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ABSTRACT

The available literature on the in-plane behaviour of masonry was
categorized and reviewed under one of three research approaches; experimental
testing of masonry shear walls, microscopic modelling, and macroscopic
modelling. The significant differences found in the results obtained from different
research programs may leave a wrong impression about the potential of masonry
as a structural material. The literature review also pointed out the lack of
experimental data on the macro-behaviour of grouted concrete masonry,
particularly for reinforced assemblages. Acordingly, the reported investigation
provides explanations of behaviours which lead to an improved understanding of
the in-plane behaviour of grouted concrete masonry. The experimental part
provides a body of test data for North American conditions (practice and material)
to form the basis of a macro-behaviour model.

The experimental program in this investigation included two major parts;
biaxial tests and auxiliary tests. The biaxial tests involved a total of 36 full scale
unreinforced or reinforced panels tested under uniform states of biaxial tension-
compression. A biaxial test rig was specially devised to perform these tests. The
variables considered covered the bed joint orientation 8, the ratio between
principal su'esses*fJ,laz, and the percentages of reinforcement used parallel and

normal to the bed joints. The auxiliary tests comprised 33 prisms tested under

iit



uniaxial compression, 27 prisms tested under uniaxial tension, and 15 couplets
tested under direct shear. In addition, a large number of component material tests
were performed to determine the physical and mechanical properties of each
material used. These also served as control tests.

A macro-model was proposed to predict the in-plane behaviour of grouted
concrete masonry. In this model, the masonry assemblage was replaced by an
"equivalent material” which consisted of a homogenous medium intersected by
two sets of planes of weakness (along the head joint and bed joint planes) and two
sets of reinforcement. The macro-behaviour of the "equivalent material” was
determined by smearing the influence of these sets, which provided a means for
modelling the inherent part of the anisotropic characteristics of masonry
assemblages. On the other hand, the behaviour of the homogeneous medium was
described by an orthotropic model to account for the induced part of the
anisotropic characteristics. The reliability of the proposed model was conﬁrm'ed
using the experimental results from this investigation and others. The model was
also used to fill the gaps in the available test results and to provide a more

complete picture of the in-plane behaviour of grouted masonry.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Masonry, as one of the oldest forms of construction, has been built for
thousands of years. In spite of its long history, the development of masonry as
a modern structural material has lagged behind steel and concrete. This lack of
development may be attributed to the required high loadipg capacity for testing
and the lack of research facilities, in the past. Uncertainty about masonry
behaviour along with the traditionally thick walls detracted from masonry being
an economically viable structural material. Masonry was thought of mainly as
useful for cladding, minor buildings or architectural decoration. This attitude was
also supported by the poor earthquake performance of "unengineered" masonry
structures, (Mayes and Clough, 1975-b). However, the idea of employing
masonry walls as structural members and avoiding the need for other structural
materials has occupied the attention of civil engineers for a long time.

During the last few decades, concurrent with the improvement of the
quality control in the masonry industry, a large number of studies have explored
the potential of masonry as a structural material. The principal aim of these

studies was to provide enough information to formulate and evaluate masonry
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design codes. Even though this task is far from being completed, a better
understanding of the major features of masonry behaviour, accompanied by a
significant change in the design philosophy for masonry structures, has been
achieved. Engineered masonry design principles have been proposed to replace
the traditional "rule of thumb" design approach. A very good example is the
change in the design philosophy regarding the resistance of masonry due to lateral
loads from earthquake or wind.

Traditional masonry walls were planned to be stable on their own. The
critical requirement was to keep the line of thrust, under the effect of lateral and
axial loads, within the section. This in turn resulted in very thick walls as
portrayed in the 16-storey Monadnock Building; a brick loadbearing wall
structure built in Chicago during 1889-1891 having, at the base, walls of 6 ft
(1.83 m) thickness. In their book, Schneider and Dickey (1980) speculated that
if modern design techniques and construction methods had been available at that
time, the designers of the Monadnock might have;lsed instead masonry walls one
foot (300 mm) or less in thickness. Modern thin masonry walls are composite in
their action. To some extent, they evolved from traditional thick walls, but
largely they are a development of frame construction. The floors and roofs, acting
as rigid diaphragms, transfer lateral loads to the masonry walls, which in turn
provide the horizontal shear resistance needed. This kind of structure may be
defined as a box system or shear wall system. The design of modern thin

masonry walls involves providing enough strength and ductility to resist the in-



3

plane stresses induced by lateral and vertical, live and dead loads.

A large portion of the masonry research conducted to date has been
dedicated to study of the in-plane behaviour of masonry under different
combinations of shear and normal stresses. As a result, two load-resisting
mechanisms have been recognised; the flexural and the shear mechanisms. Even
though there is agreement on the general features of the behaviour of masonry
walls, some uncertainty remains because of the discrepancies between different
studies especially when the shear mechanism prevails. These discrepancies can
be attributed to the wide range of masonry materials, the different ranges of
variables covered in different studies, and the dependence on empirical formulae
rather than using rational design procedures. Added to these factors, masonry is
a material which exhibits distinct directional properties due to the influence of the
mortar joints acting as planes of weakness. Its behaviour cannot, therefore, be
defined simply in terms of principal stresses at any point. A third variable, the
bed joint orientation with respect to the principal stresses, must be considered.

This chapter contains a brief literature review of the available research
studies concerned with the in-plane behaviour of masonry. The literature review
is then followed by an outline of the objectives and scope of this dissertation.
1.2 IN-PLANE BEHAVIOUR OF MASONRY: LITERATURE REVIEW

The literature review of the in-plane behaviour of masonry would have
been lengthy and difficult without the available reviews provided by Mayes and

Clough (1975-aandb), Hegemier (1975), Schneider and Dickey (1980), and



Page et al. (1980). It is not meant, therefore, to cover every study conducted, but
rather to report the information directly related to this study and to point out the
areas of discrepancy between different research programs. The readers can refer
to the above mentioned reviews for more complete information.

Among the different research studies, three different approaches can be
distinguished as illustrated in Fig. 1.1. Perhaps the most direct approach is to
investigate experimentally the overall behaviour of full or model scale masonry
shear walls under different loading conditions using various masonry materials.
This approach could lead to empirical or semi-empirical formulae for design. On
the other extreme, the third approach is to formulate a separate theoretical model
for each masonry component. These models can then be combined together in a
micro-element model that depicts the overall behaviour of the masonry
assemblage. Between these two extremes lies the second approach which is to
study experimentally the behaviour of masonry at a macroscopic level under well
defined loading conditions. A macro-element model, incorporating the stress-
strain relationships and the failure criteria observed in the tests, can then be used
to predict the behaviour of masonry shear walls with different geometrical
configurations under different loading conditions. The results cbtained in previous

résearch studies are grouped and reviewed in the following sections according to

these three approaches.
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1.2.1 Experimental Investigations of Masonry Shear Wall Behaviour

The advent of the masonry shear wall systems was accompanied by a large
number of experimental investigations on full scale and model masonry walls.
Depending on the research facilities available, different test techniques have been
used. The forerunner of the early investigations on masonry walls was conducted
by Benjamin and Williams (1958). They performed their tests on one storey
unreinforced brick walls loaded as vertical cantilever beams by a concentrated
horizontal load at the top without any axial loads. Full scale and model brick
walls were tested\without bracing frames, and with reinforced concrete or steel
bracing frames. Benjamin and Williams concluded that the strengths of plain brick
masonry panels are very limited, unless they are properly confined by frames.
This conclusion can be attributed to the facts that the walls were tested without
any axial loads, on one hand, and the braced frames were designed to be stronger
in overturning than the walls in shear, on the other hand.

Another early series of tests was conducted at the University of Southern
California by Schneider (1956). In this series, Schneider tested reinforced
masonry panels under horizontal shear force. External hold down force was
applied on the specimens to resist the overturning moment. This arrangement
formed the basis for the racking test. The effect of this external concentrated load
on the internal stress distribution is a matter of speculation. Therefore, the results
obtained in this kind of test can only be used as a comparative behaviour index.

The external hold down force was replaced by an internal anchor in a second
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series of tests (Schneider 1959), in an attempt to obtain more realistic boundary
conditions. The parameters studied in this series covered the height-to-depth ratio,
the mortar mix proportions, and the effect of different sizes of opening. Schneider
reported that the mode of failure was essentially diagonal tension. In the case of
panels with large height-to-depth ratios, failure was initiated by yielding in the
boundary reinforcement. The results obtained pointed out the fallacy of assigning
a constant allowable shear stress, independent of the height-to-depth ratio.

A series of racking tests on reinforced concrete masonry panels was also
conducted in New Zealand by Scrivener (1966). Among other things, he indicated
that a higher shear failure load was achieved by having higher percentages of
reinforcement up to 0.3% of the gross area, Above this percentage, additional
reinforcing had little effect on the failure load. To predict the flexural capacity
of the panels, Scrivener assumed that all the vertical steel bars had yielded and
that the compressive force lay at the outside edge of the compression zone. As
a result of a second test series, Scrivener (1969) concluded that vertical and
horizontal reinforcement are equally effective in providing satisfactory crack
control and shear capacity.

In 1969, Schneider carried out another test program on reinforced concrete
masonry piers. He used a diagonal loading frame to load the specimens. A
definite increase was observed in the shear strength with a decrease in the height -
to-depth ratio. The presence of horizontal web reinforcement was reported to have

improved the shear capacity of the pier. This effect was found to become more
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pronounced as the height-to-depth ratio decreased. Conversely, the presence of
the vertical shear reinforcement did not significantly increase the shear capacity
of the pier. Comparing the obtained load-deflection curves, Schneider concluded
that the vertical reinforcement does not impart as much stiffness to a pier as the
horizontal shear reinforcement. Based on the test results, Schneider developed
empirical relationships for determining the shear strength in terms of the height-
to-depth ratio. He proposed two relationships; one for reinforced and the other
for unreinforced piers. In these relationships, Schneider did not consider the
effects of applied compressive load and the flexural capacity of vertical
reinforcement. It is important to keep in mind that the proposed relationships are
only applicable to materials and loading conditions similar to those used in the
investigation.

In Scotland, Sinha and Hendry (1969) performed tests on a 1/6-scale
model for a storey height brick wall structure, The test model consisted of three
panels with a floor above, stiffened by cross walls and having door openings. The
failure obseﬁed was predominantly due to a breakdown of the bond along the
brick-mortar interface, which led to stepped diagonal cracks through a
combination of bed and head joints, although the cracks occasionally propagated
through the masonry units. Sinha and Hendry proposed three formulae for
predicting shear strength o}' brickwork, Two of these formulae were based on the
Coulomb-Mohr friction failure hypothesis to predict the failure along the mortar-

brick interface. The third formula was based on the maximum tensile stress
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failure criterion to estimate the diagonal tension cracking through both bricks and
mortar.

Near the beginning of the 1970’s, the availability of research facilitics
allowed for studying the seismic behaviour of masonry shear walls. At nearly the
same time, both Williams (1971), in New Zealand, and Meli (1972), in Mexico,
performed tests under pseudo-static cyclic loads to investigate the inelastic
behaviour of masonry shear walls. The results obtained by Williams revealed
flexural and shear failure mechanisms. The former was characterized by yiclding
of reinforcement after which the load remained steady until failure was brought
about by crushing at the toe of the wall. On the other hand, the shear fatlure
mechanism was initiated by diagonal cracking resulting in a sharp drop in strength
and stiffness. Failure in this case was sudden and extensive, mainly due to the
disintegration of the masonry at the toe of the wall. These observations correlated
with those of Meli. To avoid the brittle shear failure, Williams recommended
limiting the amount of flexural reinforcement so that the flexural capacity of a
masonry shear wall does not exceed its shear capacity. William was also the first
to compare the effects of dynamic and pseudo-static, cyclic loads on the
behaviour of masonry walls (Mayes and Clough 1975-b). Out of the four brick
.walls subjected to dynamic loading, three walls suffered shear failure with
substantial load degradation similar to that observed under the effect of the
pseudo-static loading. The fourth wall exhibited flexural failure but, in contrast

to the satisfactory ductile behaviour noticed under pseudo-static loading, severe



10

losses in the load carrying capacity and ductility were observed. This behaviour
led Williams, at that time, to conclude that, until the structural deterioration
revealed in the dynamic lests is prevented, the working stress design approach
must be retained for seismic design of reinforced masonry.

Priestley and Bridgeman (1974) performed a series of tests on masonry
shear walls under pseudo-static cyclic loading. Contrary to the conclusions drawn
by Schneider and by Scrivener, they indicated that shear reinforcement greater
than 0.3%, of the gross section, is effective in improving the ultimate shear
capacity of masonry provided that sufficient shear reinforcement is used to resist
the loads associated with the ultimate flexural capacity. They also demonstrated
that horizontal reinforcement is approximately three times as efficient as vertical
reinforcement in carrying shear force. This ratio was suggested considering a
diagonal tension failure at 45°, which could change with an increase of the axial
loads or a change in the wall configuration. A significant improvement in ductility
was reported where 1/8 in. (3 mm) plates were introduced into the mortar joints
in the vicinity of the toe of the wall. The presence of these plates confined the
compression zone and inhibited the tensile s"ﬁ:‘litting associated with the
compression failure. This behaviour was also reported by Hamid (1978) and
Priestley and Elder (1983) in their tests on three and five course prisms,
respectively. Priestley and Bridgeman showed that the flexural capacity of
masonry walls can be predicted quite accurately by using the simple bending

theory originally developed for reinforced concrete beams.
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The disadvantages of adopting elastic theory for designing masonary shear
walls was discussed by Priestley (1986-a and b). He presented a capacity design
approach that involves ultimate strength design for flexure, detailed assessment
of ductility capacity, and protection against shear failure. This proposal was the
basis for the design code in New Zealand. Later the strength design approach was
introduced in the Unified Building Code (UBC 1991) in the U.S.A. as an
alternative for designing reinforced masonry shear walls. The current Canadian
Code (CAN3-5304-M84) is being modified to include a limit states design
approach. The approaches that involve designing at the ultimate stage have the
advantage of providing an explicit consideration to the inelastic behaviour of the
structural components so that undesirable failure mechanisms, such as brittle
shear failure, can be avoided. This, consequently, leads to a more consistent level
of safety for the different components in a structure.

An extensive research program was conducted at the University of
California, Berkeley, during the past two decades. Cyclic loading tests were
initially conducted on double pier specimens, (Mayes et al. 1976-a and b), chosen
to simulate a lower storey in a masonry shear wall perforated by windows. This
was followed by a large series of tests on single piers (Hidalgo et al. 1978 and
1979, Chen et al. 1978, and Sveinsson et al. 1981 and 1985} to establish which
parameters effectively improve the inelastic behaviour of piers failing in shear.
The tests covered the effects of the height-to-depth ratio, the type of construction

and grouting, the amount of horizontal and vertical reinforcement, and the level
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of axial compression. In addition to the flexural and diagonal tension modes of
failure, a sliding mode of failure was reported for piers with high percentages of
horizontal reinforcement and with a height-to-depth ratio of 0.5. It was also found
that some of the piers, with a height-to-depth ratio of 0.5, exhibited compression
failure in the diagonal struts formed between the diagonal cracks. This mode of
failure will be referred to in this thesis as "diagonal compression failure". A
comparison was made between the load associated with formation of the first
diagona! tension crack and the ultimate capacity of panels tested under diagonal
compression load. The correlation was described as a "reasonable correlation”.
Although a positive correlation was observed between the increase in
horizontal reinforcement and the improvement in inelastic behaviour, it was
reported that only some of the piers showed this improvement and that it was not
consistent. Sveinsson et al. (1985) stated “improved ductility appears to be
accomplished by distributing the horizontal reinforcing bars more uniformly over
the pier" and "improvement can be expected for horizontal reinforcement ratios
up to three to five times the minimum ratio specified in the 1985 UBC (0.07%)".
Sveinsson et al. also added "horizontal reinforcement ratios beyond that are not
expected to improve the ultimate strength of the masonry piers significantly”. The
importance of the anchorage of horizontal reinforcement was also emphasised.
The effect of the horizontal reinforcement on strength and ductility of
masonry walls, at shear failure, was also investigated by Tomazevic and Zarnic

(1985) in Yugoslavia. They carried out cyclic lateral load tests on 1/3-scale model
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masonry walls, having different mortar strengths and different percentages of
horizontal reinforcement. They concluded that the horizontal reinforcement
significantly improved the wall ductility, but had no effect on the shear resistance.
It was observed that an amount of reinforcement equivalent to the lateral shear
resistance of an unreinforced wall is sufficient for improving ductility. Larger
amounts of reinforcement were found not to be fully effective because of, as
indicated by Tomazevic and Zarnic, the inadequate bond and anchorage
conditions in the case of shear faiture. It is‘-important to keep in mind that these
tests were performed in the absence of any vertical reinforcement.

A study similar to the foregoing research was conducted in Japan by
Matsumura (1987 and 1990) on full scale masonry shear walls. The lests were
performed on fully grouted concrete and brick masonry walls, reinforced both
vertically and horizontally and designed to fail in shear. Matsumura reported a
proportional but low increase in the ultimate shear strength with increased
horizontal reinforcement. In an attempt to explain this relatively small effect of
shear reinforcement, Matsumura provided a schematic iliustration based on the
truss analogy in which the reinforcement functions as the tension member while
masonry acts as diagonal compression members. He suggested that the increase
in the shear reinforcement was accompanied by a reduction in the ultimate
contribution of masonry which eventually led to the small improvement observed
in the total shear capacity of the wall. He also proposed semi-empirical formulae

to predict both ultimate and cracking shear strengths. The ultimate shear strength
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formula included axial load and horizontal reinforcement terms along with a
masonry term modified by the aspect ratio and the amount of vertical
reinforcement. Matsumura stressed the undesirable effect of inadequate grouting,
to which the inconsistent effectiveness of the shear reinforcement in one of the
test series was attributed.

As a part of the U.S. Coordinated Program for Masonry Building
Research, Shing et al. (1989 and 1990) tested twenty two single storey masonry
walls. It was found that shear failure often leads to undesirable brittle failure.
Similar to Sveinsson et al. (1985) and Tomazevic and Zarnic (1985), Shing et
al. indicated that increasing the amount of horizontal reinforcernent significantly
improved the post cracking ductility, but had an inconsistent inﬂueﬁce on the
shear strength. Applying simple flexural theory. based on the assumption that
plane sections remain plane after bending, Shing et al. were able to predict the
flexural strengths of the walls with good accuracy. On the other hand, they
concluded that the UBC (1988) specifications for shear strength did not lead to
a consistent level of safety. In the 1988 _vg;sion of the UBC as well as the recent
version (UBC, 1991), a semi-empirical formula is adopted for calculating the
nominal shear strength of reinforced masonry shear walls as the summation of the
residual strength after diagonal cracking and the resistance of horizontal
reinforcement. In this formula, the effect of the axial stress and the resistance of
flexural reinforcement were neglected. The code specifications were found also

to overestimate the contribution of horizontal reinforcement. A semi-empirical

N
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formula, taking into account the influence of axial stress and flexural
reinforcement, was proposed by Shing et al..

Anderson and Priestley (1992) discussed the formulae proposed by
Matsumura and Shing et al. They provided an alternative formula which is simply
the summation of the contributions of masonry, vertical reinforcement, horizontal
reinforcement and axial stress. The parameters of this formula were evaluated
using test results of masonry shear walls that failed in shear. It was found that the
contribution of horizontal reinforcement is only half that normally used for
designing reinforced concrete members, whereas the vertical reinforcement has
no influence on the shear strength. Anderson and Priestley related these findings
to the possibility that the rate at which the presence of reinforcement increases the
shear capacity is less than the rate at which the masonry loses strength after the
formation of diagonal cracks.

1.2.2 Macro-Modelling of Masonry under In-Plane Stresses

Several attempts have been made to study the in-plane behaviour of
masonry assemblage. Johnson and Thompson (1967) carried out diametral tests
on brick masonry discs to produce indirect splitting tensile stress. The discs were
tested with mortar joints inclined at various angles to the vertical compressive
load. 'I_fhis test approach was later the object of a theoretical analysis by Stafford-
Smith et al. (1970). They stated that, in the stress analysis of non-homogenedus
material such as brickwork, an analysis based on the assumption of homogeneous

. material may lead to substantial underestimates of maximum stresses. Similar tests
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on grouted and ungrouted concrete masonry were performed by Drysdale et al.
(1979). Blume and Proulx (1968) conducted diagonal compression tests on square
panels in an attempt to simulate the stress induced in a masonry pier between two
windows. The same technique, but in the existence of axial compressive load,
was used by Borchelt (1970). Yokel and Fattal (1976) proposed failure hypotheses
to predict the capacities of Borchelt’s panels. In this analysis, they considered
masonry as an elastic isotropic material.

The results of the above tests showed clearly the dependence of the
behaviour of masonry on the orientation of the mortar joints. However, the
nonuniform stress distributions induced in the specimens limited their reliability
in representing the actual behaviour of masonry. They can only be used for
COmparison purposes.

Researchers began to realize that there was a need for tests that produce
uniform stress distribution in the specimens. Hegemier et al. (1978-a) studied
masonry behaviour under biaxial states of stress. Uniaxial tension and biaxial
tension-compression tests were performed on grouted concrete block panels with
different bed joint orientations. In the biaxial tests, the normal stress parallel to
the bed joints, o,, was kept equal to zero. The test results showed a slight
change in the tensile strength due to the bed joint orientation. A failure
surface very similar to that of concrete was proposed. The authors stated that the
material used " by accident " led to an essentially isotropic material, but that the

isotropy " can be destroyed by a non-judicious selection of block and grout
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strengths". Because no tests on panels with different bed joint orientations were
performed under uniaxial compression, no information was available on potential
anisotropic characteristics of masonry under uniaxial compression.

Hamid and Drysdale (1980) conducted uniaxial compression tests on both
ungrouted and grouted off-axis prisms. The prisms were cut at different bed joint
orientations. The test results indicated the dependence of both strength and
deformation characteristics on the bed joint orientation. However, the continuity
provided by the grout cores helped to decrease the anisotropic characteristics.
They pointed out that the failure theories for isotropic materials are not applicable
to masonry. Instead of one failure criterion, Hamid and Drysdale (1981) proposed
a set of sub-criteria to account for the different possible modes of failure.

A comprehensive experimental program was conducted by Page (1981
and 1983) to define the failure envelope of brick masonry. A total of 180 half
scale panels were tested under both biaxial compression-compression and
compression-tension states of stresses with different bed joint orientations. It was
found that the bed joint orientation affected the failure pattern only when one of
the principal stresses dominated. Under the effect of biaxial tension-compression
states of stress, the panels exhibited failure along the mortar joints. In this case,
the bed joint orientation had a significant effect on the mode of failure. Similar
behaviours were observed under biaxial compression-compression states of stress
when one of the principal stresses was significantly larger than the other. As the

principal compressive stresses get closer to being equal (i.e. ofoy=-1/-1), the
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panels typically failed by splitting along longitudinal planes parallel to the plane

of the panels, regardless of the bed joint orientation. Page (1980) used a micro-
model finite element model to define the failure criterion of the same assemblage
under biaxial tension-tension states of stress.

Using the results obtained by Page, Dhanasekar et al, (1985-a) developed
a complete failure surface for the masonry assemblage tested. They represented
this failure surface in terms of the normal stresses and the shear stress along the
mortar joints. The failure surface consisted of three distinct regions each
represented by an elliptic cone. However, the three cones did not correspond with
distinct modes of failure, but rather fitted the experimental results, Dhanasekar
et al. (1982) performed a regression analysis on the test results to define the
elastic properties of the assemblage which were found, on average, to be nearly
isotropic. In contrast, the nonlinear behaviour under biaxial compression-
compression was best modelled by power laws in terms of strains and stresses
along the mortar joints (Dhanasekar et al., 1985-b). The panels tested under
biaxial tension-compression were reported to exhibit only slightly nonlinear
behaviour which can be neglected.

Another series of tests was performed by Samarasinghe et al. (1932) to
study the failure characteristics of brick masonry under biaxial tension-
compression states of stress. In these tests, they used panels built of one-sixth
scale clay bricks and 1:0.25:3 mortar (cement:lime:sand). An idealized failure

surface, expressed in terms of principal stresses and bed joint orientation, was
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derived from the resuits.

It is important, at this point, to distinguish between two categories of the
available macro-failure criteria. The first category includes the phenomenological
failure criteria that strictly fit the experimental results. This kind of criteria
suffers the same disadvantage of any empirical formulae by being useful only for
the conditions used in the tests. The second category covers the failure criteria
based on physical interpretations of the masonry behaviour. The failure surface
can be defined, in this case, in a closed analytical form or in the form of a
numerical model. Use of numerical models has the advantage of predicting the
deformation as well as the strength of the masonry assemblage. A physical failure
criteria could yield more generalized information which could be used for
different masonry assemblages depending on how realistically the effects of the
different parameters involved were considered.

Ganz and Thiirlimann (1983) suggested a failure surface that can be
classified as a physical failure criteria. They presented the failure surface in terms
of the stress components along the mortar joints. Four separate failure criteria,
each corresponding to a distinet failure mode, were used to define the failure
surface. Two of these criteria were defined by the maximum principal
compressive stress limit and the no tension limit. The remaining two were defined
by the Mohr-Coulomb sliding failure on the bed joint and the splitting failure of
the perforated bricks. It is worth noting that the first two criteria were

independent of the bed joint orientation, whereas the last two criteria were
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functions in the bed joint orientation, Ganz and Thiirlimann (1985) used the lower
bound theorem along with this failure surface to predict the shear strength of
masonry shear walls. They modelled masonry as rigid perfect plastic material.
The proposed failure surface was modified later by Ganz (1989) to allow for
masonry tensile strength and the stepped mode of failure. The final version of the
failure surface showed good agreement with the results obtained by Page (1981
and 1983) and by Samarasinghe et al. (1982). Essawy (1986), used a similar
technique and defined three distinct failure criteria for ungrouted concrete block
masonry under shear and tensile stresses along the mortar joints. The failure
criteria were derived to address the individual failures along bed joints or head
joints and the stepped failure through both of them. Masonry, in this analysis,
was assumed to behave elastically up to failure.

Mann and Miiller (1982) proposed three failure criteria to predict the shear
strength of masonry. The failure criteria were based on the assumption that no
shear stress can be transferred in the head joints. This in turn alters the normal
stress distribution along the bed joint and doubles the shear stresses acting on the
masonry unit along the head joint plane. The failure criteria, expressed in terms
of normal stress and shear stress acting on the bed joint planes, were shear failure
of the bed joint, tension failure in the masonry unit, and compression failure of
the masonry assemblage. The effect of the normal stress parallel to the bed joint
was neglected in the proposed criteria which, consequently, represents a cross-

section in the total failure surface of the masonry assemblage.
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A numerical model was proposed by Gerrard and Macindoe (1985) to
predict the tensile strength of brickwork. It was based on a multi-laminate model
developed by Zienkiewicz and Pande (1977) to study the behaviour of a jointed
rock mass. Masonry was considered, in this model, as an elastic continuum
intersected by planes of weakness with behaviour described as an elastic
viscoplastic material with a Mohr-Coulomb failure envelope. Although the model
successfully predicted the effect of the bed joint orientation on the modes of
failure, Gerrard and Macindoe reported some divergence between their
predictions and the experimental results obtained by Page. They attributed these
discrepancies to insufficient information about the properties of the different
components of the masonry assemblage. It should also be kept in mind that the
masonry was idealized as an elastic continuum.

Antonucci et al. (1992) used the ﬁnité element method to model masonry
shear walls. To get the advantages of both micro and macro-mocrigls; they derived
the macro-element stiffne&s matrix by using a static condensation method applied
to the stiffness matrices of a set of sub-elements representing the different
constituents of the masonry assemblage. This technique has definite advantages
over the micro-modelling for linear elastic analysis where many elements have the
same geometric and material properties. However, these advantages diminish in
the nonlinear analysis because of the different responses of each sub-element

within the macro-elements.

Pietruszczak and Niu (1992) presented a numerical model in which
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masonry was regarded as a two-phase composite. The masonry assemblage was
idealized as the superposition of two parts; namely the brick matrix with a family
of head joints treated as aligned uniformly disperses weak inclusions and the bed
joints running continuously through the assemblage and forming the weakest link
in the microstructure. The bed joints were modelled as an elastoplastic strain
hardening material, whereas the brick matrix was treated as an elastic-brittle
material. Assuming perfect bond between the masonry constituents, kinematic and
static constraints were used to reiate the stresses and strains in each of the two
parts to the average values for the assemblage. While the model provides a
rational basis for modelling masonry, the idealization of the brick matrix part as
elastic material did not allow for predicting the inelastic deformation associated
with the compression mode of failure which was noticed under biaxial
compression by Dhanasekar et al. (1985-b). The results predicted by the model
also did not exhibit any failure along the head joint planes with the variation of
the bed joint orientation under the effect of uniaxial compression or tension. This
could be attributed to the failure criteria adopted for the brick matrix part.
Maksoud and Drysdale (1992) used kinematic and static constraints similar
to the ones used by Pietruszczak and Niu (1992), but in the context of a macro-
finite element model. The nonlinear characteristics of the masonry assemblage
were determined from those of the mortar and the masonry unit using weighting
numbers. In this model, both the mortar and the masonry units were idealized as

elastoplastic strain hardening materials. The model was used to predict the
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behaviour of four-course prisms of concrete block masonry under uniaxial
compression. Good agreement was reported.

In addition to the above models and failure surfaces, a significant number
of studies neglected the anisotropic characteristics of masonry (Bernardini et al.
1985, Motta and D’Amore 1985, Qamarunddin et al. 1989-a and b, Ewing et al.
1989, Seible et al. 1990 and Jamal et al. 1992).

1.2.3 Micro-Modelling of Masonry under In-Plane Stresses

A large number of experimental investigations have been conducted on the
different constituent materials of the masonry assemblages. These investigations
involved specimens of different sizes and shapes tested under compressive stress
(Hamid 1978, Essawy 1986, Khalaf 1988, Guo and Drysdale 1989, Chahine
1989, and Sakr and Neis 1989), tensile stress (Pearson 1963, Self 1975, Hamid
1978, Gazzola et al. 1985, and Guo 1991), combined shear and normal stresses
(Benjamin and Williams 1958, Haller 1969, Pieper and Trautsch 1970, Hamid
1978, Hegemier 1978-b, Hodgkinson and West 1982, Ali et al. 1986, Guo 1991
and Pluijm 1992), and triaxial states of stress (Khoo and Hendry 1972 and Guo
1991). The results obtained in some of these investigations were implemented in
several micro-level analyses to study the distribution of stresses within masonry
assemblages, the interactions among the different constituent materials, and their
effects on the macro-behaviour. Some of these analyses were based on the linear
elastic behaviour (Staftord-Smith et al. 1970 and 1971, Hamid 1978, Atkinson et

al. 1987, Shrive 1982 and Simbeya et al. 1986), whereas others were extended
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to cover the nonlinear behaviour (Arya and Hegemier 1978, Ali et al. 1986, Page
1978 and 1980 and Guo 1991).

A micro-level analysis provides a chance to consider the detailed
mechanical and geometric characteristics of the different constituent materials in
the masonry assemblage. This allows study of the influence of the different
parameters on the macro-behaviour of the masonry assemblage. There are,
however, serious limitations on this kind of analysis. First, the geometric
characteristics of the masonry unit and the mortar joints can lead to ill-
conditioning or instability of the numerical solution (Pietruszczak and Niu, 1992).
Second, very sophisticated and detailed informiation about the characteristics of
each material in the masonry assemblage is required. Third, the micro-level
analysis becomes impractical for multi-storey masonry shear walls.

l..2.4- Closing Remarks

The two failure mechanisms identified for masonry shear walls are flexural
and shear failure. The former is characterised by yielding of flexural
reinforcement or/and crushing of masonry at the wall toe. This mechanism can
be reasonably predicted using simple bending theory, such as commonly used for
reinforced concrete beams, if the masonry characteristics for bending normal to
the bed joints are defined. The situation is more complicateG when the shear
mechanism governs the behaviour. It involves' diagonal tension, diagonal
compression and stiding modes of failure. These modes of failure take place over

relatively large zones, in which the mortar joints act as planes of weakness.
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Depending on the mortar joint orientation, with respect to the principal stresses,
masonry exhibits distinct directional properties altering the shear behaviour.
Added to all of these difficulties, is the controversial issue of the effectiveness of
horizontal and vertical reinforcement in resisting shear stresses after the formation
of diagonal cracks. As a result, most design codes have adopted empirical or
semi-empirical formulae to evaluate the shear strength of masonry shear walls.
A comparison between the design procedures used to predict the flexural
and shear strengths of masonry shear walls may explain the uncertainty associated
with the shear behaviour. The flexural design procedure is based on rational
flexural theory which satisfies both equilibrium and deformation compatibility
requirements. This kind of analysis provides the designers with an idea about the
contribution of the different components in a section (such as masonry and
flexural reinforcement). The flexural capacity of a section can then be predicted
regardless of the reinforcement position in the section or of the strengths of the
materials used. On the other hand, the shear design procedure is a collection of
empirical or semi-empirical formulae that have been formulated to lead to a
conservative design. The empirical formulae usually fall short of explaining the
influence of the different parameters and their interactiéns. For the design of
walls outside the range of tests, this lack of understanding could lead to the
undesirable situation of inconsistent factors of safety. The use of empirical
formulae should be limited to those conditions used in the derivations.

The anisotropic characteristic of masonry due to the mortar joints has been
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recognised for a long time. The behaviour of masonry cannot be defined only in

terms of the principal stresses, but requires a third parameter; the bed joint

orientation with respect to the principal stresses. Studies, conducted neglecting the

anisotropic characteristics of masonry, cannot be expected to contribute to the

fundamental understanding of masonry.

1.3 OBJECTIVES AND SCOPE

In the light of the discussion and the literature review presented in the

previous sections, the investigation reported herein was initiated to achieve the

following objectives:

1.

2.

To explore the macro-behaviour of unreinforced grouted concrete
masonry under in-plane stresses. It was decided to investigate the
macro-behaviour experimentally under uniform well defined biaxial states
of stress with different bed joint orientations. This provides an
opportunity to assess the degree of anisotropy in terms of modes of
failure, strength characteristics, and deformation characteristics.

To explore the macro-behaviour of reinforced grouted concrete
masonry under in-plane stresses. The experimental investigation of
reinforced masonry was intended to cover the effects of the percentages
of reinforcement normal and parallel to the bed joints in addition to those
aspects covered for unreinforced masonry.: :i‘hese tests were expected to

permit the study of the macro-behaviour of cracked masonry.

“Todcvelop and verify a macro-behaviour model. There is a need for
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a model that can be described as reasonably simple, yet accurate and able
to simulate the full range in-plane behaviour of both unreinforced and
reinforced grouted concrete masonry. It was intended that this model be
used to predict and explain the effects of various parameters associated
with the shear failure mechanism, such as the effectiveness of the
reinforcement and the influence of axial stress.

The scope of the research reported in this dissertation was limited to
grouted concrete masonry assemblages. It represents a reasonable choice of
materials for North American construction practices. The assemblages studied can
be used to predict the behaviour at critical sections of masonry shear walls which
resist severe stress combinations introduced by lateral and axial loads. The
fulfilment of the objectives stated above should help form the foundation on which
a rational design approach can be formulated to predict the shear response of
masonry assemblages.

The experimental part of this investigation is presented in Chapters 2, 3,
and 4. In Chapter 2, the two parts of the experimental test program; namely the
biaxial tests and the auxiliary tests, are described together with construction of the

biaxial test rig. Chapter 3 deals with experimental results obtained in the auxiliary
tests. Finally, the experimental results of unreinforced and reinforced grouted

concrete masonry tests are reported and discussed in Chapter 4.
The theoretical study is reported in Chapters 3, 6, and 7, In Chapter 5,

the macro-behaviour model, developed in this investigation, is described. In
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Chapter 6, the experimental resuits are used to define the required stress-stain
characteristics of grouted concrete masonry and to check the validity of the
assumptions made in the macro-behaviour model. The reported test resuits and
some results from other investigations are used in Chapter 7 to confirm the
reliability of the proposed model. Some observations are made regarding the
shear response of grouted concrete masonry.

Chapter 8 contains a summary of the investigation and presents the final
conclusions drawn from this study. It also includes recommended areas for further

research related to this study.



CHAPTER 2

DESCRIPTION OF THE EXPERIMENTAL TEST PROGRAM

2.1 INTRODUCTION
The experimental test program was designed to investigate the behaviour
of grouted concrete masonry and to provide sufficient information to form the

basis of a macro-behaviour model. The required information involved the

following areas:
1. The failure criteria of unreinforced masonry.
2. The average stress-average strain relationships of uncracked masonry.
3. The average stress-average strain relationships of cracked masonry
extracted from the tests of reinforced masonry.
4. The contributions of horizontal reinforcement, vertical reinforcement
and the masonry itself to the response of reinforced masonry.

The experimental test program can be divided into two major parts. The
first part consists of two series of unreinforced and reinforced full scale panels
tested under states of biaxial tension-compression. A biaxial test rig was specially
devised to perform these tests. The second part includes a large number of
auxiliary specimens that were tested under different stress conditions. The

auxiliary specimens were tested for comparison with the biaxial tests and to serve

29
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as control specimens to define the material characteristics of the masonry
assemblages and their constituents (blocks, mortar, grout and steel bars).

In accordance with the outline of the experimental test program, this
chapter consists of two main sections after this introduction. Section 2.2 deals
with the biaxial tests. It includes the rationale of the test technique and
descriptions of the panels, the biaxial test rig, the instrumentation and the test
procedures. Finally, Sec. 2.3 covers the specimen configurations, the
instrumentation and the test procedures implemented in the different auxiliary
tests.

2.2 BIAXIAL TESTS
2.2.1 Rationale of the Test Technique

Although it is relatively easy to perform tests on single-storey masonry
shear walls, it is quite difficult to analyze their results. These specimens are
subjected to nonuniform stresses due to the loading and support conditions.
Calculation of the stresses at any point based on the assumption of elastic
isotropic material is inconsistent with the presence of mortar joints and the
propagation of cracks. Because of nonuniform stress conditions, it is difficult to
relate calculated stresses to the applied loads and measured strains. Consequently,
direct use of the results obtained in these tests is limited to situations with similar
materials and boundary conditions. They cannot be used in formulating a macro-

behaviour model.

To fulfil the objectives of this part of the experimental test program, there
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was a need to produce homogeneous and well defined stress distributions in the
specimens. A decision was made to test square full scale panels under uniform
loads applied in two orthogonal directions. If there are no constraints to
deformation along the loaded boundaries, the panel is statically determinate and
the induced stresses within it can be determined simply by equilibrium with the
applied uniform loads. Having the average strains measured in three (or more)
directions, the average stress-average strain relationships can be defined through
the different loading stages. In this situation, interpretation of data does not
necessitate the assumptions of isotropic or linear elastic behaviour. As indicated
in Chapter 1, this technique was used to study the macro-behaviour of plain
concrete (Kupfer et al. 1969), brickwork masonry (Samarasinghe and Hendry
1982 and Page 1980/81/83), grouted concrete masonry (Fegemier et al. 1978-a)
and recently cracked reinforced concrete (Vecchio and Collins 1982, Kirschner
and Collins 1986, Bhide and Collins 1987).

A macro-element (A), in a masonry shear wall, under an arbitrary state
of stress is shown in Fig. 2.1. It is subjected to normal stresses parallel and
normal to the bed joint plane (o, and g,) and shear stress (). Owing to the
complexity of applying direct shear forces, a solution was to test the panels in the
principal stress orientation under normal stresses (¢, and g,) as shown by the
equivalent macro-element (B) in Fig. 2.1. In this manner, the shear stresses along
the mortar joint planes were induced by rotating the bed joints with respect to the

direction of the principal tensile stress o,. The angle 8, measured between the bed
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joint plane and the principal tensile stress ¢, , is referred to in this study as the
bed joint orientation. Five angles of =0, 22.5, 45, 67.5 and 90° were chosen to

cover a wide range of normal and shear stress combinations along the mortar

joints.
Normal
reinforcement
U, == — p—
? T
—T1=4 Parallel .
-—— ]| —— reinforcement =— [
- — = -~
f— S—- i

bttt S S

Macro—element "A" Macro—element "B"

(b) Stress conditions of macro-element "A" and its equivalent
macro—element "B".

Fig. 2.1 A macro-element in a masonry shear wall.

To detect the inherent anisotropic characteristics, a large number of tests
would be required for a complete mapping of the complete failure surface.

