BEHAVIOUR CHARACTERISTICS

OF

CONCRETE MASONRY

By

AHMAD A.A. HAMID, B.Sc., M.Sc.

A Thesis
Submitted to théugohool of Graduate Studies
in Partial Fulfilment of the Requirements

for the Degree

Doctor of Philosophy

McMaster University

September, 1978

AHMAD A.A. HAMID- 1978



3

To ny Grandfathers
"The Ancient Egyptians" °
who
built éhe most outstanding masonry

structure in the history of Man.

ii -

It & Nwue

o b



BEHAVIOUR CHARACTERISTICS
. OF

CONCRETE MASONRY



3

DOCTQR OF PHILOSOPHY (1978) MCMASTER UNIVERSITY -
(Civil Engineering) Hamilton, Ontario

TITLE: Behaviour Characteristics of Concrete Masonry
AUTHOR: Ahmad.Ahmad Abdel Hamid, B.Sc. (Ain Shams UnivFrsity)

M.Se. (Ain Shams University)

. SUPERVISORS: Dr. R.G. Drysdale
Dr. A.C. Heidebrecht

NUMBER OF PAGES: xxiii,‘UHS

Lo . ,

iii



t

ot d

ACKNOWLEDGEMENTS

hd ¢

The author wishes to eipress his sincere gratitude to Dr.

»

R.G.'B}ysda¥e and Dr. A.C. Heidebrecht for their guidance,
‘encouragement, énd supervision during the course of this study.
The valuable comments offered by Dr. Drysdaie during the
. experimental program and the. effort he expended in reviewing the

manuscript are greatly appreciated. 4
/

Appreciation is extended to thé other “committee members,
Dr. " W.K. Tso and Dr.‘ P.S. Nicholson for their valuable

sugzestions. ' -

-

b

for His‘hegp during thé testing program and Essam Allam for his

LGy , @
help in drafting the figures. Thanks aqe due to Mrs. Betty Petro

|

and Miss #arlene Fletcher for their concerned work in typing the

manuscript.

i

Acknpwledgémenﬁn ié 5ue to McMaster University and the
*National Research. Council of Canada for financiai support. The
author:appreciates the contribution of masons's time and equipment
made available through the Ontario Masonry Industry éromotion fund

and also thanks to General Concrete Ltd. for providing the

LN

contrete blocks.

.

.

L)

Finally, a special note of deep appreciation is due to my

paﬁé;ts for their help and ehcouragemenp without which this thesis

AN

would have been difficult to completes =~ &

The author wishes to thank his friends, Rennier Vanderkeyl-

T
W

-



* . ABSTRACT

= g

The lack of understanding the behaviour of concrete masonry

and the complex interaction existing between its components

" (block, mortar, and gmout) at failure may be the cause of tne

-

»

continued use/6R,the code's working stress method. This approach
could underesti£;te the potentials of masonry as a construction

material. It is/the main objective .of this ‘investigation to

provide a better unde anding of concrete maébnry behaviour under
’/" ”‘ > 3

different in-plane!}load conditions (cgmpreSSLOn, tension, shear

and biaxial streésses) considerimg the anisotropic nature of
¢
¢

masonry as a composite material This understanding was gained

1 - .
through a eombined'experimental and analytical investigation.

In the experimental study, 323 masonry assemblgées were
tested under compression norﬁal and'%arallel to the bed joints,
spiitting tension at different orientations frod the bed jointé,
shear along éhe bed joint-with different leyels of,precompression,
and off—axié compression and tensién to p}oduce biaxial states of
stresses along the bed and head Jjoints. - The test material
variables yére mortar typ;, grout strength, and bed joint
reinforcement . ' | : ; -7

Analytigal strenéth formulas, based oﬂ a "strength'
;pproach, are’ p%oposed to express, in’ qhéntitative terms, , the

A ‘ I

assemblage compressive strength normal to the bed Joints, tensile
" . .

.
\
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: :
strength normal, diagonal, and parallel to the bed joints, and

shear strength along the bed joint with and without

N

> precompression. -The applicability of the failure theories for
Y
’ - both isotropic and composite materials to masonry were examined.

Failure criteria are prOpOSf? to predict the strength and the
failure mode'.of concret® masonry under biaxial stresses taking
into. account tne anisotropic nature of masonry as a brittle

composite material. Design code provisions (CSA S 304) for'plain

4 masonry are reviewed.
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CHAPTER !

INTRODUCTION

1.t General
Although masonry structures have been built since the

earliest days of man, it has only been in relatively recent times

-~

that masonry structures have been designed based upon engineering

prlncibles. Stone and brick masonry structures were designed and
{

built without steel reinforcing to support gravity loads. These

gravity loads stabilized thé structure against any lateral forces

due to wind or seismic action. Recently, reinroqsed- concrete
masonry has been introduced to provide structures with sufficient

deformation capabilities necessary to resist the lateral dynamic

forces of wind and earthquakes. Hence, design practice has

incorporated more and more the feature of filling the cores in

/’

hollow masonry walls with grout to simplx be able to anchor the

reinforcing vertical steel and/or to share the compression,

.

tension or shear stresses.

¢

t
While ther> 1is considerable "inlormation descriting the

behaviour of brickwork under different load, conditions, relatively

(21,33,&5). In fact

little {s known about blockwork ,structures
there is very little information concerning the basic behaviour

chharacteristics and the fajlure- mechanism for ungrouted and



.

grouted concrete masonry even under simple compression, tension or

oy

shear stresses.
. Lyl
Because of the lack of information concerning the effect of

grouting on the strengt?”-characteristics of concrete masdhry,
(12,27) . .
~’. assign design values for grouted

A

tybical masonry codes
masonri sinfilar to solid masonry provided that the grout .strength
is at l%?st equal to that of.the units. Introducing grout as a
third component with a speqkfied strength and deformation
characteristics could affect the assemblage behaviour, as the

-~

grouted cores provide continuity in a direction normal to the bed

e . .
//;oints. It seems logical that the contribution of the grouted

cores towards increasing masonry strength would vary in accordance
<

with the different modes of failure associéted with different

combinations of normal and\shear‘stresses‘acting along the

critical bed and head joint directions. It seems likely that the
(12)

code approach needs to be reviewed.
y* Most experimental‘determinations of the strengths of
materials are based on wuniaxial stress states, However, the

practical application -of masonry involves at least a biaxial if
not a triaxial state of stress. Thus, a logical method>of using
uniaxial strength_information %n the analysis of multiaxial
ioading is required. Failure theories for isotropic materials

" (8,49,58)

have been used to exﬁress the failure criteria oWamasonry

which is characterized by its anisotropic nature of behaviour. No

failure criterion is available for masodéy which accounts for the

> 4



directional variation of its strength characteristics as a‘

composite material.

1.2 Qbjectives and Scope

A survey of the available literature revealed a need for
research on the gtrength and deformational characteristics of
ungrouted and grodted concrete masonry under different load
conditions {(compression, tehsion, shear, and biaxial stresses).
To meet this objective, the experimental and analytical

investigations reported in this dissertation were initiated.

Because there has not been much research done én this
subject, it was decided that the most effective way to approach
.the pﬁsblem"épd to present the information was to fully

1
investigate each\streng%h characteristic separately. Therefore,
éhe‘ specific st%ength characteristics presented in this
dissertation, will in general have their individual introductions
with reviews of relevent literature, details of experimental
séudy, analytical interpretations, reviews of the code(12)
provisions, and related conclusions.

In the experimental study, a total of 323 masonry

’
assemblages (both grouted and ungrduted) were built using standard
6 inch concrete blocks and tested under axial compression normal
and parallel to the bed joints, splitting tension at different
orientations from the bed joints, shear along with different

v

levels of precompression, and off-axis compression and tension to

o



préduce biaxial statés of stresses along the bed and head joints.
Analytical simplified formulas, based on a "strength
approach, have been proposed to express in quantitative terams, the
assemblage o strength characteristics in the principal ‘material
directions (normal and parallel to the .bed joints) in teras of the
strength aﬁd Zeometric characteristics of its componénts {block,
mortar, and grout): Formulas to préd;ctvthe compressive streﬁgth
normal to the bed joint, tensile strength normal'Adiagonal and
parallel to éhe bed joint, and shear strength along the bed joint
with or without precodpression are'proéosed» Ehe applicabilit} of
the failure theéries for both isot;opic andQ@omposite materials to
masonry were examined. Proposed failure criteria for concrete
masonry (either grouted or ungrouted) under biaxial stresses are

suggested.

To hglﬁ the reader follow the organization of the material
in this dissertatiQ%,'the following outline.is presented: tChapter
2 contains the common information on the properties of the
component méterials (block, mortar, grout, and joint
reinforcement) which will _be referred in Chapters 3 to- 6.
Chapters 3, 4 and 5 cohtgin information on'the behaviour
cnaracteristics of masonry under compression, tension, and shear,
respectively. In Chapte% &, the behaviour'of concrete masoﬁr; -
under biaxial stresses is- studied. Chapter 7 provides a summary

<

of the inVesﬁigation and presents the overall conclusions.'
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1.3 Homenclature

Each sydbol used in the text is explained where it first

@

appears. ‘However, a summary of frequently used symbols is also

presented below for convenience. In some cases, more than one

-

symbol have been used to describe a parameter.® This was done in

order to retain the previous authors' notations for those items

which are taken from other references.

A
g

A
gr
A
n

nm

A

Ds

xc’ ch’ cm

N

gross cross-section;area

crass-section area of. the grout
. . v

net cross—sgction area of the block

maxiaum net area of the bloék in the bed direction

nominal length of half black

nominal héight of the block N

height or diameter ;of the specimen

assemblage's modulus of elasticity

secant modulus of elasticity of the bloek in

coipresgion at 50% the ultimate stress

secant modulus of elasticity of the shell (b}bck

and portar) in compression at 50% thé ultimate

stress

sec;nt modulus of elasticity of grout in

comp?ession at 50% the.uftimqte eress

compressive's€¥ength characteristics of masonry in’

the principal materiél directions x, y, and z,

respectivelf
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xt’ Jyt’ zt

SXy 2o

mun

£
mup

t0

td

tensile strehgth charact@ristics of masonry in the
principal 'material directions x, y, and =z,

respectively.

shear strength characteristic of wmasonry in the

principal material plane xy
compressive strength of masonry (hollow, grouted,

or solid) normal to the bed jFoint

/zeempressive strength of masonry (either groutad or

ungrquted) under load having an origntation, 9,

m the bed joint

compressive strength of grouted masonry under load

4

oriented at any direction from the bed joint
compressive strength of grouted masoﬁny normal to

the bed joint

compressive stréngth of grouted masonry parallel
to the bed joint.
compressive strength of ungrouted masonry under

load oriented at any direction from bed joint

~

compressive strength of ungrouted masonry normal

to the bed joint

compressive Strength of ungrouted masonry parallel

to the bed joint

| X .
tensile strength of masonry under load having an

. o

orientation, %, from the bed joint

diagonal tensile strength of masonﬁy (under

b

I
I



3 cf/f//giensile load oriented at 45° from the bed joint)

fgn tens;%e strgngfh‘.of masonry ﬁormal to the bed
joint " &

ftp ten;ile strengtly off maﬁpﬁﬁy parallel to the bed
joint

GM medium strength grout )

GS strong strength grout

GW & weak strength grout

X 4
h’ - height of masonry prism
N, S -~ types of mortaré as specified in ASTM standard
c-270t Y, o b

n ] mo?uiar ratio, Ebs/EgQ’ R

t ) tﬁickness oftmasonry wall or prism

tb height of masonry unit

tm éhicknes;\of mortar joint

ts thickness of masonry uni@'s shell in, a horizontal
cro§s—section (paraliel to the bed joint)

a Joint thickness to block height ratio, tm/tb

y minimum net to gréss aréa;ratio\of the block in a
horlzogtak croés—section‘{pafallel to the bed
direction), An/Ag ) |

M : maximunm net to gross area ratio of the block in
the top horizontal section (parallel to the bed

‘ directyén)' A h
w;" |det to gross area ratio of the block in a vertical



Vb; \Y

cb

cg

_em

m’

v

’
c}oss-section crossing the face shells just beside
the iptermediate web -
angle oflthe applied ;oad (tension or compﬁession)
with respect to the bed joint direction
coefficient'ofﬂfriction
Poisson's‘ ratisgs for block, mortar, and érou@,
respectively
compressive strengéh of block as calculated from
haif blocks, hard capped, and tested. flatwise
under axial ;ompression -
unconfined ¢&dmpressive strength of grout as
calculated from block moulded prisms
unconfined compressive sbrength of mortar as
calculated from air cured mortar cubes
dompressive stress normal to the bed joint
tensile strength of the block as calcul;ted from
the splitting tension test

tensile bond strength of the mortar

shear bond strength of the mortar

' stress parallel to the bed joint

lateral tensile stress acting,K on the block in a

o

direction parallel to the bed joint .

lateral compressive stresses acting ‘on the mortar

joints of axially loaded masonry assemblages

(confining lateral stresses)

.

