcin9' Steel Material Stren9ths (psi)* "
LXXXT PaestressPlates Vertical Horizontal Brick Grout Mortar Vert. Steel Horia. Steelg ,

(in) (in) '' f f f f f f fb g a y u y u
F2 70.5n70.9x8.7 NO O P2-0.626 0.10 - - - ---- 9361 3628 3251 46,444 68,505 ---- ~~~

*F3 NO O 4-0.626 0.20 -- --- 9361 4209 1654 43,396 64,441 -- ---

F4 NO O 6-0.500HY 0.19 - - - - - - 9 3t,1 2206 1364 67,199 101,016 -- ~~

"

F5 NO O 4-0.626 0.2G 3- 0. 500HY 0.10 9361 3483 1509 43,3% 64,441 58,200 77.068
*

F6 NO O 6-0.500HY 0.19 3-0.500HY 0.10 9361 3425 1625 67,199 101,016 67,199 101,016
"

F7 NO O R-0.750 0.57 ---- ----
"

9%1 3483 1509 45,138 67.634 -- ----

F8 NO O 8-0.750 0.57 3-0. 500HY 0.10 9361 3062 1553 43,541 65,892 58,200 77,068
*

F9 * NO 130 0-0.750 0.57 ---- ---- 9361 3236 1741 45,138 67,634 -- --

F10 NO 260 8-0.750 0.57 --- ---
"

9361 3236 1741 4) 138 67,634 ---- ---

Fil No 0 0-0.750 0.57 6-0.750 0.43 9361 3425 1407 42,235 66,763 42,235 66,763
"

F12 NO O 8-0.750HY 0.57 8-0.750 0.57 9361 3425 1407 63,425 107,112 42,235 66,763
"

F13 64.2x59.4x8.7 YES 0 8-0.750HY 0.63 7-0.626 0.41 9361 5645 2162 64,441 105,080 45,573 66,038

F14 *
YES 0 8-0.750HY 0.63 7-0.626HY 0.41 9361 5645 2162 64,441 105,000 63,861 95,791

F15 "
YES O 4-0.626 0.22 4-0.500 0.15 9361 4121 2525 43,831 66,038 39,913 57,184

CBUL 40.9x41.5x5.5 NO O P6-0.750HY 1.17 5-0.750HY 6.% 7677 3410 1407 63,425 107,112 63,425 107,112

CBU2 NO O 6-0.7snhY 1.17 5-0. 750EfY 0.% 7677 3410 1407 63,425 105,112 63,425 107,112
*

CBU3 59. 8x61. 4 x5. 5 YES 0 9-0. 75".HY 1.07 6-0.750HY 0.77 7677 3744 2002 61,693 102,612 61,684 102,612,

|4-0.750 |0.54 |0.29
(204 59.8x61.4x5.5 YES 0 5-0.%00HY 7677 4513 1959 42,380 66,763 44,993 70,972

* Deforined Bar throu9hout.

P-Indicates all the vertical steel is concentrated at t he peripheries of the panel.

-- .. - 1. .*

7
'

I y er
.
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TABLE 2-16

FAILURE IDADS FOR WALIS WItt0UT CONFINING PLATES

I'Iheoretical Ioads (kips) Experimental Loads (kips)

Wall Yield Ult. Flexural Shear First First Load Second Load Pl/ u P2/ u P3/ u Shear StressFailure
P P P

Mode at Max. Lead
P Capacity Loading Reversal Reversal g)