However, the situation was alleviated by the following points:

1. A large part of a regular masonry shear wall is subjected to the effect of
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biaxial tension-compression states of stress. For example a state of pure shear
stress along the mortar joints, 7,,, is equivalent to a state of equal and opposite
principal stresses with §=45°. The existence of normal stress o, along with 7,
which represents the situation in most shear walls, is equivalent to biaxial tension-
compression states of stress. These states of stress change in narrow zones, in the
vicinity of the loading and support points, to biaxial compression-compression.
2. The anisotropic characteristics of masonry are more apparent under the
biaxial tension-compression states of stress. In the extensive test program
conducted by Page (1981 and 1983) on brick masonry, failures were observed to
occur along the mortar joints under the effect of biaxial tension-compression
states of stress, which resulted in different failure stresses depending on the bed
joint orientation #. Conversely, the effect of the bed joint orientation vanished
under the states of biaxial compression-compression when the principal stresses
were closer to being equal. Under these states of stress, a splitting mode of
failure was reported to occur along longitudinal planes parallel to the plane of the
panel, regardless of the bed joint orientation. This behaviour was similar to the
behaviour observed by Kupfer et al. (1969) in their tests on plain concrete under
biaxial compression-compression. The anisotropic characteristics of brick masonry
appeared under biaxial compression-compression only when one of the principal
stresses was significantly larger than the other, which represented a natural
continuation of the anisotropic behaviour observed under biaxial tension-

compression.
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3. Compared to the response of ungrouted masonry assemblages, the
continuity provided by the grout cores of the grouted assemblages, under
consideration in this study, was expected to help in decreasing the inherent
anisotropic characteristics. This argument is consistent with the conclusion made
by Hamid and Drysdale (1980) as a result of uniaxial compression tests on both
ungrouted and grouted off-axis prisms.

In the light of the above points along with the main objective of this study
which was to investigate the shear response of grouted concrete masonry, all the
panels were tested under biaxial tension-compression states of stress.

2.2.2 Description of the Biaxial Panels

The panel dimensions, used in this part of the test program, were chosen
to exhibit the macro-behaviour of grouted concrete masonry by including several
blocks, grout cores, mortar joints and steel bars. Due to loading capacity
limitations, the panel dimensions were set at 1200 mm square by 190 mm thick.
The panels tested can be divided into two major series; UNP and RP. The
unreinforced series, UNP, consisted of sixteen panels designated UNP1 to UNP16
and tested under the conditions described in Table 2.1. Panels UNP1 to UNPS
were tested to study the effect of the bed joint orientation under the effect of
uniaxial compression. Similarly, panels UNP1l to UNP15 were tested to
investigate the effect of the bed joint orientation under uniaxial tension. The other
six panels were tested under different biaxial tension-compression states of stress.

These panels were constructed using standard 190 mm two-cell hollow concrete



blocks. Pouring grout in the hollow cells produced continuous grout cores normal

to the bed joints.
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Table 2.1 Unreinforced panels of series UNP.

PANEL 8, (degrees) o/ 0y
UNP1 0 0/-1
UNP2 22.5 0/-1
UNP3 45 0/-1
UNP4 67.5 0/-1
UNP5 90 0/-1
UNP6 45 1/-6.55
UNP7 45 1/-3.86
UNP$8 225 1/-1.09
UNP9 45 1/-1.09
UNP10 67.5 1/-1.09
UNP11 0 1/0

UNPI12 22.5 1/0

UNP13 45 1/0

UNP14 67.5 1/0

UNPI5 90 1/0

UNP16 0 1/-1.09
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Table 2.2 Reinforced panels of series RP.

PANEL 8, (degrees) ooy £ps % Dar o
RP1 0 1/-7.08 0.26 0.26
RP2 22.4 1/-6.22 0.26 0.26
RP3 45 1/-6.49 0.26 0.26
RP4 67.5 1/-7.7 0.26 0.26
RP5 45 0/-1 0.26 0.26
RP6 45 1/-13.5 0.26 0.26
RP7 0 1/-0.98 0.26 0.26
RP8 45 1/-1.08 0.26 0.26
RP9 45 1/0 0.26 0.26
RP10 45 1/-0.98 0 0
RP11 45 1/-0.98 0.53 0.53
RPI12 45 1/-0.98 0.79 0.79
RP13 45 1/-1.08 0 0.53
RPl4 45 1/-1.08 0.17 0.53
RPI13 45 1/-0.98 0.26 0.53
RP16 45 1/-1.02 0.17 0.26
RP17 45 1/-0.98 0.53 0.26
RP18 45 1/-0.98 0.79 0.26
RP19 45 1/-1.08 0.26 0.26
RP20 0 0/-1 0.26 0.26

The reinforced series, RP, consisted of twenty panels designated RP1 to
RP20 with test conditions and reinforcement percentages as listed in Table 2.2.
This series involved three variables; 8, ¢,/¢; and the percentages of reinforcement

parallel and normal to bed joint plane (p,and p,). The panels can be grouped in
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the following manner to study the effects of these variables:
1. RP1 to RP4 were tested to study the effect of 0 under high principal
compressive stress, whereas RP7, RP8 and RP19 were tested to study the
effect of § under the effect of almost equal and opposite principal
stresses.
2. RP3, RP5, RP6, RP8, RP9 and RP19 were tested to study the effect of
o,/o, for 8=45°, whereas RP1, RP7 and RP20 were used to investigate
the effect of a,/a, for 6=0°.
3. RP8, RP10-RP12 and RP19 were tested under pure shear 7,, to study the
effect of the percentage of reinforcement, keeping p,=p,.
4. RP11 and RP13-RP15 were tested under pure shear 7, to study the effect
of varying p, for a fairly high constant value of p,.
5. RP8 and RP16-RP18 were tested under pure shear 7, to study the effect
of varying p, for a constant moderately low value of p,.
2.2,3 Fabrication of the Test Panels for Biaxial Loading

Fabrication of the panels, especially with §=22.5, 45 and 67.5° tock a
lot of care and time during this study. A totai of 36 full scale unreinforced or
reinforced panels were constructed. The panel dimensions were set, as mentioned
before, to be 1200x1200x190 mm. The panels were built by an experienced
mason in a running bond pattern with face shell bedded 10 mm mortar joints,
They were all fully grouted. Two options were considered to build the panels at

6=22.5, 45 and 67.5°. The first option was to build large panels and then to cut
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them to the chosen dimensions. The other altermative was to build the panels
directly at the chosen dimensions which required the following preparation before
building the panels:

1. The blocks and the steel bars had to be cut to the correct sizes to ensure

a good fit along the perimeter of the panel.

2. Wooden frames oriented at the required bed joint orientation § had to be
prepared and installed. The panels were built in these frames.

The second option was chosen to avoid having to cut large panels. It also
facilitated the use of more elaborate details in constructing the reinforced panels,
as described in Sec. 2.2.4.4. These details were necessary to permit the loads to
be applied simultaneously to both masonry and reinforcement. The procedures
followed in constructing the unreinforced and reinforced panels are described in
the next two sections.
2.2.3.1 Unreinforced Panels (UNP)

The first step taken to construct the panels was to precut blocks to ensure
good fit along the perimeter of the panel. The panel configurations used for the
different bed joint orientations are shown in F}g. 2.2. The same panel
configuration was used for §=0 and'k9_0° (or for 8=22.5 and 67.5% but with
reversed principal stress directions. Thej?number and the patterns of the blocks
required to be precut were determinéd. Each block was then marked on both sides
and cut as accurately as possiblg. The blocks were cut using a diamond blade on

a moving table saw as shown in Fig. 2.3.
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Fig. 2.3 Precutting blocks for panels with different bed joint orientations.

Rigid wooden frames were constructed in the two patterns shown in
Fig. 2.4; one for building panels with §=45° and the other for both §=22.5 and
67.5°, Each frame consisted of four members; two diagonal and two vertical.
These members were pin connected to simplify the installation of the frame and
the removal of the panel. Two pieces of 10 mm thick plywood, covered with
plastic sheets, were placed on each wooden frame. The frames were installed,
levelled and attached to rigid elements in the laboratory to avoid any movement

during the construction and curing periods.

The panels were built in the wooden frames, in the conventional manner
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Fig. 2.4 Wooden frames for constructing panels with §=22.5, 45 and 67.5°.
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(with horizontal bed joints), using the precut blocks along the perimeter. An
experienced mason, who had worked with patterned walls before had no trouble
with the odd-shaped blocks and followed the patterns with ease. All the walls
were square and true to line. One day after building the paneis, grout was poured
into the cores and consolidated using an internal poker type vibrator. Figure 2.3
shows several walls after completion of construction. Two weeks later, the panels
were taken off the support frames and stored until tested. The laboratory

temperature was kept steady at 21°C +/-2°C and the relative humidity was 50%

+/-20%.
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Fig. 2.5 Test panels of series UNP.
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2.2.3.2 Reinforced Panels (RP)

The construction procedure for the reinforced panels was similar to that
for the unreinforced panels except that additional steps were required because of
the reinforcement. The webs of the blocks were saw cut then knocked-out to a
depth of 100 mm to accommodate placing the horizontal bars. The
configurations of the reinforced panels constructed with different bed joint
orientations § are shown in Fig. 2.6. The bars were cut to the required lengths.
Each bar was welded to a25.4 mm (1 in.) thick steel plate, designated by R,
in the manner illustrated in Fig. 2.7. A hole of a diameter ¢ matching the steel
bar was drilled through plate R. The hole was then widened by 12 mm in
diameter through a depth of 10 mm. The bar was inserted in the hole from the
narrow side and the gap between the bar and the plate, on the wide side, was
filled by the welding material as shown in Fig. 2.7(c). This technique provided
more weld area to transfer the forces between the plate and the bar.

The reinforcement layouts for the panels of series RP are shown in
Fig. 2.8. In the case of §=0° both ends of each horizontal bar were pre-
welded to plate R. The plates were pre-welded to the vertical bars only at the
bottom ends to leave room for pouring grout from the top. The vertical and
horizontal bars were placed and tied in their locations as the mason laid each
course. Immediately after grouting, the pre-drilled plates (R), having the wide
side of the hole on the top, were positioned over the top ends of the vertical bars

and pushed into solid bearing with the fresh grout. Each plate was later welded



44

*d3 So119s Jo spaued ay) jo suonjeangyjuo)) 9°7 “3Lf

‘'siuq PSdaasuBI) WW 9 * —
U WIILOJUIG] UG STUILLSINSEILY
Ujeys Jd0j sSY20[q ) Ul
sajoy pojtip—a1d jo suoljisod © -~
-Wir Ul aJe suolsuawIp |V —

SILON

gy = 0 (9) .gez2 = 6 (q)

d oozt

Cee=a=¢|-

oozt

L — 9'pSt

gLe= 0 (p)

oozl

y

G'L9=

a..ma IN. 00Z1

ele wle slsfosjovise

ssfo ajeajvajsajen




45

*y sote[d pua 03 S1eq [93)S SWIP[3A JO SHIERA L'T ‘311

‘W U 24w suolsuawlp |y 30N

M. ajeyd pua ue o0} Jeq [3935 ®© guiprapg (9)

‘aroy ayy o
pus apim ayy uo ajeid pu? moaleu 3] WoJj
pua ayy o] Jteq [3215 ajoy ayy ojul ._mn_ 19218
ayy Fuipiep 'z daig ayy durptasu] 1y daig
2
— . =l i )

PIaf

Sb=0 10]
A, 31eid pud (a)

uvld
yerl

~|f-or
002 AR 20+ _
h|%i£h| - 2oL

q-q uones

_w\\\\\_ § :N

21+4 _

.0= 9 10}

. ajeid pumy (=)

uvjd
— 29, —

2l+a _
Lecl L

v-8 Uo[}035

_\\_\:ﬂ\\\_qmm

zi+é




46

N
s i il i i s 1200 - 625—\§'L
T W
i 904 ]y 142% “u
E hoo|  [ooo E A 300 > 900
[ f-t-ood Hi—1] \\\ !
Lr »-L Le J \‘ [ ,"
N L |
o T I T 1200 \\\ ,f
“ ;G=45'
(a) 8=0"
(b) ©=45"
12000 _ "
-G N A NOTES:
,-;-" [ b ‘,\
'ﬁ’ '1 oho | ‘1\ 1200 — All dimensions are in mm.
\' 900! \\;\ —~ » Positions of sleel studs
X 124} welded to the steel bars
! ' to facilitate measuring the
900 » strains in the reinforcement
¥ $ -1 >
\ - ~ = BEnd platgs "R’ pre—welded
6=67.5; \%-'9’; . to the steel bars before
22.5 construction of the panels.
(c) @=225"and 67.5 -~ = End plates "R" welded to

the steel bars after grouting.

Fig. 2.8 Reinforcement layouts for the panels of series RP.
to the corresponding bars as shown in Fig. 2.7(c).

A more elaborate procedure was followed to prepare the steel bars in the
cases of 8=22.5; 45 and 67.5°. The end plates R could be only pre-welded to the
bars along the supported edges of the panel. The plates along the top two edges
had to be left without welding to allow for grouting. The ends of the bars were

also bent to fit in the holes of plates (R). The panels were drawn to full scale on
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plywood sheets which were used as templates to lay out the exact dimensions and
patterns of the bars. The end plates R were positioned along the two edges to be
supported on the wood frames. Both these plates R and the bars were clamped in
their exact positions on the templates. This arrangement facilitated the welding
of the bars to the plates at the chosen angles as shown in Fig. 2.9.

Before building the panels, the positions of plates R were marked on the
wooden frames. The vertical and horizontal bars were placed and tied in their
locations as the mason laid each course in the manner shown in Fig. 2.10.
Similar to the case of §=0°, the pre-drilled plates R for the top edges, having the
wide side of the hole on the top, were positioned over the top ends of the bars
just after grouting. They were later welded together. Two high strength steel bolts
were welded on the exterior side of each plate R. (These bolts were included so
that the plates could be prestressed to the tension loading saddles at the same time
as the latter were glued to the panel sides. This procedure is more fully
described in Sec. 2.2.4.4.) In addition, transverse 6 mm diameter steel bars were
placed along the two sides of the panels that were to be attached to the tension
loading plates. The transverse steel bars were used, in the positions indicated in
Fig. 2.6, to help prevent splitting between the grout and the blocks near the
loading points. Holes were pre-drilled in the block face shells. After building the
walls and before pouring the grout, the transverse bars were inserted through the

holes and glued in place. They were then encased in the grout when it was

poured.
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Fig. 2.10 Constructing reinforced panels of series RP.
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To be able to measure the average strains experienced by reinforcement
inside the panels, 25.4 mm diameter holes were drilled in the blocks at the
positions marked in Fig. 2.6 which defined 900 mm gauge lengths between pairs
of holes. Steel studs of 6 mm diameter were also welded perpendicular to the bars
to protrude to the surface of the panels. These studs were shielded from contact
with the grout or blocks by hollow plastic tubes of 19 mm diameter while the
grout was being poured in the cores. The plastic tubes were covered with teflon

to facilitate removing them after the grout had hardened.

2.2.4 Biaxial Test Rig

A biaxial test rig was specially devised and constructed for this
investigation. It was designed to test full scale panels under uniform well defined
states of stress. The test rig consisted of the supporting frame, the compression
loading fixture, the tension loading fixture, the specimen interface with the test
rig, and the load control system. An overall view and a sketch of the test rig are

shown in Figs. 2.11 and 2.12, respectively. More details are presented in the

following sections.

2.2.4.1 Supporting Frame
The specimen along with the tension and compression loading fixtures
were housed in a steel frame. The frame was designed to support a 900 MN (100

ton) jack, used to apply tensile load on the panel in the horizontal direction, and
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Fig. 2.11 Overall view of the biaxial test rig.
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to suspend the compression loading fixture. Different views of the supporting

frame are shown in Fig. 2.13. It consisted of the following members.

L.

Four W360x134 columns, designated by (S1), were bolted to the rigid
floor.

Five C380x50 beams, designated by (S2), were used to connect the pairs
of columns in the transverse direction. Three of them were bolted across
the tops of the columns, whereas the other two were bolted to the
columns at a height of 1270 mm from the floor.

Two parallel HSS127x63.5x9.53 beams, designated by (S83), were
welded at the centres of the top channels (S2) along the centre lines of
the columns (S1). They linked the columns in the longitudinal direction
to form a closed frame. They also provided a support for a set of two
cross beams (S4) and a longitudinal beam (S5) from which the
compression loading fixture was suspended at two points (K) and (L).

Two parallel MC150x24.3 beams, designated by (S6), were welded at
the centres of the lower channels (S2) along the centre lines of the
columns (S1). They were used to increase the stiffness of the frame and
to provide support for the panel during the handling and capping stages.
Two beams, designated by (87), were built up of W200xS9 and
C310x37. They were bolted to the columns in the transverse direction
at a height of 2235 mm above the floor. The horizontal 900 MN jack

was fastened to the beam on the north side.
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2.2.4.2 Tension Loading Fixture

The tensile load was applied in the horizontal direction. This part of the
test rig included eight loading saddles (A), four of them were glued to the north
end of the panel and connected to the hydraulic jack at point (B), as shown in
Fig. 2.12. The other four saddles, glued to the south side of the panel, were
connected to the supporting point (C). The applied force was distributed into four
equal forces through a set of three beams (D and E) and six links (F and G or
F and G*) on each side. Each beam was built of two C200x28, back to back,
leaving a gap of 41 mm to fit the links. The links were 12.7 mm thickness and
increased to 38.1 mm at the joints. The details of the tension loading members
on the south side are shown in Fig. 2.14.

The beams and the links were pin connected by means of high strength
bolts. In addition, a roller and a spherical seat were included at (B) and (C),
respectively. These connections were meant to allow rotation to take place
individually at any loading point or globally along the two sides. The elements
of the tension loading part were suspended along the centre of the support frame

to eliminate the effect of their weight.

2.2.4.3 Compression Loading Fixture
The compression load was applied vertically by four 900 MN (100 ton)

hydraulic jacks. The jacks along with the panel were housed in four compression
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frames. The jack in each frame was fastened, at the bottom, to three
HSS 203.2x101.6x12.7 crossed beams (H) and (I), as shown in Fig. 2.12. These
beams were connected to identical beams on the top of the panel by means of four
DY-WI-DAG deformed prestressing bars. The compressive forces were
transmitted to the loading plates on the top of the panel through four spherical
seats (J), one at each loading point. These spherical seats were included to allow
rotation at the loading points.

The four compression frames were suspended in the centre of the
supporting frame. Divided into two groups, the compression frames were
suspended from two separate beams (M) by the means of turnbuckles. The beams
were then hung from points (K) and (L). Having the compression frames
suspended minimized any resistance to deformation in the horizontal direction.
Moreover, it allowed, in the presence of the spherical seat (C), the panel to move
transversely to fit exactly along the line between (B) and (C). This eliminated

any out-of-plane moment due to eccentricity in the horizontal direction.

2.2.4.4 Pauel Interface with the Test Rig

The major obstacle in performing biaxial tests has been to eliminate the
constraints on deformations along the loaded boundaries. Kupfer et al. (1969)
used brush platens to test 200x200x50 mm plain concrete specimens.
Samarasinghe and Hendry (1982) glued four similar steel blocks to each of two

opposite edges of 150x150x18 mm one-sixth scale brickwork panels to apply the
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tensile loads. They applied the compressive loads through a friction reducing
packing between spreader beams and the other panel edges. Hegemier et al.
(1978-a) tested unreinforced and reinforced full scale panels of 1625x1625x203
mm dimensions. They used polysulfide bonding agent with a low shear modulus
to transfer the loads between the load fixtures and the edges of unreinforced
panels. They had to add a layer of epoxy 203 mm wide to both faces of each
tensile edge in order to force the crack into the panel centre. In the reinforced
panels, each bar was welded to a steel plate and then the entire tensile edge was
bonded to one steel plate which was attached to the load distribution fixture. Page
(1980/81/83) used brush platens to test 360 mm square half-scale brick masonry
panels. Vecchio and Collins (1982) applied both shear and normal forces to
890x890x70 mm reinforced concrete panels. The forces were applied through five
individual shear keys on each edge. Kirschner and Collins (1986) increased the
panel size to 1627x1627x285 mm and performed the tests under normal forces
applied also by five individual plates on each edge.

In this investigation, the loads were applied by eight individual and similar
compression loading plates along with eight individual and similar tension loading
saddles. Gaps of 20 mm were left between the adjacent loading plates (or
saddles). A decision was made to apply the loads through individual plates (or
saddles) because this arrangement has some advantages over using single spreader
beam along each edge. It is virtvally impossible to avoid introducing edge

restraint when continuous spreader beams are used. Introducing a low friction
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sliding surface or a soft capping material can reduce these effects, but cannot
eliminate them. Although the amount of friction can be estimated, changes in the
mechanical properties of the interface material and of the panel at different loads
results in the stress distributions being highly indeterminate. Also, although the
spreader beam may be fairly stiff, it cannot maintain a plane condition along the
edge nor does it allow free deformation. This adds to the indeterminacy of the
system. The individual loading plates and saddles adopted in this investigation
have the same fault, but limited to a much smaller length along the edges of the
panels. Therefore, the effects of these localized restraints were thought to be
acceptable because relatively small effects near the edges would have little effect
on the overall behaviour of the panel. The gaps left between these loading areas
accommodate in-plane deformations and thus reduces the restraint, These gaps
also ensure that the load distribution system does not reinforce the edges of the
panels.

The details of one of the compression loading plates and one of the tension
loading saddles are shown in Fig. 2.15. Each compression loading plate consisted
of four parts; a 280x190x25.4 mm horizontal plate (QI), two identical
280x152.4x25.4 mm vertical webs (Q2) and a 152.4x152.4x50.8 mm horizontal
plate (Q3). The four parts were welded to form the shape shown in Fig. 2.15(a).
Plate (Q1)is the load bearing plate which was in contact with the panel,
whereas plates (Q2) were used to increase the stiffness of the loading plate and

to insure full contact of plate (Q1) with the panel under the effect of high
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compressive loads. Each of the compression loading plates on the top of the
panel, plate (Q3) had a spherical seat to accommodate a ball at (J), as indicated
in Fig. 2.15. At the bottom of the panel, plates (Q3) of the four compression
loading plates were attached directly to the load cells on the tops of the

compression jacks. Before placing the panel in the test rig, the top compression
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Fig. 2.15 Panel interfaces with the biaxial test rig.
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loading plates were capped on the top of the panel using hydrostone to ensure full
contact. The panel was then moved inside the test rig, where the bottom
compression loading plates were fastened in their exact positions, having plates
(Q1) on the top. The panel was lowered onto these loading plates, on which a
layer of hydrostone had been just spread.

Each tension loading saddle, as shown in Fig. 2.15(b), consisted of a 25.4
mm thick plate (N), two L125x90x13 side angles (O) and a C200x28 channel (P).
The channel was welded to two 12.7 mm plates which 1 sere pin connected to link
(F), shown in Fig. 2.14. The saddles were glued to the panel sides using an
epoxy resin known by the brand name SIKADUR 31. The interior side of plate
(N) and the two angles (O) provided a ratio of 1:2 between the panel cross-
section area and the glued area. This ratio was selected to avoid premature failure
at the loading points.

As shown in Fig. 2.15(b), holes were drilled in plate (N). These holes
were used with the reinforced panels to fit the boits welded to the exterior side
of plates (R) (see Fig. 2.7). Plate (N) was prestressed to plate (R) and glued to
the end of the panels at the same time. The side angles (O), which were attached
to channel (P), were then glued to a side of the panel and, at the same time,
bolted to plate (N). The combination of bolting of the saddle to the reinforcement
and gluing it to the masonry ensured that the tensile loac'l‘ was applied
simultaneously to both masonry and reinforcement. The sequence of these steps

are further illustrated in Fig 2.16.
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2.2.4.5 Load Control System

To control the test loads and to maintain the selected ratio between the
principal stresses (0,/0y), the oil pressure was simultaneously applied to all five
jacks by a hydraulic hand pump. The cil was pumped into a six-way manifold,
as indicated in Fig. 2.17. Four lines out of this manifold were connected directly
to the four compression jacks. Having the fifth output line connected to the
tension loading jack directly, a ratio of g,/a,=1/-6.22 was maintained during the
test of panel RP2. In other tests, the fifth output line was connected to 2 double
acting jack with different push-pull piston areas. This jack acted as a pressure
regulating device out of which different oil pressure was supplied to the tension
loading jack. In this manner, ratios of ¢/o,=1/-3.86 and 1/-13.5 were
successfully maintained during the tests of panels UNP7 and RP6, respectively,
as indicated Table 2.2.

The double acting jack had to be replaced by a pressure distributing frame
to provide the other ratios of ¢,/0, listed in Tables 2.1 and 2.2. The pressure
distributing frame consisted of a rigid beam connected to the rigid floor of the
laboratory by two DY-WI-DAG deformed prestressing bars. Inside this frame
three jucks were arranged as shown in Fig. 2.18. Having the oil supplied with
pressure P, to the bottom jacks (BJ1 and BJ2), different oil pressure P, was
developed in the top jack (TJ), depending on the ratio between the cross-sections
of the top jack and the bottom jacks. The oil pressure P, was applied to the

horizontal tension jack. Using this arrangement, with different jacks and
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Fig. 2.18 Pressure distributing frame.

e

corresponding different ratios of a/b, the principal stress ratios of 6,/0,=1/-1.09

and 1/-0.98 were developed.
Five valves were introduced in the circuit to facilitate placing the different

jacks into positions before the test. The valves were all left opened during the

test.
2.2.5 Instrumentation and Data Acquisition

The average strains of both masonry and reinforcement were monitored

during the tests. Six LPDTs (linear potentiometer displacement transducers) were
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mounted on each face of the panel in the positions shown in Fig. 2.19. They were
used to measure the average displacement of masonry over the gauge lengths in
four directions which provided enough data to draw Mohr’s circles of strain at the
different loading stages. The measurements were taken over a 900x900 mm area
at the centre of the panel. Each LPDT was mounted on the panel surface at one
end of the gauge length, as indicated by point 3 in Fig. 2.19, whereas an
aluminium rod was attached to the panel at the oiher end, as indicated by point
1. This aluminium rod was then attached to the tip of the LPDT at point 2.
Four more LPDTs were used to monitor the average strains along the stcel bars
on gauge lengths of 900 mm. Two of these LPDTs were attached to vertical bars
and the other two were attached to horizontal bars at the positions indicated in
Fig. 2.6. As illustrated in detail (V) in Fig. 2.19, each LPDT was mounted on
a steel tube which was glued to the steel stud already welded to the steel bar. The
LPDTs used in this investigation had 25.4 and 50.8 mm gauge lengths with
accuracies of 0.8x102 to 1.6x10° mm, respectively.

A load cell was used on the top of each compression jack to measure the
applied forces. The four links (F), of the tension loading fixture on the north side,
were also instrumented with electric strain gauges and calibrated to work as load
cells. A fifth load cell was inserted in front of the horizontal jack to determine
the total applied tensile force. Almost uniform force distributions were recorded
among the different loading points. The readings of the tensile forces showed

differences of 1.2 to 7.2% between the maximum and the minimum tensile
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forces. The higher value occurred at low loading ranges. Similarly, the
measurements of the compressive forces showed a difference between the
maximum and the minimum compressive forces as high as 9.4% at low loading
ranges. This difference dropped to a maximum of 2.4% as the oil pressure was
increased to the failure range of the specimens.

The readings of the LPDTs and the load cells were recorded in a quasi-
continuous manner using a computer controlled OPTILOG data acquisition
system. One of the compression load cells and one of the tension load cells were
connected to strain gauge boxes to monitor and controi the load during the test.
Also, a continuous plot of the overall displacement from an additional horizontal
LPDT versus the total tension force was drawn on an X-Y plotter. It provided an
immediate visual check on the response of a panel during the course of a test.

During a typical test, the loads were increased monotonically until failure.
At each load stage, the loading was halted, the readings of the LPDTs and the
load cells were recorded more than once. The initiation and propagation of cracks
were marked and photographed, and any pertinent observations were noted. The
tests took two to three hours and consisted of 15 to 20 load increments. Smaller
load increments were applied as the cracks propagated to be able to document the
stress redistribution between the masonry and the reinforcement. Failure of the
panels was declared when one of the following conditions existed:

a. The panel split into two (or more) pieces.

b. The panel displayed very large deformations under constant or decrezsing
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loads.
¢. The load dropped dramatically due to crushing of masonry.

2.3 AUXILIARY TESTS

A large number of auxiliary tests were performed before and during the
biaxial test program. These tests can be classified under two categories;
component material tests and assemblage tests. The tests performed under these
two categories are summarized in the following sections.
2.3.1 Tests of Component Materials

As mentioned before, the test program was restricted to one set of
component materials to reduce the number of variables. However, the materials
selected for this test program are commercially available and similar to those
commonly used in North America. The component materials included blocks,
mortar, grout and steel bars. A sufficient number of specimens for each
component material were prepared, cured and tested with the associated test
panels. Physical as well as mechanical tests were performed. These tests were
used to determine the properties of the materials and served as control tests.

The physical properties determined for the concrete blocks included the
weight, dimensions, density and initial rate of absorption (IRA). Mechanical tests
were performed to determine the compressive and tensile strengths using full
blocks, half blocks and parts cut out of the blocks. Each type of test included 5
to 10 repetitions. Some of the tests were repeated, during the course of the test

program, to investigate the effect of age on the block characteristics.
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Unit weights and sieve analyses of fine sand, coarse sand and pea gravel
were required to design the mortar and the grout mixes. For every batch of
mortar, the initial flow was measured and three 2 inch cubes were prepared to
determine the compressive strength. For each batch of grout, the slump was
monitored and six (or more) block moulded prisms were prepared. Half of these
prisms were tested under uniaxial compression and the other half were used to
determine the splitting tensile strength.

Three 500 mm coupons randomly cut from the reinforcing bars were
tested to determine the yield stress and the failure stress for each of the different
bar sizes used.

The details of the tests performed and their results are presented in
Chapter 3.

2.3.2 Assemblage Tests

Some tests of masonry assemblages were conducted for direct comparison
with the biaxial tests, whereas others provided data about the basic properties and
behaviour of grouted concrete masonry. Uniaxial compression, uniaxial tension
and direct shear tests were included.
2.3.2.1 Uniaxial Compression Tests
Test Specimens

Two series of prisms were tested under uniaxial compression. The first,
designated as series UCU, was constructed at the same time as the unreinforced

panels and similarly had grout cores only normal to the bed joints. The second



70

series, designated by UCR, was constructed with the reinforced panels and, due
to the knocked-out webs, similarly had grout cores both normal and parallel to
the bed joints. Each series consisted of fifteen prisms prepared with three
specimens for each of the bed joint orientations of §=0, 22.5, 45, 67.5, and 90°.
The configurations of the prisms constructed in the first series (UCU) are shown
in Fig. 2.20. (It should be kept in mind that the bed joint orientation @ is the
angle between the bed joint and the principal tensile stress oy which is

equivalent in the case of the compression prisms to the angle between the head
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Fig. 2.20 Configurations of the prisms of series UCU.
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joint and the principal compressive stress o,.) Three 1000 mm square panels were
constructed to prepare the prisms with §==22.5, 45 and 67.5°. They were all built
in exactly the same way as the biaxial panels of the corresponding series. Twenty
eight days after grouting these panels, each was cut to produce three prisms with
bed joints oriented at the required angles. The panel size was increased to 1200
mm square in series UCR. This allowed for the preparation of wider prisms
(800x390x190 mm). The increased width was thought to be more representative
of the average masonry behaviour as it allowed for a larger number of mortar
joints and grout cores in the specimen. Three additional prisms were constructed
with series UCR. They were four-course prisms with §=0°, but they were built
using blocks with no webs knocked-out. These prisms were included to
investigate the effect of knocking-out the webs of the blocks on the compressive
strength and to relate series UCU and UCR which were tested at different times.

In addition to the above series of prisms, a four course prism was
constructed in running bond pattern with each biaxial panel. These prisms were
tested at the same time as the corresponding panels to identify any significant
change in the compressive strengths of the masonry assemblages.
Test Procedure and Instrumentation

Each prism was capped top and bottom using hydrostone to create
uﬁiform bearing on 76.2 mm thick steel plates. It was then moved for testing in
a Riehle universal testing machine with a 2500 KN capacity. The prisms were

tested between a roller at the bottom and the machine head with a spherical seat



72

at the top. Another 76.2 mm steel plate was used between the roller and the
bottom of the prism to assure uniform stress distribution. The rate of loading was
set to comply with ASTM C140 (1991).

Average deformations were monitored along 200 mm gauge lengths over
the mid-hight of the prism. In the cases of §=0 or 90°, four LPDTs, two vertical
and two horizontal, were mounted on each face as shown in Fig. 2.21(a). In the
cases of 6=22.5, 45 and 67.5° the deformations were measured in three
directions. Three LPDTs, forming a 60° strain rosette, were mounted on each
face as shown in Fig. 2,21(b). These LPDTs provided enough data to draw
Mohr’s strain circle atany loading stage. The horizontal deformation across the
end webs of the blocks, over the mid-height of the prism, were also recorded. All
deformations and load outputs were recorded using the computer controlled
OPTILOG data acquisition system.
2.3.2.2 Uniaxial Tension Tests
Test Specimens

Similar to the uniaxial compression prisms, two series of prisms were
- prepared and tested under uniaxial tension. The first, designated as series UTU,
was prepared at the same time as the unreinforced panels. It consisted of twelve
prisms cut to produce bed joint orientations of 6=22.5, 45, 67.5, and 90°,
measured between the bed joint and the principal tensile stress ¢,. The second

series, designated by UTR, was prepared with the reinforced panels. It consisted
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of fifteen prisms with 8=0, 22.5, 45, 67.5, and 90°. The configurations of the
different prisms tested are similar to those shown in Fig. 2.20.
Test Procedure and Instrumentation

Tension loading saddles were glued top and bottom to each prism, as
shown in Fig 2.22. The glue was allowed to harden for at least 24 hours. The
loading sacJdles were then attached to the centres of the upper and lower heads of
the Tinius-Olsen test machine. A roller and a pin connection were used between
the top loading saddle and the upper head of the test mach’re to allow rotation to

take place around two orthogonal axes. Two similar connections were also used
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between the bottom loading saddle and the lower head of the machine. These
four connections eliminated transfer of moment to the ends of the prism and
ensured that only axial load was applied.

The average deformations were measured along 200 mm gauge lengths
over the mid-height of the prism. Four LPDTs, one on each side, were mounted
to record the vertical deformation. The deformations in the horizontal direction
were too small to be measured accurately. All deformations and load outputs were

recorded using the computer controlled OPTILOG data acquisition system.

2.3.2.3 Direct Shear Tests

Background

Several types of specimen and loading configurations have been
developed to study the shear behaviour of masonry joints. Some of the test
techniques used are illustrated in Fig. 2.23. These test techniques can be
classified into three categories according to the specimen configuration; triplet,
four-unit, and couplet specimens. The triplet specimen has been widely used in
different shapes (Haller 1969, Hodgkinson and West 1982, Hegemier 1978-b, Ali
et al. 1986). However, the mortar joints, in this specimen, are subjected to
flexural stresses which may significantly affect the shear capacity of the joint. The
four-unit specimen, shown in Fig. 2.23-d, was used by Hamid (1978). It is a
statically indeterminate structure which could lead to stress redistribution between
the different joints in the assemblage. Whereas no eccentricity exists between the

loading and support points, the joints are still subjected to flexural stresses. The
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couplets used by Dickey (1982) and Pieper and Trautsch (1970) sutfered also
from the effect of flexural stresses along the joint.
Test Specimens
The couplet specimen shown in Fig. 2.23(g) was used by Guo (1991). It
is similar to the specimen used in reinforced concrete by Hofbeck et al. (1969).
This couplet specimen was chosen to be used in this test program. It has the
following advantages over the triplet or the four-unit specimens.
1. The specimenis loaded through two round bars which are aligned with
the joint. This eliminates the flexural stresses along the joint.
2. The specimen is statically determinate and the average shear stress can
be evaluated simply by equilibrium.
3. The specimen is easy to prepare and to test. It can also be used to study
the interaction between shear and normal stresses along the joint.
Three series of shear couplet specimens were constructed with series
UNP. Each series consisted of nine couplets tested under three levels of pre-
compression, each with three repetitions. The three series can be described as
follows;
1. Series (M) was tested to study the behaviour of mortar bed joints.
2. Series (GM) was tested to study the behaviour of grouted bed joints with
mortar. -
3. Series (G) was tested to study the behaviour of grouted bed joints without

mortar.
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The couplets were built with the bed joint in the horizontal position, Two
blocks were placed on the top of the couplet after laying the upper block to
provide some weight on the bed joint during setting of the mortar. For the
construction of series G, pieces of 10 mm thick plywood were used in the place
of the mortar joint. They were removed bv.ore testing.

Test Procedure and Instrumentation

As shown in Fig. 2.24, the shear load P was applied along the centre line
of the mortar joint through two plates (C), which were capped to the top and the
bottom of the couplet. In the case of the couplets tested under precompression
stresses, the normal load was applied by a 540 MN horizontal jack. The jack was

attached to a horizontal frame as illustrated in Fig. 2.24. This frame consisted of
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a series of steel plates connected by four 25.4 mm steel rods. The precompression
load was transferred to the couplet through two 25.4 mm plates (D); one capped
to each end of the couplet to assure full contact and uniform stress distribution.
A load cell was used between the precompression jack and the couplets. Two
50.8 mm rollers were also placed between the couplets and the frame to allow the
upper block to slip without transferring load to the horizontal frame. A
commercial load cell was used at point A which confirmed that no shear load was
transferred through the precompression frame during the test. In this manner, the
shear force along the joint remained in equilibrium with the applied load.

The couplets were tested in a Tinius Olsen test machine. Each couplet
was carefully aligned with the centre of the upper and lower heads of the machine
and the centre of the loading frame. The desired precompression load was first
applied and maintained while the shear force was gradually increased. A valve
was used to control the oil pressure in the precompression jack to avoid any
increase in the precompression force due to dilation of the joint.

Two LPDTs were mounted on each side to measure the average slip and
dilation along the joint. All deformation and load outputs were recorded using the
- computer controlled OPTILOG data acquisition system.

2.4 CLOSING REMARKS

Having selected the second research approach indicated in Fig. 1.1 to

study the in-plane behaviour of grouted concrete masonry at a macroscopic level,

an extensive experimental test program was conducted to provide a body of test
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data for North American conditions (practice and material). This data was
required to formulate and verify the proposed macro-behaviour model.

Development of the biaxial test method, reported in this chapter, was
necessary to gain an understanding of the fundamental behaviour of masonry
subject 1o biaxial states of stress. A major part of the work in this research was
to design an apparatus which would produce well defined loading conditions and
exclude the indeterminate effects of external boundary conditions. All of this, of
course, had to be accomplished within budget limitations. As will be discussed
further in Chapter 4, the apparatus and the test method satisfied the design criteria
and provided suitably accurate and detailed data to contribute toward a further
understanding of the in-plane behaviour of grouted concrete masonry.

The two series of panel tests differ in the degree of anisotropy because
of the presence of continuous horizontal grout cores in the second series. This is
of added interest and permits investigation of the influence of anisotropy on
overall behaviour,

The data from the auxiliary tests are presented and discussed in the
following chapter, whereas the biaxial tests of the panel asssmblages are

discussed in Chapter 4.



CHAPTER 3

EXPERIMENTAL RESULTS OF THE AUXILIARY TESTS

3.1 INTRODUCTION

The auxiliary tests, which included the tests of component materials and
of assemblages, were conducted at the same time as the biaxial tests. It took two
years, beginning in February 1990, to complete the experimental test program.
During this time, some of the auxiliary tests were repeated to facilitate the
comparison of the results obtained at different phases of the test program. In this
chapter, the resuits of the auxiliary tests are presented and discussed.
3.2 COMPONENT MATERIAL TESTS

Masonry is a composite material composed of several components;
masonry units, mortar, grout, and steel bars. Each component has its own
physical, mechanical, and geometrical characteristics, which influence the global
behaviour of the masonry assemblage. Understanding, or even comparing, the
behaviour of different masonry assemblages requires that the characteristics of
these components are defined. Several tests were conducted in this experimental
program to define both the physical and the mechanical characteristics of the
component materials used. They provided part of the data required for the macro-
behaviour model and for the comparison with the results obtained in other

investigations. These tests were also used as control tests to monitor the

81
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consistency of the materials.

All the component materials selected for this test program were
commercially available and similar to those commonly used in North America.
3.2.1 Concrete Blocks

The same concrete blocks were used throughout the experimental program.
They were manufactured at the same time and stored under the same conditions.
Tests were performed on the blocks at several ages to define the block
characteristics at the different phases of the test program. For panel series RP,
the shape of the block had to be modified by knocking out parts of the webs to
allow for placing horizontal reinforcement in the reinforced specimens.
3.2.1.1 Physical Characteristics

Autoclaved, standard 190 mm normal weight hollow concrete blocks were
used throughout this test program. They had the nominal dimensions of
200x200x400 mm. The standard shape and dimensions of this type of block are
shown in Fig. 3.1. Two similar half blocks were prepared by cutting these blocks
along the central web. The average net cross-sectional area, specified by the
manufacturer, was 41500 mm? which resulted in 56% solid volume.

To allow for placing the horizontal reinforcement in the reinforced panels,
the blocks were modified according to the dimensions shown in Fig. 3.2. Two
vertical groves of 100 mm depth and 102 mm apart were cut in the three webs
using a dry cutting diamond saw. The top parts of the webs were then carefully

knocked-out. In addition, the thicker ends of the face shells were trimmed to a
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thickness of 44 mm over the cut depth. Because it facilitated comparisons between
the results of the unreinforced and reinforced specimens, it was preferred to
prepare the blocks in this shape, rather than to use another type of block, which
might have different material properties.