D

.



be) Oym(

yg

Tmb

Tmh

xyb

xyh

[ ! ’

. N
stress normal to the bed joint

compressive stress acting on the shell (block and

<portar) of axially loaded grouted dasonry

N

assemblages in a direction normal to the bed joint
compressive stress acting on the grouted cores of
axially loaded grouted masonry assemblages in a
direct}on nornal té the bed joint

shear strength of masonry along the bed joint
under shear along with norﬁal compressive stress

normal to the bed joint

shear strength of the grouted cores under shear

-

and normal compressive 'stress aéting along the bed"

joint
shear strength of a mortar bed joint under zero
normal compressive stress (precompression)

shear strength of mortar head joint

'shear strength _of masonry along the bed joint'

1] -
under shear and normal compressive stresses

-

shear strenéth of masonry along the head(:i?int'

under shear and normal compressive -stress.

-~



lEHAPTER 2

ATERIALS

Groulled or ungrouted concrete masonry is a. multiphase

material which cannot be adequately understood on a fundamental

level unless the structural properties of the individual component .

materials are fully defihed and understood. It is the objective

| -

' . ) =
of this chapter to investigate and document the physical and
mechanical properties of the component masonry materials: block,

mortar, and grout.

2.2 m;égntx.ﬂa&sziﬁlﬁ

‘A1l of the masonry materials used %n the. construction of

“

the assemblages of this experimental program were rcially
available and were similar to those commonly used in building

construction.

O,

a
-

2.2.1 Concrete Blocks

.

2.2.1.1 pPhysical Properties: Autoclaved éoncrete masonry units

| : .
were used throughout the tesX -progpam and most were the standard 6
inch block having 2 cores as shown 1n Fig. 2.1(a). -This type of
block had nominal dimensions of/ 8x6x16~inch. The .average net

cross-sectional area of. this type of block, based on measurements

10



~_

IR

zoweo:mkmzo& SADYIGWASSY NI @3sn

(Q)

AD0Tg °J0) 2 pPaJJud)

S30078 XYNOSYH

R00Td 8J0).Z PJBDUBIS

1°2 "814 A

(8)

~




of five specimens, was 52.1 1n2-. This resulted in a net tor gross

area ratio of 0.59.

. | .
Tne initial rate of absorption (IRA) of a olock is defined

(1)

acconding to ASTM Standard C-07 as the amount of water
initially absorbed by a dry unit when 1t is partially immersed in
water to a deptn of 1/8 inch for a pe;iod of one minute. The

averége IRA based on tests of five specimens was 36.3 gm/min./30

i

. ) in2 with a coefficient of variation of 8.4%. The average density
& 3

of the unit based on weighing five dry :-specimens was 125 1lb/f¢
with a coefficient of variation of 1.5%.

Another type of block, shown in Fig. 1(b),,was'also used in

.

this program to provide half blocks. This kerfed block has the
same outside dimensions and similar physical properties as the

standard block. The cross-sectional dimensions of the two block

.

types are shown in Fig. 2.2.

2.2.1.2 QQchéssjvg Characteristics of Blocks: The compressive
strength of a masonry block is appreciably affected by 1ts Shape
or geometry and type of capping materal. These two factors

interact to modify the stress pattern in the block under test and

rd

may Tead to different unit compressive strengths. If a homogene-

\ .
b

. \ : ) *
ous isotropic material jis fested in compression’between platens or

capping material, the effect of end conditions must be considered.
5 .

If”the platen or cappiﬁg material has -a higher qlastlc modulus

than the test specimen, some confining or compresssive stresses

are induced in the end reéions of the test specimen. For a higher

v
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modulus of elasticity of the capping and for- higher friction
between the test specimen and the platens, the greater will be the
modification of the stress system by introducing lateral
confinement which increases the load réquired for failure. This is
the effect of "platen restraint". When platens or capping of
lower elastic modulus are used, the test specimen is subjected to
tensile stresses arising from the greater laterai strains of the
platens or capping. For  concrete block masonry, which is
substantially weaker in tension than in compression, these tensfle
strains can lead to a considerable reduction in the load necessary
for failure. In the presence of platen restraint, the smaller
aspect ratio of a block results in a greater influence of the
platen restraint and consequently higher lpad for failure. '

There is no universally accepted hod of testing the
block units to deterwmine the compressive strength of the material
as an absolute value. The recommended methods available provide
only a measure or a "standard" indicator for the compressive
strength. However, they can be used as quality control tests.
The ASTM Standard C—\MO(‘) recommends that a full size unit be
tested flatwise to obtain a measure of the block compessive
strnegth. However, it 18 reported(33) that’the National Bureau of
Standards has racommended that the compressive strength of a Qalf
black tested ffgtwise provides a good basis for judging the

s N

behaviour of masonry wall under axial compression.

In this investigation, half blocks cut from kerfed blocks



were selected as the type of test spgcxmen (having hggher aspect
ratio than a full block) in order &o reduce ihe.éffect of the
platen restraint, which can cause an erroneously high measure of
the material compressive strength. The half blocks were tested
under axial compressibn as ~shown in- Fig. 2.3. The following

.

capping mater:ials were used:

1. Hard capping: A gypsum-cement coampound as specified in

ASTM Standard c-140%"?

was adopted here and was also used later
for compression tests of masonry assemblages.

2. Soft capping: A mortar mix consisting of 1 part
cement, 0.5 parts lime, and 3.75 parts sand was used. It has a
cylinder (3-inch diameter by 6-inch high) compressive sgtrength of
1850 psi after 3 days of air curing.

The effect of capping material on the strength and
deformational “characteristics (stress-strain relationships) of
half block units was investigated, Two inch long electrical
resistance strain gauges and mechanical gauge points (using a M
inch gauge length) were mounted on both faces of the half block as
shown 1n Fig. 2.3, so that the deformations in the vertical and
horizontal directions could be measﬁred. A Huggenourger strain

5 in/in was used to

indicator havang a precision of 1x10°
‘ /

mechanically measure the deformations between tne gauge polints,

Ta improve the accuracy of the measurements, they were repeated

unt1l two successive readings were the same. The stress-strain

curve for the specimens capped witn the Rypsum-cement compound :3

L)

TN
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shown in Fig. 2.4, The plotted strain values were the average of
eight readings (two for each of féwr specimens) using the
mechanicai gauges, whereas they were the average of two readings
(both faces of one specimen) using Fhe electrical strain gauges.
As can be seen, very good agreement between the mecﬁéhical and
electrical measurements was achleved. The inelastic behaviour of
the congrete block under axial compression is illustrated in Fig:
2.4. Using the method of least squares, a best-fit curve of the
. . ‘ "

data yields the follaowing relationship between the stress, O

(psi), and the corresponding strain, e:

2 6

o = (3.029 ¢ - 1550 ¢ + 39400 e3 ~ 38500000 eu) x 10

’

(2.1)

For comparison, the deformations of the half blocks under

axial compression, for both. hard and soft capping, are presented

in Fié. 2.5. Foﬁ vertical strains, no significant differenée
existed betyeenihard and soft capped speciﬁens in the early stages
of'loaQing. However, at higher stress levels, the soft capped
specimens shoved higher deformations. Comparison of the iateral
strains shows that the soft capped specimens exhibited much higher
l;teral tension sﬁra%ns compared with the hard capped specimens.
»It is apparent that the soft capped specimens were suﬁjected to
lateral tensile stresses &sir}g from the greater laperal strains,
of the ;eaker and more figxible capping. These tensile stresses
causeq a premature splitting(failure of the specimen as can be

seen from compa}ison of the cracking patterns at failure shown in

4

RN
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Figs. 2.6 and-2.7. The compressive strength results for the half

blocks tested .using both hard and soft capping are presente;/jn

Table 2.1. An average capacity reduction of 16% resulted (from

using soft capping rather than hard cgpping. The‘results also

indicate that ‘the: harder the .-capping material, the less the

variability of the test results.

\

-

Full blocks were. tested endwise under axial compression

using another hard capping material, sulphur. The compressive
strengths ‘of the speéimens are listed in Table 2.1. The:strengths
of blocks tested endwise (having a higher aspect ratio) were

nearly the \same as those obtained from half blocks Eested flatwise

which may indicate that the end restra;nﬁ effect. on the ﬁalf

blocks tested flétwise and usiﬁg .hard éapping .did' not have a

significant influepce.on the block‘strength:‘ Ip seems ghat the

half" blocks, hard cgpped, and tested un&er:axiql éompression can
: 5

provide a éood measure of the block material characteristics under

axial compression. Therefore, the results of the hard capped half

blocks are adopted to represent the strength and defoﬁmation

- .5‘ M A
.characteristics (stress-strain relationships} of the concrete

5locks under axial compression and’ will be used throughout this

investigation.

2.2.1.3 mﬂug&m%ag&guﬁlm_gﬂ.&lﬂskﬂ The evaluation of the’

block terisile strength is of prime importanée.siqce it is usually

- .

the governing parameter influencing the assemblage strength under
. 3 . .

agxial' compression and diagonal tensién.- The tensile strength of

»
B

-y "

<b
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Fig.2:6  FAILURE- OF HA'RI‘). CAPPED HALF BLOCK UNDER AXIAL

COMPRESSION

At

Fig. 2.7 FAILURE OF SOFT CAPPED HALF BLOCK UNDER AXIAL

COMPRESSION

.
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TABLE 2.1

N

COMPRESSIVE STRENGTH OF .CONCRETE BLOCKS

Test Type ¢

Capping Material

I

Individua%,
Strength’,
(psi)

C.0.v.
(%)

Mean
(psi)

half blocks,
flatwise .

)

[

|
Hard Capping,
(gypsum-cement)

2820
2960
3000
2660,
2830 -
28140

2850 | 4.2

wi

‘Soft Capping,
(mortar)

2820
2250
2130
2430
2400

2410 | 10.8

—y—

full block, "
N endwise

Hard Capping,
(sulphur) -

2950
2930
3440
2800
2920

3010 | 8.2

. A
_NOTE: 1 psi =

3

6.9%10"3 MN/m°

- a2 - based on net area

-b_- coefficient of variation

~ .