P * P1 P2 P3y

F2 29.0 29.0 ---- Flexure 30.6 28.1 19.1 1.05 0.97 0.66 49

F3 20.7 27.2 ---- Flexure 32.1 15.7 22.0 1.18 0.58 0.81 52
_

--- -- 1.18 - 77F4 31.0 40.0 ---- Flexure 47.2

F5 20.7 27.2 34.1 Flexure 31.9 15.1 7.9 1.17 0.55 0.29 52

F5 31.0 40.0 39.6 Flexure 44.3 --- --- 1.11 ---- - -- 73

F7 49.0 74.2 ---- Shear 62.1 40.0 9.9 0.84 0.54 0.13 100

F8 47.7 71.7 34.2 Shear 65.0 22.0 11.7 0.91 0.31 0.16 106

F9 69.0 103.9 Shear 100.0 100.0 28.1 0.96 0.96 0.27 163

F10 92.9 132.0 ---- Shear 119.8** 119.8** 100.0 0.91 0.91 0.76 196
-

F11 40.9 65.2 111.7 Flexure 67.4 45.5 ---- 1.03 0.71 - 115

F12 60.7 94.6 148.8 Flexure 96.0 78.9 - 1.01 0.83 163

CBU-1 51.3 65.6 139.4 Bond 55.3 39.3 ---- 0.84 0.60 ---- 247

CBU-2 38.4 65.6 139.4 Bond | 56.2
----

| 0.86
---- ---- - 255

* Dased on horizontal steel only.
t

** Max. capacity of load system. '.

j- A7.- L.% ." 'L. R Q & ; qq W ' ].
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tension bar first attains its yield strain, and the ultimate flexural [ )f
-;; x

capacity P is based on normal reinforced concrete design methods using N;r,iu
. YC i

an assumed brickwork crushing strength of f = 3000 psi, a crushing $$
strain of a003, and an undercapacity factor of unity. Table 2-16 also ' i

,5
includes the shear capacity of the horizontal reinforcing. $

5The first five walls listed (F2 - F6) contained only moderate per-
.,

4
centages of flexural reinforcing (<_ 0.25%) and were expected to exhibit j

-p

flexural failures. On initial loading these walls sustained loads .J

averaging 14% higher than the theoretical ultimate flexural capacities. ,y
y

This can be explained on the basis of the high, steel strains existing at
.

+

. . -

the stage when crushing of the brickwork c,ccurs. As shown in Figure 2-65 "4

the low steel percentages typically result in steel strains in the

vicinity of 3 - 5% in the extreme tensile bar. The end of t% yield

plateau for N.Z. deformed bars is in the range 1.3% - 2.0%, after which

steel stress begins to rise rapidly with increasing strain. At strains

of 3 - 5% , ste'el stresses are 10 - 25% above yield stress, resulting in

the over-strength observed in walls F2 to F6.

(b) Ultimate Shear Strength - Walls F7 to FlO exhibited diagonal

shear failures. In the first two, which were tested without r, earing

load, failure occurred soon after the formation of the diagonal crack,

at a rather low average shear stress of 103 psi. The failures were

sudden, involving large horizontal displacements across the diagonal
,

crack (see Figt. 2 2-66) associated with severe load degradation. Walls

i
F9 and F10 sustained much higher shear stresses due to the precompression 4

applied by the bearing load.

Examination of Table 2-16 shows that of walls F7 - F10, one wall F8 !

which contained horizontal steel had a shear capacity roughly half the j

ultimate flexural capacity, while the others contained no horizontal ,i
4

'
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steel. However, in each wall vertical steel with comparatively low

flexural tensions passed through the diagonal crack at 45*, and might

thus be supposed to have close to the same shear capacity as an equivalent

nirber of horizontal bars. This is bassi on a concon misconception.

Prior to cracking, the principal tensile stresses near the middle of the

panel are close to 45' to the vertical resulting in the formation of the

diagonal crack. After formation of this crack the situation can no

longer be represented by stress analyses of an elastic medium. The

imposed load is not a true shear loading, and tends to move 'che top half

of the wall horizontally past the bottom, widening the crack horizontally,

rather than perpendicular to the crack. As illustrated by Figure 2-67.

this results in any properly anchored horizontal steel crossing the crack

resisting the shear in direct tension, while vertical steel must carry

the load by dowel action.

Thus the shear capacity of n horizontal bars of diameter d

crossing the shear' crack will be

0.785nd f (2-18)V =
H

where f is the yield stress.
y ,

The dowel strength of vertical bars crossing the crack can be

estimated by assuming a triangular pressure distribution exerted by the

bars on the grout, with a maximum value equal to f' , the crushing
,

strength of the grout, as illustrated by Figure 2-68(a) and (b) . This

will result in moments of the form shown in Figure 2-68(c) .

For equilibrium

f' d 1
V =

1 =
f d +

_ ..
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3This will result in a maximum moment in the bar of fe;f
I
' };t
r I;

0.064 f' d 12M =
max g

! 0.256v
= -

f, a
9-

Thus, since M=Zf
. Y

0.256V nd f
"

f' d 32 Y
[J 9
i-

.
giving V /if f' (2-19)0.619d=

.: Y 9
|'

-

Ib compare this with equation 2-19 it is assumed that
L
s

I f' 0.15 f . (2-20)=
i 9 Y

j.' This rather high value is adopted to take some account of biaxial
l

stress conditions that may occur in the crushing. Substituting from
L

Equation 2-20 ,into Equation 2-19 gives, for n bars,
|.