The initial rate of absorption (IRA) was determined by performing the
ASTM C67 (1991) test on five blocks. In this test, the IRA is defined as the
amount of water initially absorbed by a dry block when it is immersed in water
to a depth of 3.2 mm (1/8 inch) for a period of one minute. Accordingly, the
mean IRA determined for the top surfaces of the blocks was 1.52 kg/m*/min.
with a coefficient of variation of 18.6%. The average density of the dry units,
based on weighting five blocks, was 2080 kg/m® with a coefficient of variation
of 2.2%.
3.2.1.2 Mechanical Characteristics
Compressive Strength

The compressive strength of the blocks was determined for different block
configurations, loading dircctions, and capping areas. Compression tests were
performed on full blocks loaded flat wise {(C1) and end wise (C2). Half blocks
were tested with full capping (C3) and face shell capping (C4). Cores (C3) of
50.8 mm (2 in.) diameter and 101.6 mm (4 in.) height were also drilled out of
the corners of the blocks. They were prepared and tested according to ASTM C42
(1991). The compressive strength of the blocks with knocked-out webs was

determined by testing both full blocks (C6) and half blocks (C7). All of the
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specimens were hard capped using Hydrostone. The results obtained in these tests

are summarized in Table 3.1.

Table 3.1 Summary of the compression tests on blocks

Series | Description Age No. of Mean | C.O.V | Area used Secant | Poisson’s
specimens | strength for modulus ratio*
(o calculating of
(f.n elasticity”
(Day) MPa) | (%) (mm) (GPa)
.Full blocks 90 10 20.6 7.3
Cl Flat wise Avterngc - -
.Full capping | 270 5 20.3 4.1 net ared
.Full blocks Minimum
.End wise face shell
c2 “Face shell %0 10 18.9 4.4 area 243 0.48
capping
.Half blocks Average
C3 .Flat wise 90 10 i8.8 5.6 net area 12.8 0.32
.Full capping
JHalf blocks
.Flat wise
.Capping of 6.0 Bedded
Cd badded 90 10 24.9 area 15.1 0.15
area of
32mm width
.Cores Cross-
Cc5 "Full capping 100 12 18.6 5.3 section 15.3
.Full blocks
with .
Minimum
g | lmocked- 570 5 219 | 50 | eross . .
out webs section
JFlat wise
.Full capping
Half blocks
with -
Minimum
c7 | Knocked 570 5 a1 | 66 | eross- 29.8 -
out webs section
.Flat wise
Full capping

* Determined at stress equal to half the failure stress.
+ Determined as the mean value of Poisson's ratios corresponding to compressive strains less than 1| mm/m.
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The deformations parallel and normal to the loading direction were
measured on the test specimens using a mechanical strain indicator. The gauge
lengths were set to be 100 mm (4 in.) for seres C2, C3, C4, and C7, whereas
gauge lengths of 50 mm (2 in.) were used for series C5. The average stress-strain
relationships obtained for the blocks used in preparing the unreinforced and
reinforced specimens are shown in Figs. 3.3 and 3.4, respectively. The strain
measurements were used to determine the values of secant modulus of elasticity
and the Poisson’s ratios which are given in Table 3.1. Photographs of the

specimens after failure are shown in Figs. 3.5 to 3.8.
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Fig. 3.3 Average stress-strain relationships for blocks tested under uniaxial
compression,
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Fig. 3.5 Failure of a full block (C1) tested flat wise with full capping.
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(a) Series C3 (b) Series C4
(Full capping) (Face shell capping)

Fig. 3.6 Failures of half blocks.

Fig. 3.7 Failure of a full block (C2) tested end wise.
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Tensile Strength

Splitting tension tests were performed on both face shells (T1) and webs
(T2). Two opposite compressive line loads were applied through 15 mm diameter
bars as shown in Fig. 3.9. Strips of plywood were used between the bars and the
block to minimize the stress concentration along the loading line. The mode of
failure was splitting along the loaded plane. The tensile strength of the block, f,,
was calculated using the following relationship adopted by Seif (1975) and Hamid

(1978).

2P
|

n

fy = (3.1)

where P is the splitting failure load and A, is the sectional area along the splitting
plane.

* The flexural tensile strength of the block face shells was determined by in-
plane bending tests on specimens (T3). Each specimen was made of two blocks
glued end-to-end by the means of an epoxy resin (SIKADUR 31). The specimen
was simply supported and tested under the effect of two point loads as shown in

Fig. 3.10.

The results obtained in the different tests are summarized in Table 3.2.



Fig. 3.10 Flexural test on block face shells.

Table 3.2 Summary of the tension tests on the blocks

Series Description Age No. of Mean C.0.V, Area used for
specimens | Strength caleulating
fo fo
(Days) MPz) (%) {nm)
90 10 1.86 6.1 Minimum arex
.Splitting of along th
alone the
Tl face shell 235 5 1.89 11.3 -
splitting plane
570 5 2.22 8.4
%0 10 1.73 5.2 Minimum area
Splitting of along the
T2 webs 235 5 1.67 7.3 -
splitting plane
570 5 2.01 9.4
Flexural test Minimum
T3 on face 100 10 2.87 9.6 cross-section
shells of face shells
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Observations

Based on the results of the block tests, the following observations are
noted:

1. The block specimens (Cl to CS) tested under uniaxial compression
exhibited different modes of failure depending on the geometry of the specimen,
the loading pattern, and the capping area. Both the full and half blocks (C1 and
C3), tested with full capping, exhibited conical modes of failure as shown in
Fig. 3.6 due to the friction between the specimen and the loading plates. In this
case, the failure did not occur at the minimum cross-section area, but rather at
the mid-height of the block. Therefore, the failure stresses of these specimens
were calculated using the average net areas as recommended in ASTM C140
(1991). In the case of the half blocks (C4) tested with face shell capping, similar
conical modes of failure took place in the face shells leaving the webs almost
intact as shown in Fig. 3.6(b). Splitting cracks were also observed between the
face shells and the webs as a result of the stress transfer from the face shells to
the webs. The mode of failure was different in the full blocks loaded end-wise
(C2). Splitting cracks occurred in the webs along with inclined shear cracks in the
face shells as shown in Fig. 3.7. The cores (C5) failed by the typical vertical
splitting cracks indicating no effect of the friction with the loading plates.

2. Both the full and half blocks with knocked-out webs (C6 and C7)
exhibited the same mode of compression failure. Most of the cracks were
observed in the two face shells along the section of minimum area as shown in

Figs. 3.8(a) and (b). The failure, in this case, took place in the form of a conical
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mode of failure in each face shell.

3. The stress-strain relationships as well as the failure stresses were also
influenced by the test methods. An increase of 10% in the failure stress was
observed in the test results of the full block loaded flat wise (C1), in comparison
with the test results of the cores (C5). The failure stresses obtained from the half
blocks with full capping loaded flat wise and the full blocks loaded end-wise were
in agreement with the results obtained from the tests on cores (CS). This
observation supports the conclusion drawn by Hamid (1978), Essawy (1986), and
Guo (1991) that testing half blocks flat wise with full capping or testing full
blocks end-wise can be used to represent the strength of the block material. On
the other hand, the failure stresses obtained from the half and full block with
knocked-out webs were almost the same. This could be attributed to the fact that
the compressive stresses applied in these tests were mainly resisted by the face
shells, regardless of the length of the specimen.

4. The webs had slightly lower splitting tensile strength compared to the
face shells. This could be attributed to less compaction in the web zones or the
existence of small cracks near the top of the webs. This observation is in
agreement with the conclusion drawn by Essawy (1986).

5. The fact that the flexural tensile strength was larger than the values
obtained in the splitting tests of the face shells or webs could be attributed to the
stress gradient in the flexural tests.

6. No significant change was observed in the compressive or the splitting

tensile strengths obtained at the block ages of 90, 235, and 270 days. During this
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period, the panels of series UNP were prepared and tested. An increase in the
order of 15 to 20% was found in the splitting tensile strength at the age of 570
days, compared to the test results at the age of 90 days. The panels of series RP
were constructed and tested in the period between the block ages of 400 and 700
days. As a result, it is more appropriate to define the mechanical characteristics
of the blocks used in each series from the tests conducted in the same period.
3.2.2 Mortar

Code designated type S mortar was used in the fabrication of all specimens
tested in this experimental program. It was prepared using type 10 portland
cement, type N hydrated finishing lime and masonry sand. The gradations of the
available masonry sand along with the limits of CSA A82.56M-1976 are given
in Table 3.3. The results of the sieve analyses lay between the limits except at the
sieve of 0.6 mm size openings, which had 2% over the upper limit. This
difference was thought not to be sufficiently significant to reject the available

masonry sand.

Table 3.3 Sieve analysis of masonry sand for mortar.

Percentage passing
S“z‘;:nf)‘ze Masonry sand for group CSA A82.56M-1976
land 2 3 Minimum Maximum

5 99.97 100 100 100

2.5 99.60 99.70 95 100
1.25 98.00 97.49 60 100
0.6 82.00 82.30 35 80
0.3 36.44 49.56 15 50
0.149 7.77 14.34 2 15
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The above materials were mixed in the proportions of 1.0:0.5:4.0 parts
by volume (or 1.0:0.21:4.39 parts by weight) of portland cement, lime, and dry
sand, conforming to CSA A179M-1976. A water-cement ratio of 0.95 was
established to satisfy the mason’s requirements for workability. The mortar was
prepared in batches of 50 kg, which was small enough to be well mixed by hand
in a wheelbarrow and not to last longer then 40 minutes. Any mortar left after
this period was discarded rather than allowing retempering. The fabrication of all
of the specimens required 115 batches of mortar.

The mortar’s initial flow was measured for each batch using the flow table
according to ASTM C109 (1991). The mean initial flow measured for the
different batches was 128% with a C.0.V. of 1.64%.

Three 50.8 mm (2 inch) mortar cubes were prepared as control specimens
for each batch. They were air cured in the laboratory under the same conditions
as the assemblage specimens. The mortar cubes associated with each panel,
prism, or shear couplet were tested on the same day or the day following the
assemblage test. The specimens were fabricated in three groups. The first group
included the unreinforced panels tested under uniaxial compression, the prisms
of series UCU, and the shear couplets, The second group included the rest of the
unreinforced panels, which were tested under uniaxial tension and biaxial tension-
compression, and the prisms of series UTU. All the reinforced panels of series
RP and the prisms of series UCR and UTR were constructed in the third group.
The mean compressive strengths of the mortar used in each group are summarised

in Table 3.4. The mean strength of the mortar used in the first group was
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significantly lower than the values obtained in the other two groups. This could
be attributed to the unfortunate use of cement, that had been stored for some
time, in fabricating the specimens of the first group. The mortar compressive
strengths for the different panels, prisms and shear couplets are given later in the

corresponding sections.

Table 3.4 Compressive strength of mortar cubes.

Compressive strength
Group Mean C.0.V.
(MPa) (%)
1 8.2 26.4
2 19.3 15.9
3 16.8 20.3

3.2.3 Grout

Code designated "Coarse Grout" was chosen for this experimental
program. It represents the normal practice. The grout was prepared using type 10
portland cement, concrete sand and 10 mm (3/8 inch) pea gravel. The gradations
of the concrete sand and pea gravel are given in Tables 3.5 and 3.6, respectively.
Both aggregates met the specifications of ASTM C404 (1991). The above
materials were mixed dry in the proportions of 1.0:3.0:2.0 parts by volume (or
1.0:3.69:2.25 parts by weight) of portland cement, concrete sand, and pea graifel,
conforming to CSA A179M-1976. The water-cement ratio of 0.8 was selected to

achieve an average slump of 250 mm (10 in.).
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The control specimens of the first two groups, which included the panels
of series UNP, were prepared in two different manners. Absorbent prisms, in the
dimensions of 75x75x150 mm, are moulded as four blocks according to CSA
A179M-1976. These prisms are referred to as “block moulded" prisms. In
addition, grout was poured to fill the block cells which were then sawn to provide
absorbent prisms in the above dimensions. The prisms prepared in the latter
manner were referred to by "cell moulded" prisms which was suggested by Guo
(1991) to provide more representative specimens. The main merit of the cell
moulded prisms, over the block moulded prisms, is that the volume to surface
area ratio, and consequently the water-cement ratio of the prism, after absorption
of water by the block, is identical to grout in masonry walls. Also, the
preparation of cell moulded prisms requires less space during the fabrication of

the walls, However, the cell moulded prism has the drawback of the need to saw

Table 3.5 Sieve analysis of concrete sand for grout.

Percentage passing
Slez\fnf;ze Masonry sand for group ASTM C404
1and 2 3 Minimum Maximum

12.5 100 100 100 100
9.5 100 100 100 100
4.75 99.50 99.75 95 100
2.36 85.34 85.83 80 100
1.18 67.62 66.29 50 85
0.6 42.17 41.83 25 60
0.3 22.04 20.29 10 30
0.149 10.16 9.31 2 10
0.053 1.43 0
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Table 3.6 Sieve analysis of pea gravel for grout.

Percentage passing
Sieve size
(mm) Coarse aggregate for all ASTM C4a04
groups Minimum Maximum
12.5 100 100 100
9.5 99.29 85 100
4.75 33.56 10 55
2.36 3.92 0 30
1.18 1.81 0 10
0.6 ' 0.85 0 5
0.3 0.2 0 0

the prisms out of the grouted blocks. Both block moulded and cell moulded
prisms were prepared with the first and second groups of specimens, whereas
only cell moulded prisms were prepared with the third group of specimens.
Grout batches of 300 kg were mixed in a mechanical mixer. Six block
moulded prisms and/or six cell moulded prisms were prepared from each batch
of grout. All of the grout prisms were air-cured and tested at the same time with
the corresponding specimens. Half of the prisms were hard capped by Hydrostone
and tested under uniaxial compression. The vertical deformations at the mid-
height of the prisms were measured using a mechanical strain indicator over
gauges lengths of 50 mm (2 in.). A typical stress-strain relationship is shown
in Fig. 3.11. The second half of the prisms were used for splitting tension tests
and the failure stresses were calculated according to Eq. 3.1. A summary of the
mechanical properties of the grout used with the different groups is given in Table
3.7. No significant difference can be noticed between the mean compressive

strengths obtained from the block moulded prisms and the cell moulded prisms.
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Details of the grout strengths for each panel or assemblage specimen are provided

later in the corresponding sections.

Stress, MPa

q
0 b Il 1 L
a 1 2 3 4 5

Strain, mm/m

Fig. 3.11 Typical stress-strain relationship for a grout prism.

Table 3.7 Mechanical properties of grout

Compressive strength Splitting tensile strength
Block moulded Cell moulded Block moulded Cell moulded
Group

Mean | C.O.V. | Mean | C.O.V. | Mean | C.O.V, Mean | C.O.V.

(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)
1 28.6 11.1 29.5 13.0 33 17.3 - -
2 313 13.8 32.0 17.2 - - 4.3 10.7
3 - - 31.9 10.9 - - 4.3 17.4
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3.2.4 Reinforcement

Keeping the spacing of reinforcement constant at 200 mm in all of the
reinforced panels, bars of 6, 10, 15, and 20 mm nominal diameters were used
to achieve the percentages of reinforcement of 0.17, 0.26, 0.53, and 0.79%,
respectively. Three 500 mm long coupons were cut randomly for each of the bar
sizes. They were tested under uniaxial tension in a 600 kN capacity Tinius Olson
machine. The longitudinal deformations were measured over a gauge length of
50 mm by means of a clip-on gauge. The average stress-strain relationships
obtained for the different bar diameters are shown in Fig. 3.12. The values of
the yield stresses and the failure stresses determined for these bars are also
summarized in Table 3.8. In contrast to the other bars, the 6 mm diameter bars
did not exhibit a yield plateau and, therefore, the stress corresponding to 0.2%

inelastic strain was used as the yield stress.

600

200

Strain, mm/m

¥ig. 3.12 Stress-strain relationships for reinforcement.
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Table 3.8 Mechanical properties of reinforcement

Bar diameter B Yield stress Failure stress
(mm) (MPa) (MPa)
20 419.6 694.8
15 415.0 672.1
10 568.3 733.3
6 531.0° . 580.2

" Stress corresponding to 0.2% inelastic strain.

3.3 ASSEMBLAGE TESTS

The tests of auxiliary assemblages were conducted according to the
procedures discussed in Chapter 2. The results obtained in these tests are
presented and discussed in the following sections. The auxiliary assemblage
specimens included four series of prisms; two of them were tested under uniaxial
compression,whereas the other two were tested under uniaxial tension. The
prisms of each series were prepared with five different bed joint orientations 6.
In addition, three series of couplet specimens were tested under direct shear.
3.3.1 Uniaxial Compression Tests

As stated before, two series of fifteen prisms were tested under uniaxial
compression. The first series (UCU) was constructed with the unreinforced
panels, having grout cores normal to bed joints. The second series (UCR) was
constructed with the reinforced panels using blocks with knocked-out webs which

resulted in continuous grout cores normal and parallel to bed joints. In addition
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to the fifteen prisms, series UCR included three more prisms constructed using
normal blocks (without knocked-out webs) for testing with compression normal
to bed joints (§=0°). These three prisms were meant to investigate the effect of
having the webs of the blocks knocked-out and to relate the test results of series
UCU and UCR, which were constructed and tested at different times. The tes.t
results obtained in series UCU and UCR are presented in the following sub-
sections in terms of modes of failure, strength characteristics, and deformation
characteristics.

3.3.1.1 Modes of Failure

The prisms exhibited different modes of failure depending on the bed
joint orientation 8. The modes of failure observed in the two series of prisms are
shown in Figs. 3.13 to 3,17.

At §=0° (compression normal to bed joint), the failures of the prisms of
series UCU and UCR were similarly initiated by vertical splitting cracks in the
webs of the two middle blocks. As the applied load was increased, additional
splitting cracks were observed in the face shells. This kind of cracking has been
attributed to the lateral expansion of grout and mortar as they approached their
strengths as well as wedging action due to the tapered and flared shapes of the
grout in blocks. As shown in Fig. 3.13, some of the cracks in the face shells
tended to propagate diagonally. This behaviour could be attributed to the fact that

the grout cores normal to bed joints are not strictly aligned in the running bond
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construction pattern. Also, near the top and bottom, the friction with the loading
plates restricts the vertical crack growth. Eventually, the load began to drop and
parts of the block face shells spalled. Splitting cracks were also noticed in the
grout cores as indicated in Fig. 3.13(a).

The failures of the prisms with §=90° (compression parallel to bed joint)
occurred suddenly. As shown in Fig. 3.14, splitting cracks occurred along the
block-grout interfaces and through the webs, which represented the minimum
resisting sections under the effect of the lateral tensile stresses due to the lateral
expansion of grout and mortar. The splitting cracks isolated the face shells and
allowed them to deform independently with high slenderness ratios. Cracks
were also observed along the bed joints as shown in Fig. 3.14. This is the
weakest plane for vertical cracking through the face shell planes. Finally, entire
face shells spalled and the remaining parts of the prisms of series UCU became
unstable mechanisms as shown in Fig. 3.14(a). In the prisms of series UCR,
spalling of the face shells was accompanied by a shear failure in the grout cores
as shown in Fig. 3.14(b).

Different modes of failure were observed in the prisms tested with
0=22.5° Wiih this angle, the head joint planes were subjected to a high shear-to-
normal stress ratio. As a result, shear failures along the head joint planes were
observed in the prisms of series UCU, as shown in Fig. 3.15(a). The planes of

failure followed the head joints and passed through the block face shells thus
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avoiding the grout cores. Very few splitting cracks were found on the prisms’
sides. In the prisms of series UCR, the grout cores parallel to the bed joints
helped stop the propagation of the shear cracks through the block face shells.
Instead, vertical splitting cracks, similar to those which occurred with §=0°, were
observed on the prisms’ sides as shown in Fig. 3.15(b).

At §=67.5°, the head joint planes were subjected to compressive normal
stress high enough to prevent their failure in shear. On the other hand, the bed
joints were subjected to a high shear-to-normal stress ratio. As a result, the
prisms of series UCU and UCR exhibited shear failures along the bed joints as
shown in Figs. 3.16(a) and (b}, respectively. At f#=67.5°, the grout cores parallel
to bed joints did not have a significant effect on the mrode of failure of the prisms
of series UCR, which could be explained by the fact that the planes of failure did
not cross these grout cores. The failure planes did cross the grout cores normal
to the bed joints.

At 8=45° equal shear and normal stresses acted along the bed and head
joint planes. As a result, the failure of the UCU prisms was a mixed mode of
shearing along bed joints, shearing along head joints and splitting in the block
face shells and grout, as shown in Fig. 3.17(a). In the prisms of series UCR, as

shown in Fig. 3.17(b), most of the cracks were splitting cracks rather than

following the mortar joints.
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3.3.1.2 Strength Characteristics

The test results of series UCU and UCR, along with their control
specimens, are summarized in Tables 3.9 and 3.10, respectively. The variations
of the compressive strength with the bed joint orientation § are also shown in
Fig. 3.18. The dependence of the compressive strength on the bed joint
orientation is very obvious in the results of the two series.

The mean compressive strength of the three prisms constructed in series
UCR with #=0°, using blocks without knocked-out webs, was 16.1 MPa with a
coefficient of variation (C.0.V.) of 14.0%. On the ow.ier hand, the mean
compressive strength of the similar prisms, constructed at the same time using
blocks with knocked-out webs, was 17.0 MPa with a C.D.V. of 10.5%. These
values imply that the grout cores parallel to bed joints resulted in.an increase of
only 5.6% of the compressive strength at §=0° Laréer differences can be
observed between the compressive strengths of the corresponding prisms in series
UCU and UCR. These differences could be attributed to the different constituent
materials used in preparing the mortar and the grout used in each series.
However, in the light of the small effect of the grout cores parallel to bed joint
on the compressive strength at #§=0°, the comparison can still be made between
the test results of series UCU and UCR using the strengths obtained at §=0° as
the reference points. The straight lines drawn in Figs. 3.18€é) and (b) represent

the compressive strengths at §=0°.
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Table 3.9 Prism test results for series UCU

] Mortar Grout strength Prism st th
streagth (MPa) fistn steeng
(Degrees) (MPa) Block Cell Individual Mean c.o.v
moulded mouided {(MPa) {MPuw) (%)
11.3
0 9.75 303 26.1 10.8 11.1 2.9
11.3
6.5
225 7.90 29.6 31.9 7.0 6.5 6.5
6.1
6.3
45 8.34 29.2 26.1 8.7 7.8 12.6
8.0
6.2
67.5 1.36 28.4 28.8 7.1 6.3 il.4
5.7
16.3
90 9.75 30.3 26.1 15.2 15.5 4.5
15.0
Table 3.10 Prism test results for series UCR
] Mortar Grout strength Prism strength
strength (Cell moulded)
Individual Mean C.0.V.
(Degrees) (MPa) (MPa) (Mia) (MPa) (%)
| 16.5
(¢] 14.9 30.8 19.0 17.0 10.5
15.5
14.3
22.5 17.4 373 13.2 14.0 3.7
14.4
16.7
45 21.1 3.2 17.9 17.3 2.9
17.3
12.5
67.5 223 2.2 14.8 14.5 10.4
16.2
18.6
90 15.7 333 18.2 18.8 2.6
19.4
——— et
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Fig. 3.18 Variations of uniaxial compressive strengths with 4.

As shown in Table 3.9 and Fig. 3.18(a), the prisms of series UCU
suffered a 41.4% reduction in the compressive strength at §=22.5°, compared to
the compressive strength at §=0°, due to the shear failure along the head joint
plane. This reduction was 2.35 times the corresponding reduction in series UCR
as shown in Table 3.10 and Fig. 3.18(b). This difference could be attributed to
the effect of the grout cores parallel to bed joints in changing the mode of failure
from a shear failure to a compression failure as described in the previous section.
At §=45°, the reduction in the compressive strength of series UCU was in the
order of 29.7%, whereas no reduction was found in series UCR. Again, this
could be also attributed to having continuous grout cores normal and parallel to

the bed joints, While the prisms of series UCU and UCR with §=67.5° failed
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similarly in shear along the bed joints, the reductions in their compressive
strengths, compared to the values obtained at §=0°, were respectively 43.2% and
14.7%. The difference in this case can be related to the grouted areas along the
bed joint planes. Using blocks with knocked-out webs resulted in an increase in
the percentage of the minimum grouted area along the bed joints from 22.6% in
series UCU to 35.2% in series UCR.

The prisms of series UCU with #=90° exhibited significantly higher
failure stresses compared to the other prisms in the same series. This difference
can be explained by considering the configurations of the different prisms shown
in Fig. 2.20. The prism$ prepared with §=90° were two course high, for which
it was easy to fill ihe frogged ends in the head joints with grout. On the other
hand, examizations of the prisms prepared with #=0, 22.5, 45, and 67.5°
revealed that the coarse grout did not fill these locations in the case of series
UCU, even though a poker vibrator was used for compaction. Conversely, no
voids were found in the head joints of the prisms of series UCR where blocks
with knocked-out webs were used.

The failure stresses of the two series are also presented in Fig. 3.19 in
terms of 7,, (shear stress along mortar joints) and o, (normal stress acting normal
to bed joints). Similar graphs were used by Hamid (1978) and Guo (1991) to
represent their results. This figure was considered here only for comment. The
experimental results included in the figure, for each series, were obtained at

different ratios of o,/0, (the ratio between normal stress acting parallel to bed
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joints and normal stress acting normal to bed joints). Because of the anisotropic
characteristics of masonry due to the existence of the mortar joints, a complete
failure surface of a masonry assemblage has to be expressed in terms of ¢, o3,
and 6 or o,, 0,, and 7,, Dhanasekar et al. (1985) and Ganz and Thurlimann
(1985). Drawing a single curve through the results of each series could leave the
wrong impression that failure of masonry is a function of only 7, and o,. In fact,
changing the ratio ¢,/g, could lead to totally different failure stresses. The results
shown in Fig. 3.19, therefore, are only cross-sections in the failure surfaces, and
their use is limited to those cases when the masonry assemblage is subjected to

uniaxial compression.
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Fig. 3.19 Variations of shear strengths with normal stress ¢, for series UCU
and UCR.
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3.3.1.3 Deformation Characteristics

The deformations of the prisms tested with §=22.5° 45°, and 67.5° were
measured on the prism face shells in three directions forming a 60° strain rosette,
as shown in Fig. 2.21. The readings were reduced to the average Strains €y, €y,
and €5, corresponding to the directions of 30°, 90°, and 150° from the horizontal
direction (x-axis). These strains were then used to draw Mohr’s circles for the
average stains, as illustrated in Fig. 3.20, at the different loading stages. From
these circles, the following parameters could be determined.

1. Principal tensile strain ¢,.

2. Principal compressive strain ;.

3. The angle 8 between the directions of principal strains and principal
stresses.

4. Strains e, and ¢, acting, respectively, parallel and normal to bed joints.

5. Shear strain v,, acting along mortar joints.

The applied load was also used to determine the principal compressive
stress ¢, (in the vertical direction). The principal tensile stress, in these iests, was
equal to zero. Drawing Mohr’s circles for stress at the different loading stages
yielded the normal and shear stresses (o,, 0,, and 7,,) acting along the mortar
joint pianes. Having defined these stresses together with the corresponding

strains, the average stress-average strain relationships could be determined.
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The average stress-average strain relationships determined in the principal
directions for series UCU and UCR are shown in Figs. 3.21 and 3.22,
respectively, A good agreement can be observed between the initial slopes for the
prisms tested with §=0° and 90° in the two series. In series UCU, softer stress-
strain relationships can be noticed in cases of the prisms tested with §=22.5°,
45°, and 67.5° This could be attributed to the shear deformations taking place
along the mortar joints. Having continuous grout cores normal and parallet to bed
joints in series UCR helped reduce the difference between the stress-strain curves
obtained for 8=22.5° 45°, and 67.5° and those determined for #=0°. The prisms
that suffered shear failures along the mortar joints, showed a sudden drop in the
stresses followed by a horizontal plateau. The slope of the falling branch and the
position of tht: horizontal plateau depended on the residual shear resistance along
the planes of failure. The prisms of series UCR exhibited flatter falling branches
and higher plateaus compared to the prisms of series UCU.

Acting as planes of weakness, the mortar joints altered not only the
failure stresses, but also the average stress-average strain relationships. With the
increase of the applied loads, more deformation took place along the mortar
joints, which consequently resulted in a deviation between the orientations of the
principal stresses and the principal strains by an angle 8. The stress and strain
measuretﬁents were used to define the variations of angle 8 with the principal

compressive stress o, for series UCU and UCR which are presented, respectively,
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in Figs. 3.23 and 3.24. Depending on the bed joint orientation & (or, in other

words, on the stress combinations acting along the mortar joints), different values
of angle 8 were observed. These angles remained almost constant prior to failure.
As the loading approached the shear capacity of one of the mortar joints, higher
deformations took place along this plane leading to a significant increase in §.
The ranges and the mean values of § prior to failure are summarized in Table
3.11. These values were determined using the strain measurements corresponding
to the values of o, between 25% and 80% of the failure stresses. The results
reported in Table 3.11 together with Figs. 3.23 and 3.24 clearly indicate the
significant effect of having continuous grout cores parallel to bed joints on
reducing the anisotropic characteristics of masonry which are brought about by
the presence of the mortar joints. For example, the maximum absolute value of
angle 8 dropped from 25.8° for series UCU to 7.9° for series UCR.

Table 3.11 Angles 8 for series UCU and UCR

“ 6 Angle 8, (degrees)
Series
(degrees) Range “Mean
22.5 -25.8 to -2.23 -10.64
ucy 45 1,86 to 0 - . -0.78
I 67.5 -10.08 to 3.4 -3.1 I
22.5 -1.2 to 4.5 1.16
UCR 45 --2.69 to 2.07 . -0.41
67.5 -7.94 to 3.18 -0.05
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3.3.2 Uniaxial Tension Tests

Two series of prisms, UTU and UTR, were tested under uniaxial tension
with different bed joint orientations §=0, 22.5, 45, 67.5, and 90°. Similar to the
compression prisms, the prisms of series UTU and UTR were constructed at the
same time as the unreinforced and the reinforced panels, respectively. Series
UTU represents the case of having grout cores normal to bed joints only, whereas
series UTR represents the case of having continuous grout cores both normal and
paratlel to bed joints.
3.3.2.1 Modes of Failure

All of the prisms exhibited tension modes of failure, but in different
patterns depending on 6. The fracture planes tended to follow the weakest cross-
sections. Series UTU did not include prisms tested at §=0° (tension parallel to
bed joints). The prisms of series UTR with §=0° failed along the head joint
planes as shown in Fig. 3.25. The straight line fracture plane followed the head
joints and crossed the block face shells as well as the grout cores parallel to the
bed joints. Similar failure patterns were observed in the prisms prepared with
0=22.5° in both of series UTU and UTR, as shown in Fig. 3.26.

At 0=45°, both the bed and head joint planes were subjected to the same |
tensile and shear stresses. A stepped fracture pattern was observed in the prisms
of series UTU through the bed and the head joints as shown in Fig. 3.27(a).
Having continuous grout cores parallel and normal to bed joints, in s;fies‘?y"_ljg_,_

improved the tensile capacity of the mortar joint planes. As a result, the fracture
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planes followed the weakest sections which were normal to the principal tensile
stress a,, Fig. 3.27(b), rather than following the mortar joints. This change in the
fracture pattern, between series UTU and UTR, illustrates the additional

contribution of having continuous grout parallel to the bed joints, toward

minimizing the anisotropic characteristics of masonry.

(a) Series UTU (b) Series UTR

Fig. 3.27 Typical failures of prisms with §=45° under uniaxial tension.
For §=67.5 and 90°, the fracture planes followed the bed joints through
the grout cores. As shown in Figs. 3.28 and 3.29, the same failure patterns were

observed in both of series UTU and UTR.
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3.3.2.2 Strength Characteristics

The variations of the tensile strengths of the masonry assemblages of
series UTU and UTR, with the bed joint orientation 8, are shown in Figs. 3.30(a)
and (b). The value of the tensile strength shown in Fig. 3.30(a) at §=0°, for
series UTU, was calculated based on the assumption that the fracture plane will
follow a head joint plane. Neglecting the small bond strength of the mortar head
joints, this tensile strength was determined as the product of the net cross-section
area of the face shells, along the head joint plane, times the splitting tensile
strength of the block faqe shells. The failure stresses of the prisms of series UTU
and UTR, along with their control specimens, are summarized in Tables 3.12

and 3.13, respectively.
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@, Degrees
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Fig. 3.30 Variations of uniaxial tensile strengths with 0.
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Table 3.12 Prism test results of series UTU

9 Mortar Grout Grout compressive
strength | splitting strength Prism strength
strength, (MPa)
Ceil
mouldad Block Cell Individual | Mean | c.ov.
(Degrees) | agpay | (MPa) | moulded | moutded | (MPa) | (MPw) [ (%)
0.57
22.5 19.5 3.64 29.6 30.8 0.25 0.35 46.0
0.22
0.26
45 20.8 4.03 29.2 329 0.11 0.33 64.0
0.61
0.47
67.5 19.5 3.73 28.4 31.1 0.40 0.48 13.8
0.56
0.64
90 22.7 3.48 30.3 32.8 0.52 0.61 11.8
0.65
Table 3.13 Prism test results of series UTR
6 Mortar
strength Grout (cell moulded) Prism strength
Splitting tensile | Compressive | Individual | Mean | C.O.V.
strength strength
(Degrees) (MPa) (MPa) (MPa) (MPa) MPa) | (%)
0.82
0 18.2 4,70 33.8 0.76 0.78 3.1
0.77
1.01
22,5 23.9 4.60 31.6 0.84 0.93 9.0
0.96
1.29
45 22.2 5.16 35.7 1.16 1.19 5.9
1.13
0.93
67.5 21.7 4.99 37.1 1.04 1,07 14.6
1.24
0.92
90 18.9 4.69 33.6 0.98 0.87 13.8
0.83
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As shown in Fig. 3.30(a), the failure stresses obtained in series UTU
were significantly scattered, even for the same 6. The coefficients of variation
(C.0.V.) for 0=22.5 and 45° were, respectively, 46.0% and 64.1%. At these
angles, the fracture planes propagated through the head joints along with the
block face shells or the bed joints. On the other hand, at §=67.5 and 90°, where
the fracture planes followed the bed joints only, the C.0.V, dropped to 13.8%
and 11.8% respectively. The values of the C.O.V. of series UTR were noticeably
smaller than the corresponding values of series UTU which could be attributed
to having continuous grout normal and parallel to bed joints. The maximum
C.0.V. obtained in series UTR was equal to 14.6% for §=67.5°

The large values of the C.0.V. that were found for series UTU raised
a qQuestion about the reliability of testing narrow prisms, with different 8, under
uniaxial tension. In an attempt to answer this question, the configurations of three
prisms prepared with #=22.5°, but having different widths, are skeiched in Fig.
3.31. The three prisms are assumed to have grout cores normal to the bed joints
only (i.e., they belong to series UTU).

As observed in the tests at §=22.5°, the failure is expected to take place
along the head joint planes which are designated by sections a-a in Fig. 3.31. In
this case, the fracture planes cross both head joints and block face shells as
indicated in the plan views. The greater tensile strength of the block face shells,
compared to the bond strength along the block-mortar interface, could result in

an eccentricity "e" between C, (the point through which the resultant of the
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Fig. 3.31 Effect of prism width on the internal forces under uniaxial tension.

ultimate resistance of section a-a acts) and C (the centre of the gross area of
section a-a). Having the test load T applied through C, section a-a acts under the
effects of not only T, but also a moment M=T.e. The value of the moment M
changes with the configuration and the width of the prism, which explains the
large C.0.V. obtained for #=22.5° In a 190 mm wide prism, a small eccentricity
could be large enough to alter the stress distribution and consequently the test
results. In this case, none of the test results obtained could realistically represent
the average tensile strength of the assemblage.

Increasing the width of the prism improves the reliability of the
specimen in representing the macro-behaviour of masonry in more than one way.

First, increasing the prism width "w" reduces the ratio "e/w" and its effect on the
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stress distribution and on the test results. Second, as demonstrated in
Figs. 3.31(b) and (c), the larger the prism width is, the more head joints and
blocks are included in the specimen and, consequently, along the fractures planes.
Testing narrow prisms with one head joint, even with no eccentricity, does not
reflect the average characteristics of the masonry assemblage, but rather it reflects
the tensile strength of this joint. Increasing the number of mortar joints along the
fracture plane allows for stress redistribution to take place between the weakest
joint and the adjacent parts of the section until a complete failure occurs for the
whole section, representing the macro-behaviour of the masonry assemblage.
However, it should be kept in mind that testing large specimens is not an easy
task. It requires higher tensile forces and more details to eliminate the effect of
the constraints along the loaded boundaries; the points that were discussed earlier
in Chapter 2 for the biaxial tests.

The same argument considered for §=22.5° is also applicable for the
prisms prepared with different bed joint orientations. Therefore, the results of
series UTU cannot be used to accurately judge the anisotropic characteristics of
masonry assemblages under uniaxial tension. The variations among the results
obtained for the same § are too large to be able to distinguish between the change
in the tensile strength of the assemblage due to @ and the variability in the test
results. On the other hand, the C.0.V. obtained for the prisms of series UTR
were reasonably small (max. C.Q.V. was found for #=22.5° in the order of

14.6%). As a result, the failure stresses of series UTR can be used to judge the
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anisotropic characteristics of the assemblage. Based on the results shown in Fig.
3.30(b) and given in Table 3.13, an increase in the order of 52.6% can be
detected in the mean failure stress of the prisms with 8=45°, compared to the
value found for §=0°, which reveals the dependence of the prism failure stresses
on the bed joint orientétion 8.

3.3.2.3 Deformation Characteristics

The average stress-average strain relationships, obtained in the direction
of the principal tensile stress ¢,, are drawn in Figs. 3.32 and 3.33 for series UTU
and UTR, respectively.

A high variability can be noticed among the average stress-average strain
curves obtained for series UTU. However this variability cannot be attributed
sclely to 6, since significant differences can be observed among the curves
obtained for the same bed joint orientation 8. As indicated before, tesiing narrow
prisms under tension, especially with grout cores only normal to bed joints, does
not reflect the average characteristics of the masonry assemblage.

In contrast to the above observations, the stress-strain relationships
obtained for series UTR were in good agreement. This agreement can be
observed among the results obtained at the same §, which gives confidence in the
tension tests of the masonry prisms with continuous grout cores normal and
parallel to the bed joints. The agreement extended also to cover the initial slope
of the stress-strain relationships at different values of 8, revealing an almost

isotropic deformation characteristic for the masonry assemblages of series UTR.
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At stresses approaching failure, a significant change in the slope can be
observed in most of the average stress-average strain curves. This behaviour
could be attributed to the stress redistribution taking place between the weak
mortar joints and the adjacent grout cores or blocks, when the joints reached their
tensile capacities. It is interesting to indicate, at this point, that no cracks in the
mortar joints were observed, during the tests, prior to the final failures of the
prisms.

3.3.3 Direct Shear Tests

Three series of shear couplets (M, GM, and G) were constructed with
the unreinforced panels. Each series consisted of 9 shear couplets tested under
three levels of precompression, each with three repetitions. Series M, GM, and
G were tested to investigate the shear behaviour of mortar bed joints, mortar bed
joints with grout, and bed joints with grout but without mortar, respectively.
3.3.3.1 Modes of Failure

All the couplets tested exhibited shear modes of failure along the joints.
In series M under no precompression, debonding fatlure took place in a brittle
manner along the weakest block-mortar interface. Under the effect of
precompression, the failure oqk:urred along the two block-mortar interfaces with
inclined cracks through the mortar joints. Increases in the precompression stress

led to higher failure loads with more ductile behaviour.



In series G as well as series GM, the failure stresses were governed by
the shear capacity of the grout cores. The observed conical shape of the failure
is shown in Fig. 3.34. The wide base of the conical surfaces coincided with the
flared tops of the blocks where the grout cores had the smallest cross-section. The
conical shape was observed in the tests with precompression, but the couplets
tested without precompression had much deeper conical surfaces. Under the effect
of high precompression, the failure was also accompanied by dislocation of some
of the aggregate. The conical shape of the failure plane could be attributed to the
presence of shrinkage cracks, which are discussed later in Chapter 4. Also,
similar to the behaviour of concrete under direct shear stresses, the planes of
failure of the grout are likely to be roughly perpendicular to the diagonal tension.
As shown in Fig, 3.34, the grout areas across the failure surfaces were marked
to reveal how the actual grout cross-sections were much smaller than the size of
the block void. This reduction in the grout area results from the fact that, in the
running bond pattern, th2 block webs are not aligned in the vertical direction. In
addition, during the construction, mortar fins flow in and hang over the bottom
blocks reducing the void cross-section. The grout areas, A, across the failure
surface were measured. An average ratio between this area and the gross area,
A,, was found to be in the order of 19.4%, instead of the expected ratio of

22.6%. It is worth noting that the blocks used in this investigation had a 44%

void volume.
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Fig. 3.34 Failed grouted couplets of series GM.