™
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concrete blocks, as a result of being a brittle material, is very

.

sensxtlve to the str‘ess fields developed by dlf‘fer'ent test

‘

techniques. Appar‘ently,_ ‘,ther‘e is no universal method ar- standard

test ' to determine the block. tensile strength(33). . The ASTM

(1)

standard C-67 modulus of rupturg test is recommended for the

determination of the tengile . strength of brick units. 1In this

-~

investigation, four different methods were used to evaluate and
: ’ ' f :

compare the tensile str'e?éth of concrete blocks under different

load conditions: i /’ N =

1 - Axial Tension: For this test a full block was tested

\

in -axial tension by - attaching loadir;g mechani'sm tfo both-ends.

Each steg{l loading mechanism consisted of a threaded’ 'ba}r' which was

"attached to a r'einlf‘or:ced channel which rested on the ‘end and which

in turn had angles bolted to it, extending along the faces of the

block as shown in Figs. °2.8\ and 2.9. An epoxy cement (Coma
oo . ) .»_

Dur-Gel, a compound «0f 'two components added together using 1:1.
" volume ratio) was used to bond” the angles and the plate

,rei‘nﬁor'ci'ng the channel to the f‘aces and end of the block,

»

reépectively. The mechanlcal connection could be adJusted to

assur'e proper allgnment of the spec1men m order to mlnlnTize the
r

eccentricity oi“ the applled load. This experimental technique is

similar to that adopted by the California Masonry Technicdl

e

Committee as part of their standar'ds for thé California Qual.lty

<33). Electrical resistance strain gauges

havmg 2 inch gauge 1gngths were ‘mounted .on both f‘aces of the

N
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AVERAGE TENSILE STRESS, ot,'lb/in2

UNDER AXTIAL TENSION
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_specimen to measure the elongation during loading:. The

stress-strain curve which was obtained from one test specimen'is
plotted in Fig. 2.9.
-7 2 - Eeccentric Tension: Using ;he technique described‘

above, the tensile load was applied at the kern point of the

minimum section to produce a triangular strain distribution over

the block cross~section. Electrical resistance strain gauges with
‘f} . .
2 inch gauge lengths were mbunted on the sides -of the block to

measure the extreme fibre strainp. Fig. 2.10 shows the test
set-up and th;’féilure condition under eccentric loading. aTh;

) . \
stréss-strain curves obtained for the maximum ané minimum'tension
fibres are shown- in Fig. éu11. e

3 - Flexural Igngi&n: A beam was formed by gluing two
blocks end—to—ehd~u3;ng an epo;y cement (Colma-Pur-Gel).  The beam
was simply suﬁported‘ﬁith a span té depth ratio of 3.8 and was
tested with two point loads applied at the central webﬂ of eache

block as shown in Fig. 2.12(a).” The dimensions are shown in the

- sketch in Fig. 2.13. As shown in Fig. 2.12(b) the beam failed by

flexure in the minimum’ face shell -region in the pure bending zone
of the one of the blocks. Failure had never occurred in the joint
connecting -the two blocks for any of theée tests. - This

expérimental technique. has the "advantage over the modulus .qf

» rupture test, using a single unit, in that it provides a flexural

menber of longer span to depbh ratio which minimizes the influénce

of shear and therefore gives a better measure of the flexural
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Fig.2.12 FLEXURAL TENSION TEST OF CONCRETE BLOCKS
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.This test technique,

splitting plane (the net sectional area).

31

tensile strength 'of concrete blocks. The stress-strain curve,

pased on -electrical resistance strain gauge measurements, is shown

in Fig. 2.13.

Ay

4 - Splitting Tension:

dpposite compressive line loads crossing the face 5hells as shown

in Fig. 2.14(a). The load was applied through 3/8 inch diameter

bars. Plywood strips (1/2 in. wide by 1/4 in. thick) werelrsed

‘between the bérs and the blocks to eliminate the stress

. |
concentration along the applied line loads. The mode of failure

was splitting along. the loaded plane as shown in Fig. 2.14(b).3

is. similar to the indirect tensile test for

concrete cylinders<57) ;Ea the induced transverse tensile stresses

are similar,. The tensile strength of éhe bdock, oébl" was

. s L u8)-
Calculated.u31ng the following relationship adopted by Self( 8)3

by T : . e (222)
n

where P is the splitting load and An is the sectional area of the

Use of this

Half blocks were testéd under

relationship have been analyzed and is discussed in more detail in

Appendix B.

To be able to stdatistically analyze the results, five

Eepekitions for 'each of the above-mentioned test methods were

adopted. DThe'tensile strength results for' all these tests are

}isted in Table 2.2. It'is obvious ".that the tensile strength of

v

'

o P
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TABLE 2.2

BLOCK T@NSiLE STRENGTH

o~

Test Type

Individual
Sprength
(psi)

Mean
(psi)

c.0.v.°

(%)

Axial tension

188 |
153
204
191
« 183

184

10.2

3.5

Eccentric
tension

i

272
299
230

_210
\j’ 265

T 267

9.3

5.0

Flexural
tension

495
394
Ly
425
456

442

8.5

8.3

Splitting
tension

221
231.
175
240
214

218

q NOTE;. 1 psi = 6:9x1073 MN/m

2

a - Qased on net area
b - coefficient ~fivariation

33
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micro-cracks is restricted

34

the block varied appreciably with the-test type. The strengibsi

H

\\ ged . from four to eight times the square root of the block
m

pressive strength,’ Oop 28 determined from _the half block

-

compression test.

- 'The result§, presented in Fig. 2.15, show that the loading

.

condition, and consequently the strain . gradient, has a pronounced

éffect on the tensile strength of concrete blocks. Higher strain

.
°

gradients resulted in higher tensile strengths. The strength

~»
’

under flexural tension, having the maximum strain gradient, was

. ‘approximately double that under axial tension which has no strain

gradient. This phenomenon, which is known to be valid for normal

(40), is attributed rto the ‘fact that under ierd strain

-

concrete

gradient the entire volume of the specimen is subjected fo maximum.
stress so that the probability of a weak element occurring in a
zone of maximum:stress is high. Also, under -a -strain gradiént
condition, thg maximﬁm figre'stress‘reached is higher than in the
case of no strain gradient because the 1less Thighly stressed
material is at an energy level below that necessary: for the
formation of a -new crack surface. Thus the propagétibn éf
L 0) '

) A comparison of Ehg‘stressqst}ain Eelationshiﬁs, for the

different test typés, indicates that the ma*imum strain at phe

onset of failure increases with the increase in the strain

’
v

gradient.

" The block tensile strength seems to be directly
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proportional to the strain gradient, X, as shown in Fig. 2.15.

Using a linear regression analysis, the block tensile strength, ct

(gsi), can be expressed as:

.o, = 186 + (6.6x10%) : heen (2.3)

This empirical formula can be rewritten in a general f‘or'ui as:

g, =g, + 2 A E (2.4)

t to

-9 s
;
s

where oto is the tensile strength under no strain gradient, E:t is

the modulus of elasticity as calculated from the flexural tension

test, and X is the strain gradient at the critical sec‘,tion at
i '/

failure. . 3

7
{
¢

The splitting tensile test is adopted to® ;'epr'esent, the
block iensi‘le strength in the current investigation because it is

a reliable measure of the \tensile'strength and from a practical

viewpoint is an easy test to perf‘orm(g). The direct tension test

T .
unavoidably incorporates local stress concentrations at the webs,

ahd " the preparation and testing are 'c\omparatively complicated
processes. The flexural te;st is ea&i\er than the axial tension
test, but gives' results considerably :in excess ;>f a realistic
tensile strength for ac;:ual ﬁxasonr'y assemblages, which ﬁsually
have 'lower str‘a-in gradients i:han those which result using this
te'st‘ method. In addition, the failure of Aa block  under a
splitting lo;ad is similar to thﬂe failure of the blocks in a
maso;lr'y wall under axial compr'essior; k(splitting failure mode).
This simila‘r‘ity of failure modes is another advantage of using the
splitting §est, rather’ than the other test ﬂechniques, as the

[
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o N
standard for determining the block tensile strength. The
splitting ®test has been adopted by othe:/Qifzfifisitors as a
measure of the tensile ‘strengtg of either .briqk(?’HS) or
block(g’us? masonry units., - | ’

; y \

2.2.2 Mortar . ‘ ‘ :

. Sy

The cements and sand ‘weré provided by local suppliers in
Ontario. Portland Cement type 10 and lime (masonary hydrate) were
used as the cemetitous matefials. The available masonry sand, the

sieve analysis of which is- shown

sand typeé ordinarily u qffor concrete were sieved and the parts
which passed through the N 8 sieve wére uged ;s masonry_sands;
The gnaﬁing of the res& ting safds are shown in Fig: 2.16 as
. curves B and C. Twp typas S m6 tar and one- type N mért;r (ASTM

c-270¢ ")

) weré used in, the current program to build the test-
specimens. Their proportions by voluﬁe, with the weights shown in
bréckets, are listed in Table 2.3. éor better control, .the
,proportions were actually measured by weight rather than Dby
volume. The water contents we}e established by the mason;s
requireménts for Sui;able workability. These water conients
provided morta;s of initial flows rapging from 110 to 120 percent
which comply with the ASTM Q-270(‘) requirements. The

water-cement ratio was controlléd for a particular mortar type
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with only slight variations due-to one possible retempering. Any
mortar not used within a half hour was thrown. out to avoid

)
variations resulting from the need for exeeessive retempering.

TABLE 2.3

MORTAR MIXES

: e
Mortar £nQnghgigna_bx;lglgmz_ixgign&l
type cement lime ‘ sand water
S, 1 0.5 - 4.0 - .
T (0.21) (3.24) . (0.9)
uS2 . 1 0-5 3 3-375 ! a
T (0.21) (3.58) (0.75)
N . 1 S 1,25 6.75 4
(0.53) - (7.16) (1.53)

a ~ average values of the different batches used throughout
the program ’

-

Two inch mértar cubes énd 3 inch diameter by 6 incp high
mortar cylinders were cast in nonabsorbent bmoulds' Quring tﬁe
cohtrhction of the assemblages. Thé;e control specimens vere air
cured in the labowatory undér'the same conditions and tested at
approximately the same age as the corresponding assemblages. For
the sake of éomparison inlthe first se;ies of experiments (ax%al

compression tests of brisms), mortar cubes were made or cured in

two different ways in addition to the air cured cubes. .One set

*
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was water cured and the other.was made by spreading the mortar on

masonry blocks to a thickness of 1/2 in. to 5/8 in. and allowing

(1)

it to stand for one minute before placing in the moulds after

" which they were air cured. Table 2.4 presents the compressive

strengths of the mortar cubes for three different methods. The

results show that water curing the mortar cubes caused an increase

- of about 83% in the coépresﬁive strength over the air cured cubes.

. \
Spreading the mortar on the block before moulding increased the

mortar strength by about 17% over the air cured mortars. In.the

actual masonry assemblages water is removed from the mortar due to

« . 3 .
the suction exerted by the masonry blocks. The suction varies

depending upon the  water absorption of the unit, .tﬁe rate of

absorption, and” the capillary suction force(SO).

‘ In some cases
where the absorption of Ehe unit is very small, practically no
water Qay be remgved from Ehe mortar which could be represenbed by
water curing. In othér cases where the absorption of the unit is
high, most of the wates would be removed which could be

represented by air.curing after spreading the mortar on the block.

The ‘strength of the mortar depends upon the water to{cement ratio

» i

after absorption by -the blocks and also upon thekzuring condiéions
after the mortar has hardened. The state of the mortar in the

assemblage is not adequately represented by any df these methods.