0.240nd f (2-21)V =
.v y

L

Thus V

f. 3.27,=

v

|

indicating that the horizontal steel will be roughly 3 times as efficient
.

as the same amount of vertical steel in carrying the shear load. In

fact, this comparison flatters the vertical steel. As the crack opens,
'

the flexural resistance of the steel in dowel action will rapidly reduce,
')

{ whereas direct ten, sn action of the horizontal bars results in the
i
j added protection of strain hardening at large crack widths.
i

; Both Schneider and Scrivener had previously reported that
i
! shear reinforcing was effective only up to maximum percentages of 0.2%

uf

b _
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. and 0.3%, respectively, regardless of the orientation or distribution of [

q
the steel. However, examination of their data indicates that in all of

|d J|[ these test walls insufficient shear steel was provided to carry the full l' '
i

/shear load. 4
9
7

To investigate this further, walls Fil and F12 duplicated F7 and F8 0
$

except that in beat walls sufficient horizontal steel was provided to carry Y.
If4

the full shear load associated with a flexural failure, and that in F12, d,
'T

the Grade 40 vertical bars were replaced by HY60 bars to increase further
[
|A

the flexural failure load, and thus the required shear strength. Both , ,i'

y
.

walls sustained loads exceeding their theoretical flexural capacity, and 7

though diagonal shear cracks developed well before the failure load,
f

crack widths were small, and closed up on unloading, indicating the shear '

steel was remaining elastic. Two further walls, both of hollow cell [s:
construction (CBU-l and CBU-2) with extremely high percentages of both

vertical and shear steel (see Table 2-16) failed in bond along the .kw ,
s' g. {

extreme tensibn bars. The shear stress at failure at 247 and 255 psi, W
G

respectively, was very high, and again shear cracks were adequately
wcontrolled by the horizontal steel. Y
&>

It is thus apparent, that contrary to the conclusions of earlier

researchers, shear steel is effective provided it is designed to carry '
;

e n a
the full shear load, and that very high average shear stresses, based on [l

. y,
the gross cross-sectional area can be sustained by brick cantilever walls.

M;
(c) Icad Degradation - Table 2-16 lists maximum loads sustained on yp,-

W
the first and second load reversals, as well as the initial maxima. As ;,

v3::)
might be expected, walls F7 to F10, which suffered shear failure, hij

n, m ,,-

exhibited rapid load degradation on successive reversals of load. ' ' i ;7

Perhaps less expected was the load degradation displayed by walls with ~h
Me

, khh?
-.m

,,-
**
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initial flexural failure modes. In all walls this occurred after initial
loading to displacement ductilities of the order of 5. Figure 2-69 shows

e

load deflection curves for typical walls exhibiting flexural failures
:
'

(F2) and shear failures (F7). The extent of load degradation was such

that testing of these early walls was abandoned af ter two load reversals.'

4

Load degradation was largely the result of instability of the brick

work at the toe and heel of the walls, as noted by previous researchers .

On the initial load application, vertical cracks would develop close to
I

'

the toe in the ; rushing zone of the wall, and the resulting isolated
1

, columns of brickwork were ' blown out' under the combined action of shear
t

and compression. A typical example is shown in Figure 2-70(a) . This

resulted in loss of bond for the extrere tension bars on reversal of the

load direction, which compounded the effect. Further, after initial

load reversals, any steel close to such a crushing zone became in-

adequately supported laterally and buckled, as shown in Figure 2-70(b).

As this process continued with each load reversal, degradation rapidly
l

increased.

(d) Reinforcing Against Load Degradation - Walls F13 to F15, CBU-3

| and CBU-4 were constructed with confining plates in the bottom four
(
| courses at each end of the wall. The 1/8" thick x 16" long stainless
|
'

steel plates, shown in Figures 2-71 and 2-72 were placed in the mortar

courses during normal construction. Width of the plates was such as to

give 1/2" cover to the wall faces and ends, to allow normal pointing of

the courses. Holes were precut in the plates to allow reinforcing bars;
~

and grout to pass through unimpeded, and to improve bonding with the
?

t
s nortar. As well as restricting lateral expansions of the mortar, and
3

j thus eliminating vertical cracking of the bricks, the plates were
L2k
\)A }i=
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? expected to provide strong support against buckling of compression steel N '!
I b l.

after a previous tensile yield excursion. No particular problems were 96 }
lhiexperienced by the bricklayer in placing the plates during normal brick- !