3.3.3.2 Strength Characteristics

The test results obtained for series M, GM, and G are listed in Table
3.14. The shear strengths for series M and G were calculated using the minimum
net areas along the block-mortar interface and across the grout core, respectively.
The gross area, A, was used for calculating the shear strengths of series GM.
The variations of the shear strengths with the precompression level are also

presented graphically in Fig. 3.33.
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Table 3.14 Direct shear test results

o, Mortar Grout Sh h
strength strength ear streng
Series
Mean C.0.v.
(MPa) (MPa) (MPa) (MPa) (%)
0 0.25 21.0
M 1.0 10.1 0.83 11.6
2.0 1.52 0.9
0 2.25 18.2
G 0.5 28.2 2.73 18.9
1.0 3.41 16.7
0 0.88 16.8
GM 0.55 10.1 28.2 1.23 3.5
1.1 1.9 8.1
I WL B
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Fig. 3.35 Variations of shear strengths of bed joints with the precompression
level. '
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The test results, shown in Fig. 3.35, reflect a strong correlation between
the increase in the shear strength and the increase in the precompression level.
This correlation suggested the use of Coulomb’s hypothesis of internal friction to
predict the shear strength of the bed joints at these low levels of precompression.
This hypothesis has been used for masonry by many researchers (Benjamin and
Williams (1958), Sinha and Hendry (1969), Yokel and Fattal (1976), Hamid
(1978), and Hegemier et al. (1978)). It is based on the assumption that the shear
strength is the summation of the contributions of shear bond and internal friction

along the shear plane:

T, = ¢ - o tand ..(3.2)
where Tu = the average shear strength,

¢ = the coefficient of cohesion or the shear strength with no

precompression,

n = the precompression stress normal to the bed joint (negative

value), and

¢ = the angle of internal friction along the shear plane.

The negative sign in Eq. 3.2 resulted from considering compressive stress as a

negative stress. Performing linear regression analyses on the test results yielded
the following equations:

For ungrouted bed joints (series M),

(x), =023 - 0640, ...(3.3.3)
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For grouted bed joints (series GM),

(t)gn = 082 - 0920, (3.3)

For grouted bed joints with no mortar (series G),
(‘tu)g =221 - L1640,

The contribution of the internal friction, in these equations, implies a
more pronounced effect of the precompression on the shear strength of grouted
joints, compared to ungrouted joints. This can be explained by the shear transfer
mechanism proposed by Nawy (1983) for reinforced concrete. He suggested that
all shear resistance is initially provided by intrinsic bond, but after slip has
started, resistance is developed through fricton, aggregate interlock, and dowel
action as illustrated in Fig. 3.36. In the case of ungrouted specimens, where
failure occurs along the block-mortar interface, the increase in shear strength with
precompression is mainly attributed to friction. On the other hand, the rough
conical surface through grout allows both friction and aggregate interlock.

The difference between the shapes of the failure surfaces observed in
mortar and grout raises a question about the possibility of predicting the shear
strength of grouted joints, within a range df low compressive stress (10% of the
compressive strength of the assemblage), using a linear superposition of the
individual shear strengths of grout and mortar. A comparison was made between
the experimental values and those predicted by linear superposition. The results

of this comparison are presented in Fig.3.37. The linear superposition was
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Fig. 3.36 Shear transfer mechanism for reinforced concrete (Nawy 1983).

performed according to the following equation.

Cen =

4
It was observed that the failure in grouted joints occurred at the critical section

[A, T, + (1-4,) 7,] ...(3.4)

of the grout cores. This section was associated with the largest block-mortar
interface. The term (1-A,) in the above equation, allows for this increase in the
block-mortar interface as well az;he bond between'grout and the unaligned webs.

The average ratio of the predicted strengths to the observed values was 0.91 with
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a C.0.V. of 10.4%. This ratio confirms the general validity of adopting the
principle of linear superposition, within a range of low compressive stress (10%
of the compressive strength of the assemblage), to predict the shear strength of
grouted joints from the shear strengths of their constituents. Similar results were

reported by Hamid et al. (1979) on specimens having different grout strengths.
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Fig. 3.37 Linear Superposition of shear strengths of grout and mortar in a
bed joint,

3.3.3.3 Deformation Characteristics

Typical shear stress-slip curves for series M and GM are shown in
Fig. 3.38. The corresponding shear stress-dilation curves are given in Fig. 3.39.
The slip and dilation measurements were taken along gauge lengths of 160 mm
and 30 mm, respectively. These measurements included the deformations that

occurred in the joints as well as in parts of the blocks. Although the block
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deformations could contribute to the measured deformations at low shear stresses,
this effect is very minor as the shear deformations in the joint increased
dramatically near and beyond the peak stress.

Increases in the precompression level led to higher shear strengths and
flatter descending branches. This effect is more pronounced in the grouted joints
of series GM. The desirable effects of precompression extended to cover the
residual shear strength. The higher the precompression level was, the more shear
strength the couplet sustained beyond the peak value.

The couplets exhibited significant increases in shear dilation under
loading conditions near and beyond the peak shear stresses. The measured values
of shear dilation were higher in the grouted joints of series GM, compared to the
ungrouted joints of series M. This difference could be attributed to the larger size
of the aggregate used in grout, in comparison with that used in mortar. The
increase in the aggregate size could result in a rougher failure plane leading to
more dilation as the shear slip takes place.

3.4 CLOSING REMARKS

Based on the observations and the results of the different auxiliary tests
reported in this chapter, the following conclusions can be drawn:

1. Grouted concrete masonry is a composite material built up of several
components. Each has its own physical, mechanical, and geometrical
characteristics. Therefore, tests on each component material as well as the

assemblage are necessary to achieve an understanding of the factors affecting the
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response of masonry.

2. The tests of blocks under compression do not necessarily reflect the
characteristics of the block material, The modes of failure and the failure stresses
determined in these tests depend on the geometry of the specimen, the loading
condition, and the capping area. However, the results of testing half blocks flat
wise with full capping or full blocks end-wise were found to be representative of
the compressive strength of the block material.

3. Different from the method stated in the CSA A 179M-1976, grout
prisms can be prepared by filling the block cells with grout and later sawing the
grout cores to the desired dimensions. The prisms prepared in this manner are
more representative of the grout in 2 masonry wall than block moulded grout
prisms because they have the same original volume to surface area ratio, and
consequently the same water-cement ratio, as actually exists in the grout in
masonry walls. Furthermore, less space is required for preparation of the prisms
during construction.

4. The behaviour of grouted concrete masonry under uniaxial compression
is dependent on the bed joint orientation §. Both the mode of failure and the
compressive strength change significantly with 8. For an assemblage with
continuous grout only normal to bed joints, a reduction in the compressive
strength, compared to the strength at 8=0°, was found in the order of 41.4% at
6=22.5°, where shear failures took place along the head joint planes.

5. Using blocks with knocked-out webs results in continuous grout both
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normal and parallel to bed joints. This grout pattern helps reduce the anisotropic
characteristics of masonry. For example, the reduction in the compressive
strength at #=22.5°, compared to that at §=0°, was found to be only 17.6%.

6. No significant difference, in the mode of failure or the compressive
strength at §=0°, was found between the masonry assemblage with continuous
grout normal to bed joints only and that with continuous grout both parallel and
normal to bed joints,

7. Due to the anisotropic characteristics of grouted concrete masonry, a
complete definition of its failure criteria requires a three dimensional failure
surface in terms of ¢y, 0y, and 8 (or o, 0,, and 7).

8. Acting as planes of weakness, the mortar joints undergo larger
deformations in comparison with the adjacent blocks or grout. These deformations
result in a deviation, of angle 8, between the orientations of the principal stresses
and the principal strains. The value of the angle 8 depends on the bed joint
orientation 6 (or in other words on the ratio between the stresses acting along the
mortar joints). Having continuous grout both normal and paraliel to bed joints
reduces the values of angle f.

9. Testing narrow prisms under uniaxial tension does not reflect the average
characteristics of the masonry assemblage but, rather, it represents the
characteristics of the weakest joint. Furthermore, the composite nature of the
grouted masonry assemblages could result in an eccentricity between the test

force and the resultant of the ultimate capacities of the components across the
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fracture plane. The value of this eccentricity is not a characteristic of the
assemblage; it changes with the configuration of the prisms. Testing wide
specimens with a large number of mortar joints, blocks, and grout cores improves
the reliability of the test results. The wider the specimen, the smaller the effect
of the eccentricity on the test results. Including larger numbers of mortar joints,
blocks, and grout cores allows for stress redistribution to take place between the
weakest mortar joint and the adjacent parts until a complete failure takes place.
Also, a more representative section is tested.

10. The ratio between the tensile strength of grouted concrete masonry and
its compressive strength was found to range between 3.9% and 7.6%. This small
ratio may justify, in some cases for the sake of simplicity, neglecting the effect
of the bed joint orientation & on the tensile response of masonry.

11. The shear strengths of bed joints increase with the normal compressive
stress acting on these joints. Within a range of low compressive stress
(approximately 10% of the compressive strength of the assemblage), the
relationship between the shear strength and the compressive stress was found to
be almost linear. The effect of the compressive stress is more pronounced in the
case of grouted masonry, compared to ungrouted specimens.

12. For low levels of compression, the shear capacity of a grouted block
specimen can be predicted with reasonable accuracy by linear superposition of the
shear capacities of the grout and mortar components across the joint.

13. Using hollow blocks with two cells results in unaligned webs in the



147

running bond pattern. The unaligned webs, along with the flared tops of the
blocks and the frogged ends, lead to small grout areas along the bed joint planes,
which in turn limit the effectiveness of the grout in reducing the anisotropic
characteristics of masonry. Therefore, it is not advisable to use blocks with

frogged ends and flared tops in preparing grouted concrete assemblages.



CHAPTER 4

EXPERIMENTAL RESULTS OF THE BIAXIAL TESTS

4.1 INTRODUCTION

Thirty-six block panels were tested under biaxial tension-compression
states of stress to explore the behaviour of grouted concrete masonry. These tests
have the merit of explicitly defining the stresses and strains experienced by the
specimens without the need to adopt any assumption of isotropic or elastic
behaviour. Both unreinforced and reinforced panels were tested under different
states of stress with different bed joint orientations to cover a wide range of the
combinations of shear and normal stresses acting along the mortar joint planes.
Different percentages of reinforcement, normal and parallel to the bed joints,
were also used in the reinforced panels to investigate the contribution of
reinforcement in resisting the in-plane stresses.

The results of the biaxial tests of the unreinforced panels of series UNP,
followed by those of the reinforced panels of series RP, are reported in this
chapter. The observed modes of failure, strength characteristics, and deformation
characteristics are presented and discussed.

4.2 TEST RESULTS OF UNREINFORCED PANELS (SERIES UNP)
In Table 4.1, the unreinforced panels of series UNP are arranged in sub-

sections according to states of stress of uniaxial compression, biaxial tension-
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compression, and uniaxial tension. The test conditions, ultimate stresses, and the

properties of the mortar and grout are summarized in Table 4.1.

Table 4.1 Results of the unreinforced panel tests

Panel g a,lo, Mortar | Grout compressive f . Grout Ultimie
comp. strength (MPa) 4-Course | splitting stresses
strength prism strength, | (e/09a
Block Cell strength Cell
moulded | moulded moulded
™ (M Pa) (MPa) (MPa) (MPa)
UNPI 0 0/-1 7.3 28.08 34.4 10.8 3.33 0/-9.52
UNP2 | 225 0/-1 10.9 23.64 31.95 11.3 3.40 0/-8.15
UNP3 45 0/-1 7.25 33.3 31.42 12.4 3.60 0/-9.49
UNP4 | 67.5 0/-1 6.22 25.4 33.55 11.1 2.9 0/-6.08
UNP3 90 0/-1 8.07 29.89 34.95 10.3 3.24 0/-9.83
UNP6 45 1/-6,55 | 20.75 32.45 32.52 15.1 4.03 0.73/-4.76
UNP7 45 1/-3.86 | 20.84 33.49 31.42 12.2 2.96 0.95/-3.67
UNP8 | 22.5 | 1/-1.09 18.29 32.5 30.33 13.1 3.46 0.70/-0.76
UNPS 45 1/-1.09 19.48 32.26 31.87 13.4 3.98 0.79/-0.85
UNPLO L 675 | 114109 | 19.52 32.19 30.77 13.2 3.64 0.72/-0.78
UNP16 0 1/-1.09 { 2235 33.14 32.83 17.7 3.48 0.74/-0.68
UNPI11 0 1/0 17.43 30.29 29.07 13.7 4,58 0.48/C
UNPi2 | 22.5 1/0 14.35 26.7 34.8 15.7 - 0.53/0
UNPI3 | 45 1/0 19.73 29.35 27.47 4.4 4.19 0.67/0
UNPi4 | 67.5 1/0 15.2 29.4 33.67 14.3 4.74 0.80/0
UNPI5S | 90 1/0 16.1 22.91 29.06 12.7 3.88 0.7840

4.2.1 Uniaxial Compression
4.2.1.1 Modes of Failure

The unreinforced panels tested under uniaxial compression exhibited
different modes of failure depending on the bed joint orientations f, as shown in
Fig. 4.1. The dependeice of the mode of failure on the bed joint orientation

reveals the anisotropic characteristics of grouted masonry, which are brought
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about by the mortar joints acting as planes of weakness. In general, these modes
of failure are consistent with those reported for the prism tests of series UCU.

Panel UNPI1, which was tested with the bed joints normal to the applicd
compression (#=0°), exhibited splitting cracks in the webs and the face shells, as
shown in Fig. 4.1(a). The final failure occurred by spalling of face shells which
was similar to the failure observed on the corresponding prisms of series UCU.

For panet UNPS, which was tested with the compression applied parallel
to the bed joints (§=90°), splitting cracks were observed along longitudinal planes
coinciding with the grout-block interfaces and crossing the block webs, which
seem to be the sections with minimum resistance to lateral tensile stresses
(Hamid and Drysdale 1980). The direction of these cracks was parallel to the
applied compression. In addition, more c¢racking took place along the bed joints
which were also parallel to the applied compression, as shown in Fig. 4.1(e).
Similar to the case with §=0°, the final failure of the panel occurred by spalling
of face shells.

Panel UNP2, which was tested with §=22.5°, exhibited a shezi moac of
failure along the head joint planes as shown in Fig. 4.1(b). The planes of failure
followed the head joints and passed through the block face shells in alternate
courses, thus avoiding the grout cores. Another shear failure was observed in
panel UNP4 (§=67.5°) along the bed joints as shown in Fig. 4.1(d). Compared
to the failures of panels UNP1 and UNPS5, the shear failures of panels UNP2 and

UNP4 occurred at lower loads and were more dramatic.
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Although panel UNP3, which was tested with §=45°, failed near a corner
without significant development of other cracks, the observed mode of failure was
in agreement with that observed in the corresponding prisms of senies UCU. As
sketched in Fig. 4.1(c), the cracks occurred through both mortar joints and block
face shells. In addition, splitting cracks in the block webs, similar to those
observed for §=0°, were found across the ends of the panel. It is worth noting
that the failure of panel UNP3 occurred at a load almost the same as that
recorded for UNP1 (§=0°).

Aside from the panel tested at §=45° the panels exhibited fairly widely
distributed cracking with more than one potential failure plane. The modes of
failure and their agreement with those observed in the prism tests of series UCU
demonstrate the effectiveness of the loading arrangement designed to study the
macro-behaviour of grouted concrete masonry. Edge conditions did not have any
noticeable effect on panel behaviour.

For the comparison with the theoretical results, as reported later in
Chapter 7, the failures observed for 8=0° and 90°, which initiated by splitting
cracks parallel to applied compression and ended with spalling of face shells, are
referred to as compression modes of failure. On the other hand, the failures
observed for §=22.5° and 67.5° are described as shear modes of failures along
the head and the bed joint planes, respectively. The failure observed for §=45°

is referred to as a mixed mode of failure,
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failures took place alone or together with shear failures along mortar joints, were
almost the same. Alternatively, significant reductions in the ultimate stresses can
be noticed in Fig. 4.2 and Table 4.1 for #=22.5 and 67.5°. The ultimale stresses
(0,), Obtained for these angles were limited by the shear capacities along the
mortar joint planes. Reductions in the ultimate stresses of 14.4% and 36.1%, of
the ultimate stress obtained for 6=0°, were found for 0=22.5 and 67.5°,
respectively. These results demonstrate clearly the dependence of the compressive
strength on the bed joint orientation.
4.2.1.3 Deformation Characteristics

The average deformations of each panel were measured in four directions
on each face shell. These readings were reduced to average strains and used to
draw Mohr's circle of strains. In this manner, the principal strains g and e,

along with the strain components along the mortar joint planes ¢, €, and vy,
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were determined over the range of loading. The applied loads were also used to
define the principal compressive stress o, (o;=0 for the state of uniaxial
compression), as well as the stress components along the mortar joints g,, 0,, and
T,- Having these stresses defined along with their corresponding strains, the

average stress-average strain relationships were drawn in Fig. 4.3.
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Fig. 4.3 Average stress-average strain relationships for panels UNP1-UNPS
(tested under uniaxial compression).
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Figure 4.3 shows the average stress-average strain relationships obtained
for the five panels tested under uniaxial compression with diffirent bed joint
orientations. In Fig. 4.3(a), the stress-strain relationships are presented in terms
of the variations of the principal strains ¢, and ¢, with the principal compressive
stress o. The initial slopes of the different curves in the two principal strain
directions are similar. However, increases in the applied stresses are accompanied
by proportionally higher strains especially for §=22.5° and 67.5°, compared to
the values obtained for §=0°. This could be attributed, as mentioned before in
Sec. 3.3.1.3, to the shear deformations taking place along the mortar joints.

The same stress-strain data used in Fig. 4.3(a) are reproduced again in
Figs. 4.3(b), (¢), and (d), but in terms of the stress and strain components along
the mortar joints. Representing the results in this manner reveals the change in
¢, from compression to tension due to the dilation taking place parallel ld we bed
joint planes for §=22.5°, as shown in Fig. 4.3(b). With this bed joint orientation,
the head joint planes were subjected to a high ratio of shear to compressive stress.
Similar behaviour can be observed in the ¢,-o, relationship obtained for §=67.5¢,
as shown in Fig. 4.3(c). In comparison with the normal stress-normal strain
relationships, the shear stress-shear strain relationships shown in Fig. 4.3(d) are
highly nonlinear and depend on the bed joint orientation. The panel tested with
§=45° where equal compressive stresses act parallel and normal to bed joints
(0,=0a,), exhibited less shear strain and consequently higher shear stiffness in

comparison with the values found for the panels tested with 8=22.5° or 67.5°.
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grouted masonry assemblage. For each bed joint orientation 8, the values of angle
B remained almost constant until just prior to failure, when the shear
deformations taking place along the mortar joints increased significantly as shown
in Fig. 4.3(d), altering the values of 8. The determined values of angle § ranged
from -4 to 2°, depending on the bed joint orientation #; or in other words on the
ratio of the stresses acting along the mortar joint planes. Compared to the test
results of the prisms of seriess UCU summarized in Table 3.11, the values of
angle 8 from the panel tests are smaller. This difference is likely a result of the
size and the cutting configuration of the prisms. For axample, different cut
locations could result in different areas of grout along the bed joint planes and
consequently different shear capacities. This effect diminishes as the number of
grout cores increases along the failure plane or, in other words, as the specimen

size increases.



4.2.2 Uniaxial Tension

All the panels tested under uniaxial tension (see Table 4.1) exhibited
tensile modes of failure, but with fracture planes having different configurations,
depending on the bed joint orientation #. Photos of the panels after failure are
shown in Fig. 4.5. Unlike the panels tested under uniaxial compression, each
panel tested under uniaxial tension failed by the formation of a single major
crack.

For panel UNP11, which was tested with bed joints paratlel to the applied
tensile loads (#=0°), the failure took place on a plane normal to the loaded
direction. As shown in Fig. 4.5(a), the fracture plane occurred along the head
joints and passed through the block face shells at alternate courses. The fracture
plane crossed the block face shells along the interface between the centre webs
and the grout which left both the centre webs and the grout cores basically intact.

The failure of panel UNP15, which was tested with bed joints normal to
the applied tensile loads (§=90°), followed a bed joint as shown in Fig. 4.5(e).
Because the blocks had face shelis and webs with flared tops, the fracture plane
occurred along the bottom of the bed joint which represented the section with
minimum grouted area and consequently minimum resistance to the tensile force.

It is worth noting that the fracture plane was also normal to the applied tension.



() UNP14 (§=67.5% (e) UNP15 (§=50°)

Fig. 4.5 Modes of failure under uniaxial tension.



For panels UNP12 and UNP14, which were tested, respectively, with
6=22.5 and 67.5°, the fracture planes did not occur along planes normal to the
applied tension, but rather they followed the mortar joint planes. As shown in
Fig. 4.5(b), the fracture plane took place along the head joint plane for 0=22.5°,
whereas it followed the bed joint plane for 6=67.5° (Fig. 4.5(d)).

For panel UNP13, which was tested with §=45°, the bed and head joints
were subjected to equal shear and normal stresses. A stepped fracture pattern was
observed through a combination of bed and head joints as shown in Fig. 4.5(c).
4,2,2.2 Strength Characteristics

The variation of the ultimate stress (g,),,, With the bed joint oricntation 8,
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compared with that of the block face shells. The ratio between the maximum and
the minimum tensile strengths was 1.67.

The tensile strengths of the masonry assemblage under consideration
ranged from 5.0 to 14.5% of the compressive strengths obtained at the
corresponding bed joint orientations.
4.2,2.3 Deformation Characteristics

The average stress-average strain relationships obtained for the panels
tested under uniaxial tension are presented in Fig. 4.7. The curves shown in this

figure illustrate the dependence of the deformation characteristics of grouted

1-0 L) ¥ L]

Siress o MPa

0.0 t 4

0.00 0.02 0.04 0.06 0.08 0.10
Strain £,, mm/m

Fig. 4.7 Average stress-average strain relationships for panels UNP11-
UNP15 (tested under uniaxial tension).
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concrete masonry under uniaxial tension on the bed joint orientation. The panels
that failed with fracture planes along the bed joint planes (8=67.5 and 90%)
exhibited stiffer stress-strain relationships, in comparison with the panels that
failed with fracture planes along the head joint planes (=0 and 22.5%). The
stress-strain relationship obtained for #=45°, where a stepped fracture pattern was
observed, lies in the centre between these two groups.

Approaching the failure stresses, noticeable changes in the slopes of the
stress-strain relationships can be observed for the different bed joint orientations.
This trend of behaviour may be the result of the stress redistribution taking place
between the weak mortar joints and the surrounding grout cores or blocks, when
the former reach their tensile capacities. However, it should be kept in mind that
no cracks could be detected visually in the mortar joints prior to failure of the
panels.

4.2.3 Biaxial Tension-Compression
4.2,3.1 Modes of Failure

As indicated in Table 4.1, Six unreinforced panels (UNP6-UNP!10 and
UNP16) were tested under biaxial tension-compression with different principal
stress ratios. Four of these panels, UNP8-UNP10 and UNP16, were tested under
the effect of the same state of stress of g,/a,=1/-1.09, but with different bed joint
orientations. Under this state of stress, the behaviours were governed by the

tensile characteristics of the assemblages. Panel UNP16, which was tested with
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§=0°, failed in tension as the fracture plane followed a head joint plane as shown
in Fig. 4.8(2). This mode of failure was identical to that observed under uniaxial
tension for panel UNP11. Compared to the uniaxial tension tests, the existence
of the principal compressive stress with §>0° reduces the normal tensile stress
acting on the mortar joint planes. As a result, the fracture planes observed for
panels UNP8 and UNP10 (§=22.5 and 67.5° respectively) occurred along the
mortar joints and passed through the blocks, as shown in Figs. 4.8(b) and (d).
Panel UNPS, which was tested with §=45°, represents a case of almost pure
shear along the mortar joints. A stepped failure, similar to that observed under
uniaxial tension, was observed in this case, as shown in Fig. 4.8(c) .

Panels UNP6 and UNP7 were tested, respectively, under the effect of
o1/o;=1/-6.35 and 1/-3.86 having §=45°. A comparison of the modes of failure
observed for these two panels with those of panels UNP9 and UNP13 reveals the
effect of the principal stress ratio on the modes of failure, With the increase in
the principal compressive stress ¢,, the mortar joint planes of panels UNP6 and
UNP7 were subjected to normal compressive stresses. As a result, the failures of
panel UNP6 and UNP7 took place along almost straight fracture planes passing
through both blocks and grout, as shown in Figs. 4.9(a) and (b). The planes of
failure in these cases were normal to the orientation of ¢;, rather than following

the mortar joints.
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Fig. 4.9 Modes of failure under biaxial tension-compression for §=45°.
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4.2.3.2 Strength Characteristics

The variation of the ultimate 2
principal tensile stress of the masonry g 'O7
=
assemblage with the bed joint ’_:_; 0.8 \q/w\-o
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: ]
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the effect of the bed joint 0. Degrees

Fig. 4.10 Variation of ultimate stress
orientation on the strength of the with 6 under o,/0,=1/-1.09.
assemblage. The ultimate stresses obtained for the different bed joint orientations
were almost the same.

The effect of the principal stress ratio on the masonry strength for §=45°
is shown in Fig. 4.11. Unlike concrete, the reduction in the a.lgebraic catio of
o/e; from 1/0 to 1/-1.09 or to 1/-3.86 has led to an increase in the tensile
strength. This increase can be attributed to the stepped pattern of failure, as the
increase in the principal compressive stress counteracted part of the tensile stress
acting along the mortar joints. As a result, the failures occurred ‘at .higher
principal tensile stresses. Under the effect of aloy=1/-3. 86 and 1/-6.55, where

almost stra.lght planes of failiire norma.l to the principal tensile stress direction

.- were observed the reduction in the ratio o,/0, resulted in a slight drop in the
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tensile strength which was similar to the behaviour reported by Kupfer et al.

(1969) for concrete.

MPa

U|/O‘2=1/—5.55 g|/02___|/_3_35 01/0‘2=1/-l.09

0'1,

-12

Fig. 4.11 Failure envelope of grouted masonry assemblage under
biaxial tension-compression for §=45°.

4.2.3.3 Deformation Characteristics

The average stress-average strain relationships obtained for the panels
tested under the effect of 0,/0,=1/-1.09 with different bed joint orientations are
plotted in Fig. 4.12. The stress-strain relationships are presented in terms of the
variations of the principal strains ¢, and ¢, with the principal tensile stress o.
Similar to the results obtained under uniaxial tension, the stress-strain
relationships, especially in the principal tensile direction, were dependent on the

bed joint orientation 4.
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Fig. 4.12 Average stress-average strain relationships for panels UNPS-
UNP9 and UNP16 (¢,/6.=1/-1.09).

Figure 4.13 shows the stress-strain relationships obtained under different
states of stress for §=45°. Increases in the principal compressive stress o, resulted
in stiffer responses in the principal tensile stress direction. This behaviour could
be attributed to the effect of the compressive principal stress in reducing the
normal tensile stresses acting along the mortar joints, which consequently led to
a change from the stepped failure pattern to a failure along straight planes normal
to the principal tensile stress ¢,. The existence of the principal tensile stress did
not seem to cause a significant change in the stiffness in the principal compressive
stress direc;tion. However, the compressive strain corresponding to the ultimate

stress dropped with the increase in the principal tensile stress o;.
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Fig. 4.13 Effect of principal stress ratio on average stress-average strain
relationships for §=45°.

4.3 TEST RESULTS OF REINFORCED PANELS (SERIES RP)

Series RP includes twenty reinforced panels that were tested under biaxial
tension-compression states of stress to investigate the macro-behaviour of
reinforced grouted concrete block masonry. The variables considered covered the
bed joint orientation @, the ratio between principal stresses o,/o,, and the
percentages of reinforcement used parallel and normal to the bed joints. The
results obtained along with the observations made regarding the different tests are
arranged in the following sections. A summary of the results obtained is presented
in Table 4.2. The properties of the corresponding control specimens are listed in

Table 4.3.
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Table 4.2 Test results of series RP

Panel p 5ty D, P (e | (O | (O | (0 Failure
% % MPa | MPa MPa | MPa modes

et | o | w708 |o026]02s| a2 | 12| - | 177 | yeec

RP2 | 225 | w622 | 026 | 026 | 104 | 138 | - | 1as | vyesc

RP3 | 45 | v649 | 026 026|095 | - | 102 | 113 | YP+C+sm

RP4 | 675 | 1477 | 026 | 026 | 086 | - | 109 | 116 | smrevn

RPS 45 0/-1 0.26 | 0.26 - - . s .

res | 45 | 1135 | 026|026 | 072 | - R

Rp7 | o | 1098 | 026|026 122 [ 1| - | V0 |yp

RPS | 45 | 1-1.08 | 0.26 {026 | 1.00 | 124 | 130 | ¥ | ypayN
Rp9 | 45 wo |o026fo026] 1.5 ) 16 | 135 | 0 | ype+vn

RP10 45 1/-0.98 0 0 1.37 - - 137 | L

RP11 45 1/0.98 | 053 | 053 | 1.25 1.68 1.64 1.93 | YP+*+
RP12 45 14098 | 0.79 | 0.79 | 1.13 - - 1.64 | **
RP13 45 1/-1.08 0 0.53 | L22 - - 122 | L
RP14 45 1/-1.08 | 0.17 | 033 | 1.34 1.26 - 1.34 | FP+L

RP1S 45 17098 | 0.26 | 0.53 | 1.13 1.48 1.7 1.78 | YP+YN

RP16 45 1/-1.02 | 0.17 | 0.26 | 1.29 1.07 - 1.29 | FP+L
RPL7 45 1/-0.98 | 0.53 | 0.26 | 1.30 1.43 1.40 172 | YP+YN-**
RP18 45 1/-0.98 | 0.79 | 0.26 | 1.00 1.57 1.37 1.88 | YP+YN

RP19 45 #-1.08 | 0.26 | 0.26 | 1.37 1.26 1.32 1.55 | YP+YN
RP20 0 0/-1 0.26 | 0.26 - - - # -

(@)en (00)yps(01)yy and (7)), are the values of o, corresponding to cracking, yield of reinforcement
parallel to bed joints, yield of reinforcement normal to bed joint, and ultimate stress.

** premature failure of steel bars.

Cc Compression failure; characterized by spalling of block face shells.

L Local failure along a single crack before developing z uniform crack pattern.

SBJ Shear failure along bed joints,

YP and YN  Yield of reinforcement parallel and normal to the bed joints, respectively.

Fp Fracture of reinforcement paralle] to bed joints,

% and ¥ The tests were stopped at ¢,=14.4 and 13.5MPa respectively, because the ultimate

stresses were larger than the loading capacity of the compression jacks.
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Table 4.3 Material Properties for Series RP

* The tests were performed on absorbent prisms cell moulded.

Mortar Grout Grout tensile fa
compressive compressive splitting 4-Course prism

Panel strength strength* strength* strength
MPa MPa MPa MPa
RP1 13.3 34.6 4.60 19.5
RP2 14.8 29.6 4,25 15.9
RP3 14.2 294 3.61 16.9
RP4 14.4 30.8 4.20 14.6
RP5 12.9 33.3 3.59 16.1
RP6 15.3 279 4.15 15.9
RP7 18.8 32.5 4.87 14.6
RP8 18.3 31.8 3.59 17.0
RP9 13.3 30.1 3.28 14.5
RP10 18.5 34.1 4,94 17.4
RP11 18.7 34.1 5.12 17.1
RP12 16.3 29.4 3.90 15.1
RPI3 15.0 28.2 4.78 19.7
RP14 15.9 31.8 4.02 13.8
RP15 20.7 32.0 4.60 15.1
RP16 14.2 33.1 3.99 15.1
RP17 14.7 33.6 4.68 16.5
RPI8 17.5 31.8 3.98 14.0
RP19 il.5 30.3 14.1
RP20 13.3 34.6 4.62 19.5
Mean 15.6 31.6 4.25 16.1

C.0.v 15.6% 6.7% 12.4% 11.3%
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4.3.1 Effect of Bed Joint Orientation §

A total of seven panels were tested to study the effect of ¢ on the
behaviour of reinforced masonry. (It is worth noting that angle 0 represents, in
the case of reinforced masonry, the orientation of the reinforcement as well as the
orientation of the mortar joints with respect to the principal stresses.) These
panels were all reinforced equally parallel and normal to bed joints with
pp,=p,=0.26%. Three of these panels (RP7, RPS, and RP19) were tested under
ratios of biaxial stresses close to ¢/o,=1/-1 to investigate the effect of & when
a tensile mode of failure dominates behaviour. Panel RP7 was prepared with
#=0°, whereas panels RP8 and RP19 were prepared with 6=45°, Panel RP19 was
identical to RP8 and was used as a pilot test before fabricating the other
reinforced panels. The other four panels consisting of RP1, RP2, RP3, and
RP4 were prepared with =0, 22.5, 45, and 67.5°, respectively. They were
tested under biaxial states of stress with ratios of ¢,/0, varying between 1/-6.22
and 1/-7.7 with an average of ¢,/g,=1/-6.87. Thesc panels were used lo
investigate the effect of § when a compression mode of failure controis the
behaviour.

4.3.1.1 Observed Behaviour

The behaviours of the three panels (RP7, RP8, and RP19) tested under
o,/o,=1/-1 were similar. As shown in Figs. 4.14 and 4.15, most of the cracks
were vertical and normal to the principal tensile stresses even at 0=45° This

behaviour could be attributed to the effect of having continuous grout cores both
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Fig. 4.14 Panel RP7 after failure
(0=0°, 0,/0,=1/-0.98, and p,=p,=0.26%).

Fig. 4.15 Panel RP8 after failure
(0=45", ¢,/0,=1/-1.08, and £,=p,=0.26%).

¥
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normal and parallel to the bed joints. The appearance of the first crack was
accompanied by a slight drop in the load along with a significant increase in the
measured deformations. These increased deformations indicated the stress
redistribution taking place between masonry and reinforcement. The panels were
then able to resist higher load until other cracks formed. As the load was
increased, the cracks increased in both number and width until extensive yielding
of the reinforcement took place. The failure was characterized by a rapid increase
in deformations under constant load. The number of cracks remained constant
after yielding.

As shown in Fig. 4.14, most of the cracks observed in panel RP7 occurred
along the head joint planes, which were normal to the principal stress direction
(6=0°. These planes represent the cross-sections with minimum resistance to
tensile stress. In panel RP8, whereas the overall direction of the cracks was
vertical, as shown in Fig. 4.15, a few of the cracks tended to propagate for short
distances along the mortar joints especially in the locations where the cross-
section of the continuous grout cores parallel to the bed joints was reduced by the
block webs. The average crack spacing of panel RP8 was about 140 mm,
compared to the 200 mm spacing of panel RP7.

Figures 4.16 to 4.19 show photos of panels RP1 to RP4, respectively.
Each ﬁguré includes two photos; one taken in the test rig shortly after

cracking and the second taken outside the test rig after failure. These photos



(b) After failure.

Fig. 4.16 Panel RP1; (=0, ¢,/0,=1/-7.08, and p,=p,=0.26%).
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reveal the effect of 8 on the orientation and propagation of the cracks.

Whereas panels RP1, RP2, and RP3 exhibited cracks normal to the
principal tensile stress direction, the first cracks in RP4 formed along the bed
joints. The post cracking behaviours of these four panels were quite different,
depending on the bed joint orientation . The cracks of panel RP1 (§=0° tended
to follow the head joints as shown in Fig. 4.16(b). Yielding of the
reinforcement parallel to bed joints resulted in greatly increased deformation in
the principal tensile stress direction. This deformation was accompanied by a
softer response in the principal compressive stress direction. Signs of distress
and potential failure planes were observed in several regions in the panel. The
onset of failure of the panel was signalled by spalling of face shells, as shown in
Fig. 4.16(b). The spalling of the face shells left the grout cores to resist the
applied compressive loads alone, leading to a dramatic drop in the load carrying
capacity of the panel. The behaviour of RP2, with §=22.5°, was similar to that
observed for panel RP1 except that cracks were not necessarily associated with
head joints. The compression failure was again initiated by spalling of the block
face shells as shown in Fig. 4.17(b) after yielding of the reinforcement paraliel
to the bed joints.

As indicated before, the first cracks in panel RP4 formed along the bed
joints. The cracking load in this case was lower than the value observed for

panels RP1 and RP2. The reinforcement held the panel together and it was able
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to resist a slight increase in the applied loads after initial cracking. As the load
was increased, the cracks shown in Fig. 4.19(b) tended to propagate in the
direction normal to the principal tensile stress. The shear deformation along the
bed joints was accompanied by dilation which produced tensile stress in the
reinforcement normal to the bed joints. Under the effects of this stress as well as
the applied tensile force, the reinforcement normal to bed joints reached the yield
strain. Reaching the yield stress limit allowed sliding shear failure to occur along
the bed joints, as shown in Fig. 4.19(b), leading to a dramatic drop in the load
carrying capacity.,

Panel RP3, which was tested with 8=45°, exhibited a combination of the
modes of failure observed in panels RP1 and RP4. The cracks were initially
normal to the principal tensile stress direction as indicated in Fig. 4.18(a). Then,
as the loads were increased, the cracks showed some tendency to follow the
mortar joints. The measurements indicate that yielding occurred in the
reinforcement normal to the bed joints. The average strain measured along the
reinforcement in the other direction was close to the yield strain when failure took
place in the form of sliding along the bed joints as well as spalling of the block
face shells as shown in Fig. 4.18(b).
4.3.1.2 Strength Characteristics

The stresses at cracking and at yielding of the reinforcement as well as the
ultimate stresses are summarized in Table 4.2 for the seven panels tested to

investigate the effect of § on the behaviour of masonry. In this table, yielding is
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defined, at a macroscopic level, as occurring when the measured strains along the
longitudinal directions of the steel bars reached the yield strains determined from
the tension tests on the corresponding bars (Chapter 3). The properties of the
contro} specimens corresponding to each panel are listed in Table 4.3.

A comparison between the cracking stress of panel RP7 (§=0°) and the
average of the corresponding values for panels RP8 and RP19 (§=45°) does not
show a significant effect of the bed joint orientation 8. The same remark can be
made regarding the ultimate stresses. It should be kept in mind that these three
panels were tested under biaxial state of stress of ¢;/0,=1/-1, so that the ultimate
stresses were governed by yielding of reinforcement, as the principal compressive
stresses were far from reaching the compressive strengths of the assemblages.

Figure 4.20 shows the variations of the cracking and ultimate stresses with
the bed joint orientation 8, under biaxial states of stress with an average ratio of
a/0,=1/-6.87. Under this state of stress, the dependence of the masonry strength
characteristics on 8 is apparent, but more pronounced in terms of the ultimate
stresses. Pangls RP3 and RP4, which were tested with =45 and 67.5°
respectively, exhibited significant reductions in the ultimate stresses, compared
to the corresponding value of panels RP1, which was tested with #=0°. These
reductions in the ultimate stresses could be attributed to the shear failures
observed in panels RP3 and RP4 along the bed joints, before the reinforcement

achieved their full capacities.
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Fig 4.20 Variations of cracking and ultimate stresses with 0.

4.3.1.3 Deformation Characteristics

The average stress-average strain relationships for panels RP1-RP4, which
were tested under biaxial states of stress with an average ratio of ¢,/0,=1/-6.87,
are shown in Fig. 4.21. The initial parts of the principal tensile stress-strain
relationships before cracking are magnified in Fig. 4.21(a). In this range of
stress, the bed joint orientation § does not seem to have a significant effect on the
observed responses. The relationships for the four bed joint orientations are linear
with the same slope which reflects an almost isotropic behaviour before cracking.
This behaviour could be attributed to the effect of having continuous grout cores

normal and parallel to the bed joints.
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The complete principal tensile stress-strain relationships for panels RP1-
RP4 are presented in Fig. 4.21(b). The initiation and propagation of cracks, for
each of these panels, are accompanied by significant reductions in the slopes of
th~ curves. In this range of stress, the effect of the bed joint orientation & on the
stress-strain relationships is obvious. The stress-strain relationship of panel RP2,
which was tested with §=22.5° reveals a higher stiffness degradation after
cracking compared to panel RP1, which was tested with §=0°. The stiffness
degradation after cracking is much more apparent in the stress-strain relationships
of panels RP3 and RP4, which were tested with §=45 and 67.5° respectively.
The complete principal compressive stress-strain relationships are also
shown in Fig. 4.21(c). Similar to the principal tensile stress-strain relationships,
the bed joint orientation & does not have a noticeable effect on the initial parts of
the principal compressive stress-strain relationships before cracking. This changes
with cracking, after which the slopes of the stress-strain relationships decrease
significantly to values that depend on the bed joint orientation 6. The post-
cracking stiffness of Panel RP1 is the highest followed by that of panel RP2 and
then those of panel RP3 and RP4. The effect of cracking on reducing the stiffness
in the principal compressive direction was also observed by Vecchio and Collins
(1982 and 1986) in the results of their tests on reinforced concrete panels.
The anisotropic behaviour observed after cracking for panels RP1-RP4 can
be attributed to the effect of the bed joint orientation ¢ on the value of the

principal strain ¢, associated with yielding of the reinforcement. As discussed in
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Sec. 6.3.3, the principal tensile strain ¢, associated with yielding of the
reinforcement, for example, at §=22.5° is higher than that at §=0° which
consequently results in lower stiffness in the former case. In addition, both panels
RP3 and RP4, as shown respectively in Figs. 4.18 and 4.19, exhibited cracks
along the bed joints along with the cracks formed normal to the principal tensile
stress direction. The deformations which took place along the cracked joints
caused the reinforcement in panels RP3 and RP4 to yield at principal stresses
lower than those of panels RP1 and RP2, resulting in higher stiffness
degradations.
4.3.2 Effect of Principal Stress Ratio (¢,/0,)

Eight panels can be used to study the effect of the principal stress ratio,
0,/0,. They were all equally reinforced parallel and normal to bed joints with
pp,=p,=0.26%. Five of these panels (RP3, RP5, RP6, RP8, and RP9) were
fabricated with §=45°, whereas the other three (RP1, RP7, and RP20) were built
with §=0°. The ratios between the principal stresses applied on these panels are
presented in Table 4.2,
4,3.2.1 Observed Behaviour

The observed behaviours and modes of failure changed significantly with
the principal stress ratio 0,/0,.