-However, although it is a common practice to adopt water chring as

a standard method, the technique of spreading the mortar on the

units before moulding and’ then air curing seems’ to be the best to



4
simulate the strength of the mortar in the assemblage. In the
current program, air cured mortar cubes were adopted as the

standard control specimen.

TABLE 2.4

COMPRESSIVE STRENGTHS OF MORTAR cuBes®

Mortar Air cured (psi) Water cured
type (psi)
(n® )% .
\
S, 2130 2560 3950
N 830 950 - 1500 /
‘=3 2 .
NOTE: 1 psi = 6.9x10 ~ MN/m .

a - a mipimum of 3 cubes per batch was adopted
b - air cured cubes cast in nonabsorbent moulds
¢ - mortar spreaded on blocks before moulding

The tensile bond strength q% the mortar, whieh is an
important character;stic influenc%ng masonry éapacity"under loads
thch produce tension and/or shear stresses, is not a unique
function of its compressive stréngth(7). The bond value is mainly
affected bJ the physical properties of the block (surface
roughness and IRA) and the moétqr (initial flow and water
retentivity). For any mortar mix, the more fluid and morehplastic
the mortar is, the greater is the bond strength. In the current
program, the tensile splitting of masonry couplets were adopted to

’

determine the moriar tensile bond strength. This test consisted



b2

of two half blocks with mortar placed between them in either the
bed or head joint as shown 1in Fig. 2.17. Upon completion oﬂ tne
construction of the half blocks with mortar in tne bed joinir_éwb
half blocks were placed on tne top block to provide some weight on
the bed joint, simula%}ng the self weight of the upper courses. in
the wall. Tﬁe head joint was also laid horizontally but ﬁo extra
welght was added. rfor testing, the two nalf blocks were turned so
that the mortar Jjoint was vertical and a wooden strip was placed
over tne top and botto@ of tne mortar joint as shown in Fig. 2,17.
A compressien line load was applied thereby inducing transverse
tensile stresses which resulted in splitting alohg an interface
between the mortar and the block. The tensile bond strength,

foj is calculated using the following previously disdussed (see

tbm’
Section 2.2.1.3) relationship:
2p

Cepm ° — ‘ vee. (2v9)
A

N

where P is the splitting load and A is the sectional area at the

splitting plane (at the block-mortar interface).,

Al

A direct tension test similar to the direct tensile test
technique for the block was also tried .as an alternative test
technique to determine the tensile bond strength of masonry
couplets. However, because of tﬁe high variability of the test
results and relatively time consuming natuée of this test, it was

S~

not used as a control test,
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2.2.3 Grout
The following three different types of grout were used in

this investigation: 1) weak grout (GW), 2) medium grout (GM), and

3) strong grout (GS). Three different mixes of type GM grout were

considered.‘ All of the latter satisfy the specifications ASTM

(1)

C-476 , whereas the two mixes, GW and ES, do not satisfy the

3

specificationé. The latter were desighed to obtain a wider range

¢

of grout strengths. In Table 2.5, the proportions of the
different mixes are given by volume and by weight as indicated in
brackets. The gradation of the sand and gravel used in the mixes

are shown in Figs. 2.18 and 2.19, respectively. The gradings
generally meet thé specifications of ASTM Standard'CtuouC‘). The
water-;eﬁent ratios weré estabiished to give about a 10 inch-lemp
thus assuring % fluid "grout wﬂich could be poured into the cores
without requiring vibration. ‘

The following two types of control specimens were used for
the grout;- 1) air cured 3 inch diameter by 6 inch high cylinders
and 2) block moulded'pn&sms using paper\towels as a seperator, as
shown in the photographlzh Fig. 2.20, so that the water would pass
into the blocks. The prism dimensidns were 2 1/2 x5 5/8 x 7 5/8-~
;n. which' gives n#arly the same surface area to volume ratio as
the cell in the block. The prisms were left m5ulded between the
blocks and air éured till the time of testing. ~The/4£mpressive

.f; .
strength of the grout converted to an equivalent strength of

'cylidder of a height to diameter ratio of two, was determined from

\

v
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()

the prfsmvsﬁrengtﬁ using the following empirical formula adopted

« for congrete(39):
Ps - 0.85 (0.56 + 0.697 __¢ ) e (2.6).
P ‘ (X_.+ h)
6h
where Ps = cylinder compressive strength
P- = prism compressive strength
d = the maximum lateral diﬁension of the prism
h = height of the prism
V .= volume of the pr;ém
TABLE 2.5
GROUT MIXES
Grout Propoftions by Volume (Weiéht)
Type E
cement lime sand gravel water,
GW 1 ) 5 a
’ A . (5.95) \ (1.08)
GM1 1 0.1 3.3 .
(0.044)  (3.55) (0.70)2
GM2 1 0.1 3.0
' (0.044)  (3.22) (0.66)°
GM3- 1 0.1 2.475 a
' (0.044) (2.66) (0.60)
GS 1 1 I s a
(1.11) (0.9) (0.43)

a - average'valugs'of the different batches used throughout the

program

YUY
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A cpmgarison study was conducted to investigate the effect
of block moulding on the grout compressive sérength. The 3 inch
diameter by 6 inch high cflinders were Q&Opted as a:reference for
comparison. The results are represented 1in Fig. 2.21‘in.whic§
éach‘point represents the ratio between the a%erage of three prism
tests and three \cylinder tésts. The prism stnength= had been
reduced to take into account the effect of the keomet}y on the
compressive strength using Equation (2.6). It can be seen that
for mixes of high water to cement ratios (w/c), such as mix GW,

block moulding had a significant influence in producing higher

‘ v \
str 'é@h grout. This could be attributed to the decrease of w/c

ratio due to water absorbed by the block. For mixes of low w/c.

=~ A ad

ratio, such as GS, there was.no significant difference between the

compressive strengths of the air cured cylinders and the block

moulded prisms. The grout strengths calculated from the block

moulded pri§ms, ocg’ are used in the current investigation as

being representative of the grout strength in the b;ock;

2.2.4 Joint Reinforcement
To study the effect of joint reinforcement on the -behaviour
of concrete masonry assemblages, horizontal steel was embedded in

the mortar bed Jjoint of some specimens.. Standard Dur-o-ugl .

(14) |

| 'y
Steel y ladur type, (see Fig. 2.22(a)), having a total‘area of

\ 2 R L ’
0.036 in~ for both side rods, was used in somé tension and shear

\ - n
specimens. For the compression specimens, the cross members were
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adjustedjto fit the prism dimensi&ns as shown in Fig. 2.22(b).
Confining plates‘of b.1f incn ‘thick were also uséa to reinforce
the 3oints of some prisms under axial Eémpression. ,ﬁoles were
.drilled in the'steel plates to provide mechanical interlockidg at
the interface with the mortar. Detailé of the confining plate are

shown in Fig. 2.22(c).

2.3 Summary_and Conclusions

In this chapter the material properties. of the block,

- mortar, and grout are presented and discu%sed. Information about

" the strength and deformation characteristics of the component
14 Y

materials, which will be used in the succeeding chapters, are also

presented. ﬁg ‘
The following are the meor conclusions which have been

drawn from the.tests of the material properties deseribed in thls

chapterg

<

1 - The type of capping material affects the compreésive.

strength of thé block as well.as its mode of failure. Sogggr
capping material results in’ less compressive capaciby of the
ﬂ!%cx.\ Soft oépping changes the mode of ?he failure from a shear
mode of failure, using hard cgpb;ng, to a splitting mode .of
failure. Also, the variation %n =§he compressive strengths of
_ identical speciméns is highgr-wbén soft capping is used. ’

2 - The compressivg strength of ﬁélf blocks tested flatwise

and full blocks tested endwise are nearly the same.

a

4




3 - The loading condition and, consequently, the strain
( graid;nt has a pr?nounced effect ont he tensile strengtH of the
block. Highgru strain gradients result in higher "tensile
&étrengths. A direct proportionality is proposed.
g 4 - The proposed technique to test masonr:y blocks }Jnder
flexural tension has thg advantage over the modulus of rupture
tésts, recommended in AS%M C-67. Standard for brick, in that it
provides a flexural member of larger span to. depth ratio which

minimizes the effect of shear and therefore gives a better

measure of the flexural tensile strength of the block.

5°'- The splitting tension Fest provides a reliable, easy to.

AN .
berfdrm, and representative measure of the block tensile strength.

6 - As a result of the testing, it is apparent that ﬁasonry
codes should specify the loading conditions and the unit geohetry
when spec¢ifying the strength of the masonry units.

T - The method of making or curing significantly affects
the mortar strength. However; although“ig\is a common p}actice to
adopt water curing aé a stan&ard method, the technique of
spreading the mortar on the blocks before moulding and then air
.curing seems to Dbe mor; represehtative of the mortar in the
assemblage.

8 - The method of mbuiding the grout affects the strergth

of ‘the control specimens, espgcially for those m;xes having high

water to cement ratios. Grout prisms moulded between masonry -

blocks and having the same surface to volume ratio as that of the

1
o
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|
h
i

cells in the blocks are representative of the gr&ut in theh

assembiages . S

o



CHAPTER 3 LT

AXIAL COMPRESSION OF CONCRETE MASONRY

7
3.1 Introduction

" .

A principal use of masonry is to transfer gravity loads to
the foundation and as such the ax;al load bearing capacity of
masonry walls has been the subject of experimental research for
many years. The need to establish compressive allowable stresses

for design codes has often motivated compression testing of

-

. masonry specimens- where the allowable stresses in tension and

shear may also be expressed as functions of the compressive

t(12,27)

strength, f_ . The effects of varying the material

.

properties, slenderness ratio, and geometric characteristics of
the test specimens on the compressive strength of brick masonry

walls have been investigated and reported in the brick masonry

literature(]7’31’33’u7).

¥

While there is considerable information describing the
behaviour of brickwork under axial compression, relatively little

(20 21,32 ,ul”. In, fact, there

is known about blockwork.str;ctdges
is very little information concerning ihe basic behaviour
characteristics and the failure mechanism for ungrouted and
grouted concrete masonry under axial compression. It has been

(21,33) that

reported insufficient information 1is available 1in

current literature to knowledgably comment on* the behaviour of

55 \
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grouted masonry under axial compression. However, a fey
c‘

investigations were carried out to test block masonry walls under 2

3

10,1
axial and eccentric compression loads( ! 3,20,45). These studies

dealt with the overall behaviour of the walls without wmuch

emphasis on the influence of the material properties and the basic
strength and deformation characteristics of masonry as a composite
media. 3

Because of the multitude of parameters influencing the
compressive strength of masonry, each experimental study has been
constrained by economic necessity to studying limited ranges of
parameters. Notwithstanding the fact tbat iittle correlagign
exists among the various studies, several useful observations have
resulted from a literature reviéw of the experimental phases of

brickyork research. These have helped to gaﬂa a bg\te}
understanding of the ﬁroblem associated with the behaviour of
masonry under axial compression. -
The first observation was that the traditional treatment of
brickwork as a homogenous material is far from reality, and that
in brickwork one is dealing with a two phase assemblage of brick

and mortar for which the carrying éapacity under compressive

stress will be determined by the interaction of ‘'strength

[
X

{

\

properties of its constituent madterials.
Secondly, it was observed that a masonry panel axially
loaded to failure exhibits vertical cracks in the masonry units.

This vertical splitting mode of failure 1is related to the

¢
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different deformation characteristics of the masonry units and the

mortar joints. In most masonry assemblages, the modulus of
.