[d!laying operations. L
b?m

(e) Results of Walls Containing Confining Plates - Two of the five
$-

walls tested with confining plates (F15 and CBU-4) contained typical '
;

percentages of flexural reinforcing, but sufficient shear steel to carry
@

the full flexural failure load. The other three walls contained higher }.
mipercentages of steel to investigate the capabilities of the confining

plates under conditicas which could be considered to be the most severe j'

-|-
conceivable in design practice. Of these, two walls F13 and F14 were

virtual duplicates; the sole differences being the provision of HY60, [
rather than Grade 40 steel as shear reinforcing for F14.

:,

All five of the walls displayed greatly improved behaviour in
,l

comparison with the earlier walls. Effective confinement of the crushing

zones was obtained throughout the cyclic loading sequences for the RBM

Qwalls, despite displacement ductility factors (based on the deflection .U
y

on first attaining yield load) as high as 16 for wall F15. The crushing

| zones of hollow cell walls were also adequately confined for ductility

factors up to 5, but at higher levels face shells tended to separate

from webs under the action of shear and, in some cases, fell from the

walls. It appears that bond between the grout and the smooth moulded
,

surface of the ceramic block units was poor. Figure 2-73 shows the

condition of the confined zones of F13 and CBU-3 after 3 cycles at 1 .

>

displacement (D.F. = 5). Compare these with Figure 2-70. Figure 2-74 '

|
'

shows the general condition of walls at this stage of loading.

Priestly and Bridgeman presented the followinc 71usions from the

results of their study: [
L m:

. . .
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|

e{ l. Under monotonic loading, the strength of walls failing in
Nij

]| flexure exceeded the theoretical ultimate flexural capacity by an average
,.

, of 14% due to the effect of strain-hardening of the tension steel.

'

2. Contrary to the conclusion of earlier researchers, shear steel

is effective in improving the ultimate shear capacity of masonry, pro-

vided sufficient shear steel is provided to carry the full ultimate

flexural load. It is felt that the normal under-capacity factor for

shear is low enough to ensure adequate shear strength despite possible

flexural overstrength resulting from strain-hardening. This is confirmed

by one wall, F13, which contained maroinally less horizontal steel than

theoretically required to carry the full shear force, but still gave
satisfactory behaviour.

3. Horizontal steel is approximately three times as efficient

as vertical steel in carrying the shear force across a diagonal crack.

4. Load degradation was effectively eliminated at ductility

factors up to 5 by the inclusion of stainless steel confining plates
I

in the bottom few mortar courses at each end of the wall. These con-

fined the crushing zone, thus eliminating vertical tension cracks in

the bricks, and provided restraint against buckling of the compression

I steel. The cost of these plates is small in comparison with the
1

benefits that accrue from their use. Further research is needed
|

into the optimum design of confining steel.

It should be enphasized that confining plates are only required

in regions where crushing is expected. In general, protection for the

j bottom 400 to 500mm should be adequate for practical cantilever wall
1

j design. The length of the plate should adequately protect the full
1

length of the compression block, and the authors favour a detail that

W-1s
_ _ -- _ _ _ _ _ _ _ _ - _ _ _ - _ - - _ _ _ - - - _ - - - - - - - - - - - - - -
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-
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.,

.

extends just past the second vertical bar from the wall end, to

provide additional support against compression buckling of the extreme

bar. It is expected that mass productioni techniques would result

in a unit price of $3 - $4 for the confining plates.

5. For walls with adequately confined crushing zones, it is

suggested that a conservative seismic design approach would involve use

of the first-yield load rather than the ultimate flexural capacity,

associated with a ductility factor of 4. However, it should be pointed

out that eatisfactory behaviour would result from use of the full

i flex.ual capacity in design, if standard material and undercapacity

factors are used.

6. RBM walls appeared to give slightly better behaviour than

the hollow cell units, possibly due to poor adhesion between the face

shells and grout in the latter case, and a greater area of confinc.rnent
|

| in the former. "
|

|

|

|
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