The behaviour of panel RP9 which was tested under ¢,/0,=1/0 was similar
to that of panel RP8 (Fig. 4.15) which was tested under o,/o,=1/-1. However,

in the absence of the principal compressive stress in RP9, there was much more
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of a tendency for the cracks to propagate along the mortar joints, as shown in
Fig. 4.22. The failures of these two panels were characterized by extensive
yielding of the reinforcement placed both normal and parallel to the bed joints.

As mentioned in the previous section, failure of panel RP3 (Fig. 4.18),
which was tested under o,/6,=1/-6.49 took the form of sliding shear along the
bed joints accompanied by spalling of the block face shells, In this case, only
the reinforcement normal to the bed joints reached the average yield strain. For
panel RP6, which was tested under ¢,/0,=1/-13.5, the first crack was observed
at a lower principal tensile stress than for either RP8 or RP9. This was a result
of the existence of high principal compressive stress. Only a relatively few cracks
were observed before the failure cf panel RP6 occurred. Similar to RP3 and the
prisms tested under uniaxial compression, a mixed mode of shear failure along
the mortar joints and spalling of the block face shells took place as shown in
Fig. 4.23. In this test, neither the reinforcement placed paraliel nor normal to the
bed joints reached the yield strain. The test performed on KPS under uniaxial
compression had to be stopped before failure. The load reached more than 80%
of the capacity of the compression jacks without any sign of distress or cracking.
However, the deformation measurements indicated that the panel loading was
beyond the range of the linear behaviour at the principal compressive stress o, of
10.4 MPa.

Panels RP7, RP1, and RP20, fabricated with §=0°, were tested under

biaxial states of stress of a,/0,=1/-7.08, 1/-1 and 0/-1, respectively. Failure of
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Fig. 4.23 Panel RP6 after failure; (§=45°, 0,/0,=1/-13.5, and p,=p,=0.26%).
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panel RP7 was characterized by extensive yielding of the reinforcement parallel
to the bed joints, whereas failure of panel RP1 occurred by spalling of the block
face shell after the yielding of the reinforcement parallel to the bed joints.
Similar to panel RP5, the compression failure load of panel RP20 was higher than
the capacity of the compression jacks. The test was stopped when the principal
compressive stress reached a value of 13.5MPa.
4.3.2.2 Strength Characteristics

The stresses at cracking and at yielding of the reinforcement as well as the
ultimate stress are included in Table 4.2 for each of the eight panels tested to
study the effect of o;/0,. In addition, the tension-compression failure envelope
for §=45° and p,=p,=0.26% is shown in Fig. 4.24. Because the ultimate stress

of panel RP5 was higher than the loading capacity of the compression jacks, the

2-0 ] i T 1
o,/0,=1/-1.08 o Cracking stress
. 1.6 01/02=1/"5-49 o Ullimate stress
o = = -]
< 12 pp pn 0.26%
e
§ 0.8 0,/0,=1/-13.5 .
»
0.4 1
0.0 o

STRESS o MPa

Fig. 4.24 Envelopes of the cracking and the ultimate stresses of reinforced
masonry assemblage with §=45".
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ultimate compressive stress under uniaxial compression in Fig. 4.24 was taken
vqual to the average compressive strength of three prisms tested with §=45°, The
envelope of the cracking stress is also presented in this figure. The change of the
principal stress ratio from g;/¢,=1/0 to 1/-1 did not seem to have a significant
effect on either the cracking or ultimate stress. The lack of effect on the ultimate
stress could be attributed to the fact that the same yielding of reinforcement mode
of failure occurred under both states of stress. Further increase in the algebraic
ratio ¢\/o, (moving towards the state of uniaxial compression) resulted in
reductions in both the cracking and ultimate stresses, as the failures changed from
the tensile mode of failure, characterized by yielding of reinforcement, to the
compression modes of failure, characterized by spalling of block face shells. The
difference between the ultimate stress and the cracking stress envelopes provides
an indication of the contribution of reinforcement to the capacity of reinforced
masonry. The contribution of reinforcement was maximum under uniaxial tension
where the tensile mode of failure prevailed. The contribution of reinforcement
decreased with the increase of the compressive stress, where compression failure
occurred before the reinforcement yielded.
4.3.2.3 Deformation Characteristics

The average stress-average strain relationships obtained for the five panels
RP3, RP5, RP6, RPS, and RP9, which were tested with §=45°, are plotted in
Fig. 4.25. Changes in the principal stress ratio ¢,/o;, can be seen to have

significantly affected the post-cracking tensile stress-strain relationships.
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Increasing the compressive stress was accompanied by reductions in the
ultimate tensile stress and the associated tensile strain, as shown in Fig. 4.25(a).
Increasing the compressive stress was also accompanied by increases in the
ultimate compressive stress and the compressive strains associated with the
cracking and ultimate stresses, as shown in Fig. 4.25(b). In the same figure, the
effect of cracking on reducing the stiffness of the masonry assemblage in the
principal compressive stress direction is obvious.

4.3.3 Effect of Percentage of Reinforcement

Eleven reinforced panels were tested under opposite and almost equal
principal stresses with §=45°, which produced a state of pure shear along the
mortar joints (the directions of the reinforcement). This loading arrangement
permits the effect of reinforcement on the shear response to be investigated
without any interference from axial stresses. As a result, all the reinforcement
used in these panels, parallel and normal to bed joints, is considered as shear
reinforcement.

Five of these panels (RP8, RP19, RP10, RP11, and RP12) were equally
reinforced parallel and normal to the bed joints. Panels RP13, RP14, and RP15
were unequally reinforced so that p,= 0, 0.17, and 0.26% respectively, whereas
p. was kept constant at 0.53%. On the other hand, panels RP16, RP17, and RP18

were reinforced so that p,=0.17, 0.53, and 0.79% respectively, whereas p, was

kept constant and equal to 0.26%.
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4.3.3.1 Observed Behaviour

Panel RP10, which was not reinforced (p,=p,=0), failed by formation of
a single crack oriented basically normal to the principal tensile stress direction.
A closer examination of the crack pattern shown in Fig. 4.26 reveals that the
crack was normal to the principal tensile stress o, over the zone where the grout
cores normal and parallel to the bed joints intersect. Aside from that, the crack
followed the mortar joints in a stepped manner where the grout cores parallel to
the bed joints were intercepted by the block webs.

Panels RP8, RP19, RP11, and RP12 were equally reinforced parallel and
normal to bed joints, so that p,=p,=0.26, 0.26, 0.53, and 0.79%, respectively.
Panels RP8, RP11, and RP12 exhibited uniform well developed cracks as shown
respectively in Figs. 4.15, 4.27, and 4.28. Failures of panels RP§ and RP19 were
similarly characterized, as mentioned before, by yielding of reinforcement in the
two directions. Unfortunately, both RP11 and RP12 suffered premature failures,
before the reinforcement reached its ultimate stresses, due to the fracture of some
of the steel bars close to the loading plates. These premature fractures could be
attributed to the stresses developed m the bars, near their ends, as they were bent
and welded to the ends plates R (see Fig. 2.9). However, these tests showed

considerable improvement in the capacity of the panels after cracking, due to the

existence of the reinforcement.
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Fig. 4.26 Panel RP10 after failure; (6=45", ¢,/¢,=1/-0.98, and p,=p,=0 %).
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Fig. 4.27 Panel RP11 after failure
(9=45", 0y/0,=1/-0.98, and p,=p,=0.53%}).
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Fig. 4.28 Panel RP12 after failure
(0=45, 0,/0,=1/-0.98, and p,=p,=0.79%).

It is worth noting that the amount of reinforcement provided in panel RP13
was equal to the total amount of reinforcement used in RP8. In spite of this, panel
RP13 could not resist even the cracking load after the first crack occurred. The
load carrying capacity dropped almost to zero as secondary cracks formed paraliel
to the direction of the steel bars, as shown in Fig. 4.29. These cracks reduced
the contribution of the dowel action of the reinforcement normal to the bed joints
so that the reinforcement was not effective in resisting the applied stresses and in
controlling the crack widths.

Although the total amount of reinforcement used in panel RP14 was even

larger than the corresponding amount used in panel RPg, panel RP14 failed in a
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Fig. 4.29 Panel RP13 after failure
(3=45°, 0’1/0';=1f"1.08, pp=0, al{]d pn=0.53%).
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Fig. 4.30 Panel RP14 after failure
(0=450, Gllaz=1,'1|08, pp=0¢17, and pn=0-53%).
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brittle manner similar to RP13. As shown in Fig. 4.30, panel RP14 did not

exhibit a uniform distribution of cracks, instead only two cracks were observed.
This behaviour was similar to that of panel RP16 as shown in Fig. 4.31. These
brittle behaviours could be related to the fact that the steel bars placed parallel to
bed joints in panels RP14 and RP16 had limited ductility. As a result, the brittle
rupture of the steel bars parallel to the bed joints occurred without significant
stress redistribution, leaving the steel bars normal to bed joints to resist the
applied stresses in a manner similar to that observed in panel RP13.

Although panels RP15, RP17, and RP18 were reinforced unequally normal
and parallel to the bed joints, their behaviour was similar to the ductile behaviour
of RP8. The three panels exhibited uniform well developed cracks in the direction
normal to the principal tensile stress as indicated in Figs. 4.32 to 4.34. The steel
bars in the two directions reached their yield strains which resulted in
considerable increases in their load carrying capacity after cracking. Panel RP17
suffered fracture of .two bars at their connection to the end plates, but this
happened after reaching the yield strains. The steel bars used in these panels in
the direction of the lower percentage of reinforcement had enough ductility to
allow full stress redistribution to take place so that the steel bars in the other
direction were able to reach their yield strains. The stress redistributions were
accompanied by considerable shear deformations along the existing cracks as well

as the formation of cracks along the mortar joints.



Fig. 4.31 Panel RP16 after failure
(8=450’ 0’;/0‘2= 1/'1002’ pp=0.17, and pn=0'26%)'

Fig. 4.32 Panel RP15 after failure
(0=45", ¢)/0,=1/-0.98, p,=0.26, and p,=0.53%).
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Fig. 4.33 Panel RP17 after failure
(0=45° 0,/0,=1/-0.98, p,=0.53%, and p,=0.26%).
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Fig. 4.34 Panel RP18 after failure
45°, 6,/0,=1/-0.98, p,=0.79%, and p,=0.26%).
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The behaviours observed for the above panels indicate the importance of
having reinforcement in the two directions to resist the applied shear stresses. The
ductility of the steel bars plays a significant role in the case of unequal
percentages of reinforcement in the orthogonal directions. Ductility is required
in the direction of the low percentage of reinforcement. This allows deformations
and consequently stress redistribution to take place until the steel bars in the other
direction reach their yield stress.
4.3.3.2 Strength Characteristics

The stresses at cracking and at yielding of the reinforcement as well as the
ultimate tensile stresses recorded for the eleven panels tested under the state of
pure shear along the mortar joint planes are summarized in Table 42 The mean
cracking stress is 1.22 MPa, which is equivalent to 0.303\/f‘_m. The C.O.V. is
15.6%. This mean strength is slightly lower than the value determined according
to the formula adopted in the ACI code (1989) for predicting the diagonal tensile
strength of the webs of reinforced concrete beams (O.33\/E MPa).

The cracking stress and the ultimate stress are graphically illustrated in the
bar chart in Fig. 4.35 for each panel. Where the ultimate stress is greater than the
cracking stress, the difference between them, shown as a cross hatched area,
represents the contribution of the reinforcement in resisting the increased loads
after cracking. It is obvious that the contribution of the reinforcement to resisting

the shear stresses along the mortar joints does not increase in proportion to the
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total percentage of reinforcement. Instead, it depends also on the distribution of
the steel bars normal and parallel to bed joints as well as the ductility of the
steel bars used in the direction of the lower percentage of reinforcement.
Increases in the ultimate stress beyond the cracking stress were observed for
panels RP8, RP19, RPI11, and RP12 which had equal percentages of
reinforcement in the two directions.

Although panels RP13 and RPl4 contained total percentages of
reinforcement equal to or greater than the total percentage of reinforcement used
in panel RP8, the cracking load could not be sustained. The load carrying
capacities of panel RP13 dropped dramatically with the development of the first
crack, whereas panel RP14 was able to maintain loading near to the cracking load
until the relatively brittle steel bars used parallel to the bed joints began to fail.
Following rupture of these steel bars, panel RP14 behaved similar to panel RP13.
These details of reinforcement did not allow stress redistribution to take place so
that the steel bars in the other direction could achieve their capacity. As indicated
in Table 4.2, the reinforcement normal to the bed joints of panels RP13, RP14
and RP16 did not yield. Conversely, panels RP15, RP17, and RP18, which were
reinforced by ductile steel bars in the direction of the lower percentage of
reinforcement, exhibited full yielding of the steel bars in the two directions at
stresses higher than those of RP8. In this case, the contribution of the

reinforcement increased with the increase in the total percentage of reinforcement.



It is worth noting that panels RPS, RP11, RP12, RP15, RP17, RP18, and
RP19 contained total percentages of reinforcement much higher than the 0.2 and
0.3% that were suggested respectively by Schneider (1959) and Scrivener (1967)
as upper limits, beyond which the reinforcement was not found to be effective in
resisting shear forces.
4.3.3.3 Deformation Characteristics

The average stress-average strain relationships obtained for the panels
tested under pure shear stresses along the mortar joints are shown in Figs. 4.36
and 4.37. The stress-strain relationships are presented in terms of the principal
tensile stress and strain. Figure 4.36 includes the results for panels RP8, RPL1,
and RP12 which were equally reinforced parailel and normal to the bed
joints, whereas Fig. 4.37 includes panels RP13-RP18 which were unequally
reinforced parallel and normal to the bed joints. These two figures reveal the
importance of paying attention to the details of reinforcement to be able to
improve both strength and ductility of reinforced masonry compared to
unreinforced masonry. This is demonstrated by the post-cracking response of
panels RPS, RP11, RP12, RP15, RP17, and RP18 where the reinforcement
yielded in the two directions achieving higher strength and more ductile
behaviour. As observed for panels RP13, RP14, and RP16, simply increasing the
amount of reinforcement without paying proper attention to the details can result

in little, if any, improvement in the behaviour compared to unreinforced masonry.
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4.4 CROSS-SECTIONS IN GROUTED CONCRETE MASONRY

The panels of series UNP had continuous grout cores only normal to bed
joints, whereas the panels of series RP had continuous grout cores both normal
and parallel to the bed joints. The continuous grout cores parallel to the bed joints
were the result of using blocks with knocked-out webs for a depth of 100 mm as
illustrated in Fig. 3.2. Sketches of the in-plane cross-sections of the masonry
assemblages used in the two series are presented in Fig. 4.38. This tigure reveals
how the unaligned webs of the blocks in the vertical direction leads to a smaller
continuous grout cross-section at the bed joints. This effect is more pronounced
in the case of using blocks having flares as well as tapered face shells and webs.
Using the block dimensions, the grout cores in series UNP were calculated to
have a minimum area along the bed joints in the order of 22.6% of the gross
area. The minimum areas increased respectively to 35.2% and 29.5% normal and
parallel to the bed joints in series RP where knocking-out the webs opened up the
core cross-sections.

Several saw-cuts were made through the panels, during the course of the
experimental program, to explore the possible existence of incomplete filling or
other flaws in the grout. It should be remembered that the grout in these panels
was compacted using a poker vibrator. Figure 4.39 shows marked locations of
the shrinkage cracks observed along the vertical saw-cuts in panels UNP2 and
UNP3 (cut normal tothe bed joints through grout cores). The mortar joints

and the shrinkage cracks were marked for clarity. It is observed that mortar fins
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(a) Panel UNP2 (b) Panel UNP3

Fig. 4.39 Longitudinal saw cuts along the grout cores.
were extended inward and tended to hang over the lower blocks, as the panel was
laid. These mortar fins result in smaller minimum grout core cross-sections. The
mortar joints along with the flared tops of the blocks also provide a horizontal
platform which tend to restrain additional settlement of the grout as water is
absorbed from the grout. This leads to the formation of grout bridges similar to
the ones identified before by Hegemier el al. (1978). In addition to significantly

reducing the minimum area of the grout cores normal to the bed joints, the flaws
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resulting from the mortar fins would be expected to influence the strength of the
remaining section. The plane of fracture along the bed joint of panel UNP13 is
shown in Fig. 4.40 after having the flaw-free grout areas marked. The ratio
between this area and the gross area was measured and found to be in the
order of approximately 15%, instead of the expected ratio of 22.6%. The
situation was better in the RP series where the grout could flow both horizontally
and vertically. Also the flared ends of the blocks were tri...med to a thickness of

44 mn.

UNPLy
(po, 11

‘\t'-'l.‘ L4402 -

Fig. 4.40 The plane of fracture of panel UNPIS.
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4.5 CLOSING REMARKS

All possible modes of failure were observed and there was complete
agreement between the modes of failure of the panels of series UNP tested under
uniaxial compression and the corresponding prisms of series UCU. This tinding,
in conjunction with the observed uniform well developed crack patterns of the
reinforced panels of series RP, demonstrate the effectiveness and the reliability
of the panel dimensions and loading arrangement chosen to study the macro-
behaviour of grouted concrete masonry. This test technique was developed to
study the macro-behaviour of grouted concrete masonry under in-plane stresses
without the need to adopt assumptions of elastic or isotropic behaviour to analyze
the test results. The experimental results reposted in this chapter have, by
themselves, provided a body of test data which helps in the understanding of the
in-plane behaviour of grouted concrete masonry. In the following chapters the
results are also used in the development and verification of analytical models.

The following remarks are based on the observations and the results of the
tests of series UNP;

1. The different modes of failure observed in the unreinforced panel tests
can be classified under two major categories; failure along mortar joint planes and
failure along planes normal to the principal stress directions. The first category
covers the modes of failure that take place either separately along the bed joints
and the head joints or as combined in a stepped pattern. This category confirms

the anisotropic characteristic of grouted masonry. The second category covers
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failures along planes normal to principal tensile stress (or strain) directions. This
category defines the states of stress under which grouted concrete masonry has
properties more closely resembling an isotropic material.

2. The behaviour of grouted concrete masonry under uniaxial compression
is dependent on the bed joint orientation 0. Under this state of stress, the modes
of failure, the strength characteristics, and the deformation characteristics change
significantly with 8. A reduction in the ultimate compressive stress, compared to
the value obtained for 0=0°, was found to be about 36% for 6=67.5°
corresponding with a shear failure mode along the bed joint plane.

3. The behaviour of grouted concrete masonry under uniaxial tension is
also dependent on the bed joint orientation 8. The configuration of the fracture
pattern changes with 8. The fracture plane does not always occur along a plane
normal to the principal tensile stress; rather it can follow the mortar joint planes
resulting in different strengths and different deformation characteristics depending
on @,

4. The tensile strengths of the unreinforced masonry assemblages
considered in this investigation were found to be in the range of 5.0 to 14.5% of
the corresponding compressive strengths obtained for the same bed joint
orientations.

3. The behaviour of grouted concrete masonry and its dependence on the
bed joint orientation change with the ratio between the principal stresses. A

change in the applied stresses from uniaxial tension to a state of g,/o,=1/-1
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resulted in a reduced dependence of the masonry strength on the bed joint
orientation. In the latter case, the principal compressive stress, g,, counteracted
part of the tensile stresses acting along the mortar joints and forced the failure to
take place along planes normal to the principal tensile stress (or strain) directions.
With further increase in the algebraic ratio of 0,/¢, (moving towards the state of
uniaxial compression), the compression modes of failure dominate the response.
In this range of stresses, the effect of & on the behaviour of grouted masonry
becomes more pronounced because the ultimate compressive stress of the
assemblage depends on the shear capacities of the mortar joint planes.

6. It is advisable not to use blocks with frogged cnds and flared tops for
grouted concrete masonry. The use of this kind of block results in grout cores
with small cross-sections along the bed joint planes which limit the beneficial
effects of the grout in strengthening the masonry and reducing its anisotropic
characteristics.

The following additional remarks can be based on the results obtained in
the biaxial tests of series RP.

1. Before cracking, the existence of grout cores both normal and parallel
to bed joints reduces the anisotropic characteristics of masonry. Depending on the
principal stress ratio, this behaviour could change after cracking. In the cases
where the principal tensile stress o, predominates and the modes of failure are
characterized by yielding of reinforcement, the bed joint orientation does not have

a noticeable effect on the failure stresses. Conversely, the bed joint orientation
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@ plays a significant role on both strength and mode of failure when the principal
compressive stress o, dominates. In the latter case, depending on the bed joint
orientation 8, the mode of failure could change from a compression mode of
failure, after yielding of the reinforcement, to a compression mode of failure
before the reinforcement reaches the yield point or to a shear mode of failure
along the mortar joints. For the last two modes of failure, the effectiveness of the
reinforcement is reduced and results in less ductile behaviour.

2. Similar to unreinforced masonry, the behaviour of reinforced masonry
changes with the principal stress ratio o,/0,. In the cases where the principal
tensile stress o, predominates, the modes of failure are characterized by yielding
of reinforcement. An increase in the algebraic ratic of ¢,/g, results in reductions
in both cracking and ultimate stresses, as the modes of failure change to
compression modes of failure characterized by spalling of the block face shells.

3. The mean value of the cracking stresses for the panels tested under a
state of pure shear along the mortar joints was found to be reasonably close to the
empirical formula (o.)¢,=0.303\/ f’,, which is similar to but slightly lower than
the formula of (crl)c,=0.3’.-h/’r"m which is adopted in the ACI code (1989) for
predicting the diagonal tensile strength of the webs of reinforced concrete beams
(Vecchio and Collins 1982),

4, Relating the effectiveness of shear reinforcement only to its total
percentage is incorrect. Increasing the amount of shear reinforcement can be

beneficial to both shear strength and ductility, but this cannot be achieved unless
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attention is paid to the details of reinforcement. First, it is important to distribute
the shear reinforcing parallel and normal to bed joints in order to be able to resist
the excess of forces that cannot be carried by masonry after the formation of
diagonal cracks. This implies that the vertical reinforcement in a masonry shear
wall may have to be designed to resist part of the shear force in addition to the
tensile forces due to a bending moment. Second, using ductile steel bars is
essential especially in the direction of the lower percentage of shear
reinforcement. If this condition is not satisfied, premature failure is likely to take
place along the first diagonal crack before the steel bars in the direction of higher
percentage of shear reinforcement achieve their full yield strength.

5. Properly detailed shear reinforcement, with total percentages up to
1.06%, were shown to increasingly help to avoid brittle shear failure and 10

improve both the strength and the ductility of the reinforced masonry assemblage.



CHAPTER 5

MACRO-BEHAYIOUR MODEL

5.1 INTRODUCTION

Several attempts have been made to predict the in-plane behaviour of
masonry walls. Some of these attempts were conducted at a microscopic level,
while others were concerned with the response of masonry at the macroscopic
level. The wide variation in the properties of the masonry constituent materials,
on one hand, and the difficulties associated with using some of the previously
developed models, on the other hand, put serious limitations on the application
of these models. It is the main purpose of this chapter to introduce a model that
can be described as reasonably simple, yet accurate and capable of capturing the
different aspects of the in-plane behaviour of both unreinforced and reinforced
grouted concrete masonry.

The in-plane behaviour of grouted oncrete masonry is discussed in the
next section, followed by the main assumptions adopted in the proposed macro-
behaviour model. The procedures involved in formulating the model are also
presented. This model is based on the multi-laminate model, developed by
Zienkiewicz and Pande (1977) for jointed rock masses. Several modifications

have been introduced in the proposed model to accommodate the differences
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associated with the behaviour of grouted concrete masonry.

The multi-laminate model has been used extensively in research and design
of jointed rock masses (Pande and Xiong, 1982). Pande and Gerrard (1983 and
1985) extended its application to cover reinforced jointed rock masses. It was also
used by Gerrard and Macindoe (1983) in a qualitative investigation of the
response of reinforced brickwork under in-plane tensile loading.

5.2 IN-PLANE BEHAVIOUR OF MASONRY

The modelling of grouted concrete masonry is a difficult task. In addition
to the effects of creep, shrinkage and loading rate, which are associated with
many structural materials, the behaviour of grouted concrete masonry is
complicated by the following factors:

1. Grouted concrete masonry is a highly structured, composite material. It
involves different constituents {masonry unit, mortar, grout, and steel bars), cach
having its own physical, mechanical, and geometrical characteristics. The
behaviour of this assemblage, even under the simple condition of uniaxial
compression reveals some aspects of the complexity associated with modelling
grouted concrete masonry. It was reported by Hamid and Drysdale (1979) that,
with increases in the applied compressive stress, both grout and mortar exhibit
large lateral strains as they approach their ultimate stresses. These lateral strains,
in turm, impose lateral tensile stresses on the masonry units which act under a
state of triaxial stress; vertical compression and lateral biaxial tension as

illustrated in Fig. 5.1. The failure of the masonry units, and consequently the
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Fig. 5.1 Stress distribution in a grouted concrete prism under uniaxial
compression (Hamid and Drysdale 1979).

masonry assemblage, is then related to the induced tension-compression state of
stress, rather than the uniaxial compressive strength. Based on this argument,
Hamid and Drysdale (1979) explained the reduction in the strength of grouted
masonry, in comparison with that of ungrouted masonry, and proposed failure
criteria for predicting the former.

2. Even for a particular assemblage, the interactions between the masonry
constituents and their effects on global behaviour do not remain the same. They
depend on the principal stress ratio and the orientation of the mortar joints with
respect to the principal stress directions. As clearly shown in the literature review

(Chapter 1) and by the experimental results obtained in this investigation,
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masonry assemblages exhibit distinct directional properties due to the existence
of the mortar joints acting as planes of weakness. This characteristic, which will
be referred to hereafter as "inherent anisotropy”, dominates the behaviour when
failure follows the mortar joints. Its influence diminishes when failures take place
along planes normal to the principal stress (or strain} directions, regardless ot the
bed joint orientation.

3. The formation of cracks in a masonry assemblage introduces another
degree of anisotropy that will be referred to hereafter as “induced anisotropy".
How the anisotropic characteristics (inherent and induced) interact and which one
dominates, impose additional difficulty in modelling grouted concrete masonry,
It should be kept in mind that, although modelling masonry using one of the
models developed for simulating the behaviour of concrete may account for the
induced anisotropy characteristics, the inherent part of the anisotropic
characteristics is overlooked.

4, The contribution of reinforcement in resisting the stresses induced on the
planes of weakness (mortar joints and cracking planes) is associated with different
shear resisting mechanisms (friction, aggregate interlock, and dowel action) along
with the tension stiffening effect,

5.3 MACRO-BEHAVIOUR MODEL
5.3.1 Introduction
Although the use of a micro-level analysis facilitates study of the influence

of different parameters on the behaviour of masonry, there are serious limitations
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on its general usefulness. First, the geometric characteristics of the masonry units
and the mortar joints can lead to ill-conditioning of the algebraic system and/or
instability of the numerical solution (Pietruszczak and Niu, 1992). Second, very
sophisticated and detailed information is required about the characteristics of all
of the materials and their interactions under various stress states and stress
histories. Third, this kind of analysis becomes impractical for masonry shear
walls and even large test assemblages.

From a consideration of the above factors, it was decided to model the
behaviour of grouted concrete masonry at a macroscopic level. This technique has
the advantages of being able to rationaily explain the different aspects of masonry
behaviour while remaining a relatively simple alternative to facilitate the
modelling of the large masonry structures. In the macro-behaviour model
described herein, certain considerations are also given to the micro-behaviour
along the planes of weakness (mortar joints and crack planes) which yield a
general and more realistic simulation of the anisotropic characteristics (inherent
and induced) of the masonry assemblage.

As shown in Fig. 5.2, the reinforced masonry assemblage is replaced by
an “equivalent material" which consists of a homogenous medium intersected by
two sets of planes of weakness (along the head joint and bed joint planes) and two
sets of reinforcement. Each set has its own characteristics and is described as an
elastic-viscoplastic material. The macro-behaviour of the "equivalent material" is

determined by smearing the influence of these sets throughout the respective



UGIIUZI[EIPI JURWIR-04ICIAl T°S 81

m oY% | oo,
| 000000 _

P o ol o e g e b
p

%
e
<

2
s

1% 0-0

mmucv_mu.ﬁ HO
(X
S

soue(d jo s19s ¥
i

unipaul
snoauadotuof|

aduiquasse fsuosewn
paoIojUlal B Ul JUIUID]|I—0I0BN

juattasiojuay —f

— , {-quiof pueay
257

2y

-.—-.ulr




218

volumes that they occupy. This idealization provides a means of predicting highly
anisotropic behaviour and is utilized to realisticaily model the inherent part of the
anisotropic characteristics of masonry assemblages. The behaviour of the
homogeneous medium is also described by an orthotropic model, originally
developed by Darwin and Pecknold (1977), to account for the induced part of the
anisotropic characteristics.
5.3.2 Assumptions and the Rheological Analogue of the Macro-Behaviour
Model

The main assumptions adopted in the development of the macro-behaviour
model are:

1. The planes of weakness and the reinforcement are uniformly distributed
with spacings that are much smaller than the dominant dimensions describing the
external geometry of a particular masonry structure.

2. Each set of planes of weakness and each set of reinforcement is modelled
as an elastic-viscoplastic material, in which the strength is determined according
to the Mohr-Coulomb failure criterion with a tension cut-off, Figure 5.3(a) shows
the rheological analogue of an elastic-viscoplastic material (Zienkiewicz and
Cormeau, 1972). It consists of a spring connected in series with a vi\s‘coplastic _
unit formed by a slider and a viscous dashpot connected in parallel, Thé;laiﬁéf,)
representing the plastic component, can only become active if the stresses go
outside the yield surface. The instantaneous response of this material, symbolized

by the spring, is elastic. If the stresses go outside the yield surface, the plastic
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strains, symbolized by the slider, take place with time as the dashpot does not
respond instantaneously. In this manner, the elastic-viscoplastic idealization can
account for the elastic and inelastic strain components along with the time

dependence of the latter.

g
ag
Slider; active
only if
£ ] I lel > ay
Dashpot
g
o Elastic 1
spring ol
FECFrEes
(a) Elastic—viscoplastic model (b) Incrementally elastic
for the planes of weakness model for the homogeneous
and reinforcement. medium.

Fig. 5.3. Rheological analogues for the macro-element components.

3. The homogenous medium, modelled as stress-induced orthotropic material
according to the model proposed by Darwin and Pecknold (1977), is treated as
an incrementally linear elastic material with the stiffness and strains being
corrected during each load increment to reflect the latest changes. The failure of
the homogeneous medium is described by the biaxial envelope developed by

Kupfer and Grestel (1973). This failure envelope is defined in terms of the
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uniaxial compressive strength of the masonry assemblage at 6=0° (i.e.
compression is normal to bed joints), rather than the separate strengths of grout,
mortar, or masonry units. In this manner, the failure envelope accounts for the
influence of mortar and grout on the compressive strengths of the masonry
assemblage under biaxial compression-compression states of stress when a
splitting failure occurs parallel to the plane of the assemblage (Page 1981). The
rheological analogue of the homogeneous medium is shown in Fig. 5.3(b) as a
dashed spring, to be distinguished from the linear elastic material.

4. Following the work of Zienkiewicz and Pande (1977), the mortar joints
comprising each set of planes of weakness are considered to occupy a negligible
volumetric portion of the masonry assemblage (5 % in the masonry assemblage
under consideration). Consequently, the sarne global stress vector is assumed to
be experienced by the homogeneous medium and each set of planes of weakness.

5. The reinforcement is assumed to be perfectly bonded to the masonry
assemblage at the macroscopic level. This assumpt}bn, however, does not exclude
the possibility of bond failure at a microscopic level (see Sec. 6.3.2).

6. As a part of the orthotropic model used to simulate the behaviour of the
homogeneous medium, the orientations of the principal stresses and principal
strains of the homogeneous medium are assumed to coincide. It should be kept
in mind that this assumption does not mean that the orientations of the principal
stresses and principal strains of the masonry assemblage coincide. As stated

before, the masonry assemblage comprises, in addition to the homogeneous
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medium, two sets of planes of weakness and two sets of reinforcement.

According to assumptions 1 to 4, the homogeneous medium and the two
sets of planes of weakness can be considered, in rheological terms, to be
connected in series as shown in Fig. 5.4. Referenced to the global coordinates,
the series connection assures that they are subjected to the same stress increment
and the resultant incremental strains are additive to produce the macro-strain
increment for an unreinforced masonry assemblage.

Adoption of the fifth assumption of perfect bond implies that the masonry
assemblage and each set of reinforcement undergo the same global strain
increment. In rheological terms, a reinforced masonry assemblage can be
represented by three strings connected in parallel as illustrated in Fig. 5.5.
The first string represents the masonry assemblage and the other two strings
represent the two sets of reinforcement normal and paratlel to bed joints. The
parallel connection, in this case, means that the same global strain increment is
experienced by the three stings upon which the applied stress increment is
distributed according to their stiffnesses.

5.4 CONSTITUTIVE EQUATIONS FOR UNREINFORCED AND
REINFORCED MASONRY ASSEMBLAGES

The constitutive equations presented in this section are developed in terms
of global coordinates. The transformation between global and local coordinates
is addressed in the following section.

Considering a set "i", representing one of the sets of the planes of
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weakness or of the reinforcement, the total strain increment can be separated into
elastic and viscoplastic components, or in general terms, elastic and
inelastic components that can be written in the form of:

{Ag), = {Ae)} + {Ae)f ...

where (Ae},  is the vector of total strain increment,

{Ae};  is the vector of the elastic strain increment, and

{Ae}}  is the vector of the inelastic strain increment.

The elastic strain increment is related to the applied stress increment through:

{Ae); = [D] {Ao), ..(5.2)

where [D]. is the tangential elasticity matrix for set "i" and
(D], g Y

(Ao}, s the vector of the stress increment.

The tangential elasticity matrices for the different sets of planes of
weakness and the sets of reinforcement are kept constant and equal to the initial
values throughout the analysis. In contrast, the tangential elasticity matrix of the
homogeneous medium is updated at the end of each increment as illustrated
schematically in Fig. 5.6. The total strain increment experienced by the
homogeneoﬁé medium under a stress increment can also be separated into an
glastic strain increment, induced in the first iteration, and inelastic strain
increments, added during the following iterations until convergence is achieved.
In this manner, Eqgs. 5.1 and 5.2 can be used to relate the stress and strain

increments experienced by the different paris of the masonry assemblage. The
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Fig. 5.6 Elastic and inelastic strain components for the homogeneous
medium.

procedures followed to define the tangential elasticity matrices and the nonlinear
strain increments are discussed in more details in the following sections,

As shown before in Fig 5.4, the unreinforced masonry assemblage can be
presented, in rheological terms, by series connections between the homogenous
medium and the two sets of planes of weakness. This idealization implies that the
same stress increment experienced by the masonry assemblage is experienced by

these three components, i.e.

(Ac},, = {Ac},, = {Ad}, = {Ac], .(5.3)



[
[
Ln

The subscripts un, hm, b, and h are used in this equation to refer o the
unreinforced assemblage, the homogeneous medium, the planes of weakness along
the bed joints and the planes of weakness along the head joints, respectively, The
macro-strain vector experienced by the unreinforced masonry assemblage can then
be determined by summing up the strain vectors induced in the three components

of the masonry assemblage, in terms of global coordinates, as follows:

s -t t
(Ae),, = == {Ael,, + — ({Ae}, + {Aely) - (3.4)
sm Sm
where £, and s, are the thickness and spacing of the mortar joints as indicated in
Fig. 5.2. Substituting Eqs. 5.1 and 5.2 into Eq. 5.4 and making use of Eq. 5.3

yield the following relationships:

{Ae},, = [D], {Ac),, +{Ae)
...{5.5)
(Aal,, = [Dl,, ({Ae},, - {Acky)

in which the global elasticity matrix [p] , and the inelastic strain increment

{Ae} @ experienced by the unreinforced assemblage can be evaluated by

4 Syl pget . Im -1 -1
[D},, = S [D)im + s_( (D1, + [D1)

...(5.6)

nhe Sm—tm ne tm ne ne
{Ae),, = p {Ae},, + ~ ( {Ae), + {Aely)

m m

In a similar manner, a reinforced masonry assemblage can be represented
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in rheological terms by three strings connected in parallel as shown in Fig. 5.5.
The paraliel connection implies that the masonry assemblage and each of the sets
of reinforcement experience the same vector of strain increment, defined in the

global coordinates. This equality can be written as
(&€}, = (A€}, = {Ac}, = {Ag}, (5.7

where the subscripts rt, un, p, and n refer to the reinforced masonry assemblage,
the unreinforced masonry, the reinforcement parallel to bed joint and the
reinforcement normal to bed joint, respectively. To satisfy equilibrium conditions,
the applied stress increment should be distributed between the masonry
assemblage and the reinforcement according to the following relationship:
{Ac},, = (Ac},, + p, (Ad), + p, {Ac), +-(3.8)
where p, and p, are the percentages of reinforcement provided parallel and normal
to the bed joints. The reduction in the cross-section of the unreinforced masonry
assemblage due to the existence of reinforcement is usually small enough (in the
range of 1%) to be neglected as expressed by the first term in the above equation.
Substituting Eqs. 5.1, 5.2 and 5.5 into Eq. 5.8 and making use of Eq. 5.7 result

in the following relationships:

(Ao}, = [D),, ({A€},, - {Aely)
-..(5.9)

(Ae},, = [DI;; (Ao}, +{Ac});

where the global elasticity matrix [D],, and the inelastic strain increment { Ae},’.“:
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of the reinforced assemblage can be evaluated as

[D]r[ = [D]un + pp [D]p + pn [D]" 10
...(3.10)
(Aelf; = [D);; (ID),,(Ack + p, [D], (el + p, [D], {Acky)

5.5 COORDINATE TRANSFORMATION

Two kinds of coordinate axes (global and local) are required to formulate
the macro-behaviour model. A set of global coordinate axes is used to define the
overall properties and the mechanical response of the masonry assemblage. On
the other hand, several sets of local coordinate axes are used in the orientations
of the planes of weakness, the reinforcement, and the principal directions of the
homogeneous medium. Appropriate transformations are required to transform
vectors and matrices such as stress, strain and stiffness from the local to the
global coordinates and vice versa.

Different sets of coordinate axes are shown in Fig. 5.7, where the X-Y
axes represent the global coordinate axes. The two sets of axes x,-y, and Xy-y, are
the local coordinate axes for the planes of weakness along the bed and the head
joints, respectively. The homogenous medium is idealized as an orthotropic
material in the principal directions which are indicated by the local coordinates
lin=2une The relationships between the local coordinate axes x,-y, and the global
axes X-Y are discussed here as an example. However, the same transformation
rules are applicable between any local axis and the global axes.

The global vectors of stresses and strains can be converted to the local
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coordinates x,-y, using the following relationships:

{Ac},, = [T, )6 (Aot (5.11)

{Ae},, = [T, 1,6 (A€),q (512

where {Ao},, and {Ae},, are the stress and strain vectors defined in the local
coordinate axes X,-Yu,
{Ac},; and {Ae},; are the stress and strain vectors defined in the global
coordinate axes X-Y,
[T.]).c is the stress transformation matrix from the global to the local

coordinate axes which is given by

2 2

¢ s 2sc
[T)g =| s ¢ -2sc .(5.13)
-s¢  s¢  c*-s?
[7,.).c is the strain transformation matrix from the global to the local

coordinate axes which is given by

S Sc

[Tsn G = 32 cz ...(5.14)
-2s¢c  2s¢  c-st

£=C0S &, and s=sin e,

where o, is the angle between the bed joint planes of weakness and axis

X as indicated in Fig. 5.7(c).