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, 1its

unrestrained lateral deformation is substantially greater than
that of the brick or the concrete block, assuﬁing that the
Poisson's ratios are similar. Because the masonry unit at the
mortar interface must undergo the same lateral expansioh‘as the
mortar, due to the friction and bond, the lateral ekpansion of the
mortar 1is restrained, thereby producing tensile strain in the
masonry units, This observation 1s considered to be the most
important aspect for. the understanding of the failure mechanism'of

masonry assemblages in compression, and has become the central

(15,24,31) ’

concept in attempts to derive an -analytical solution of

the problem of the brickwork under axial compression.

\ .
Is has also been found that the compressive strengths of

masonry assemblages are only moderately.dependent on the mortar

- .
-

strength for practical ranges and its is more dependent on the

(9,31,47)

tensile strength kf the masonry units LLess apparent,

however, is the observation that a higher compression capacity is

achieved if the mortar thickness to masonry unit height ratio is

kept to a minlmum(ls’3"33).

. s
To wﬁén extent these findings are applicable to grouted

masonry 1is not yet known and hence further investigation {is
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needed. For grouted masonry, one is dealing witn a three phase
material wherein the continuity provided by grouting the cores
could have a significant effect on the assemblage behaviour.
Other parameters involved 1n the behaviour of grouted masonry,
which are not applicable to ungrouted masonry, are: o .

1 -/the' grout strength and deformational cnaractéristics

relative to those of thne blocks and the mortars,

2 - the core area governed by the net to gross area ratio

'
|
i
\
I

of the block, and
3 = the core shape.
In the absénce,of an analytical solution,”empirical

relationship derived from exberimental results, have been put

(17)

forward to show the variation of the _masonry compressive

4

ystéength with given pdrameters. These relationshlps are generally'

limited in scope and in applicati&n to include other ranges of

parameten;. \Tnere is a need for analytical solutlons which can

v

" account . for the multitude of paraméters contributing to the

. 1 ‘
compressive strength of masonry.

- v ~'

Several atteﬁpﬁs have been made to'analytidglly determine,

in ’quantitative -forms, the compre§§ive strength of solid brick

(24) (31) developed their

C -

' analytical models on the basis of stress analysis considerations

e

wnereiu the strengths of the component materials governed.

Francis et 31(15) suggested *gn altgrngtlve failufe mechanism

.4 . . ‘ . . .
based on .strain considerations. These models are not applicable

5 I
' o . * ]

"
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to grouted masonry as they only deal with a two phase material

4

composed of éolid brick and mort;r.

Because of the iack of eith%r analytical or experimental
information concerning the effect of grouting on the Eompression
capacity of conrete masonry, typiéal-masonry code;(12’27)‘
éompreﬁsive'qésign‘values.for groute? masonry equal oé greater
than those for ;olid masonry provided that the groué stpeng;h is
at least equal to that of the units.. Iﬁtroducing grout ds a thirg
compgnent gith specifieé strength §pd Qeformat{og characteristics
may significantly ehangé the ass;mblage béha;iour-and theérefore

this code approach needs to be reviewed.

It is the objective in this chapter to investigate the

effect of the strength and deformatién characteristics of the

block, mortar, and grdﬁt on the assemblage behaviour under axial

cdmpnession.' To analytically express the failure mechanism of

ungrouted and grodted masonry under axial compression is al o an

(12)

aim. The code .

reviewed and evaluated utilizing the .resdlts . of the current

investigation. - C [/

.

An experimental program ﬁ%s been conducted to *study the

effect of the strength and geomqtric paraméters on the behavioural

charactepistics of ungrouted -and grouted wmasonry assemblages. A

total of. 150. full size specimens have beén tested under axigi

~

assign

' provisions concerﬂing'grouted mésonry will be .
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compression. . = ) .

The foilowing are the main points of interest during the
course of experimentation:

1 - Failure~loads

2 - Crack patterns and failure modes

3 -~ Deformations in boﬁh the vertical and horizontal

directions tp establish stress-strain relationships.

o

3.2.1. Teat Specinens !

Present working stress aesign methods are based upon a

. 4 . '
knowledge of the masonry c¢ompressive strength, fm.- In practice,

1

fm is often determined from tables.relating the'sxrengths of the

component mortars and the masonry units. However, because tests

. t \
of masonry prisms usually result in higher values of fm, it is

economically feasible to use prism tests for éaugin& the st?enggh
of ‘the masonry in a wall. 1In the current program, prism tests!

were adopted to examine the behaviour of masonry under axial

o

compressiaqn.

10, 45,48 \ ' :
It is the standard practice( 0,45,48) to compute f, on-the

o,

basis of 2-course prisms laid in stack bond (Fig. 3.1) and capped

(1)

with high strength gypsum plaster'accdrding to ASTM C-140 The

North'Amerigan codes(12{21)'not only allow the 2-course ﬁrism test
but also ‘encourage it by adopting universal correction factors for.

prism geomeéry. 3 Thésé correction facto?g, shown graphically in -

Fig. 3.2, purport to enable conversion of the strength of a prism

/o N
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of a particular geometry to that. of a standard -2-course prism
having h/t = 2.0 (h and t denote prism height and least lateral

dimension, respectively). This assignment of the conyersidn

factor presumes the existence of a strong correlation between
|

|

prisms of(h/t ;‘Z.D'and full scale masonry.

As a preiiminary program.tp selec;'the proper sqape.of the
prisu: to be used ghroughout tbis ihvestigation, . three 2-course
prisﬁs were consgtructed and tested.undep axial compression using
gypsum as ;‘cépping‘materi;l, (see Fig. 3.1). A shear mode of
failure, showq in Fig. 3.3, was 6btéined, whereas the observed
failure mode of the masonry -wall is vertical tensiie splitting.
The -reason for this. shear ‘failure is 'thag' with’ rigid platens,

short specimens are subjected to lateral compressive stresses

created‘by the .friction restraint at the loading platens. Hence,

the specimen will be.under a triaxial compression state of o

stresses which causes a shear mode of failure and an ,increase in

the apparent compressive strength(s'g’la)_

'fndicates’ that ‘the 2-course prism is not representative of a
masonry" wall under axial compression, as a prime criterion to

\

satisfy in any test sbecimen is that the "correct" failure mode

occurs ‘and' that in fact the specimen is being subjected to a |

condition that represents the prototype behaviour(56). Therefore,

it was decided to adopt-a 3-course pﬁism for the current program, °

N

.in order to reduce the influepc? of the end restraint.

Using 3-06urse,prism$ may be appropriate since the middle

e o v

This ' behaviour’

P
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block should be free from 'the end restraint which produgeé
artifical étres§es. Intuitively, if one considers the gffect of
the platens to be dpnfined to a 45° inclined pyramidal zone, then
in a prisw consisting of three half blocks, the central block and
its two adjacent mortar beds wlll be f}eg from any edd effects and
pfobably‘ a splitting failure would be iﬁltiate@j in the central
zone. The 3-codrse prism was adopted‘by Williams(sg) d;ingesolid
masonry cubic units, and more.recently,'3—course prisms compdsed

‘ . (21)

- of full concrete’ blocks have been adopted by Hegemier et’ al

for axial compression tests. The latter indicated that the’

2-course prisms (couplets) laid in stack bond and capped according‘

(1)

to ASTM C 140 can lead to an overestimate of the masonry

. 1
, compression capacity, fm.

3.2.2 Control Specimens . .
Control specimens were made’ along with the masdhry prisms

aﬁd were air cured in the laboratory under the Same conditions as

the prisms. Two inch cubes ;f7}-3x6 -in eylinders, using 3 per each. .

batch, were adopted as the control spe01mens to represent the

<

. nominal(pompreqsive-ﬁtrengths of the.mortars used in the prisms:
For grout, -tw0'types of conlfol S§ecimehs were bodsidered; 3x6—in
‘eylinders cast in nonabsorbent moulds and 2 1/2 x5 5/8 ;7 5/8- in
block moulded prisms (see Section 2 ‘2. 3 kfor details of block
moulded prisms). The latter is representatlve of tﬁB\grout in the

Y

assemblage. Thg.grout cylinders and\prisms were capped using
- . P j ‘ ' \

? .
’ »

& et sl
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o . .
gypsum-ceaent compound and tested under axial compressioh. Fig.
3.4 shows a grout prism after failure.
Sor investigating the influence of the core geometries for
various core séapes (Section 3.2.3.3), grout prismé‘ were "also

obtained by splitting the bloék-into halves. The inner surface of

. the core was covered with paper towels as a porous separator, and

hence é block mould'was férmed by clamping the two halves of the
blogks together as shown in Fig. 3.5:. G}out was poured into the
moulds and at the time of testing the two halves were easily takén
apart. The resulting grout, sﬁown in Fig. 3.6, were capﬁe sing
sulpher ¢ompound ang testqé under axial bompression. Fig. 3.7
shows one of ‘these "control specimens’ before teéting. Three
specimens per‘batéh were tested at approximately the aver;ge time
of teéting the corréspondiné asseinQges...

Th'e. proposed technique of block'iouldin& by splitting the

blocks seems to be appropriate as it allows the water to Wass

~

through from the grout into the blocks under the same condition as

' for-the.assembiages. In addition, thé.technique has the advantage

of simblicity and ease of preparation in'the laboratory.

3.2.3 Exmmmmsmls_and_laﬂmz_ﬂmﬂm

Two groups: of variables are considered in ‘the current

N

experiﬁental program. The first of these is concerned with the -

strengﬁhipharacteristics of the component materials such as grout

strehgtp, mortar type, and joint réinforgement. The second group

."' l\ ‘ . . » a
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Fig.3.4 GROUT PRISM-TESTED UNDER AXIAL COMPRESSION

»

< o e

Fig.3.5 BLOCK MQULDING -FOR GROUT CONTROL SPEcx?yﬁs FOR

- DIFFEREN’{‘ CORE GEOMETRIES (GROUi’ C2-3)/ ¢



Figl'. 3.6 GROUT CONTROL SPECIMENS FOR DIFFERENT BLOCK

GEOMETRIES (GROUP C2-3)

Fig.3.7 A GROUT SPECIMEN UNDER'AXIAL COMPRESSTON
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1s concerned with the geometric characteristics of the assemblage.
These factors comprise bond type, Jjoint thickness, and core

geometry, For each ?gcpor, most of the practical ranges are

covered. . l

The effect of grouting, which is ofoa prime concern in the
current program, is 1nvest1gated through a comparlson study

between the behaviour of grouted prisms vand similar ungrouted

1
specimens. ’

&

3.2.3.1 ro : r rameters: A total of 57 priéms

N .

were qonstructed in stdck bond, using 3 half blocks, to study the
effect of the grout strength, mortar type, and joint reinforcement
on the behaviour of ungrouted and grouted concrete masonry under

axial compression. Using an electrical table saw, thé half blocks

-

were obtained by cutting the kerfed units (type B, Fig. 2.1) along

lines 7.inches from the ends in order to obtain a cross secﬁion
N ( * L 2
with its centroid nearly coinc¢iding ‘with its centre. The- half

blocks..used in the construction of the prisms ‘were identical to

those used in determining the block compressive strength (see Fig.

. “ . N
2.3 for details of the cross-section).