It is interesting to note that the stress and strain transformation matrices are

related by
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7] = [T, gz. --(5.15)

where (7] is the strain transformation matrix from the local to the global
coordinate axes (i.e. c=cos (-o,) and s=sin (-o,)).

Both the elasticity matrix [D] and its inverse can be transformed to the global

coordinate axes in the form of

(Dlig = (T,1e; Dl [T, 116 = [T, )06 D13} [T, 5.16
[Dlyg = [T, )i D)y [T, )ic

It should be kept in mind that the constitutive equations presented in Sec.
5.4 were developed in terms of the global coordinates, but in that instance, for
clarity, the subscript "G" was not included.
5.6 IDEALIZATION OF JOINTS
5.6.1 Introduction

Two sets of planes of weakness are used to simulate the bed and head joint
planes. The deformations and the failure conditions for these planes were
described in terms of the average normal and average shear stresses (¢ and 7)
acting on them. However, in modelling a grouted concrete masonry assemblage,
two difficulties are encountered in the idealization of the mortar joints by separate
sets of planes of weakness. First, the planes along bed and head joints intersect

more than one material; mortar, grout and block face shells. Second, the

_Possibility of developing a stepped failure pattern through bed and head joints



231

™ A
S | T S
{ I \ } — Mortar
L o1 b2|bl !b?. bl | R ?10"1‘
i . EANAN ace shell
l__'L b2 b1 b2 lbl b2 l__l
0 ) : I SN . .
| - Grout —block
I | H
| | l A
L IR U R g
L. A
(a) Elevation (b) Section A-A

~—Grout

- l/ > I\ p \l‘_-—--\:{ t
TEETE T —
AN b2 /"

(c) Section B-B

Fig. 5.8 Material components along the planes of weakness.
cannot be addressed unless the interaction between the two sets of planes of
weakness is considered. The procedures followed to overcome these difficulties
along with the modelling of the different constituent materials along the joints are
discussed in the following sub-sections.
5.6.2 Head Joints

As shown in Fig. 5.8(b), the planes of weakness along the head
joint planes pass through three different components; mortar joints, blocks and

the grout-block interface. This figure represents the case of a masonry assemblage
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with continuous grout cores normal to bed joints only. An additional grout
component will be required in cases where the masonry assemblages have also
continuous grout cores parallel to the bed joints. Studying the problem at a
macroscopic level, the average normal and average shear stress increments (Ag,
and A7) acting on these planes can be determined in terms of the global stress
increments using Eq. 5.11. These stresses should be in equilibrium with the
internal stress increments induced in the three components of mortar, blocks and
grout-block interface so that they satisfy the following equilibrium relationship:
{M"} - ﬁ{“"‘"} . ﬁ{“"} . ﬁ{“i“} - {5.17)
A, A, At 4, AT, 4, [AT,,
where 4, is the cross-sectional area of the masonry assemblage along the head
joint planes of weakness. The subscripts "mh", "k" and "in" are used here to
refer, respectively, to the mortar, the block and the grout-block interface along
the head joint planes of weakness. In addition, compatibility of the deformations
along the planes of weakness implies that the same average strain increments are

experienced by these three componeats at the macroscopic level. This can be

Ag, ) Ae,, ) Ag, ) Ae, 5.18)
Ay, AY . Ay, Ay,

The above two equations can be represented in rheological terms by three

written as

elastic-viscoplastic units connected in parallel as shown in Fig. 5.9. This

combination can then be used to replace the single elastic-viscoplastic unit which
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Fig. 5.9 Rheological analogue for the head joint planes of weakness.

represents the planes of weakness along the head joints in Fig. 5.4. The same
procedures are used as in the case of the parallel connection between masonry
and reinforcement to define the average elasticity matrix and the inelastic strain
vector of a reinforced masonry assemblage (Sec. 5.4). Thus, the average elasticity
matrix and the inelastic strain vector of the head joint planes of weakness can be
defined in terms of the corresponding matrices and vectors of the three
component materials along these planes of weakness as follows:

oy, = 1—": Dl + %: (D], + %‘: 2] ...(5.19.2)

A A
{Aely = (D} ( —f’*- [Dl,, (A€}, + f (D], (Ae)y
h B ...(5.19.b)

+ a [D],, (Aely)
Ah in in
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Adopting the assumption of uniform strain distribution along the head joint
planes of weakness implies that the failure of any component along these planes
is followed by stress redistribution between this component and the
surrounding components until a complete failure of the plane of weakness occurs.
This behaviour is in agreement with the test observations since no cracks were
detected in the mortar head joints until the complete failure along a head joint
plane occurred.

5.6.3 Bed Joints

Similar to the head joint planes of weakness, the planes of weakness along
the bed joints pass through both the mortar and the grout components, as
illustrated in Fig 5.8(c). However, it was decided to break the planes of weakness
into four components; two identical mortar components and two identical grout
components. The main reason behind this decision was to allow prediction of the
stepped mode of failure as well as failure along the bed joint planes.

As illustrated in Fig 5.8(c), the bed joints can be divided into two series
of elements which are identical in their constitution but different in their location
with respect to the mortar head joint. The first series of elements lies on the
upper left side of the mortar head joints and is referred to by "b1". In between
the elements of this series, the second series of elements that falls on the upper

right side of the mortar head joints is referred to.by "b2". Both series,
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identically, consist of 50% of the grout and the mortar components along the bed
joints.

The relationships developed for the planes of weakness along the head
joints are applicable to each series of elements. Consequently, the elasticity

matrix and the inelastic strain vector for each series of elements can be

determined as follows:

A

A
(D1, = D, = ﬁ: D1, + == D] ...(5.20.2)
b

-1
Ae)™ = (Ac)=[DLZ} ( 2mb 1D, (Ae)™, - Y 0. (ae™) ...(5.20)
{Ae)y; = (A€);=[D]y, (_22—[ 1 (A€, + A [ ]g {Ael,) -..00.20.
b b
Applying the same equilibrium and compatibility requirements again to the two
series of elements, the average characteristics of the planes of weakness along the

bed joints can be defined as

[D], = [Dly; + [D],,

) (5.21)
(Ae}y = E({AG}'; +{Aelky)

According to the above relationships, the planes of weakness along the bed
joints can be presented in rheological terms by a parallel connection between two
identical series as shown in Fig. 5.10. Each series consists of two elastic-

viscoplastic units connected in parallel; one for the mortar component and the
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Fig. 5.10 Rheological analogue for the bed joint planes of weakness.
other for the grout component. This connection can then be used to replace the
single elastic-viscoplastic unit used to represent the bed joint planes of weakness
in Fig. 5.4,

5.6.4 Stepped Modes of Failure

Classification of the bed joints into the two series "bl" and "b2"
accommodates prediction of the different possible modes ¢f failure along the
mortar joints. A simultaneous failure of the two series, b;efore faih_lre of the
mortar component along the head joint planes of wealmes‘.f;j,:: indicates a complete
failure along the bed joints as shown in Fig. 5.11(a). On the other hand, failure
of the mortar component along the head joint planes of weakness could lead to
different modes of failure dependiEg on the relative strengths of the components

along the bed and the head joint planes. Failure of the mortar component along
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the head joint planes results in stress redistributions not only along the head joint

planes but also along the bed joint planes. The process of stress redistribution
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Fig. 5.11 Different modes of failure along the mortar joint planes.
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continues until a complete failure takes place either along the head joint planes
alone (Fig. 5.11(b)) or in a stepped pattern through both head and bed joints, as
demonstrated in Figs. 5.11(c) to (e).

A typical macro-element in a masonry assemblage is shown in
Fig. 5.12(a). When the stresses acting on the mortar component of the head joint
planes of weakness exceed their maximum values (¢, and 7°,,,), defined by the
yield surface, the excess of stresses (A¢ ", and A7) that cannot be resisted by
this component have to be redistributed to the surrounding components.
Figure 5.12(b) shows the forces acting along section A-A before and after the
stress redistribution takes place. Consideration of the equilibrium conditions in
the two directions parallel and normal to bed joints, shown in the free

body in Fig. 5.12(b), yields the following two equations:

(¢exL)o, = Ay(opp+ha’ ) +A 0, +4, 0,

...(5.22.2)

= A, Ot AL (0, +A0") +A, (0, +A0",)

(xL)v, =A_ (v, +AT J+A t,+4 1T

pr TR m TR ..(5.22.1)

= A, Tt A (T + AT ) +A4, (7,4 AT")

These two equations can be simplified in the forms of

AyAo’y, = A Ao’ +A, Ao, .(5.23.9)
AppAt’y, = AAT +4A, A7, ...{5.23.b)

where Ac”, and Ac”, are the changes in the normal stresses acting,
respectively, on the block and the grout-block interface components

along the head joint planes of weakness after the stresses acting on the
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mortar component reach its yield surface, and

At and Ar”,, are the changes in the shear stresses acting, respectively,
on the block and the grout-block interface components along the head
joint planes of weakness after the stresses acting on the mortar
component reach their yield surface.
Equations 5.23(a) and (b) describe the process of stress redistribution among the
different components along the head joint planes of weakness after the stresses
acting on the mortar component reach their yield surface.

The process of stress redistribution between the mortar component of the
head joint planes of weakness and the components along the bed joint planes of
wealkmness, can be studied using a toothed section b-b made through both bed and
head joints as shown in Fig. 5.12(a). Figure 5.12(c) shows the forces resisted by
the different components crossed by section b-b before and after the stress
redistribution takes place. Consideration of the equilibrium conditions of the free
body shown in Fig. 5.12(¢), in the two directions parallel and normal to bed

joints, yields the following two equations:

(txL)a, = 2A_, (g, +Ag" ) +A, T, -A,,T
p mh T mp mid ¥ 51T T Ay T (5.24.3)
= 2Am.l.°;nh+Au(""u*A"-"u)'Abz(‘bz'A"’bﬁ

(txl)t, =24 . (t,+At" J+A, 0, ~A,,q
P mh\ " mh mh b1V BI “hb2™ b2 ...(5.24.b)
= 24,y t A, (0, +Aa "51) ~Apa(0,-A07))

where Ag¢°,; and Ag°,, are the changes in the normal stresses acting respectively

on series bl and b2 of the bed joint planes of weakness after the stresses
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acting on the mortar component of the head joint planes of weakness
reach their yield surface, and

Ar’,; and At °,, are the changes in the shear stresses acting respectively
on series bl and b2 of the bed joint planes of weakness after the stresses

acting on the mortar component of the head joint planes of weakness

reach their yield surface.
Because the two series of elements, bl and b2, have identical constituent
materials and stiffnesses, the changes in the stresses acting on these series shouid

be equal as expressed by

Ag’,, = Ad’y, ...(5.25.3)

Aty = At «.(5.25.b)
Using Eq. 5.25, the equilibrium equations expressed by Eq. 5.24 can be

simplified as

A0, = Ay Bty = ApAT, ...(5.26.2)

A A, = AyAc’y, = AnAd’, ..+(5.26.b)

It is worth noting that two stepped modes of failure, differing in their
orientation, can be predicted if the stresses acting on the mortar compenent of the
head joint planes of weakness and subsequently the stresses acting on the bed joint
planes of weakness reach their respective yield surfaces, As illustrated in
Fig. 5.11(c), a positive stepped mode of failure occurs when the stresses acting
on elements of series "b1" reach their yield surfaces after the stresses acting on

the mortar component of the head joint planes of weakness reach their yield



surfaces. Alternatively, if the stresses acting on the elements of series "b2" reach
their failure surfaces after the stresses acting on the mortar component of the head
joint planes of weakness reach their yield surfaces, a negative stepped mode of
failure takes place as shown in Fig. 5.11(d). A toothed mode of failure, as
sketched in Fig. 5.11(g), is expected to take place, if the stresses acting on both
series bl and b2 reach their respective yield surfaces subsequent to the stresses

acting on the mortar component of the head joint planes of weakness reaching its

yield surface.

5.6.5 Elasticity Matrix

A plane strain elasticity matrix [D] is used to define the elastic responses
of the different components along the planes of weakness. This plane strain
idealization is used to account for the confining effect of the blocks on the mortar
joint and the grout along the joint planes where high stress and strain
concentrations are likely to occur. The relationship between the stresses and the

elastic strains of component material "i", in terms of the local coordinates along

the planes of weakness, is given by

g v, 0 A€}
. S 1oy bl o o(5.27)
At (1+v)(1-2v)| 0 ) ! Ay

where E; and », are, respectively, the Young’s modulus and the Poisson’s ratio for

the component material "i".
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Because of the small thickness of the mortar joints compared to their
lengths, the effect of the normal strains parallel to the orientation of the planes
of weakness on Ag; is neglected in Eq. 5.27. However, the interaction between
the normal stresses (and strains), acting parallel and normal to the bed joints, is
considered in the homogeneous medium.

5.6.6 Yield Surfaces and Flow Rules

The inelastic responses as well as failures of the different material
components across the planes of weakness are modelled using the elastic-
viscoplastic idealization. The Mohr-Coulomb criterion along with a tension cut-off
are used to describe the yield surface of a component material "i".

As indicated by the solid line in Fig. 5.13, the failure in zone I is
dominated by the shear stress. In the absence of sufficient information, the yield
surface adopted for this zone is expressed as a function of stresses only, which
implies an elastic-perfectly plastic response. This assumption is in agreement with
the experimental results obtained in this investigation and by Guo (1991) in direct
shear tests under the effect of compressive normal stress. The adopted yield
surface is defined as

F, = F(o,t) = [|v|+0 tan® ~c], = O ...(5.28)
where & and ¢ are the angle of friction and coefficient of cohesion, respectively.

For zone II, where the failure is dominated by the tensile stress, three
different criteria are use:1 in the analyses reported in Chapter 7. As shown by the

solid lines in Fig. 5.13(a), the first criterion adopted is a straight tension cut-off,
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Fig. 5.13 Yield and plastic potential surfaces for a typical component material
along the planes of weakness.
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which is described as a function of stress only in the form of

Fy=Ffo) =[0 -f], =0 ..(5.29)

where f;” is the uniaxial tensile strength of component material "i". The second
criterion adopted for zone II is a circular tension cut-off as shown by the solid
lines in Fig. 5.13(b). It is also expressed only as a function cf stress in the

following form:

F, = Fy(e,t) = [\/72"'(0"'}{-]"‘)2"12],- =0 ...(5.30)
where - 7 %, sind
R=c¢ tzm(4 +2) i =g

Adoption of yield surfaces which are functions of stresses only (Egs. 5.29
and 5.30) implies the assumption of elastic-perfectly plastic response in zone II,
which does not seem to be adequate for describing the brittle nature of the tension
failure. Therefore, for zone II, a third criterion is adopted in the form of a
circular tension cut-off, but having the tensile strength £* defined as a function
of the normal tensile strain according the strain softening model proposed by
Massicotte et al. (1990) and shown in Fig. 5.14(a). According to the third
criterton, the yield surface of zone II contracts with the increase in the normal
tensile strain. This idealization, as shown in Fig. 5.14(b), introduces a transition
zone between the tension brittle failure, indicated by point A”, and the more

ductile behaviour in the existence of compressive normal stress along line B*-C.
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The ineiastic strain increment experienced by a material "i" is determined
by the viscoplastic strain increment. The response of the material remains elastic

as long as the state of stress lies inside the yield surface. Once the state of stress

is on or outside the yield surface, a viscoplastic strain increment, Ag?, takes

place according to:

A¢l® = Aef = [Y<F>%—g_]f ..(5.31)
<F> = if F
in which 0 ¥ Fs0 (5.32)
<F>=F if F>0

« is the fluidity parameter which is commonly adopted as unity when time
dependence is not real, and

@ s the plastic potential function.
A non-associated flow rule is adopted in zone II to account for the
dilation of the joints after failure in shear. This is achieved by specifying a plastic
potential function @, different than the yield surface F,, as shown by the dashed

lines in Figs. 5.13 and 5.14. This potential function can be expressed in the

following form:

Q; = [|t|+o tany -constant], = O ..(5.33)
Non-dilatant behaviour can be represented by y=0, while 0 <y <& results in
varyiﬁg dilation. Plastic potential functions @, similar to those of the yield
surfaces F; adopted in zone II, are used when failure is dominated by tensile

stress, i.e. via an associated flow rule,



5.7 IDEALIZATION OF THE HOMOGENEOUS MEDIUM
5.7.1 Constitutive Relationships

The homogeneous medium is modelled, as indicated before, as . stress-
induced orthotropic materiai according tb the model proposed by Darwin and
Pecknold (1977) for plain concrete. In this model, the principal axes "1,,," and
"2y of the material are considered to coincide with the principal stress axes of
the homogeneous medium. The material is treated as incrementally lincar elastic

according to the following stress-strain relationship:

{Ao}ﬁm = [D];,m {Ae}hm

or

AUI EI VVEIEZ 0 AG]

Ao,y =_L1_ E, 0 Ae, ...(5.34)
B 1-v

Atp|, Sym. (1-v3G |, BY),,

where G = %(}5‘x + E, - 2vy/E,E,)

The subscript "hm", referring to the homogeneous medium, is moved outside the
matrices for simplicity. The next step is to determine the material constants; E,,
E, and » for each load increment. Darwin and Pecknold daveloped the concept

of the "equivalent uniaxial strain" which allows actual biaxial stress-strain curves
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to be duplicated from the uniaxial curve. The same technique was discussed and
used by Elwi and Murray (1979) to develop three-dimensional stress-strain
relationships for concrete. They pointed out that Eq. 5.34 can be rewritten in the

form of

Ao1 E, 0 0 Ag,,
Ag, = E, 0 Ae,, ..{3.33%)
Arlg hm Syfn. G km AY]_z hm

where the vector on the right side can be defined as the vector of equivalent
uniaxial strains after removing the effects of Poisson’s ratio. The values of the

incremental equivalent uniaxial strains can be determined as

G=12) ...(5.36)

Integrating this equation, at the end of each iteration, yields the total equivalent

uniaxial strains as

dS,,,; Ay, Opminew = 9pmjold
eh.miu = 4 = Z _.]. = 2 J ] 0 ...(5.37)
f Epmj Epmj Eymjou
The constitutive relationship given by Eq. 5.34 and based on the equivalent

uniaxial strain can then be summarized as

{Ac),, = g ({Ael,, [{da},) ...(5.38)
in which g implies a functional relationship. This relationship is path dependent

and was described by Elwi and Murray (1979} and Chen (1982) as a hypoelastic
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constitutive relationship.

At the end of each load increment, the elasticity matrix of the
homogeneous medium is updated to reflect the latest changes in the material
characteristics. This matrix is kept constant during the same load increment as
illustrated in Fig. 5.6. The strains induced in the first iteration of cach load
increment represent the elastic part of the strain corresponding to this load
increment. Following the "initial strain" solving technique, the inelastic strain
increments for the next iterations are required. They are determined by evaluating

the difference between the current stresses and the true stresses corresponding to

the current strain (for example, {A g}, ) 12 for the 2™ iteration of the 3™ increment

as indicated in Fig.5.6). This vector of stress differences can then be substituted

into Eq. 5.34 to determine the inelastic strain increment for the next iteraiion

{A€h ), as illustrated graphically in Fig. 5.6. This strain increment is later

assembled with the inelastic strain increments of the planes of weakness and the
reinforcement to determine the inelastic strain increment of the assemblage
according to the relationships derived before in Sec. 5.4. Dividing the inclastic
strain into increments, rather than applying the total value, allows for tracing the
nonlinear behaviour of the assemblage especially during the propagation of
cracks.

5.7.2 Pre-failure Stress-Strain Relationships

The stress-strain relationship of the homogeneous medium under uniaxial
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compression is described by Saenz’s equation (Saenz 1964) in the form of

efu'nju Eo
g, .=

hmj 2 ...(5.39)

E € . € .

L+ (= - (+A) "”"“] * ( ””"")
E’, €, €,
where E, is the initial tangential modulus of elasticity,
E°, is the secant modulus of elasticity at peak stress, and

€, is the strain associated with the peak stress, g, in the principal

stress direction j, under uniaxial compression,
A is a constant usually taken equal to one for concrete, Different

values were determined for the masonry assemblages considered

in this investigation using the experimental results of two series of

prisms tested under uniaxial compression (Chapter 6).
The value of peak stress o, under uniaxial compression is defined as the
compressive strength of the masonry assemblage, f~,, rather than that of the
different constituent materials. In this manner, the local effects of the differential
lateral deformations of mortar, grout and blocks on the failure load of the
assemblage are taken into consideration at the macroscopic level. The uniaxial
compressive strength f*, can be determined simply by testing four course prisms
or by using one of the available theoretical failure criteria.

The values of the peak stresses, ,;, and oy, under different biaxial
states of stress are defined by the failure envelope shown in Fig. 5.15. This
failure envelope was developed by Kupfer and Grestel (1973) to fit the
experimental results for plain concrete. Adopting this failure envelope for the

homogeneous medium implies having equal uniaxial compressive strengths normal

and parallel to bed joints. The test results of the panels of series UNP, which



253

were prepared with grout cores normal to bed joints, as well as the prisms of
series UCR, which were prepared with grout cores normal and parallel to bed
joints, are in agreement with this assumption. However, it is relatively simple to
modify the failure envelope to account for any difference between the uniaxial
compressive strengths normal and parallel to bed joints, if such a situation exists

for other masonry assemblages.

AY
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g ag
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Fig. 5.15 Biaxial failure envelope for the homogeneous medium (Kupfer and
Grestel 1973).
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The uniaxial tensile strength of the homogeneous medium is defined by the

following equation:

f, =033 \/me ...(3.40)

which was adopted in the ACI code (1989) and was used by Vecchio and Collins
(1986) and Massicotie et al. (1988) for modelling plain concrete. The cracking
stresses determined by this equation, along with the failure envelope shown in
Fig. 5.15, agree with the experimental values of the panels of series RP, which
were tested under the biaxial state of stress of oy, /ou;=1/-1. These panels
exhibited cracks normal to the direction of the principal tensile stress, rather than
following the mortar joints.

The next step in defining the equivalent uniaxial stress-strain curves is to
determine the values of strain, €, associated with the peak stresses, 6;,, Which
are different than the uniaxial compressive strength f°,. Darwin and Pecknold

(1977) suggested the following equation:

Cpm
S = B I5E =219 (o] = 11
m

(5.41)
€ . =e(-16 Omp ', 55(%imp) , o35 (ime Y o] < If.]
bnlp o f bl bl hmlp "

m m m

The values of ¢, are constrained to insure that E/E”, in Eq. 5.39 is always
greater than or equal to A+1. This procedure is adopted to ensure convexity of

the stress-strain curve.
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Similar to the assumption made by Darwin and Pecknold, a constant value
for the Poisson’s ratio » is used under the biaxial tension-tension and
compression-compression states of stress. However, a constant value of v docs
not agree with the strain measurements obtained, in the experimental part of this
investigation, for masonry under uniaxial compression or as reported by Kupfer
et al. (1969) in their tests on plain concrete. A significant increase in the value
of v was observed as the compressive stresses approach the peak values. To
account for this effect, the formula suggested by Massicotte et al. (1988) was
fitted to the experimental results obtained for the tests of masonry assemblages
with continuous grout in one or two directions. The equation used to define »

took the form of

4
0'2 2 49
v =v, +E [F- (1-a) .-{5.42)
m
where o, s the absolute principal stress ratio | oum/ 0w | »
v, is the initial Poisson’s ratio, and
§ is a constant determined by the regression analyses.

The values of the different parameters required in the above equation along with
the experimental results are presented in Chapter 6.
5.7.3 Post-failure Stress-Strain Relationships

The homogeneous medium can fail either in tension or in compression

according to the applied states of stress. The stress-strain relationships adopted
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after the formation of cracks or compression failure are presented in the following
sections.
3.7.3.1 Crack Formation

The homogeneous medium is considered to be cracked once the tensile
stress reaches the ultimate tensile strength defined by the failure envelope. The
cracks in the homogeneous medium are assumed to occur normal to the direction
of the principal tensile stress. Cracking is modelled here in a smeared manner in
which the cracked homogeneous medium is treated as a continuum, but with
different average stress-average strain relationships. After cracking, Poisson’s
ratio is set equal to zero. The Young's modulus in the principal tensile stress
direction E, is also reduced close to zero. An artificially small value of E,/1000
was used to avoid numerical difficulty during the cracking response. The Young’s
modulus, E,, parallel to the crack direction was determined according to the
stress-strain curve in this direction.

The biaxial test results from the reinforced panels of series RP were used
to establish average stress-average strain relationships for cracked masonry. The
relationships are briefly presented here. More details on the experimental results
and the regression analyses involved in defining these relationships are described
in Chapter 6.

Principal compressive stress-strain relationships

The experimental results reported in Chapter 4 along with those obtained
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by Vecchio and Collins (1982)
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direction as the tensile strain 92~ /A |- :

and Collins accounted for this
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effect by a damage parameter A Fig. 5.16 Average stress-average strain

relationship in the principal compressive
defined in terms of the tensile stress direction for the homogeneous

medium.
strain normal to the crack

direction. This parameter was used to modify the compressive stress-strain

relationships after cracking. The same procedure is followed herein to define

the following formulae, which are shown in Fig. 5.16:

2
Opiz = m | 2 (ezmz) - A [—GZ"—QJ ] 3 |€umal = lehm2p|

(4] o

(Cpma ~ "3hm2p)2

(2 € ehm?p)z

...(5.43)
Opmz = Opmap | 1 - } ; |€;,,,.zp| < leyn] = [26¢,]

Opmz = 0 b lemal ¥ 126,
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‘ancile stress-strai relationships.
The ciress-strain relationship obtained for the principal tensile stress

11, & shown in Fig. 5.17, is given by

I ..(5.44)

o
hml 1 +400 ¢,

wire f, is the cracking stress defined by the failure envelope according to
the ratio of oyg/Opms.

This relationship deals with the average values and does not provide information
about the local behaviour. At a crack, the tensile stresses in the reinforcement are
higher than average, whereas midway between two cracks they are lower than
average. The stresses resisted by the homogeneous medium, on the other hand,
are zero at the cracks and higher

than average midway between

cracks. The ability of the

reinforcement to transmit  the
local stresses could govern the
ultimate capacity of a cracked
macro-element. Considering the

ags - - Eq. 5.44
equilibrium requirements along

sections a-a and b-b in Fig. 5.18,

Eer £

Vecchio and Collins (1982) Fig. 5.17 Average stress-average strain
relationship in the principal tensile stress

derived the following equation direction for the homogeneous medium
after cracking.
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Fig. 5.18 Average stresses versus local stresses along a crack (adapted
from Vecchio and Collins 1986).
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which provides an upper limit for the average tensile stress when the

reinforcement in the two orthogonal directiuns yield.
Opmy S pP(’;P-OSP)COSzBd * Pn(fyn"om)smzea -+-(5.43)

where 8, is the crack angle measured from the reinforcement parallel to the
bed joint plane as indicated in Fig. 5.18,
o, and o,  are the stresses in reinforcement parallel and normal to bed joint
planes, respectively, and
fpand £, are the yield stress of the reinforcement parallel and normal to bed
joint planes, respectively.
5.7.3.2 Compression Failure
In the case of biaxial compression-compression states of stress,
compression failure is defined according to the failure envelope. After failure, the
Young's moduli in the two principal directions are reduced to E/1000 and
Poisson’s ratio is set equal to zero. Under biaxial tension-compression states of
stress, on the other hand, the compression failure occurs after the formation of
cracks. The failure stress in this case is defined in terms of the damage parameter
A\ as indicated by Eq. 5.43. The remaining Young’s modulus parallel to the cracks
is then dropped to E/1000 and the behaviour is described by the descending
branch of Eq. 5.43.
5.8 IDEALIZATION OF REINFORCEMENT

Each set of reinforcement is assumed, at the macroscopic level, to resist

the average axial stress acting parallel to its direction. This assumption does not
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account for the local dowel action of reinforcement crossing the cracks and
consequently implies that the total average shear stress has to be resisted by the

masonry assemblage. The elasticity matrix for a set of reinforcement "i" in its

local coordinates can be written as

E. 0 O
[D), = 0 0 ...(5.46)
Sym. 0

where E, is the Young’s modulus of steel.

Yielding of the set of reinforcement "i" is described by the yield function

F,(0)=a -fy,= 0 «.(5.47)
A constant yield stress f,;, which represents an elastic-perfectly plastic response,
is adopted in the case of steel bars that exhibited a definite yield point. However,
the 6 mm diameter steel bars did not exhibit a definite yield point. The yield

stress, in this case, is defined as a function of the axial strain ¢ in the following

form:

E
fy=3222 + L

AR ..(5.48)
+ —
[’fu]

where f, is the ultimate strength of the steel expressed in MPa.

5.9 PREDICTION OF THE MODES OF FAILURE

Modelling the masonry assemblage as a homogeneous medium, intersected
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by two sets of planes of weakness, allows prediction of the different possible
modes of failure, whether the planes of failure follow the mortar joints or not.
Once the stresses induced in one of the component materials along the planes of
weakness or in the homogeneous medium reach the values defined by its failure
surface, it begins to shed stresses to the surrounding components. This process
of stress redistribution continues until the final failure takes place. In this manner,
the macro-behaviour model is capable of predicting the initiation and progress of
the different modes of failure that may occur in the bed joint planes of weakness,
the head joint planes of weakness, or the homogeneous medium in a separate or
a combined manner.

The different modes of failure that can be predicted along the planes of
weakness, which represent the failures of the mortar jeints, are summarized in
Fig. 5.11. They include failure of the bed joints, failure of the head joints,
positive or negative stepped failure as well as toothed failure. Depending on the
dominant stresses acting along the planes of failure, these modes of failure can
be categorized as shear or tension failure. When the Mohr-Coulomb failure
criterion (zone I in Fig. 5.13) is violated, the failure is identified as a shear
failure, whereas the tensile failure can be identified when the tension cut-off
criterion (zone II in Fig. 5.13) is violated.

A failure in the homogeneous medium symbolizes a failure of the masonry
assemblage along planes normal to the principal stress directions, regardless of

the bed joint orientation. According to the principal stresses ratio ¢,/0y, several
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modes of failure can be recognized for the homogeneous medium as indicated in
Fig. 5.19. The results obtained by Kupfer et al. (1969) in their biaxial tests on
plain concrete are used herein to classify these modes of failure. A tensile mode
of failure, characterized by a tensile crack normal to the principal tensile stress

direction, is expected to occur under biaxial tension-compression states of stress
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Fig. 5.19 Modes of failure of the homogeneous medium.
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with o,/0,<1/-15 and under biaxial tension-tension states of stress. A
compression mode of failure in the homogeneous medium is considered to occur
under the biaxial compression-compression states of stress. This mode of failure
was characterized by the formation of numerous micro-cracks in the longitudinal
planes parallel to the plane of the masonry assemblage, as shown in Fig. 5.19,
until complete crushing took place (Kupfer et al. 1969). Under uniaxial
compression or biaxial tension-compression states of stress with ¢,/0,> 1/-15, a
compression mode of failure is expected to occur. Under these states of stress,
micro-cracks were reported by Kupfer et al. to occur along the longitudinal and
the transverse planes parallel to the direction of o, as indicated in Fig. 5.19.
5.10 COMPUTATIONAL PROCEDURE
The formulation and the solution for the proposed macro-behaviour model
are obtained using the initial strain method for nonlinear analysis. A brief
discussion of the steps involved in this technique is presented below. For more
information, the readers can refer to Zienkiewicz and Cormeau (1972 and 1974)
and Higgins (1989).
1. The elasticity matrices of the different components of the masonry

assemblage are defined in their local coordinates;

{D],,, for the homogeneous medium,

[D], and [D], for the planes of weakness, and

[D), and [D], for the reinforcement.
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2. The elasticity matrices are then transferred to the global coordinates and
assembled to define the masonry assemblage elasticity matrix (D].

3. Under the effect of the applied stress increment, the elastic strain
increments of the assemblage are determined. The strains induced in
each part of the assemblage can then be evaluated.

4, The strains and stresses of each part of the assemblage are used
separately to check the failure criteria and to evaluate the inelastic strain
increments for the next iteration.

5. Stress increments, equivalent to the inelastic strain increments, are then
determined for each component of the masonry assemblage. These
stresses are assembled to define the stress increment for the next
iteration.

6. If the conv’érgence criteria are not satisfied, steps 3 to 5 have to be
repeated.

7. If the convergence criteria are satisfied, the elasticity matrix of the
homogeneous medium is updated and steps 2 to 6 under the effect of a
new load increment are repeated.

In the proposed model, the convergence is checked by comparing the
square root of the sum of the squares "RRS" of the change in the assemblage
strains for the last iteration "m" to the RRS of the total strain. The RRS of the
change in the strains of the last iteration "m" is also compared to the RRS of the

strain increment induced in the first iteration of the current load increment "1",
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The adopted convergence criteria can be expressed as

Im im
RRS(AE™) _ 40 or  BRS(AET) o 4001 ...(5.49)
RRS(€) RRS(A€™)

where RRS(e) = \/ ei+ei+y§r

A Fortran language program "MACROM" was developed, verified and
used to predict the macro-behaviour of the masonry assemblages tested in this
investigation and by others. In Chapter 7, the results obtained are discussed and
compared to the experimental results.

5.11 CLOSING REMARKS

The macro-behaviour model presented in this chapter was developed to
predict the response of grouted concrete masonry under the effect of in-plane
stresses. Although the proposed model is formulated at a macroscopic level,
certain considerations are also given to the micro-behaviour along the mortar
joints and the cracks. This helps to provide a more realistic simulation of the
anisotropic characteristics (inherent and induced) of the masonry assemblage.

In the proposed macro-behaviour model, the masonry assemblage is
replaced by an "equivalent material” which consists of a homogenous medium
intersected by two sets of planes of weakness (along the head joint and bed joint
planes) and two sets of reinforcement. Each set has its own characteristics and 1s
described as an -elastic-viscoplastic material. The macro-behaviour of the

"equivalent material" is determined by smearing the influence of these sets
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throughout the respective volumes which they occupy. This idealization provides
a means of predicting highly anisotropic behaviour. Thus it can be expected to
realistically model the inherent part of the anisotropic characteristics of a masonry
assemblage.

The average characteristics of each set of the planes of weakness are
defined in terms of the characteristics of the different components (block, mortar,
gtoat and grout-block interface) along these planes. In addition, the interactions
of the behaviours of the different components along the bed and the head joint
planes of weakness are taken into consideration, These interactions permit
prediction of the separate failures of the bed or the head joint planes as well as
the stepped failure patterns through both of them.

The failure of the homogeneocus medium is described by the biaxial
envelope developed by Kupfer and Grestel (1973). This failure envelope is
defined in terms of the uniaxial compressive strength of the masonry assemblage
at B=O°, rather than that of grout, mortar or masonry unit. In this manner, the
local effects of the differential lateral deformations in mortar, grout and block on
the failure loads of the assemblage are taken into consideration at a macroscopic
level. Once the tensile stress reaches the ultimate value defined by the failure
envelopé, the homogeneous medium is considered to be cracked. Cracking is
modelled in the proposed model in a smeared manner in which the cracked
homogeneous medium is treated as a continuum, but with different average stress-

average strain relationships in the directions of the principal stresses.



CHAPTER 6

AVERAGE STRESS-AVERAGE STRAIN RELATIONSHIPS

6.1 INTRODUCTION

Moving towards the limit state design approach, more research effort has
been devoted to establishing stress-strain relationships for masonry under different
states of stress. With this approach, unlike the current Canadian design Code
(CAN3-8304-M84) which is based on working stress design, masonry structures
hava to be designed at the ultimate load level and their responses have to be
checked at the service load level. To be able to predict the response of these
structures, particularly beyond the elastic range, it is necessary to have detailed
information about the stress-strain characteristics of masonry before and after
cracking. The characteristics required to define complete stress-strain relationships
extend beyond the compressive strength and the initial Young’s modulus of
masonry to include the strain value associated with the peak stress, the falling
branch, the ultimate strain, the Poisson’s ratio as well as the influence of cracking
on these characteristics. Such..information is essential for modelling masonry
structures and for developing a unified design procedure for masonry under the

effects of the different internal forces (compression, tension, bending, and shear).
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Until recently, there was very limited experimental data on the stress-stain
relationships of masonry, particularly in the post-peak stress range and after
cracking. It has been a common practice to assume that grouted concrete masonry
is sufficiently similar to concrete to justify adopting the concrete stress-strain
relationships for masonry. However, the question of "how realistic is this
assumption?" remains to be answered. The uniaxial compression tests on grouted
concrete masonry assemblages reported by Priestley and Elder (1983) and Hart
et al. (1988 and 1989) suggested the need for some modification of the concrete
stress-strain relationship, especially the descending branch. For cracked masonry,
there has not been sufficient experimental data, obtained under uniform well
defined stress conditions, to establish stress-strain relationships. The biaxial tests
performed in this investigation, on the reinforced masonry panels, provide a
unique opportunity to study the response of grouted masonry after cracking.

It is the main purpose of this Chapter to answer the question addressed
earlier. In the next section, the compressive stress-strain relationships proposed
in earlier investigations are summarized, followed by comparisons of them with
the experimental results of two series of prisms tested under uniaxial compression
to evaluate the required parameters. The macro-behaviour of masonry after
cracking is discussed in conjunction with the results of the biaxial tests of series
RP. These results were then used to judge the validity of the existing stress-strain
relationsﬁips, originally developed for concrete, and to identify the necessary

modifications.
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It 1s important to point out that all of the average stress-average strain
relationships proposed in this chapter are based on specimens that exhibited
failures along planes normal to the directions of the principal stresses, regardless
of the bed joint orientation. These rel. onships are meant to be used in modelling
the response of the homogeneous medium, which constitutes x major element in
the macro-behaviour model presented in Chapter 5. The adoption of these stress-
strain relationships accounts for the stress-induced anisotropic characteristics due
to cracking in the homogeneous medium, whereas the planes of weakness
introduced along the mortar joints simulate the inherent anisotropic characteristics
of masonry.

6.2 STRESS-STRAIN RELATIONSHIPS FOR MASONRY UNDER
UNIAXIAL COMPRESSION
6.2.1 Existing Stress-Strain Relationships

Among the other stress-strain relationships proposed for concrete, the two
formulae developed by Hognestad (1951) and Saenz (1965} are the most widely
used. Hognestad used a parabolic equation to describe the ascending branch in the
form of

a =f’c[2 (i] ) (_e_)’] D lel < 1e,) r(6.1)
€, €

[

where ¢, is the strain associated with the peak compressive stress of concrete f..

Saenz included the initial Young's modulus E, as a third parameter, in addition
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to ¢, and /., in the following formula:

o = € E,
2 ..(6.2
1+ (E - (1+4A)E +A(£] ©.2)
ES €0 [+

in which E, is the secant modulus at the peak compressive stress, and
A is a constant equal to 1.

Although the formula proposed by Hognestad is a simpler alternative, inclusion
of the third parameter in the formula, suggested by Saenz, improves its ability to
fit the experimental results.

Priestley and Elder (1983) investigated experimentally the effects of
confinement and loading rate on the complete stress-strain relationship. They
performed tests on five-course prisms with continuous grout cores normal to bed
joints only. They modified the stress-strain relationship originally proposed by
Kent and Park (1971) for concrete, to fit the experimental results of grouted
concrete masonry. As described in the following equation, the final relationships
for unconfined masonry consisted of a parabolic ascending branch, a linear

descending branch and a plateau at 0.2 7,

- e - e 2 -
o100 |2 (c) - (s |+ et voous
o=f,[1-Z(E-00015] 2= 02f, s |e] > ]0.0015]
...(6.3)
where Z = 3 0293"5
(145 fn- 1000] 0.002
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In these relationships, the compressive strain e, corresponding to the peak
compressive stress of masonry f*,, was taken equal to 0.0015. I( is also
interesting to note the similarity between the equﬁtion used for the ascending
branch and the formula suggested by Hognestad (Eq. 6.1). Different relationships
were also proposed for confined grouted concrete masonry, which is outside the
scope of this investigation.

As a part of a finite element analysis, Ewing (1988) used the formula
proposed by Hognestad, with ¢, equal to 0.002, to describe the ascending branch
of the compressive stress-strain relationship for uncracked masonry. The
descending branch was described by an exponential curve in the form of

| .(6.4)

o=fmexp[-9(—€§"l]>_0.1f’m s lel > e
where 1 is the parameter used to ensure that the ascending and descending
branches are tangential at the peak stress. The descending branch was followed
by a plateau at 0.1 f",.

Hart et al. (1988 and 1989) reported on 107 tests on grouted concrete
prisms having different confinement schemes. The four blocks high prisms were
laid in a stack pattern with continuous grout cores normal to bed joints. They
used the test results to check the stress-strain relationships proposed by Priestley
and Elder (1983) and by Ewing (1988). The former relationships, given by Eq.

6.3, were found to overestimate the strength and to underestimate ¢,in the case

of unconfined prisms. The predicted descending branch also did not match the
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experimental results, The relationships proposed by Ewing were in better
agreement with the results, except that the descending branch was not as stecp as
found in the tests. As a result, Hart et al. suggested two new stress-strain
relationships, defined as the “acceptable fit model” and the "best fit model”. The
acceptable fit model consists of a linear ascending branch followed by an

exponential function for the descending branch as follows:

- € .
—f’,,,( ]  lel < Ie,| 65

0 = f, €xp [-B, (e-¢,)] s el > el

This relationships includes one constant B, to be determined using the
experimental results. On the other hand, three constants B,, B;, and B, are

required to define the best fit model which can be written as

o=f_ [ B, e3+ (—1. - B,eo) e) ;s le] = e,
c 2

.+.(6.6)
o =f, [B; + (1-By) exp [-B, (e-¢,)]] el > el

Several values for the four constants, B, to B,, were reported for the test prisms.

They also proposed the following equation to determine ¢, in terms of f7,:

e, = 0.01 [ 0.042 + 7.68 ( I J] .. (6.7)
° 1000

where f°, is measured in MPa.
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6.2.2 Proposed Stress-Strain Relationships

The experimental program described in Chapter 2 includes a large number
of prisms tested under uniaxial compression to define the masonry compressive
strength f~, for the different panels. The prisms were four units high and were
laid in the running-bond pattern. Strain measurements were recorded, as shown
in Fig. 2.21, on seven of the prisms prepared with continuous grout cores normal
to the bed joints only (series NG). The strain measurements included both normal
and lateral strains. The same strain measurements were also recorded on fourteen
of the prisms that had continuous grout cores normal and parallel to the bed joints
(series NPG). The experimental results of series NG and NPG are summarized,
respectively, in Tables 6.1 and 6.2 in terms of f°,, ¢, E,, and the initial
Poisson’s ratio »,. It is important to note that the first three prisms in Table 6.1
were constructed along with the first batch of unreinforced panels, including
UNPI-UNP3, whereas the last four prisms were constructed with the second
batch, including UNP6-UNP16. This explains the significant change in the
observed compressive strengths. The prisms reported in Table 6.2 were all
constructed at the same time as the reinforced panels of series RP. Lacking the
facilities required to perform these tests under displacement control, the following
discussion is limited to the ascending branch of the stress-strain relationship.

The stress-strain data obtained in the tests of series NG and NPG were

normalized by dividing the stresses by f, and the strains by ,, as shown in
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Table 6.1 Summary of the test results of series NG.

Som & E,

PRISM (MPa) (mm/m) (GPa) P
NGl 11.3 1.51 16.1 0.12
NG2 10.3 1.47 16.0 0.44
NG3 12.4 1.37 16.2 0.23
NG4 14.4 1.66 21.0 0.13
NGS 17.7 1.48 25.1 0.41
NG6 15.1 1.91 25.1 0.42
NG7 15.7 1.78 26.7 0.22

Table 6.2 Summary of the test results of series NPG.

Sn & E,
PRISM Vo
(MPa) (mm/m) (GPa)
NPG1 16.9 1.95 24.7 0.27
NPG2 19.5 1.61 25.1 0.26
NPG3 17.3 1.93 26.7 0.26
NPG4 14.6 1.81 25.5 +
NPG3 15.9 2,17 25.7 +
NPG6 14.6 2.38 18.3 0.15
NPG7 14.5 2,07 20.9 0.26
NPGS8 - 17.4 2.30 27.0 0.41
NPG9 17.1 1.32 26.0 0.14
NPG10 15.1 2.00 20.9 0.37
NPGI1 19.7 2.06 26.2 0.38
NPGI12 13.8 2.36 19.8 0.17
NPG13 15.1 1.88 21.9 0.18
NPG14 17.0 1.68 20.8 0.31

+[

No [ateral deformation was recorded during the test.
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Figs. 6.1 and 6.2, respectively. Regression analyses were then performed to
determine the constant A in Saenz’s equation given by Eq. 6.2. Constant values
of 0.78 and 0.98 were determined for series NG and NPG, respectively. The
value of constant A determined for series NPG is very close to the unity value
normally used for concrete. This could be attributed to having continuous grout
cores both normal and parallel to the bed joints. The modified Saenz’s equation
along with Hognestad’s parabolic equation are compared to the experimental
results in Figs. 6.1 and 6.2. The two equations fall in the range of the obtained
results, but the modified Saenz’s equation is much closer to the mean of the
results.

The test results of series NG and NPG were used herein to evaluate the

equation proposed by Hart et al. (1989) to predict the value of e,. A comparison
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Fig. 6.1 Compressive stress-strain relationships for masonry with continuous
grout cores normal to the bed joints only (Series NG).
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Fig. 6.2 Compressive stress-strain relationships for masonry with continuous
grout cores normal and parallel to the bed joints {(Series NPG).

of the predicted values with the experimental results is shown in Fig. 6.3(a)
which reveals a significant scatter in the ratios between the observed and the
predicted values of ¢, Equation 6.7 seems to underestimate the value of e,
especially for series NPG. Linear regression analyses were performed to re-

evaluate the constants involved in this equation which can be rewritten as

¢, = 001 [ ¢, + G, [%6]} ..(6.8)

where C, = 0.116 and 0.30 for series NG and NPG, respectively,
and G, = 3.17 and -6.47 for series NG and NPG, respectively.

The predicted values of e, using this equation reflects better agreement
(see Fig. 6.3(b)). The prisms of series NG exhibited a mean value of ¢,=0.0016
with a C.0.V. of 12.0%. The corresponding value for series NPG was 0.0019,

with a C.0.V. of 14.4%, which is very close to the value of 0.002 usually used
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for concrete. However, the dramatic changes in the values of C, and C, for the

different set of data raises questions about the usefulness of the equation.
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Fig. 6.3 Comparison of the observed and the predicted values of ¢,.

The lateral strain measurements recorded in the tests of series NG and
NPG were used to determine the variations of Poisson's ratio » with uniaxial
compressive stress. As shown in Figs. 6.4 and 6.5, the Poisson’s ratios remain
almost constant up to compressive stresses in the range of 0.6 f°,, after which
they begin to increase to reach values even higher than 0.5 in the unstable
crushing phase. Similar behaviour was indicated for plain concrete (Chen, 1982
and Darwin and Pecknold, 1977), but at a higher compressive stress of about 0.8
of the concrete compressive strength. These results were used to determine the

constant values in the following equation which was suggested by Massicotte et
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al. (1988):
¢ 4
Vv, +E (7,.,} (1-a) . (6.9)
where o, is the absolute principal stress ratio | ay/e; |,
vy = 0.28 and 0.26 for series NG and NPG respectively, and
£ = (.39 for both series.

The curves defined by this equation are shown in Figs. 6.4 and 6.5 along with
the experimental results.
6.3 MACRO-BEHAVIOUR OF CRACKED MASONRY UNDER BIAXIAL
TENSION-COMPRESSION
6.3;1 Introduction

One of the major objectives of the biaxial tests performed on the
reinforced panels of series RP is to achieve a better understanding of the macro-
behaviour of grouted concrete masonry after cracking. Before cracking, the
applied stresses are distributed between masonry and reinforcement according to
their stiffnesses, which results in only a small contribution by the latter. After the
reinforced assemblage has cracked, the ability of masonry to resist the principal
tensile stress drops significantly, transferring more stresses to the reinforcement.
The cracked masonry continues to help in resisting the principal compressive
stresses, but with lower stiffness and ultimate capacity, depending on the crack
orientation, the crack width, and the crack spacing.

Cracking of the masonry assemblage could take place along the mortar

joints and/or on planes normal to the principal stresses (or strains), as indicated



281

in Fig. 6.6. The appearance of cracks along the mortar joints identifies those
cases where the inherent anisotropic characteristics of masonry predominate. The
post-cracking response of the masonry assemblages in these cases is accounted for
in the proposed macro-behaviour model by the failures of the different
components along the planes of weakness, as shown in Fig. 6.6(a) and described
before in Chapter 5. On the other hand, the formation of cracks normal to the
principal stress directions, as indicated in Fig. 6.6(b), is indicative of the induced
anisotropic characteristics of the masonry assemblage. This part of the anisotropic
characteristics is taken into consideration in the macro-behaviour model through
the post-cracking response of the homogeneous medium. After cracking takes
place in the homogeneous medium, as indicated in Fig. 6.6(b), the homogeneous
medium is treated as a new material with its own stress-strain relationships in the
principal stress directions. One of the main objectives of the following sections
is to utilize the test results of series RP to define these relationships.

In the following sections, the assumption of perfect bond between the
reinforcement and the masonry, adopted in the macro-behaviour'"'model, is
discussed. The experimental responses obtained after cracking, for the different
reinforced panels of series RP, are also presented in terms of the stress-strain
relationships in the principal directions. The results from panels that exhibited
failures along planes normal to the principal stress directions, regardless of the
bed joint orientation, are then used to define the average stress-average strain

relationships required to describe the post-cracking behaviour of the homogeneous
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medium of the macro-behaviour model.
6.3.2 The Assumption of Perfect bond at the Macroscopic Level

A longitudinal cross-section in a cracked reinforced masonry assemblage,
subjected to a tension force T, along with a schematic illustration of the expected
local stain and stress distributions are shown in Fig. 6.7. The stress and strain
distributions shown in this Figure are adapted from the work by Somayaji and
Shah (1981). At each crack, a short length of the bar is considered to be
debonded from the masonry. Over this length, all of the tensile force has to be
carried by the reinforcing bar, which in turn leads to different local strains in the
masonry and the reinforcement in the vicinity of the cracks as shown in
Figs. 6.7(b) and (c). Away from the cracks, where the masonry and the
reinforcing bar are still bonded and experience the same local strain, a part of the
tensile stress is transferred to masonry as indicated in Fig. 6.7(f). As the applicd
tensile force increases, the number of cracks increases and the length, along
which local debonding takes place, increases.

As an alternative to the above, the macroscopic behaviour of a masonry
assemblage can be described in terms of the average stresses and average strains
in the masonry and the reinforcement. To complete the formulation of the macro-
behaviour model presented in Chapter §, it is necessary to relate the average
strains in the masonry to those in the reinforcement. The macroscopic bond
characteristics must be defined to describe tﬁis relationship.

An assumption of perfect bond between masonry and reinforcement, at
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the macroscopic level, is adopted in the macro-behaviour model. This assumption
requires that the same average strain components be experienced by both the
masonry and the reinforcement but it does not rule out the possibility of local
bond failures in limited zones along the masonry-reinforcement interface,
Adoption of this assumption would not be reasonable if a bond failure took place
in a global manner resulting in a significant difference between the average strains
experienced by the masonry and the reinforcement.

It an attempt to verify the assumption of perfect boncli between masonry
and reinforcement at the macroscopic level, strain measurements were taken on
both masonry and reinforcement as described before in Chapter 2. The
measurements were taken on gage lengths of 300 mm, both parallel and normal
to the bed joints. The strains recorded parallel and normal to bed joints (e, and €,)
on panels RP1, RP4, and RP9 are shown in Fig. 6.8. These panels were chosen
to represent different loading conditions and failure modes. Panel RP1 (8=0°,
a/0,=1/-7.08, and p,=p,=0.26%) failed in compression after yielding of
reinforcement parallel to bed joints. Panel RP4 (§=67.5°, 0,/¢,=1/-7.7, and
£,=0,=0.26%) exhibited a shear failure along the bed joints. Panel RP9 (6=45°,
o/o,=1/0, and p,=p,=0.26%) failed by yielding of the reinforcement normal
and parallel to bed joints. The results reveal good agreement between the strains
experienced by the masonry and the reinforcement before and after cracking, The
small differences in the observed values can be attributed to the different methods

followed to attach the LPDTs to the masonry and the reinforcing bars. As
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Fig. 6.8 Comparisons between the strains of masonry and reinforcement.

described in Sec. 2.2.5, the LPDTs used to measure the strains in the masonry
were attached on the panel surfaces, whereas the LPDTs used to record the
strains in reinforcement were attached to the reinforcing bars positioned in the
centre of the wal! cross-section. When a crack forms, the masonry in the vicinity

of the crack is relieved of any tensile stress or strain as indicated in the local
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stress and strain distributions in Fig 6.7(c) and (f). Due to the shear lag effect
(i.e. plane section does not remain plane at or near a crack as shown in Fig.
6.7(a)), more deformation can be measured on the surface of the specimen
compared to its centre. Therefore, the appearance of a crack near one of the
points where the LPDTs are attached could result in a little difference between
the deformations recorded on the panel surface and on the reinforcing bar as
illustrated in Fig. 6.7(a).

The agreement found between the average stress-average strain
relationships of the masonry and the reinforcement, along with the fact that no
bond failures were observed in any of the panels tested, support the assumption
of perfect bond at the macroscopic level.

6.3.3 Observed Response of Cracked Masonry

The deformations and the loads recorded during the biaxial tests of series
RP were used to define the average stresses and strains experience by reinforced
masonry as composite material and individually by the reinforcement as well as
the masonry. These results were used to draw the average stress-average Strain
relationships for masonry in the principal directions. Figure 6.9 shows, as an
example, the average stress and strain components experienced by panel RP8 at
three different load levels. The analyses of the test results were performed
according to the following steps:

1. The deformation measurements along with the applied loads were used to

draw the Mohr's circles of average strain and average stress for the reinforced
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masonry assemblage as shown in Figs. 6.9(c) and (d), respectively. This step is
discussed in more details in Sec. 3.3.1.3. The adopted assumption of perfect bond
between reinforcement and masonry, at the macroscopic level, implies that the
same average strain components are experienced by the reinforced masonry
assemblage, the reinforcement, and the masonry (see Fig. 6.9(c)).

2. According to the orientation of the reinforcement, the average axial strains
experienced by the reinforcement parallel and normal to the bed joints (¢, and ¢,)
were determined from the Mohr's circles of strain obtained before in step 1, as
indicated in Fig. 6.9(c). These strains, along with the stress-strain relationships
determined for the reinforcing bars (Sec. 3.2.4), were used to define the average
axial stresses resisted by reinforcement (o, and o). These stresses were then
used to draw the Mohr’s circles of average stress for reinforcement as shown in
Fig. 6.9(e). In the case of panel RP8, which was prepared with #=45° and
p,=p,, the average axial stresses resisted by the reinforcement were almost equal
(i.e. o,,=0,,) resulting in circles with zero radii.

3. Subtracting the average stress components resisted by reinforcement from
the corresponding total stresses resisted by reinforced masonry, the average
stresses resisted by masonry alone were determined. These stresses were then
used to draw Mohr’s circles of average stress for masonry and to determine the
average principal stresses (o, and a,,), as shown in Fig. 6.9 (f).

4, Having defined the average principal strains (e, and ¢,,) and the average

principal stresses (o, and o,.) at the different load levels allows the average
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stress-average strain relationships for the masonry to be drawn.

The above steps are based on the assumption that only the reinforcing
bars resist axial stresses at the macroscopic level. This implies that all of the
average shear stresses have to be resisted by the masonry.

The average principal tensile strain ¢, versus the average principal tensile
stress o, relationships determined for the different reinforced panels are presented
in Fig. 6.10. It is obvious that masonry continues to resist a part of the applied
tension after cracking due to the tensile stresses carried by masonry between the
cracks. The masonry contribution, known as the "tension stiffening effect”,
decays with increasing tensile strain, as the number and the widths of cracks
continue to increase.

A comparison of the relationships obtained for panels RP1 and RP2,
Fig. 6.10(a), reveals the effect of the bed joint orientation (and the reinforcement
orientation) # on the contribution of masonry in resisting the tensile stress after
cracking. Panel RPI1, which was prepared with §=0°, displays a steeper falling
curve compared to RP2, which was prepared with §=22.5° The same difference
can also be observed between the stress-strain relationships of panels RP7 (§=0°
and RP8 (6=45°) which were tested under states of almost equal and opposite
principal stresses. The effect of the bed joint orientation on the post-cracking
behaviour of masonry is presented schematically in Fig. 6.11, in which the
Molr's circles of strains for §=0 and 22.5° are shown. As the total stresses

increase after cracking, the tensile strains continue to increase while the tensile
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Fig. 6.10 Average stress-average strain relationships in the principal tensile
directions of cracked masonry.

stresses resisted by the masonry continue to decrease. The contribution of the
masonry is expected to decrease to close to zero when the reinforcement across
the cracked sections reaches the yield stress. It is obvious, from the Mohr's
circles of strains, shown in Figs. 6.11(a) and (b), that the reinforcement paratlel

to bed joints reaches the yield strain with #=0° at a lower principal strain, ¢,
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than with §=22.5°. This explains why the average principal tensile stress of
cracked masonry drops to zero at a lower principal tensile strain for #=0"
compared to §=22.5°

As shown in Fig. 6.10(b), panels RP3 and RP4 exhibited a change in the
pringipal tensile stress resisted by cracked masonry o, from tension to
compression, while the principal tensile strain e, continued to increase. It is
important to remember that these two panels, like the other panels, were tested
under monotonic increasing loads applied in two orthogonal directions. This
implies that the principal tensile stress resisted by cracked masonry o,, changed
to compression while the principal tensile stress resisted by the reinforced
assemblage remained in tension. The facts that panel RP4 (0=67.5°, oy/o,=1/-
7.7, and p,=p,=0.26%) failed in shear along the bed joints and panel RP2
(0=22.5° 0\/0,=1/-6.22, and p,=p,=0.26%) exhibited a mixed mode of shear
failure along the bed joints and spalling of the block face shells, as indicated in
Sec. 4.3.1.1, could help explain the reasons behind this behaviour.

Cracks with rough surfaces result when they cross both the mortar and
the grout along a bed joint. With the increase of the applied stresses, the slip
along the cracked bed joints forces the rough surfaces of the cracks to separate.
This deformation, known as "dilatancy", was noticed clearly in the shear tests of
the couplet specimens especially in those that were grouted (Sec. 3.3.3.3). The
dilation of the cracked bed joints induces additional tensile stress in any

reinforcement crossing these joints. The induced tensile stress has to be balanced
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by compressive stress in masonry normal to the cracked bed joints. Since panels
RP3 and RP4 were tested with §=45°and 67.5°, respectively, a component of the
induced compressive stress in the masonry acts in the principal tensile stress
direction. This component, along with the decreasing tensile stress resisted by the
masonry after cracking, resuits in the change of the principal tensile stress from
tension to compression. The induced tensile stresses due to the dilation of the
cracked joints are added to the stresses from the externally applied load. These
additional stresses could cause the reinforcement to yield at a lower applied load
than predicted if masonry is modelled using one of the concrete models,
neglecting the potential effect of shear slip along the mortar joints.

Figure 6.12 shows the Mohr’s circles of average strains and average
stresses measured at three loading levels for panel RP4. As indicated in
Fig. 6.12(b), points I and II represent load levels after cracking, but before the
shear failure took place along the bed joints. At these levels, increases in the
applied stresses led to increases in the strains and the stresses experienced by the
reinforced masonry assemblage and the reinforcement; Fig. 6.12(c),(d) and (g).
Also, the principal compressive stress experienced by masonry increased with the
increasing total stresses, whereas the principal tensile stress decreased but
remained in tension. After the shear failure, the stresses resisted by the reinforced
assemblage in the two principal directions decreased, as indicated in Fig. 6.12(d)
by the Mohr’s circle of stress III. At the same loading level, the tensile stress

in the reinforcement normal to the bed joints continued to increase (Fig. 6.12(e))
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which resulted in a considerable reduction in the radius of the Mohr’s circle III
of the average stresses in masonry due to the change of the principal tensile stress
o, from tension to compression, Fig. 6.12(f).

Similar to the behaviour of panels RP3 and RP4, panels RP15, RP17 and
RP18, with p,#p,, exhibited changes in the principal tensile stress in masonry
from tension to compression, but only for small compressive stress values, as
shown in Fig. 6.10(d). The main cracks in these panels were normal to the
principal stress direction and not along mortar joints. However, during the

process of stress redistribution between the reinforcement, shear deformations

Fig. 6.13 Shear deformations along the cracks of panel RP18.
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took place along the cracked sections as can be seen in Fig. 6.13. These
deformations were accompanied by additional tensile stresses in the reinforcement
along with compressive stresses in the masonry in the principal tensile stress
direction. At large deformations (tensile strains), this effect tended to vanish as
the crack widths increased moving the rough sides of the cracks apart.

The relationships of the average principal compressive strain ¢, versus

the average principal compressive stress o,,, obtained for the panels of series RP,

T T

14 | (a) - (U‘: 02) A

" o RP{ 1 :-7.08

= oF ° RP2 1 :—6.22 1

< o} .-‘;'i’-ﬁmw o RP3 1 :-6.49 ]
E * T .

- e —e— - < —g -
_tE \n i !______.x————)( ]
=]
| « RP4 1:=7.7 |

« RP5 0 :—1 -
tfﬂ ll.!o 2:0 2’.5 STG 3:5 4.0

leaf + (mm/m)

e b+
SATFR gt bbbt T

)
Z
i (o, 0,) 1
"FE o RP3 1 :-1.08
o  RP15 1 :-0.98
s RP17 1 :-0.98 |
+ RP18 1 :—0.98
ot T0 e 20 2.8

legl . (men/mm)

Fig. 6.14 Average stress-average strain relationships in the principal
compressive directions of cracked masonry.
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are presented in Fig 6.14. The resuits are arranged in two groups; the first group,
shown in Fig. 6.14(a), were tested under states of stress in the range of ¢,/a,=1/-
6.22 to 0/-1, whereas the second group, shown in Fig. 6.14(b), were tested under
states of almost equal and opposite prircipal stresses, A comparison between the
stress-strain relationships of RP5, which was tested under uniaxial compression,
and the relationships for the other panels, which were tested under biaxial
tension-compression, provides clear evidence of the reductions of the ultimate
stress and the stiffness in the principal compressive stress direction after cracking.
These reductions seem to increase as the algebraic ratio between the principal
stresses ¢,/0; decreases, corresponding to cases where the principal tensile stress
dominates the behaviour leading to higher tensile strains. This trend can be
confirmed by comparing the corresponding values of ultimate stress and stiffness
of the panels tested under states of ¢;/0,=1/-1 with those from the panels tested
under states of stress in the range of ¢,/0,=1/-6.22 to 1/-7.7, and with panel RP5
which was tested under uniaxial compression. Similar behaviour of reinforced
concrete panels was reported by Vecchio and Collins (1982).
6.3.4 Average Stress-Average Strain ﬂélationships for the Homogeneous
Medium of the Macro-Behaviour Model after Cracking
6.3.4.1 Existing Stress-Strain Relationships

Based on their experimental results, Vecchio and Collins (1982) proposed
average stress-average strain relationships for the principal stress directions of

cracked concrete, The relationship proposed for the principal tensile stress



direction was:

Jor
Oa = ...(6.10)

1+ /200 g,

They also studied equilibrium of the cracked sections and sections between cracks
as illustrated before in Fig. 5.18. As a result, Eq. 5.45 was proposed as an upper
limit for the cases when yielding takes place in reinforcement which crosses
cracked sections.

As indicated before, cracked concrete subjected to tensile strains in the
direction normal to the compression was found to be weaker and develop larger
strains than concrete under uniaxial compression. To account for this behaviour,
Vecchio and Collins modified the parabolic equation of Hognestad (Eq. 6.1) using

a damage parameter which was defined in terms of the tensile strain normal to the

cracking direction, This is written as

won o)
i € €

]

b ley] 2 eyl

le -e, 2 vesr 6.11)
0(.'2 = U2p l- i_i’l: ; le’.!pl < |€._,| 3 I?'Gol (
(?'eo_€2p)—
0, =0 s ley| > |2€a|
where o, = '% , €&, = % , and A =058 + 0.27% .-(6.12)
2

Thus, the principal compressive streéss was defined, after cracking, as a function

of both ¢, and ¢..
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In the context of a finite element program for reinforced masonry walls,
Ewing (1988) utilized Eq. 6.10 along with the following two other equations in

the principal tensile stress direction:

g ,=0 ...(6.13)

ml

€
Although Eq. 6.13 implies zero tension stiffening, the constants in Eq. 6.14 were

o, =f¢,[K1+(1-Kl)exp [-ml e‘"e")] (6.14)

used to control the shape of the falling branch. The values of these constants were
given at different percentages of reinforcement. Ewing adopted the stress-strain
relationships, proposed by Vecchio and Collins for the principal compressive
stress direction, after replacing the descending branch by an exponential function
as given in Eq. 6.4. Similar reiationships were also adopted by Seible et al.
(1990) in another finite element analysis for masonry assemblages. In the finite
element analyses performed by Ewing and by Seible et al., the stress-induced
anisotropic characteristics of masonry were considered, whereas the inherent
anisotropic characteristics due to;the mortar joints were not.
6.3.4.2 Proposed Stress-Strain Relationships

Because the uniaxial compression test results of the prisms of series PNG
were similar to the stress-strain relationships used for concrete, it was decided to
use the experimental results of series RP to verify and modify the equations
proposed by Vecchio and Collins. The test results of parels RP3 and RP4, which

exhibited shear failures along mortar joints, were not used because the average
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Fig. 6.15 Average stress-average strain relationships in the principal tensile
stress direction.

stress-average strain relationships were meant to be used in modelling the
homogeneous part of the macro-behaviour model.

The stress-strain relationship described by Eq. 6.10 is plotted along with
the experimental results in Fig. 6.15. Equation 6.10 overestimates the
contribution of masonry in resisting tensile stresses after cracking. This could be
attributed to the significant difference between the relatively high percentages of
reinforcement used in the reinforced concrete panels tested by Vecchio and
Collins, compared to that used in the grouted masonry assemblages. To account

for this difference, the following new equation is proposed.

o, = —Jor ..(6.15)
m 1 + 400 g,

As can be seen in Fig. 6.15, this equation provides a better fit of the test results.
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This equation should be used in conjunction with the upper limit proposed by

Vecchio and Collins and given in Eq. 5.45 to account for the reduction in o, as
the reinforcement reaches its yield strain.

For the principal compressive stress direction, the values of the damage
parameter A, determined by Eq. 6.12, are plotted in Fig. 6.16 along with the
experimental results. A continuous inctease in the damage parameter A (or in
other words a continuous decrease in the peak value of the principal compressive
stress o) with the increase in the absolute principal strain ratio |e/e;| is
apparent. The rate of increase of the damage parameter A also decreases with the
increase of |e,/e;]. Whereas Eq. 6.12 seems 10 underestimate the peak value of
the principal compressive stress oy, at high ratios of |e/e|, it is close to the
experimental results at low ratios of |¢,/¢;|. In this rggard, it should be noted that

Eq. 6.12 was based on experimental results of reinforced concrete panels with a

=02P/f'm)

1/0 (

0.0

Principal strain rotio, le, /e,

Fig. 6.16 Variation of 1/\ with the principal strain ratio |¢,/¢,|.
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maximum value of |¢,/e;| =20. A regression analysis was performed to obtain an
equation for the damage parameter A, which better fits the results from series RP,

This relationship is shown in Fig. 6.16 and takes the form of

e
A= ||—‘| -03 > 10 ..-(6.16)
€,

6.4 CLOSING REMARKS
The following points summarize the main findings of this chapter:

1. Although the stress-strain relationships proposed by Hognestad (1951) and
by Saenz (1965) for concrete fell within the range of the uniaxial compression test
results, the relationship proposed by Saenz was found to be much closer to the
mean of these experimental results.

2, Under uniaxial compression, the Poisson’s ratio remains almost constant
up to compressive stress in the range of 0.6 7, after which it begins to increase
to reach values even higher than 0.5 in the unstable crushing phase.

3. The strain measurements, recorded over gauge lengths of 900 mm in the
biaxial tests of series RP, showed good agreement between the strains in the
masonry and the reinforcement. This supports the assumption of perfect bond at
the macroscopic level as was adopted in Chapter S.

4. Before cracking, the stresses applied on a reinforced masonry assemblage
are distributed between the masonry and the reinforcement according to their
stiffnesses. After cracking, the ability of masonry to resist the principal tensile

stress decreases significantly with increasing principal tensile strain ¢,. This leads
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to transfer of more stress to reinforcement. The cracked masonry continues to
help resist the principal compressive stresses, but with lower stiffness and lower
ultimate capacity, depending on the principal strain ratio |/, ].

5. Depending on the principal stress ratio and the bed joint orientation,
cracking can occur along the mortar joints, rather than normal to the principal
tensile stress direction. In this case, the shear deformation along the cracked
joints is accompanied by dilation which induces additional tensile stresses in the
reinforcing bars that cross these joints. These stresses can cause the reinforcement
to yield at lower principal tensile stresses than would be predicted if masonry is
modelled neglecting the potential for failure along the mortar joints. The induced
tensile stresses in the reinforcement are balanced by compressive stresses in
masonry, acting normal to the cracked joints. These could result in the principal
tensile stress in cracked masonry changing from tension to compression.

6. Based on series RP, new formulae are proposed to describe the post-
cracking behaviour of masonry when the cracks takes place along planes normal
to the principal stress directions, regardless of the bed joint orientation. A damage
parameter A is used to account for the effect of tensile cracking on the stress-
strain relationship in the principal compression stress direction. The relationships
developed in this chapter are meant to be used for modelling the homogeneous

medium in the macro-behaviour model presented in Chapter 5.



CHAPTER 7

PREDICTIONS OF THE MACRO-BEHAVIOUR MODEL

7.1 INTRODUCTION

The macro—béhaviour model, presented in Chapter 5, together with the
average stress-average strain relationships, proposed in Chapter 6, were used to
analyze unreinforced and reinforced grouted concrete masonry assemblages
subjected to different states of stress with different bed joint orientations 8. The
predicted results were compared to the experimental test results from this study
and elsewhere (Hamid (1978) and Guo (1990)). The wide ranges of masonry
components and states of stress included in the tests provide a good background
for assessing the potential of the macro-behaviour model to simulate the different
aspects of the response of grouted masonry under in-plane stresses. The model
also was used to predict responses to fill the gaps in the available test results and
to provide a more complete picture of the macro-behaviour of grouted concrete

masonry. Some observations regarding the shear response of grouted concrete

masonry conclude this chapter.
7.2 MACRO-BEHAYIOUR OF UNREINFORCED MASONRY

In addition to the data presented in Chapters 2 to 4, results of two other
series of prisms, tested under uniaxial compression with different ¢ (Hamid

(1978) and Guo (1990)), were used to assess the reliability of the macro-

305
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behaviour model. These tests include masonry assemblages built of blocks with
different shapes and different percents solid, which consequently resulted in grout
cores with different configurations. Whereas the prisms tested by Hamid were
prepared using 140 mm block with flat ends; series UNP, series UCU and the
series of prisms tested by Guo were built of 190 mm block with frogged ends.
Furthermore, the webs of the blocks used to build series UCR were knocked out
for a depth of 100 mm which resulted in continuous grout cores both normal and
parallel to the bed joints. Added to this diversity in the geometric characteristics,
a variety of material strengths were used.

The material properties used to model the homogeneous medium as well
as the bed joint and the head joint planes of weakness in the analyses are
summarized in Tables 7.1 and 7.2. As shown in Fig. 7.1(b), the head joint planes
of weakness, for a masonry assemblage with grout cores normal to the bed joints,
include the components of mortar, block face shells, and the block-grout
interface. A forth component of grout is added for assemblages with grout cores
both normal and parallel to the bed joints as shown in Fig. 7.2(b). The bed joint
planes of weakness include grout and mortar in both cases, as indicated in Figs.
7.1(c) and Fig. 7.2(c). The area of each component along the planes of weakness
was determined according to the dimensions and the configurations shown in
Figs. 7.1 and 7.2. The areas of the grout and the mortar components along the
bed joint planes of weakness were then altered to account for the effects of the

shrinkage cracks and the mortar fins in reducing the minimum cross-sections
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Table 7.1 Summary of the material properties used for analyzing specimens

under uniaxial compression.

Series
c . 1 UNP
omponent tem d Guo’s
SIEIU UCR Hamid's
Homogeneous | Ja~ (MPa) 111 17.4 13.6 13.6
J° (MPa) 1.1 1.4 1.2 1.2
di E, (MPa) 15680 24500 25000 25000
medium & 0.0015 0.00194 0.0015 0.0015
v, 0.2 0.26 0.2 0.2
Aa/Ay 0.3 0.26 0.525 0.3
£ (MPa) 0.19 0.19 0.2 0.19
M ¢ (MPa) 0.2 0.2 0.2 0.2
& (deg.) 20 30 30 30
v (deg) 10 10 10 10
AdA, 0.25 0.23 0.29 0.25
Head £ (MPa) 1.9 2.1 1.8 2.1
B ¢ (MPa) 4.7 53 4.6 5.2
. $  (deg) 37 37 37 37
joint v (deg) 20 20 20 20
P £ (MPa) 4.3
G ¢ (MPa) - 7.9 - -
weakness b (deg.) 37
¥ (deg.) 37
AulA, 0.23 0.11 0.19 0.23
£ (MP2) - - - -
GBI ¢ (MPa) 2,82 3.18 2.76 3.12
¢ (deg.) 37 37 37 37
v (deg) 20 20 20 20
Ag/Ay 0.45 0.45 0.55 0.45
£ (MPa) 0.25 0.25 0.5 0.25
s M c (MPa) 0.23 0.35 0.52 0.35
Bed joint & (deg) 1 43 46.9 4
v (deg.) 15 15 15 15
planes of
Ay/A, 0.18 0.30 0.18 0.18
. £ (MP2) 3.34 4.25 2.65 3.92
weakness | G | " Mmpy 7.4 7.9 6.5 9.8
& (deg.) 37 37 37 37
¥ (deg.) 37 37 37 37

"M = Mortr, B = Block, G = Grout, and GBI = Grout Block Interface. |
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Table 7.2 Summary of the material properties used for analyzing specimens

under uniaxial tension or biaxial states of stress.

Series
Component” Item
UNP UCR
£” (MPa) 14.0 17.4
£ (MPa) 1.23 1.4
Homog.e neous é, (MP2) 18700 24500
medium & 0.0015 0.00194
v, 0.2 0.26
AndA, 0.3 0.26
£ (MPu) 0.19 0.19
M ¢ (MPa) 0.2 0.2
$  (deg.) 20 30
¥ (deg.) 10 10
AdA, 0.25 0.23
Head A7 (MPa) 2.1 2.1
B ¢ {(MPa) 52 53
. b (deg.) 37 37
joint ¥ (deg.) 20 20
lanes of AJA, 0.29
pfanes o £ (MPa) 4.3
G ¢ (MPa) - 7.9
weakness ¢ (deg.) 37
¥ (deg) 37
AglA, 0.23 0.11
57 (MPa) - -
GBI ¢ (MPa) 3.12 3.18
& (deg) 37 37
¥ (dep.) 20 20
Ao/A, 0.45 0.45
£ (MPa) 0.25 0.25
P, M ¢ (MPa) 0.35 0.35
Bed joint b (deg.) 43 43
¥ (dep.) 15 15
planes of
AJA, 0.18 0.30
eakn £° (MPa) 3.46 4.25
weakness G ¢ (MPa) 9.8 7.9
$ (deg.) 37 37
¥ (deg) 37 37
M = Mortar, B = Block, G = Grout, and GBI = Grout Block Interface.
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of the grout cores normal to bed joints (Sec. 4.4). Only 80% of the grout area
was considered, whereas the other 20% was added to the mortar area to attain the
same total area.

The parameters of the homogeneous medium were defined according to
the relationships proposed in Chapter 6, utilizing the results of the auxiliary tests.
The angles of friction "®" and the coefficients of cohesion "¢" used for mortar
were determined from the results of the direct shear tests reported with the
corresponding series. The values of & and ¢ used for the grout and the block face
shell components were defined as =37" and ¢=f£, /4.0, in accordance with the
values proposed by Johansen (1958) for plain concrete. The tensile strengths of
the block and the grout components were taken equal to the splitting tensile
strengths determined experimentally with each series. Following Johansen's
recommendation (1975), in his analysis of plain construction joints, the coefticient
of cohesion c at the grout-block interface was taken equal to 60% of the smaller
of the values found for the grout and the block. The angle of friction, ¢, of the
grout-block interface also was taken equal to the smaller of the values determined
for the grout and the block, whereas the tensile strength of the grout-block
interface was set equal to zero. In the absence of sufficient experimental
information to define the angle of dilation y, the values used by Gerrard and
Macindoe (1985) were used for guidance in this investigation.

In the next sections, the prediction using the model for various states of

stress are presented and compared to the experimental resuits in terms of the
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modes of failure, the strength characteristics and the deformation characteristics.
7.2.1 Uniaxial Compression
7.2.1.1 Modes of Failure

The modes of failure predicted for the specimens tested under uniaxial
compression are summarized in Table 7.3, together with the observed modes. In
agreement with the experimental results, the predicted modes of failure changed
from compression failures in the homogeneous medium at §=0° and 90° to shear
failures along the head joints at =15 and 22.5° and to shear failures along the
bed joints at 8=67.5 and 75°. At §=45°, where both the head joints and the bed
joints wére subjected to equal normal and shear stresses, a mixed mode of shear
failure along the head joints, shear failure along the bed joints and compression
failure of the homogeneous medium were predicted. The predicted modes of
failure were consistently in agreement with those observed in the different series
of tests. The prediction of the different modes of failure and their agreement with
the experimental results demonstrate the ability of the macro-behaviour model to
reproduce the different modes of failure that can be experienced by a grouted
concrete masonry assemblage under uniaxial compression.
7.2.1.2 Strength Characteristics

For comparison purposes, the predicted strengths for the five series of
specimens are presented in Table 7.3 together with the corresponding

experimental results. The variations of the uniaxial compressive strengths, with
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Table 7.3 Comparison between the predicted and the observed uniaxial

compression behaviour,

Predicted Observed
. 8 . Ultimate Pre, (0
SRS | (deg) | s (og | e | s | P | s
MPy) mode CAM mode - W
(MPa)
0 -11.1 CHM 9.5 CHM 1.17
22.5 -7.7 SHJ -8.2 SHJ 0.94
UNP 45 9.4 Mixed -9.5 Mixed 0.99
67.5 -5.% SBJ -6.1 SBJ 0.97
80 -11.1 CHM -9.8 CHM 1.13
0 -11.1 CHM -11.1 CHM 1.0
ucy 22.5 -7.7 SHJ -6.5 SHJ 1.18
45 9.4 Mixed -7.8 Mixed 1.21
67.5 -5.9 SBJ -6.3 SBJ 0.94
0 -17.5 CHM -17.0 CHM 1.03
22.5 -15.4 SHJ -13.9 SHJ .11
UCR 45 -17.5 Mixed -17.3 Mixed 1.01
67.5 -11.6 SBJ -14.5 SBJ 0.80
90 -17.5 CHM -18.8 CHM 0.93
0 -13.6 CHM -13.4 CHM 1.01
15 -9.6 SHI -9.8 SHJ 0.98
Hamid’s 45 -13.1 Mixed -10.1 Mixed 1.30
75 -8.4 SBJ -8.3 SBJ 1.01
90 -13.6 CHM -13.7 CHM 0.99
0 -13.6 CHM -13.6 CHM 1.0
Guo’s 30 9.0 SHJ -12.3 SHI 0.73
60 9.4 SBJ -8.5 SBJ 1.11
Mean ratio 1.02
C.0.V. 12.6%
CHM = Compression failure of the homogeneous medium,
C = Compression failure,
SH]I = Shear failure along head joints,
SBJ = Shear failure along bed joints, and

Mixed = Mixed mode of compression failure, shear failure along head joints,
and shear failure along bed joints.
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the bed joint orientation 8, are also shown in Fig. 7.3. Five distinct regions can
be identified in the failure envelopes presented, with each region corresponding
to a particular mode of failure. The straight lines marked by AB and EF
correspond to conditions where the stress components acting along the planes of
weakness were not large enough to cause shear failure along them. Compression
failures were found to occur in the homogeneous medium regardless of the bed
joint orientation. On the other hand, curves BC and DE represent the cases
where shear modes of failure took place, separately, along the bed joint planes
and head joint planes, respectively. Along these regions, the grouted concrete
masonry assemblages exhibited a significant decrease in uniaxial compressive
strength. The ratios between the minimum compressive strength and the
compressive strength at #=0° were predicted to be 0.52, 0.63, 0.54, and 0.65 for
series UNP, series UCR, Hamid's prisms, and Guo’s prisms, respectively. These
ratios confirm the importance of considering the anisotropic characteristics of
grouted concrete masonry under uniaxial compression.

At the bed joint orientations close to §=45°, a mixed mode of shear
failure along the bed joint and the head joint planes was predicted for series UNP
and /U CU where points C and D coiacide (Fig. 7.3(a)). In series UCR, which had
gron.l'\t‘“g:g\res both normal and parallel to the bed joints, the increases in the grout
strengthl\;lrtlfa}in the minimum cross-sectional area of the grout cores helped

strengthen the planes of weakness. As a result, a compression failure was

predicted to occur in the homogeneous medium along line CD as shown in
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Fig. 7.3(b). This predicted behaviour is in agreement with the mode of failure
observed at #=45° for series UCR. Similar strengthening was also predicted, but
over a narrow range of bed joint orientations, in Figs. 7.3(c) and (d).