The. prisms. were built by an ‘experienced mas?n adopting
flush mortar joints of nominal 3/8 inch thickness. Care was faken
to ensure that the units were* laid horizontallyﬂl Excegs mortar
around the joints was cleaned from the ?drea a few .minutes aftef

laying the blocks. . The Qrout~ﬁas poured after 24 hours and was

i3 . N
well puddled using a steel rod. At the age of 28 to 42 days, the\
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(1))

prisms were capped using a gypsum-cement compound (ASTM C-140
and after 24 ﬁours tnéy were tested under axial compression. The
test set-up is shown in Fig. B.é. The load was appIied.at tﬂe
céentroid of the net area\of the ungrouted prisms and at the centre
of the gross area of the grouted prisms.

Mechanical gaugg pBints were mounted on both Egces of the
brisms using a 4 ipch gauge length, so that the deformations in
the vertical direction (acroés the top and bottom joints and on
the middleh block) a;d in the _horizontél direction could be
" measured. The arrangement of the gauge points is shown in Fig.
3.8. The gauge ienéghs were constructed along the ﬁeight of the
central block and the two adjécent mortar joints which are free
from the confining lateral stresses produced from the platep
restraint. Strain méasurement; were taken at regular load
increments up to about 90% of the failure load. Each &est'took
about half an hour. . R ‘ .

The first group coéprised three 3series qf. tests, each
concerned Qith different levels‘;P/;ne pafameter where the other

parameters were kept constant.

Series Cil-1: The effect of the mortar type on the

v

behaviour of' ungrouted and lgrouted masonry prisms under axial

compression was studied in this series. Two'mixes of the S mortar
(S1 and 52) and one type N mortar mix were adopted for both

ungrouted and grouted spécimens. Medium grout, GM1, was used in

this series. The properties of the mortar and grout mixes were
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presented in Chapter 2.

.

Serjes C1-2: This series was designed to study the effect

of the grout strength on the bghavibur characteristics of grouted

masonry under axial compression. Five different grout ﬁixes as
<

listed in Table 2.5 were adopted to provide a wide range of grouﬁ_

strengths. Type S, mortar was adopted for all the specimens in’

this series. .

Series C1-3: This series was initiated to investigate-the

effect of Joint reinforcement on the .compression capacity of

ungrouted prisms (of type Sy mortar) and gyoute%’prisms (of type

S1 mortar and GM1 grout). The two types of Joint reinforcement

considered were Dur-0O-Wal steel and confining steel plates as

described in Section 2.2.4. The mason spread a layer of mortar

and then emedded the reinforcement in it by applying a slight
H ‘
pressure (see Fig. 3.9). Another thin layeé of mortar was added

on top of the first one before placing the next course. In the

case of the confining plaﬁes, the total mortar Jjoint thickness

with the plates was about 1/2 inch thick. (As shown in detail "A"

in Fig. 3.26, the mortar itself was kept in the nominal 3/8 inch

‘

thickness adopted for ugreinforced prisms)..
3.2.3.2 Group C2: Geometric Parameters: This group of specimens
comprjses three series each concerned with one parameter. Type S1

mortar and GM1 grout were used for. this and kept unchanged

)

throughout. " . .

Series C2.1: Thirty prisms (3-course) were constructed to

»»{\
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investigate the effect of the head 'joints {perpends) on the
behaviéur of wungrouted and grouted gasdnry under a;lal
compression. Three different bond types, as shown in Fig. 3.10,
were adopted: Type B represents a(rupning bond whereas type C
represents a stack bond. Type A ;as considered for comparison
purpose for the case of no\head joints®
Half blocks were obtained by splitting kerfed units'(Typp
B; Fig. 2.1) through-the‘central webs, and the edges were chipped
of f by the mason according to site practicé. The chipped sides
faceq_phe inside and ‘contacted the vertical mortar joints. Full
bed and head joints were employed. Flush Joints at both sides of
the prism were 'adopt;)\w;/;hb‘:specimens were capped with
. 8ypsum~cement compound. v
The test set-up is shown in Fig. 3.11. fhe bearing plates‘
consisted of solid %6i8x11/2-in steel sections. Additional
bearlng plates were provided at top to ensure a uniform

L transmission of compressive stresses along the prism cross

N

@ection. , A spherical seat was used between the top bearing plate
/ ;

-
L
and the load cell in order to permit rotation at the top of the

t

prism and thus,elﬂﬁinate artificial restraint stresses. Loads

were applied using/a 200 kip hand operated jack and were measured

using a calibrate# load cell installed ‘between the jack and.the
! Y

spherical seat.

Mechanical |gauge points were mounted on both faces of the ¥

brisms as shown in Fig. 3.10, so that :the deformations in the

o

v
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vertical direction (across the top and bottom Joints and on the

aiddle b;ock) and in tne norizontal direction (on the intermediate

blocks and across the vertical joint) could be measured. Strain

measurements were taken at regular load increment3 up to about 90%

ane

"~ _____of tne failure-Toad.

Series C2-2: = Fourteen prisms were tested under axial

compression to investigate the effect bf the joint thickness on
the compression capacity and the deformation characteristics of
ungrouted and grouted concrete: masonrj. Tne prisﬁs were
constructed in stack .bond using 3 saw-cqt half blocks shown as
type B iﬁ Figs:. 3.12 and 3.13. These units have different
mechanical and physical characteristics from those used in the
previous two serie§. The bloék dimensions are shown in Fig. 3.12.

" .
The average bompreésive strength from five " specimens, tested

flatwise and capped with sulphur, was 4670 psi (C.0.V. = 6.9%).

The splitting tensile strength, based on testing five specimens,

. [
was 410 psi (C.0.V. = 4.13%).

The 3 joint thicknesses adopted were zero, 3/8* inch, and -

3/4 inch. It was not feasible to achieve a full polished contact

area opetween the two adjacent blocks, in the case for the zero
mortar joint thickness. To eliminate any stress concentrations
and to alleviate the difficulty 'of getting the blacks perfectly

‘cut at right angles for vertical alignment, it was decided to use

a very thin cement pasté layer between tne unit to approximatel}_

represent the case of zero joint thickness (the cube compressive

L]

v

* e A
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Note:All dimensions are in inches (1 i{n=25.4 mm)
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Fig. 3.12

DIMENSIONS OF BLOCKS USED 1IN SERIES
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strength of the cement paste after 28 days in air curing was 6580

]

psia.
Tbe ends of th prisms were capped using a sulphur
compoénd. The mechanical g;uge points arrangements and the tesé
set-ub were similar to those of series Ci-1 as sgown in Fig. 3.8.
Series C2-3: Six different shapes of blocks,;sh9§nhin Fig.
3.13 asntypes A, C, D, E, F and G were used to study the effect of
the core geoqetry on the cqmpcéssive strength anq the deformation
characteristics of ungrouted and érouted masonry. The blocks were

saw-cut by the supplier from different block types. .

The following three different features of core geometry
' . ‘ Lo '
were investigated: . . =
‘v

1." The core shape, circular and rectanguﬁ%p,_ £y M

L
ta

2. The shell thickness to width ratio’ for, units with
rectangular cores. . P

3. The 'net to gross area ratio for units with rectangular

o o .
cores.  Also, solid units were compared with hollow units

.

o having circular central holes.
. ’ \\ -

¥

. To be able to analyze the results on a spatistical'bagisf

.. ' : ! ¢

test repetition was considered. The basis for determining the
P '

- number of replicates per each test type are discussed in Appendix

I‘A . ‘ . /
- o . -
- . . : J"
3.2.4 Bééul&§;and4Diﬁgu§a19n_Qr;Lnﬁ_Exnsnnmunaubﬁnggnam.

'

il

[N

’ : Q .
. _ . ) .

3.2.4.1 Group C1: The'experihentai results of this group, which
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Dimensions ° .- Compressive” Strength
Type " a a - b ‘ :
An Ag n ts/w Mean (psi) C.0.V. (%)
4 - 32.4 4 - - 1 2370 12.7
B © |19:05 32.6 0.59 0.18 4670 6.9
C 18.14 26.2 0.70 0.22 . 3190 39
D 17.0 24.8 0.69  0.16 3080 6.0
E 13.7 21.4  0.63  0.13 2920 5.4
F 5.5  21.0 0.73  0.18 ° 2900 5.9
G 19.8 32.4 0.61 0.14 2270 8.0
Note: » 1} Ln2 = 6&5.2mm2; 1 psi = 6.9x10_3 MN/m2
a - Areas éxpressed in in2 i ‘ ' . =l

b - Minimum shell thickness to width ratio
¢ - Average of 5 tests

’
K

-

Fig. 3.12 Properties of Blocks Used in Series €2-2 and c2-3
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concern the effect of the strength parameters on the behaviour' of

masonry prisms under axial compression, will be discussed under

the following headings:

a) Modes of Failure: In Fig. 3.14, photographs of typical

failures of unérouted pr"isms (typeé- S1 and N mortars) are shown.
In both tcases, a splitting mode of failure originated‘ in the
central block away f?om the effect of the platen’restraint. This
behaviour is similar to the failure of sdlid‘brick masonry unéer
axial compressgon, where the differential deférmational
characteristics of the masonry units and the mortar joints
produces tensile strains in the units causing splitting failure
under a tension-compression state of stress.

A somewhat similar mode of failure occurred for grouted
prisms. Similar typical modes of féilure are displayed in Fig.
3.15 for three prisms having weak, medium and strong grout. The
consistent failure mode could bé characterized as tensile
splitting of the outer éhells (block35 and compression failure of
the grout cores. .It is suggested that the high lateral inelastic
deformations of bo;h the mortar and the grout at high strggs
levels aré the cause of the splitting failure of the sheLis. The
failures also originated in the central blocks free from the end
confining effecps,° In many cases'ié was possible to recover the

grout core intact after extensive splitting of the shell had

occurred (see the photograph in Fig. 3.37). In addition, the

L]

grouted prisms showed a more gradual failure compared to thel

s
’

Il
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ungrouted priéms wqich was sudden and explosivg. (It is worth
noting that the the desired failure by splitting originating in
the central block was achieved thereby Jjustifying the adoption of
the chosen shape of specimen (3-course prism).]

Providing Dur-O-Wal Steel embedded in the mortar Jjoints did
not change the failure mode for either the ungrouted or the
grouted prisms. The splitting mode was exhibited qg'shown in Fig.
3.16. Ungrouted prisms reinforced with confinigg steel plates
behaved differe;tly. Nea; failure, spalling of ége outer shells
of the mortar layers wvere obgerved and finally lhe prisms failed
in shear. This shear mode of failure, sﬁown in Fig. 3.17(?),
could be attributéd to éhe change of the. stress field as the
confining plates (of much higher_s&eel percentage than the
Dur-0O-Wal Steel) helped to confine the lateral expansion ol the
mortar and consequently eliminated the lateral tensile stresses

v
imposed on the shell which Sgused the splitting failure. The
confining plates did not change the splitting failure mode for
grouted prisms as shown in Fig. 3.17(b). This indicates that the
‘degree of confinement provided was not enough to eliminate all tge
high lateral tension imposed”on the shell by ‘the expansion of the

grout.

b)

Strength: THe compressive strengths of the prisms were

calculated on the basi¥ of the net area, A, for ungrouted prisms

t

and on the basis ©of the gross area, Ag, for the grouted prisms.

~
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The results of the ungrouted and grouted prisms tests and their

corresponding contfal! specimens are listed in’ Tables 3.1 and 3.2,

Ll

respectively.

TABLE 3.1

RESULTS OF COMPRESSION TESTS OF UNGROUTED PRISMS

Mortar Mortar a Compressive Strength of Prismsb ,
Type Strength ‘ A
(psi) Individual Mean 0.V.
. (psi) (psi) ~ (%)
. | } |
2310 \
2260
S1 2130 2430 2380 3.6
2440
2449
2390
32 2640 2290 2360 3.3
2450
2290
s
2100
N 830 2250 2230 5.5
- * 2190
2390
) -3 2
NOTE: 1 psi = 6.9x10 ~ MN/m

a - Compressive strength of air cured 2-in. mortar cubes
b - Based on the net aresa.

)

RN



v gegt i dingen "'?-«.'w)‘»‘ e

B D

RESULTS OF COMPRESSION TESTS OF GROUTED PRISMS

TABLE 3.2

37

Grout
Type

Mortar
Type

Grout

(psi)

Strength®

Mortar
Strength

(psi)

CompressivebStrength of
prisms

’Individual

(psi)

Mean
(ps1)

Ic.o.v.
(

0
?)

GM

1790

2060

151&
1550
2010
1450
1670

|
r

13.6

GM

2050

2640

1770
1780
1670
1780

1750

3.0

GM

2050

ry

830

1500
1600
1430
1510

1510

3.3

ot

2500

2299

- 1820
1860
2060
1760
1780

1860

6.4

GM

3630 .

1960

2110
1960.
1780
1900

1940

7-2

GW

2040

1960

1770
1780
1670
1780

1750

3.0 .

GS

5550

1970

1980
2310
2280
2240

2200

6.9

NOTE:

1 psi

6.9x107> MN/n°

a - Unconfined compressive strength of grout as calculated froa

block moulded prisms

b - Based on the gross areas.
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f1g. 3.18 shows the results of grouted prism strengths in
terms of the compreéﬁive strength of the grout (calculated from
block. moulded prism strengtg) for the §, mortar. The most
striking feature to be note? is that compressive streng£h§ of the
grouted prisms were all le;s than the sprength of the ungrouted
prism, f;ué’ which is also indicated in the figure, even for
grouts having higher strengths than the block. Apparently, little
increase in prism strength was achieuéa wX¥th large increases in
grout strength. /MTnhis indicates thét the strength superposition
conceéb highly overestimates the compression capacity especially
for high strength grout. 1In fact, if the individual strength of

ungrouted masonry, fmun’ and the grout, ch, are linearly combined

as shown by the dashed line in Fig. 3.18, the extent to whicH
superpgsition is not valid is even more obvious. This finding
contradicts the commonly held bpinion that desizn strength values
may be efficiently increased by increasing the grbut strength.

It is suggested that at hizh stresses in the grout, the
resulting inelastic deformations im the horizontal direction (due
to the development of microcracking) produce high bilateral
tensile stresses in the outer shell as it tends to confine ;he
grout, These tepsile stresses in comoination with the vertical
comp;éssive stress could be the cause of a premature spli;ting
failure of the bioqk under a state of biaxial compréssion—tension

stress. (See the analytical investigation in Section 3.3.3). In

fact, comparing tne stress-strain relationship for the grout,
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presented in Fig. 3.19, and that for the block, shown in Fig. 2:“,
illd§trates this behaviour more clearly. At any strain level, the
load’ will be shared by the shell and the grouted cores in
proportion to their axial stiffness (compatibility of deformation
in the vertical direction). At a str;in nearly equals to 0.002
in/in the grout would reach its unconfine§ strength, at which high
lateral deform;tions occur. At such ; strain level, the block'?s
capable of accommodating more load, as its strain at maximum
stress is 0.0036 in/in, aﬁd hence it acts to confine the grout.
Failure ;Ecurs when the blpcks are no longer capabie of confining
£he grouts(and the mortar as well). This study of the deformation
characteristics of the block and the grout indicates that matching
ghe components' strngths to achieve higher strength of the
composite is not efficient and it is more appropriate to.match the
strain at\ the‘ ultimate loaé for the components. Under this
condition,‘tﬂé ultimate. stress of each gomponent would be
developed simultaneously. Consequently, the full efficiency of
the components could be achieved and the .superposition of the
components' strengths will then be valid.

Using a linear regression analysis, the compressive

t

strength of the groubed prisms, f (in psi) can be expressed in

’
, mgn

terms of the grout ‘strength, deg! as:

1 . < . '
£ gn 1450 + 0.12 g, _ ; ceve (3.1)

This empirical relationship was developed using thé data of the
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grouted prisms. However; the strength of the ungrouted prism
could also predicted by the same expressiof when ch = 0 on the

_basis of the gross area. This confirms the .proposed formula which

Vd
can be expressed in a normalized form as:

v

‘ »

T
f' [of ) . .

780 - 0.61 + 0.143 _B - © .. (3.2-a)
£ . “eb -

mun . '

considering that the net. to gﬁoss area ratio of the block, "h,

s

equals 0.62, the above equation can be rewértten in the form:

] .

t

£ .\ . .
mgn . cg )
— h+0.1u3§’__ . “ .o+ f3.2-b)

£ cb Q
mun i

Equat%gf'(B.Z—b) indicates that -the réduction in the
compressive strength associated with grouting is a function of the
naé‘ to the gross area ratio, "h, which is a geome£ric
characteristic of the block. Ifr ?6? considers f;g;/féon as. an
e?ficiency coefficient, then it can be éeen that higher (grout
st;engths and/or higher-“h, ratios result in higher efficiency
coefficients. A

It has to be noted that Equation (3.1) was obﬁé!ngd using
one' block size and‘a single stréngth of concrete block: However,
as loné as the components materials are of the same‘ranges of
st;engths and éeoégpricl characteristycs used~ in this

investigation, Equﬁtion (3.2) could be used 4s an empirical

Y,

92"
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ggyation to assess the cgmpressive strength of grouted concrete
g

masonry.

c) e r e e &mpressiv
Strength: . Fig. 3.20 Shdﬁs the 'variation of the
compressive strength of ungrouﬁed‘qu grouted prism for different
strengths of mortar cubes. The results indicate that the mortar
strength (within the range considered for types S and N)' has

little effect on the compressive strength of either ungrouted or

grouted prisms,
This trend of 1little increase in the - ungrouted prism
strength with high increases in mortar strength is different from

that observed for brick masonry under axial compression. The

(54)

results of a structural Clay Research Foundatibn Study show

that the prism strength using type S mortaf is reduced by about
29% using type N mortar. =This difference in behaviour between
block and brick masonry (from the }iewpoint of the effect of the
mortar streﬁgth) cled be attributed to the fact that it is the

mortar strength relative to that of the masonr® unit which affects

the -assemblage compression capacity and not the absolute value of

(31,&7,&8). The lower the mortar-masonry unit

(33) It

strength ratio is, the less is the compressive strength ~~’.

v
-

is evident that the dffference in" the deformaticnal

characteristics of the mortar and the 'units, which may be taken
l'\

more or less as a funcﬁion ﬂf'theﬁﬁtrength'ratio, creates tensile

I

lateral stresses in thHe units which govern the " fadilure

<
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(2u’31’33). Because brick units are much stronger than

condition
the blocks (about 2-6 times), it 1is expected that the mortar
strength would more efficiently influence the compressive strength
of brickwork. '

(56) experimental results of soliJ concrete

Wwilfians's
masonry priggq\showed little increase in the prism gérength with
high increased in the mortar strength. Thisxgoﬁfirms the
behaviour'égown,from the current results.

¢

d)

§Lp§ngﬂﬁ The test results for ungrouted and grouted
reinforced ﬁrisms are presented-in Table 3.3. The contribution of
the reinforcement towards the increase in the prism compressive
strength is indicate;i\ as an efficiency coefficient which is the
compreséive strength of the reinforced prism to that of a similar
ugreinforced specimen.

It is shown that the Duf-O-wal steel did not provide a
siénifiéant‘ contribution towards increasing the capacities of
-either the ungrouted or grouted prisms. It is felt that the
.percentage of steel (0.08%) was so slsll that it could not help in
confining the lateral deformations of the mortar and the grout.
w1lliams(56) came to a similar conclusion as a result of testing
sdlid block masonry prisms having joint reinforced with a wire

mesh type of reinforcement.

Confining plates showed a considerable contribution towards
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TEST RESULTS OF REINFORCED PRISMS UNDER AXIAL COMPRESSION
(SERIES C1-3)

Type of Prism Mortar a Grout Prism Compressive | Eff. o
Reinf, Type Strength™ |Strength Strength Coeff.
(psi) (psi) ‘
Indv.|Mean |C.0.V.
(psi) (psi)t (})
[ .
. . 21400 :
ungrouted| 1860 2450 2820 ' 11 1.02
' - 2420 o
Dur-0- ~
Wal 1840 |
Steel- Grouted, | 1860 1940 1660 11730 5.2 1.05
GM1 . 1700 i
2740 :
Confin- | ungrouted|1960 2490 12570 4.6 1.08
ing 2530 ‘ |
plates 2500 |
2070 i
Grouted, |1860 1940 - 1830 1030 | 5.2 1.18
GM, 1900 %
1920 |
|
r - -3 2
NOTE: 1 psi = 6.9x10 ° MN/m

a - Compressive strength of air cured 2-in mortar cubes
b - Unconfined compressive strength of grbut as calculated from
block moulded prisms
¢ - Efficiency coefficient calculated as the ratio of the
compressive strength of the reinforced prism to that of a
similar unreinforced specimen

~

./



97

the increase'of the compressive strength. Higher efficiency was
shown in the case of grouted prisms compared to that achieved for
ungrouted specimens (an egficiency coefficient of 1.18 was
achieved for grouted prisas Qersus 1.08 for ungrouted specimens).
It seems that the confining plates helped to confgpe the lateral
deformations of the mortar and grout as is evidented from the

changé of the mode of fallure from splitting to shear failure.

The elimYnation of the tensile strains imposed on the blocks in’

the case of unreinférced specimens was the wmajuar féctor in
increasing the compression capacity. The hlgheilefficténcy shown
in the case of grouted prisms indicates that kihe con%ining,plates
not only helﬁed to confing‘the mortar joint, but also contributed
in confining the grout. \

Of passing interest is the correlation between the mode of
failure and.the compression capaci{} of ungrouted masonry prisms.
Those exhibiting a shear mode of failure {as In case of confining
plates) showed higher compression capacity whareas for those
exhibiting.a splftting failure (as in case of Dur-0O-Wal Steel), no
significant conkr;bution towards the increase in the capacity was
achieved.

Priestley and Brlgeman(uu) included confining steel plates
in the bottoa few mortar courses at toe end of brick aasonry walla
tested under slow cyclic lateral loading. The steel.plates helped
to confine the crushing zone and thus, eliminated the vertical

tension cracks in the brick. This behaviour is somewhat siamilar

Fo

4y -
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et

to that obtained in the current program with axially loaded prisms

rewnforced with confining plates.

e) Deformational Characteristics: The relationships for

stress to vertical strain and to lateral strain for tﬁe
compréssxon prisms are shown in rigs. 3.21 and 3.22, respectively.
It can be seen that the grouted prisms had less axial stiffness
and exhibited larger tension strains compared to the. ungrouted

prisms. This behaviour is especially noticeaple at high stress
4

levels. Since the loading conditions assures that uniform axial
strains are imposed on both tne outer shell and the grouted core,

it would usually be considered that the compression load would be

shared in proportion to their axial stiffnesses. Oompared to the

test resu;ts of the ungrouted prism, the prism with weak grout,
v/

GW, (o = 2040 psi) exnibited large later#l strains at lower

Y

stress levels. A large increase in the grout strength (ocg = 5500
psi), using strong grout, GS, resulted in a vertical stress-strain
oehgviour (oy - ay) approaching that of tne ungrouted prism.
Therefore, it might be assumed that Mhe axial strengtn of tne
outer shell 1s near to being developed and is the controlling
factor. However, "when ‘the corresponding lateral strains are
reviewed, Fig. 3.22,.a different Dbehaviour is very apparenh. At
stresses above approximately 40% of the strengtn of the ungrouted

- ]
prisms, the grouted prisms exhibited comparatively large lateral

<
strains. Although it was ‘u?ually difficult to differentiate

between tne failure modes for the ungrouted and grouted prisms

N

*

2
3
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(both exhibited a splitting mode of féilure), these lateral strain

measurements provide a key to understanding the failure mechanism.

As discussed before, the high inelastic deformations of the

gfouted cores when approaching their unconfined strength produced
high bilateral éensile stres§es in the outer shell as it tended to
confine the grout. These tensile stresses in combination with the
vertical compressive stresses cauéed a premature splitting failure
of the block under a compreséion-tension state of stress. _This
phenomenon will be a central concept in proposing a failure
criterion for grouted masonry under axial compression (see section
3.3.3.4). CT
Figures 3.23 and 3:2& show the different' stress-strain
relationships for deformations measured on the block compared‘to

those measured across the joint for ungrouted and grouted prisms

for typés S, and N morears, respectively. For ungrbuged.prisms,

¢

1

the vertical strains measured across the joint using a Y4 ‘inch
gauge length were greater than corresponding strains taken within
the height of the central block. However, for grouted prisms,

these strains were quite close. It would seem that the coﬁtinuity

provided by the grout reduces the significance of the’

characteristics of the mortar joint on the behaviour of grouted
masonry under axial cdmpqession. From a comparison of the results
for the two mortar types, it can be seen that the same trend is

evident, Fiéures 3.23-and°3.2h also indicate that for ungrouted

prisms, the difference for deformation across the joint compared

SFE L R

P
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3
to that on the block are higher for type N mortar than for type S1

N

mortar.

From the deformations measured across the joint and on the
ped

v blaogk presented in Fig. 3.23, the deformation with}n the nmortar
joint could be determined assuming that  the vsuperposition\ of

deformations is valid. Referring to the sketch shown in Fig.

3.23, the deformation within the joint, 4 , can be expressed as:

N

m’

-

AV -
= Ab-a" B2 ( ) voel (3.3)
1
where Ab a4 18 thesdeformation measured across the joint, 4 __ 18

"% |

the'deformaﬁroﬁ‘measured on the block, and 1 is the gauge fength

v < 2 - .
(4 inghes). The mortar compressive strain, em’ is

€ - m: b—a a-a l N et (3’“)

'The resulting stress-stﬁain curves for the S1 and N mortar joints
are shown in Figs. 3.25 and 3.26. It is interesting to Sbserve
‘that tne Qortar strain at failure exceeded its maximum ‘strain
under ﬁniaxial csmpression determined from tgsting mortar
cylinder;. (The strain at failure of mortar cylinders ranges from
0.002 to 0.003 ?n/in(2’31)). This is attribu&f@ to the faét that

. higher deformations could bé accommodated under a triaxial

compression- state of stress whiqh is the case for mortar joints in

.~

i P
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axailly loaded masonry assemblages. It is also shown that the
joint ;fiffness, at high stress 1levels, did not reduce
stubstantia;ly as is the case'unéer uniax1ai compression. Nearly
constant stiffness was exhibited from about 0.6 of the ultimate
stre§3/to failure. The confining stresées imposed‘on the mortar
jointé, as desecribed previousiy, help to increase' the mortar
stiffness.

From the mortar joint deformation, e {af calculated friom.
Eﬁhation (3.4)) ‘and the block deformation, g (ég3 determined

directly from strain measurements on blocks), the assemblage

straip, €40 can be calculated as,

e = .37 ) \ ... (3.5)

The resulting stress-strain relationshibs= for ungrouted masanry
prisms are shown, respectively, in Figs. 3.25 and 3.26 for types

S1 and N mortar.

Fig. 3.27 shows the variationNof the modulus of elasticity

cohpared to the compressive strength for ungrouted and grouted

prisms for types S1 and.N mortar. The modulus ofgglasticity is
based on the secant modulus at 50% of‘khe strength. . it is shown
that there is no 'direct correlation between tge modulus gf
elasticity and the compresszve gtrength as the .parameters
affecting these two characteristics are not the same. At failure,

the interactions of the blocks, mortar, and grout assoclated with

«
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[

. |
the high inelastic deformations create complex states of stress
which are dif?erent from those at early stages of loading. Ffor
example, the mortar shifts from upiaxial compression at low stress
levels (assuming that Poisson's ratio of tne block and the mortar

3

is the same) to triaxial compression at high stress levels
exceeding 1its wunconfined compressive strength. Wnile it 1is
possible to get a strong correlation between the sgreﬁgth and t?g

stiffness for isotropic homogeneous material, it is rather

difficult to achieve this correldtion for an anisotropic

nonhomogeneous jmaterial sucn as masonry, which has two or three

component erials of different deformation characteristics.

'
Fig. 3.27 shows' that the formula Ea = 1000 fm. currently

recommended by }the codes(12’27)

significantly oberestimates the
elastic modulus of ungroutedﬁ masonry constructed with type, N
mortar. (It was Shdwn previously that while the mortar type
significantly iﬁfluence the deformation characterisilcs, it was of
no prénounced 9ffect 05 phe compressive strength). For type S1

mortar the formula seems to overestimate the stiffness for

ungrouted masonry and for grouted masonry of hizh strength grout,

while it”underestimates the stiffness of grouted masonr{ havihg

low strengtn grout. As discussed before, the, weak groyt causes a‘.

premature splitting failure and a redﬁctiorl of the compressive
5 .

strength while, under low Stress levels where the applied stress

does not exceed its compressi?e strength, it has relatively less

effect in reducing the structure's stiffness. Fig. 3.27 also
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shows that the formulas Ea = 700 f; and Ea = 1300 f; give lower
and upper limits of the experimental results, respectively.

Fig. 3.28 shows the effect 'of confining plates on the
deformation characteristics of ungrouted and grouted prisms under
axial  compression. The stress-lateral strain relationships show
that confiﬁingfplates significantly reduced the lateral tension
strains imposed on the block due to the lateral restraint of thne
plates, especially at high stress levels, Its effect was moré

2
significant in the case of grouted prisms where the lateral
expansion of the grout causes higher tension to be*imposed on the
block. Because the' concrete block is a brittle material, it 1is
highly sensitive to the tension stresses and thereby less tension

‘

results 'in higher compression loading to cause failure. This

4.
s

indicates the the confining plates would ‘be more efficient in
increasing the compressive strength in the case of grouted
masonry. This explanation of deformational behaviour is consis-
tent with the compressive strength results presented in Table 3.3.
3.2.4.2 Group G2: This group comsrises three different series,
each concerned with one geometric parameter. The results of each
series will be discussed in the following three sections:

a) Series C2-1: CEffect of Bond Type: The test results for
this sérles and their corresponding control spezimens are listed
in Table 3.4, Comparison of the compressive strengths of the
prisms indicates that the}e is no significant effect of the bond

type on the’prism compressiaon capacity for ungrouted and grouted

~

-~
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TEST RESﬁLTS OF AXIALLY LOADED PRISMS HAVING DIFFERENT
BOND TYPES (Series C2-1)

Mortar
Strength

T
} )

|

' (psi)

!

TABLE 3.4

112

Grout

! Strength

(psi)

Prism Strength

Individual | Mean
(psi) (psi)

(%)

C.0.V.

Ungrouted

Grouted

. 2190

2210
2210
2250 2290
2360
2420

L2

2190

1879

1710
1590
1480 1570
1570
1480

0.69

Ungrouted

Grouted

2420

2500
2420
2360 2320
2040
2300

7.5

2420

Ungrouted

Grouted

e e —— i

1800

1570
1480
1630 | 1620
1680 |
1740

0.70

2300
2250
2300 j 2310
2260
2440

2500

1800

3.

3

1730 1640

-1

4,

4

0.7

_Note: 1 psi = 6.9x10°

3

MN/m

2

a - air cured 2-inch cube strength
b - Unconfined strength as calculated from block moulded prisms*‘
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specimens as the head joint did not influence either the failure

mode or the comsressive strength. Eh? re§ults also indicate

similar reductions in the compressive strenéths of .grouted masonry

¢

compared to those for ungrouted masonry as was obtained foé the
3-half block ﬁrisms of Series C1-1.

The mode of failure was splitting faiiuré which initiated

mainly i; the haprow sides 6f the prisms regérdless of the bonq

Qad sides. . The gr:outed prisms showed tens.:lle

type along the b

splitting of the outer shells as shown "in Fig. 3 29 where in many

cases it was.possible to .recover the grout core intact after

extensive splitting of the shell., Typical modes of failures of
the tested prisms are shown in Fig. 3:30 through Fig. 3.32.
Cohprary to the widely held view(21’51), in no case did splittiné
occurxalong the central vertical Joint. The lateral deformations
measured across the head joints, which ére shown in Figs. 3.33 and
3.34, were -unexpectly compre;sive at ?arly'stages of loading and
'only changed to tensile strain at much higheﬁ levels of app%ied
compresgsive stress. Compared to the lateral strains on the block,
it seems that no o&ers;?essing existeﬁ acorss the hegd " joint.
This is consistent wrﬁh‘ﬁhe mode of.failure showing no éplitting
along, the vertical joint. The compression. strains measured across
the joint at’ early stages of loadlng may be explalned by the
tendency of the lateral deformations of the blocks, unders vertical

compression, on both sides of the joints to confine the vertical

joint which is less stiff than the blocks.

(2N
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Results published by the Structural Clay Product

- (54)

Institute revealed no significant effect of the bond ‘type

(common or running bond and stack bond) on the compressive

strength of brick masonry prisms. This agrees with the results of

this investigation. However, Stafford-Smith and Carter(51), as a

result of finite element analyses of brick masonry assemblages

% <

- under axial compression, indibated that the peak(valués of the
horizontal tensile stresses were- associated with vertical joints,

and ‘concluded that the vertical joint would decrease the

*.cdmpression capacity. °~ They adopted a two dimensional finite

element analysis assuming elastic properties for the components.

l

However, in reality, both brick and mortar are not truly elastic.

This. is particularly so for mortar near the ultimate,

(31,42)

stress In fact, it is. principally the inelastic behaviour

of the &ortar B3 it approaches fadlure which governs the

compressive strength of masonryf3t).: Also, congidering that the

/ splitting failure of the assemblage, which was'}nitiated in the .

narrow side of the element under axial compression, could only be

predicted wusing a three .dimensional stress analysis,

Stafford-Smith's and Carter's conclusion concerning the failure
1

capacity, is questionable. .Their conclusion is not.applicable to
' . ~ ] ’A .

L. . : . ‘
grouted masonry since the lateral inelastic deformations gf the

-

’ grout‘ﬁgve d significant effect on the compression capacitd which

aggin cannot be predicted. usiﬁg:a two dimension elastic finite’

- element modél. Hegemier et al(21) tested 3- and 5-course grouted

:
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%
qohcrete block prisms under axial °coxﬁpression using stack and
ru@ping bond. i reduction of only d%‘dﬁe to the existénce of the
\\yé;tibal joints in tbe 3-course prisms indicabeg tge
insignificance of ghe‘ bond type. ﬁThis‘ agéin agrees with the
;esults of the current investigation. = However for tﬁe 5-course’
. prisms a reducti;n of ;6% was shown for running bond. The authSrs

-attributed the difference. between the strengths for the two bond:

typés to the nonalignment of the cross webs for running bond 'and
‘ |
- - | . .
stated that e