The generally satisfactory agreement between the observed and predicted
strengths is quantified by the mean ratio of 1.02, at a C.0.V. of 12.6%, found
between the predicted and observed strengths. The predicted values tend to be
closer to the results of the panels of series UNP rather than to the resuits of the
prisms of series UCU, as shown in Fig. 7.3(a). This can be attributed to the
cutting configuration of the prisms and their narrow widths which resulted in
proportionally smaller grout areas along some mortar joints. In an attempt to
investigate this effect, the actual cross-sectional areas of the grout cores, resulting
from the cutting configuration for the prisms tested by Hamid at §=45°, were
calculated and used to determine the prism strengths. The predicted mean strength
is represented in Fig. 7.3(c) by point "p" which is in much better agreement with
the observed values. The cutting configuration in this case resulted in a 29%
reduction in the compressive strength. These results confirm that panel tests are
more representative of the macro-behaviour of grouted concrete masonry than are
prism tests.
7.2.1.3 Deformation Characteristics

The average stress-average strain relationships predicted for the prisms
of series UCU and panels UNP! to UNP4 are plotted with the observed results

in Fig. 7.4, The relationships are presented in terms of the variations of the
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principal strains ¢, and ¢, with principal compressive stress o, at difterent 8

values. Similar comparisons are also possible in Fig. 7.5 for the prisms of series

UCR.

Stress [(g,) [ MPa

Stress |(a,),,|. MPa

The predicted relationships are in good agreement with the experimental
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results. In all of the cases studied, the former lie within the range of the measured
stress-strain relationships in the repeated tests at the same §. Approaching the
peak stresses, a significant inelastic increase in the principal compressive strains

€; was predicted for those specimens that failed in compression. The alternate
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brittle response, predicted for the specimens that failed in shear along the mortar
joints, also agreed with the experimental observations. No attempt was made to
trace the descending branches of the stress-strain relationships after failure,
because all of the specimens were tested under load control conditions.

7.2.2 Uniaxial Tension

7.2.2.1 Modes of Failure

Both the observed and predicted modes of failure for the five panels
UNP11 to UNP1S5, tested under uniaxial tension at different §’s, are summarized

in Table 7.4 to facilitate comparisons. Depending on 8, three different modes of

Table 7.4 Comparison between the predicted and the observed uniaxial

tension behaviours for series UNP.

Predicted” Observed
Panel 8 Ultimate Fail Ultimate Fail Pre. (g
ailure allure TTTTTTee
R il B R EE
(MPa) (MPa)
UNP11 0 0.49 THI 0.48 THJ 1.02
UNPI12 22.5 0.57 THI 0.53 THJ 1.08
UNPI13 45 0.88 STEP 0.67 STEP 1.31
UNPI14 67.5 0.75 STEP 0.80 TBJ 0.94
UNP15 90 0.80 TBJ 0.78 TBJ 1.03
Mean ratio 1.08
L C.0.V. 13.0%
THJ = Tension failure along head joints,

TBJ = Tension failure along bed joints, and
STEP = Stepped mode of failure.
* Predicted according to case III,
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failure were obtained; tension failure along the bed joint planes, tension failure
along the head joint planes, and a stepped mode of failure. Except for panel
UNP14, the predicted modes of failure were identical to those observed. At
6=67.5°, the observed mode of failure of panel UNP14 was a tension failure
along the bed joint plane, whereas it was predicted to occur in a stepped manner.
This discrepancy can be explained by the fact that, the predicted change from a
stepped failure to a tension failure along the bed joint planes was close to
§=67.5°. The predicted results demonstrate the effect of the bed joint orientation
on the mode of failure under uniaxial tension and demonstrate the ability of the
macro-behaviour model to predict them.
7.2.2.2 Strength Characteristics

To study the effect of the material idealization of the planes of weakness
on the predicted responses of grouted concrete masonry under uniaxial tension,
the analyses were performed three times, The behaviours of the components along
the planes of weakness were modelled under tensile stresses according to the
following cases;

Case I; Straight tension cut-off criterion with an elastic-perfectly plastic
stress-strain relationship,

Case II; Circular tension cut-off criterion with an elastic-perfectly plastic
stress-strain relationship, and

Case II; Circular tension cut-off criterion with an elastic-strain softening
stress-strain relationship.
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These three cases are presented with more details in Chapter 5. The strengths,
listed in Table 7.4, were predicted according to case III.

The macro-behaviour model was used to predict the variation of the
masonry tensile strength with the bed joint orientation. As shown in Fig. 7.6,
regardless of the material idealization, there are three distinct regions that can be
identified in each of the three cases of analysis. Each region corresponds to a
distinct mode of failure. Along curves AB and CD, tensile modes of failure were
predicted to occur, respectively, along the head and the bed joint planes. Between
these two regions, along BC, the failures were predicted to 'occur in a stepped
manner along both head and bed joints.

The strengths predicted in the analysis designated by case IIT were the

closest to the experimental results. As could be expected, the analyses performed

2.0 T

T I T T

e Panels

.........

Case II; Circulor tension

--=- Case I; Straight tension
cut—off with elastic—

nc_’ perfectly plastic joints,
s 14
- —.-cl
3 2k . - B .
'-.:- %é‘e ,” \\
=] - - ~
- 1.0} o o
- - - Pt iy
-
S oaf ety
] P it
[ T - N—— y" 3. L
177]

cut—off with elastic-
perfectly plastic joints,

~— Case lll; Circulor tension
cul—off with elastic—

stroin softening joints.

bl L L D

90

04k
0.2 .
0.0 1 1 1 (1 ] 1 J 1
10 20 30 40 50 60 70 80
O, Degrees

Fig. 7.6 Variation of uniaxial tensile strength of grouted masonry with the
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according to cases I and II, assuming perfectly plastic responses after cracking,
tended to overestimate the tensile strengths of the grouted assemblage. In these
two cases, adoption of the straight cut-off or the circular cut-off as a tension
failure criterion did not seem to affect the predicted strengths except at angles
around 8=45°. On the other hand, adoption of the strain softening response after
cracking resulted in extensive stress redistribution from the cracked component
to the surrounding ones, in case III, and gave lower strengths compared to the
predictions of cases I and II. Considering the inherent variability in the properties
of the materials used to build the specimens, the results obtained in case III
agreed well with the experimental results. As indicated in Table 7.4, a mean ratio
of 1.08, with a C.0.V. of 13.0%, was found between the predicted and the
observed uniaxial tensile strengths.

Both the theoretical and the experimental results showed higher strengths
when the failure occurred along the bed joints, in comparison with the cases when
the failure took place along the head joints. This can be explained by the fact that
the masonry assemblage under consideration had grout cores only normal to the
bed joints.
7.2.2.3 Deformation Characteristics

The average stress-average strain relationships, obtained in the analyses
designated by case III, are plotted in Fig. 7.7 along with the relationships
obtained experimentally, Unlike the uniaxial compression case, the macro-

behaviour model tended to predict almost linear stress-strain relationships under
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uniaxial tension, whereas the experimental results showed softer responses
approaching the failure stresses. This discrepancy between the predicted and
observed behaviour can be attributed to the effect of modelling the masonry

components as elastic materials before cracking. However, considering that the
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strains experienced by masonry before cracking are very small, the accuracy of
the predicted stress-strain relationships can still be considered to be satisfactory.
7.2.3 Biaxial Tension-Compression

7.2.3.1 Modes of Failure

As a part of series UNP, six panels were tested under biaxial tension-
compression states of stress. For comparison purposes, both the predicted and
observed modes of failure are presented in Table 7.5. Four of the six panels were
tested under a biaxial state of stress of ¢,/o,=1/-1.09 at different bed joint

orientations. The predicted and the observed modes of failure associated with

Table 7.5 Comparison between the predicted and the observed biaxial

tension-compression behaviours.

Predicted” Observed

. . Pre. (0))u
) Ultimate Ultimate !

Panel (deg-) stress, Failure stress, Failure | ——======-=

(@) mode (@) mode Obs. (7))

(MPa) (MPa)
UNP6 45 0.84 THM 0.73 T 1.15
UNP7? 45 0.97 THM 0.95 T 1.02
UNPS 22.5 0.64 THJ 0.70 THJ 0.91
UNP9 45 0.77 STEP 0.79 STEP 0.97
UNPI10 67.5 0.79 STEP 0.72 STEP 1.10
UNPI16 0 0.51 THI 0.74 THJ 0.69
Mean ratio 0.97
C.0.V. 16.8%

THM = Tension failure of the homogeneous medium,

T = Tension failure normal to g,
THJ = Tension failure along head joints,
SBJ = Tension failure along bed joints, and

STEP = Stepped mode of failure.
* Predicted according to the case III.
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these panels changed from a tension failure along the head joint plane at §=0°
and 22.5° to a stepped mode of failure at #=45° and 67.5°. The last two panels
(UNP6 and UNP7) were both tested with §=45°, but under two different biaxial
states of stress of ¢,/0,=1/-3.86 and 1/-6.6, respectively. With the increase in the
absolute magnitude of the principal compressive stress o, the failures of UNP6
and UNP7 were predicted to occur in the homogeneous medium rather than to
follow the planes of weakness. This mode of failure was in agreement with the
observed mode of failure where the cracks occurred along planes normal to g,
rather than following the mortar joints.
7.2.3.2 Strength Characteristics

Similar to the analyses performed for uniaxial tension, the masonry
strengths under biaxial tension-compression were predicted using each of the three
cases for tension indicated before. The strengths predicted according to case 111,
together with the corresponding experimental values, are summarized in Table 7.5
for the six panels. In addition, the variation of the masonry strength with respect
to 8, under a biaxial state stress of ¢,/0,=1/-1.09, is shown in Fig. 7.8. Similar
to the observations made earlier for the results obtained under uniaxial tension,
the strengths predicted according to case III were the lowest and the closest to the
experimental results.

In an attempt to better understand the response of grouted masonry, the
macro-behaviour model was used to predict the failure envelopes under biaxial

tension-tension and tension-compression states of stress for five bed joint
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orientations. The vaines predicted along with the biaxial tension-compression
experimental results are presented in Fig. 7.9 to facilitate comparisons. The
results presented in this figure demonstrate clearly the significant change in the
failure envelope with the bed joint orientation. The effect of the bed joint
orientation on the strength of masonry does not remain constant, but varies with
the principal stress ratio, Under biaxial tension-compression, these anisotropic
characteristics are more pronounced as the absolute magnitude of the principal
compressive stress o, increases. On the other héﬂ'id, the bed joint orientation does
not play a significant role on the masonry strength when the effect of the principal
tensile stress o, predominates.

The differences between the analyses performed using the three different

tension relationships tend to decrease as the algebraic ratio of ¢;/0; increases
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(moving towards the state of uniaxial compression) corresponding to failure in the
g p P g

homogeneous medium rather than following the planes of weakness. The
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predicted failure envelopes are consistently in good agreement with the
experimental results which confirms the potential of the macro-behaviour model
to reproduce the response of grouted masonry under different states of stress.
7.2.3.3 Deformation Characteristics

The average stress-average strain relationships predicted for panels UNP6
and UNP7, using the tensile relationships of case III, are plotted in Fig. 7.10
along with the experimental results. Similar data are also presented in Fig. 7.11
for the panels tested under a biaxial tension-compression ratio of ¢,/¢,=1/-1.09.
The good agreement between the experimental and theoretical stress-strain
relationships is best in the cases when o, is noticeably larger than ¢,. As indicated

before, the idealization of the masonry components as elastic materials under
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Fig. 7.10 Predicted and experimental stress-strain relationships for UNP6 and
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tension before cracking can explain the slightly poorer agreement in Fig. 7.11

related to tension dominated failures.
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7.2.4 The Complete Failure Envelopes

Although none of the tests performed in this investigation were conducted
under the state of biaxial compression-compression, the macro-behaviour model
was used to predict the behaviour of grouted masonry in this range. The analyses
were performed on the masonry assemblage of series UNP, having the properties
described in Table 7.2. Although predictions were made using the three tensile
relationships described earlier, no differences were noticed between the results
obtained because the masonry responses were dominated by the principal
compressive stresses. The results obtained in these analyses, together with the
results obtained before under the states of biaxial tension-compression and
tension-tension, were used to develop the complete failure envelopes shown in
Fig. 7.12 at #=0°, 22.5°, and 45° The failure envelopes at §=90° and 67.5° can
simply be defined by interchanging ¢, and ¢, in the envelopes at §=0° and 22.5°,
respectively.

Comparing the three failure envelopes predicted under biaxial
compression-compression  states of stress, three distinct regions can be
distinguished. In the three envelopes in Fig. 7.12, the parts marked by A“A and
CC’ correspond to the states of stress under which shear modes of failure
occurred along the bed joints and the head joints, respectively. In these ranges,
the anisotropic characteristics of masonry were very apparent as the failure
stresses changed significantly with the bed joint orientation. On the other hand,

the parts marked by ABC correspond to the states of stress under which
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compression failures occurred in the homogeneous medium regardiess of the bed
joint orientation. These results are consistently in agreement with the observations
made by Page (1981) as a result of his tests on brick masonry under biaxial

compression-compression states of stress. He indicated that the bed joint
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orientation had a significant effect when one of the principal compressive stresses
dominated and the failure in this case occurred along the mortar joints. It was
also found that as the principal stresses got closer to being equal, the bed joint
effect decreased and the failure took place along longitudinal planes parallel to the
assemblage plane, rather than following the mortar joints.

A comparison of the complete failure envelopes in Fig. 7.12, reveals those
cases where the anisotropic characteristics of the masonry assemblage play an
important role. Although the bed joint orientation, as indicated before, affected
both the mode of failure and the strength when the failure was governed by the
principal tensile stress, its effect was more pronounced when the absolute value
of the principal compressive stress was higher than the absolute value of the other
principal stress. These situations occurred under both biaxial tension-compression
and compression-compression states of stress where the failure stresses were
governed by the capacities of the planes along the mortar joints.

Agalyses were performed on the masonry assemblage of series UCR,
using the properties listed in Table 7.2. The failure envelopes obtained for these
assemblages, having continuous grout cores both normal and parallel to bed
joints, are presented in Fig. 7.13. Comparisons of the changes in the failure
envelopes for the different bed joint orientation, in this figure, with those in the
corresponding envelopes in Fig. 7.12, shows the effect of having grout cores in
the two directions on reducing the ranges marked by A°A and CC”, which

correspond to anisotropic behaviour. The existence of grout cores normal and
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parallel to bed joints were very effective in reducing the inherent anisotropic

characteristics of grouted masonry.
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7.3 MACRO-BEHAVIOUR OF REINFORCED MASONRY

The experimental data used to verify the ability of the macro-behaviour
model to predict the behaviour of reinforced masonry consisted of the test results
of series RP which was a part of the experimental program reported in
Chapters 2 and 4. As mention before, all of the panels in this series were built
using 190 mm blocks which had the webs knocked-out for a depth of 100 mm to
facilitate placing the steel bars. Consequently, all the panels had continuous grout
cores both normal and parallel to the bed joints. The material properties used to
model these panels are summarized in Table 7.6. The analyses of the reinforced
masonry assemblages were all performed using the tensile stress-strain
relationships identified as case III in Sec. 7.2.2.2, which was found to result in
the best agreement with the experimental results. The predictions of the macro-
behaviour model are presented, discussed and compared with the experimental
results, in the following sections. The effects of the bed joint orientation, the
principal stress ratio, and the percentages of reinforcement on the response of
reinforced masonry in terms of modes of failure, strength characteristics and
deformation characteristics are studied.

7.3.1 Effect of Bed Joint Orientation
7.3.1.1 Modes of Failure

Seven panels were tested to study the effect of the bed joint orientation.
They all were equally reinforced normal and parallel to the bed joints, so that

p.=p,=0.26%. The predicted and the observed modes of failure for these panels
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Table 7.6 Summary of the material propertics used for analyzing the panels

of series RP.

Component | Item Value Component” Item Value
fa" (MPa) 16.12 Al 0.26
Homogen- | ¢~ (MPa) 1.32 £ (MPy) | 0,19
eous E,(MPax) 23500 A9 ¢ (MPW) 0.2
medium & 0.0019 b (deg.) 30
v, 0.26 W (deg.) 10
Steel E, (MPa) 200000 AVA, 0.23
Head .7 (MPa) EN
B ¢ (ViPa) 5.3
f, (MPa) 531 . . b (deg.) 37
(0=0.17%) jomnt ¥ (deg.) 20
568 planes of Aol 0.29
(0=0.26%) £, 7 (MPa} 4.3
G ¢ OMPa) 7.9
415 weakness b (deg.) 37
(p=0.53%) y (eg.) 37
AA, 0.11
420 .
£ QvPu) -
(0=0.79%) GBI | covpy | 3.8
P {dew.) 37
¥ (deg.) 20
A/ As 0.45
f," (MPu) 0.25
et M ¢ (MPa) 0.35
Bed joint # (deg.) e
¥ (dep.) 15
planes of
AylA, 0.30
) f," (MPa) 4.25
weakness G ¢ (MPa) 79
$ (deg.) 37
¥ (deg.) 37

* M = Mortar, B = Block, G = Grout, and GBI = Grout Block Interface.
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are presented in Table 7.7. The three panels tested under a biaxial state of stress

of approximately o,/0,=1/-1 were panel RP7 at #=0° and panels RP8 and RP19

at §=45°, The initial cracking, for the three panels, was predicted to occur in the

homogeneous medium which is in agreement with the observed cracking normal

to the direction of g, regardless of the bed joint orientation. Failure of panel RP7

was characterized by yielding of the reinforcement parallel to the bed joints. In

panels RP8 and RP19, the reinforcemnent normal and parallel to the bed joints

were predicted to yield simultaneously. These predicted modes of failure were

also similar to the observed modes of failure.

Table 7.7 Predicted and observed results for reinforced panels with different

bed joint orientation, p,=p,=0.26%.

Predicted Observed
. . Pre. {o)a
¢ Ultimate Ultimate b
Pa’nel (deg.) UIIUE Stress' Fai]ure Stress, Fa.ilure B
(@)u mode @a mode Obs. (g1)u
(MPa) (MPa)
RP1 0 1/-7.08 1.48 YP+CHM 1.77 YP+C 0.84
RP2 225 1/-6.22 1.52 YP+CHM 1.45 YP+C 1.05
RP3 45 1/-6.49 1.28 CHM +8BJ 1.13 YN+C+SBI 1.13
RP4 67.5 1/-1.70 1.09 SBJ 1.16 SBI+YN 0.94
RE7 0 1/-0.98 1.5 Yp 1.69 Yp 0.39
RP3 45 1/-1.08 1.5 YP+YN 1.35 YP+YN 1.11
RP19 45 1/-1.08 1.5 YP+YN 1.53 YP+YN 0.97
Mean ratio 0.99
C.O.V. (%) 11.1

C

SBJ
YP
YN

CHM "= Compression failure of the homogeneous medium,
= Compression failure,
= Shear failure along bed joints,
= Yield of reinforcement parallel to bed joints, and
= Yield of reinforcement normal to bed joints.
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Panels RP1, RP2, RP3, and RP4 were tested at the four ditferent bed joint
orientations of 0=0°, 22.5°, 45°, and 67.5°, respectively. They were tested under
biaxial states of stress with very similar ratios of o,/0,, having an average of
0,/0,=1/-6.87. Similar to the observed behaviour, the initial cracks for panels
RPI1, RP2, and RP3 were predicted to occur in the homogencous medium,
whereas panel RP4 was predicted to crack first along the bed joint planes of
weakness. The predicted post-cracking behaviours for the four panels were quite
different from each other. Panels RP! and RP2 failed after yielding of the
reinforcement parallel to the bed joints which was followed by a compression
failure in the homogeneous medium. The predicted failure of panel RP3 was
characterized by a shear failure along the bed joint planes of weakness. The
macro-behaviour model also predicted that a shear failure along the bed joint
planes of weakness would govern the failure of panel RP4. No yielding of
reinforcement was predicted to occur, at the macroscopic level, in panels RP3 and
RP4. However, the predicted shear failure along the bed joint planes of weakness
implied that the reinforcement across these planes reached the yield stress at a
microscopic level. The behaviour of the last two panels is typical of those cases
where failure of the mortar joints limits the effectiveness of the reinforcement in
resisting the applied loads. The fact that the predicted modes of failure for RP1-
RP4, and their dependence on the bed joint orientation, were consistently in
agreement with the observed modes of failure confirms the suitability of the

model for reinforced assemblages. The importance of considering the anisotropic
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characteristics of reinforced grouted masonry, especially when the principal
compressive stress predominates the behaviour, is documented.
7.3.1.2 Strength Characteristics

For comparison purposes, the predicted strengths for the seven panels
discussed in the above section are presented, together with the experimental
results, in Table 7.7. The results obtained under the effects of ¢,/g>=1/-1 and
1/-6.87 are shown in Figs. 7.14(a) and (b), respectively. The differences between
the ultimate and the cracking stresses in these figures (expressed in terms of o)
reflect the effectiveness of the reinforcement in improving the capacity of

reinforced masonry, compared to unreinforced masonry, at different 8 values.
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Fig. 7.14 Variations of cracking and ultimate stresses of reinforced masonry
with the bed joint orientation (p,=p,=0.26%).
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Under the effect of g,/cy=1/-1, the initial cracking was predicted o occur
in the homogeneous medium regardless of the bed joint orientation which did not
have a significant effect on the values of the cracking stress. Cracking was then
followed by a dramatic increase in the principal tensile strain as stress
redistribution took place between the cracked masonry and the reinforcement. The
ultimate stresses in this case were governed by yielding of the reinforcement. The
principal compressive stress in the homogeneous medium was far from reaching
the ultimate value. Considering the equilibrium conditions of the cracked macro-
element shown in Fig. 7.15(a), after the tensile stress in masonry, o,,, drops to
zero, the ultimate value of ¢, can be defined as:

(0w = f,p P, COS0 + £, p, sin’8 --(7.1)
Accordingly, a constant value of (a)),, = 1.48 MPa can be determined for the
masonry assemblage under consideration, with p,=p,=0.26%. This value is 5%
less than the values determined using the macro-behaviour model under the effect
of 0,/a,=1/-1 as shown in Fig. 7.15(a). This small difference can be attributed
to the contribution of the cracked masonry which is neglected in Eq. 7.1. These
results and their agreement with the experimental results, suggest that the
equilibrium condition can be used alone to define the capacity of reinforced
masonry when the failure takes place in the form of cracks normal to g, followed
by yielding of reinforcement. In this case, the bed joint orientation does not play
a significant role on the cracking and the ultimate stresses.

Similar to the situation under o,/0,=1/-1, the bed joint orientation did not
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significantly affect the cracking stress under ¢,/0,=1/-6.87. Conversely, both the
ultimate stress and the contribution of the reinforcement after cracking under
o\/a,=1/-6.87 were significantly influenced by the bed joint orientation. There
are four distinct regions that can be identified in Fig. 7.14(b}; each corresponding
to a distinct mode of failure. Along AB and FG, the failures are characterized by
yielding of the reinforcement which helped significantly in resisting the applied
loads after cracking. In these cases, the principal compressive stress in the
homogeneous medium also reached its peak value, but only after yielding of the
reinforcement parallel and normal to the bed joints took place. The compatibility
condition at failure can be presented at §=0° by Mohr's circle of strains as shown
in Fig. 7.15(b), in which e;=¢,,; (strain corresponding to the peak compressive
srfess), whereas €,> ¢, (yield strain).

With the increase in the bed joint orientation along curve BC in
Fig. 7.14(b), the angle between the reinforcement and o, increases, so that the
masonry assemblage fails in compression prior to yielding of the reinforcement.
The compression failure does not allow the reinforcement to achieve its full
capacity which consequently leads to a reduction in the ultimate stress. The
compatibility condition, presented by Mohr's circle of strains as shown in
Fig. 7.15(c), can be used to explain the predicted behaviour as the increase in
§ leads to a reduction in the strains of the reinforcement at compression failure
of the masonry (i.e. e,<e¢, when e;=¢,;). Consequently the ultimate stress

decreases continuously with 0 to reach a minimum at #=45°. Consideration of the
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equilibrium conditions only would not be enough to determine the capacity when
compression failure dominates the behaviour. It is worth noting that the uliimate
strength along curve BC depends on the bed joint orientation even though the
failures did not follow the mortar joints.

Along the third region designated by CDEF in Fig 7.14(b), failure took
place in the form of a shear failure along the bed joint planes. In this region, the
contribution of reinforcement dropped significantly to the point that the ultimate
stress values were equal to the cracking stress values over the region DE.

Even with large differences in the principal stress ratios and the effects of
the inherent variation in the properties of the constituent materials of the masonry
assemblages, the predicted and the experimental results were consistently in good
agreement. An average ratio of 0.99 was found between the observed and the
predicted strengths at a C.0.V., of 11.1%.
7.3.1.3 Deformation Characteristics

The predicted and the observed average stress-average strain relationships
are plotted in Fig. 7.16 for panels RP7 and RP8. The relationships are presented
in terms of the principal stresses and strains. The experimental stress-strain
relationships for masonry were determined by extracting the contribution of
reinforcement from the total stresses-strain relationships of the reinforced
assemblage in accordance with the procedure discussed previously in Sec. 6.3.3.
The solid lines in this figure correspond to the predicted responses of reinforced

masonry, whereas the predicted responses of masonry are represented by the
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dashed lines. This presentation demonstrates the process of stress redistribution
between the masonry and the reinforcement after cracking and documents the
contribution of reinforcement. Similar data for panels RP1 and RP4 are shown
in Fig. 7.17.

In general, good agreement can be recognized between the predicted and
the measured stress-strain relationships. Under the eftect of ¢,/v,=1/-1, the
reinforcement played a significant role in resisting the applied stresses after
cracking and can be seen as providing the ductility for panels RP7 and RP3. The

same effect can be observed for panels RP1 and RP2 where yielding of
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reinforcement took place before the compression failure occurred in the
homogeneous medium, Conversely, shear failures along the bed joint planes
occurred in panels RP3 and RP4 which limited the effectiveness of the
reinforcement. The predicted response of RP4 was less ductile than the
experimental results showed. This difference could be attributed to modelling only
the longitudinal resistance of the reinforcement, thus neglecting its dowel action
in the macro-behaviour model.

Both the theoretical and the experimental results displayed the effect of the
bed joint orientation on increasing the principal tensile strain associated with

yielding of the reinforcement. This effect can be observed by comparing RP7 and

RP8 or RP1 and RP2.
7.3.2 Effect of Principal Stress Ratio o)/,
7.3.2.1 Modes of Failure
Six panels were tested with §=45° to investigate the effect of the principal

stress ratio ¢,/a, on the response of reinforced masonry. All six panels were
equally reinforced parallel and normal to the bed joints, so that p,=p,=0.26%.
Both the predicted and the observed modes of failure are listed in Table 7.8,
along with the principal stress ratios.

The predicted modes of failure are identical to those modes of failure
observed in the tests. The responses of panels RP8 and RP9, which were tested
under a,/¢,=1/-1 and 1/0, respectively, were similarlyrdomi‘nated by the principal

tensile stress ¢,. The modes of failure, in these cases, were characterized by
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yielding of the reinforcement after cracking of the homogeneous medium. Under
the effect 0,/0,=1/-6.49, the mode of failure of panel RP3 was governed by shear
failure along the bed joints which took place simultaneously with the
compression failure in the homogeneous medium. At higher principal stress ratios
of ¢,/a,=1/-13.5 and 0/-1, panels RP6 and RP5, respectively, were predicted to
fail in compression in the homogeneous medium without yielding of the
reinforcement.

Table 7.8 Predicted and observed behaviours of reinforced panels with

different principal stress ratios, (p,=p,=0.26%).

g
Predicted Observed
Pre.())u
Panel U‘/Uz Ultimate Ulimate | |~ s
Obs(o )
SresS, | Eatlure mode| SUeSS: Failure mode
(Fidin ym
{deg.) (MPa) MPa)
RP9 45 1.0/0 1.5 YP+YN 1.5 YP+YN 1.00
RP8 45 1/-1.08 1.5 YP+YN 1.33 YP+YN 1.11
RP19 45 1/-1.08 1.5 YP+YN 1.55 YP+YN 0.97
RPJ 45 1/-6.49 1.28 CHM+SBI 1.13 YP+C+SBIJ 1.13
RP6 45 1/-13.5 0.83 CHM 0.76 C 1.09
RPS 45 0/-1.0 * CHM * C
Mean ratio{ 1.06
C.0V. (%) 6.90

* The compressive strength of RP5 was higher than the capacity of the test rig,
but it was predicted to fail at (0y),,=16.7 MPa.
CHM = Compression failure of the homogeneous medium,

C = Compression failure,
SBJ] = Shear failure along bed joints,
YP = Yield of reinforcement parallel to bed joints, and

YN = Yield of reinforcement norma! to bed joints.
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7.3.2.2 Strength Characteristics

The values of the predicted and the observed cracking and ultimate stresses
listed in Table 7.8 are plotted in Fig. 7.18 for conditions of #=43° and
P, =p,=0.26%. The tension-compression failure envelope and the envelope of the
cracking stress are both shown in this figure. The difference between the
envelopes for the cracking and the ultimate stresses retlects the effectiveness of
the reinforcement in improving the strength of reinforced masonry, compared to
unreinforced masonry. Both the theoretical and the experimental results shown in
Fig. 7.18 were normalized by dividing the stress values by the masonry
compressive strength f* ..

There are three distinct parts that can be identified along the ultimate
stress envelope; each corresponding to a different mode of failure. Al AB,
where the principal tensile stress dominates the behaviour, the mode of failure is
characterized by yielding of the reinforcement. In this range of biaxial states of
stress, the ultimate tensile stress remains almost constant, whereas the cracking
stress value along A ‘B’ decreases slightly with the increase in the algebraic ratio
of ay/0,.

Along the region designated by BC, compression failure in the
homogeneous medium occurs prior to yielding of the reinforcement. As a result,
not only the cracking stress, but also the ultimate stress decreases with the
increase in the algebraic ratic of ¢,/a,. In spite of this, the difference between

curves ABC and A “B°C° shows that the effect of reinforcement to sustain more
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stresses after cracking (for example to move from B to B) increases continuously
with the increase in the algebraic ratio of ¢,/¢,. This can simply be attributed to
the steeper drop in the cracking stress with the increase of the ratio of ¢,/03,

compared to the change in the ultimate stress.
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= _ Yielding of steel ——
~ Compression >< A
b o1} failure in masonry B % p
- Y
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Fig. 7.18 Envelopes of the cracking and the ultimate stresses of a reinforced
masonry assemblage with §=45° and p,=p,=0.26%.
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Fig. 7.19 Variation of shear stress with normal stress at failure, (0,=0, and
0,=p,=0.26%).



349

In the last region, marked by CD, a compression mode of failure occurs
in the homogeneous medium, The difference between regions CD and BC is that
the reinforcement under the biaxial states of stress defined by CD are subjected
to compressive stresses rather than tensile stresses. In addition, the increase in the
principal tensile strains after cracking, along CD, are not large enough 1o result
in a significant reduction in the compressive strength, such as occurs along BC.
It is interesting to note that the contribution of reinforcement after cracking, along
CD, decreases with the increase in the algebraic ratio of o,/¢.. The existence of
the reinforcement resulted in an increase of only 3% in the uniaxial compressive
strength, which can be measured by the distance between D and D.

The effect of the states of stress on the strength of reinforced masonry is
illustrated in Fig. 7.19 in terms of the variation of the shear stress with the
normal stresses along the mortar joint planes at failure. The predicted results used
to draw this curve were obtained for the condition of g,=a, which is equivalent
to analyzing panels with §=45° under the effect of different ratios of ¢,/0,. For
example, the state of stress defined by point A in Fig. 7.19 corresponds to a
principal stress ratio of ¢;/¢,=1/0 at §=45° which is marked by A in Fig. 7.18.
In this manner, the three regions identified before in Fig. 7.18 by AB, BC, and
CD correspond to the regions marked by the same letters in Fig. 7.19. The only
differences are curves IA and DE which represent natural extensions of regions
AB and CD, respectively. Along the regions marked by IABCD, increases in the

applied normal stresses significantly enhance the shear strength of the masonry
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assemblage, but at a slightly decreasing rate. The predicted maximum shear
strength is about 0.51 £, which corresponds to the ratio of o,:0,:7=-1.2:-1.2:1,
Any increase of the normal stress beyond this point is accompanied by a decrease
in the ultimate shear stress as the failure is characterized as a compression failure.
Itis worth noting that no cracking was predicted in region DE which corresponds
to compression-compression states of stress at §=45°,

The predictions provided in Table 7.8 and in Figs. 7.18 and 7.19, which
cover various aspects of the possible responses of reinforced masonry, compare
well with the available experimental results. An average ratio of 1.06 was found
between the observed and the predicted strengths at a C.0.V. of 6.9%.
7.3.2.3 Deformation Characteristics

The average stress-average strain relationships predicted for panels RP5,
RP6 and RP9 are plotted along with the experimental results in Fig. 7.20. The
results for panels RPS and RP3 were presented previously in Figs. 7.16 and 7.17,
respectively. In agreement with the experimental results, the predicted stress-
strain relationships reveal the effect of increasing the ratio of 0,/0, on reducing
the ductility of the reinforced assemblage.

7.3.3 Effect of Percentage of Reinforcement
7.3.3.1 Modes of Failure
Eleven of the panels of series RP were tested under the stress ratio

o/oy=1/-1 at §=45° to produce a state of pure shear stress along the mortar joint
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planes. This state of stress permitted study of the effect of the percentage of
reinforcement on the shear response without interference from any axial or
flexural stress. Five of these panels; RP8, RP10, RP11, RP12, and RP19, were
reinforced equally both normal and parallel to the bed joints, but with different
percentages of reinforcement. Panels RP13, RP14, and RP15 were tested to study
the effect of increasing p,, with p, constant and equal to 0.53%. Another group
can be formed of panels RP8, RP16, RP17, and RP18§ to investigate the effect of
P, With p, constant and equal to 0.26%. The eleven panels were analyzed using
the macro-behaviour model and the predicted results are listed in Table 7.9 along
with the experimental results.

In agreement with the experimental results, the macro-behaviour model
predicted the initial cracking in the eleven panels to take place normal to o, rather
than to follow the mortar joints. Depending on the percentages of reinforcement
used normal and parallel to the bed joints, the panels exhibited yielding of the
reinforcement in one or two directions. The panels, reinforced in one direction
only or reinforced in one of the two directions using steel with limited ductility,
were observed experimentally to fail locally in a brittle manner with very limited
numbers of cracks. The deformations recorded in these cases did not indicate
yielding of the reinforcement in the direction of higher percentage of
reinforcement at the macroscopic level. However the observed crack width was
large enough to suggest that local yielding of the reinforcement took place across

the failure plane. Because the macro-behaviour model is based on the assumption
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1.3

Table 7.9 Predicted and observed behaviours of panels with different

percentages of reinforcement, (#=45" and ¢,/0,=1/-1).

o P Predicted Observed
Pre. {u))y,
Panel Ultimate ) Ultimate | = e=v=emea-
stress, Failure stress, Fuailure Obs. (0 )
% % CAN mode (@D mode
MV Pa) (MPa)
RP8 0.26 0.26 1.50 YP+YN 1.35 YP+YN
RPI9 | 026 | 0.26 1.50 | YP+YN 1.55 YP+YN L.
RPI1 0.53 0.53 2.25 YP+YN * YP+YN 0.97
RP12 0.79 0.79 3.35 YP+YN * *
RP13 0.0 0.53 1.40 YN 1.22 L 11§
RP14 | 0.17 0.53 1.45 YP+YN 1.34 L 1.08
RP1S .26 0.53 1.85 YP+YN 1.78 YP+YN 1.04
RP16 0.17 0.26 1.20 YP+YN 1.29 L 0.93
RP17 0.53 0.26 1.85 YP+YN .72 YP+YN 1.08
RPI18 0.79 0.26 2.25 YP+YN 1.88 YP+YN 1.20
Mean ratio 1.07
C.OV. (%) 8.28
* = Premature failure of steel bars
YP = Yield of reinforcement parallel to bed joints,
YN = Yield of reinforcement normal to bed joints, and
L = Local failure along one crack before yielding of reinforcement at the

macroscopic level.

of a uniform distribution of cracks, it is not an easy task to clearly identily this
kind of behaviour. However, as will be indicated later, a careful study of the
predicted stress-strain relationships could provide implicit evidence on the
occurrence of this brittle local mode of failure.
7.3.3.2 Strength Characteristics

The predicted strengths for the eleven panels are presented, together with

the experimental results, in Table 7.9 to facilitate comparisons. The macro-
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behaviour model was used to investigate the variation of the shear strength of the
reinforced masonry assemblage with the increase in the percentages of
reinforcement. The analyses covered the three different cases of p,=p, and of
£,=0.26% and 0.53% with various values of p,. The predicted and experimental
results are presented in Fig. 7.21 in terms of p f/f ", and 7/f",. The maximum
percentage of reinforcement used to prepare this figure was 1.13% which
corresponds to pf/f',=0.4. This percentage of reinforcement could be
impractical, although it satisfies the limitations stated in UBC (1991).

It is interesting to note that, in each of Figs. 7.21(a), (b), and (c), there
are three rather distinct regions. For low percentages of reinforcement, along the
regions marked by AB, the shear strengths are governed by the cracking stress
regardless of the percentages of reinforcement. The percentages of reinforcement
designated by points B can therefore be considered as the minimum percentages
of reinforcement required to sustain the redistributed shear stresses after cracking.
Any increase in the percentage of reinforcement beyond the amount corresponding
to point B results in considerable increases in the shear strengths. In the range
identified by BC, the failures take place after yielding of the reinforcement.

A comparison of the three curves BC in Figs. 7.21(a), (b), and (c) shows
that the effectiveness of p, as a means of increasing the shear strength improves
with increased peréentages of p,. Using equal percentages of reinforcement
parallel and normal to the bed joints results in the highest rate of increase. At

high percentages of reinforcement over the range CD, the mode of failure
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changes to a compression failure in the masonry. The rate of increase in strength
over this region is lower than it is along BC, especially in the cases of p,*p,.
The percentages of reinforcement designated by points C can be identified as
limits beyond which the use of increased percentages of reinforcement are less
beneficial. It is worth noting that the percentages of reinforcement, defined by
points C in Figs. 7.21(a), (b), and (c), were predicted to be p,=0.65%, 0.74%
and 0.74 %, respectively. Even though these percentages of reinforcement were
predicted specifically for the masonry assemblage under consideration, it is
significant that they are all considerably higher than the 0.2% and 0.3%, that
were suggested by Schneider (1939) and Scrivener (1967), respectively, as upper
limits for shear reinforcement.

To study the effect of the distribution of reinforcement, three points
corresponding to the same total of 1.14% of reinforcement are marked as X1, X2
and X3 in Fig. 7.21. The percentages of reinforcement parallel and normal to the

bed joints defined by each point are as follows:

At X1, Pp=p,=0.57%
At X2 p,=0.88% and p,=0.26%
At X3 p,=0.61% and p,=0.53%.

A comparison of the locations of X1, X2 and X3 on the curves, reveals how the
distribution of reinforcement can affect the mode of failure as well as the
strength. Also, the closer the percentages of reinforcement used normal and

parallel to the bed joints are to being equal, the higher the shear strength is.
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The model predictions presented in Table 7.9 and Fig. 7.21 are in good
agreement with the available test results especially for those cases that did not
suffer a premature failure. An average value of 1.07,ata C.O.V. of 8.28%, was
found for the ratio of predicted versus observed strengths.
7.3.3.3 Deformation Characteristics

The average stress-average strain relationships for panels RP11 and
RP12, which were reinforced equally normal and parallel to the bed joints, are
shown in Fig. 7.22. The results obtained for RP8 were presented earlier in Fig.
7.16. Although the model tended to overestimate the stiffness of RP11 and RP12
in the principal tensile direction after cracking, the theoretical and experimental
curves were in very good agreement in the principal compressive stress direction.
The discrepancy in the tensile direction could be attributed to the fact that panels
RP11 and RP12 suffered premature failures in some of the steel bars (see Sec.
4.3.3.1 for details).

Good agreement can be observed between the experimental and the
theoretical results in Figs. 7.23(a) to (f) for panels RP13 to RP18 which were
unequally reinforced normal and parallel to the bed joints. In the case of panel
RP13, which was reinforced in one direction only, there was no increase in the
capacity after cracking. The predicted sudden decrease in the masonry stresses for
panel RP13 implies a brittle mode of failure. The tensile stress carried by the

masonry dropped almost to zero in one iteration as the tensile strain increased
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dramatically. While this behaviour is in agreement with the observed local brittle
failure along a single crack, it is significantly different from the gradual stress
redistributions predicted to occur between the masonry and the reinforcement (for
example in panles RP15, RP17, and RP18) where the reinforcement

was able to carry added stress after cracking. Being reinforced by steel bars with
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limited ductility in one of the two directions, panels RP14 and RP16 were
predicted to undergo stress redistribution at a rate between those of panel RP13,
on one side, and panels RP15, RP17, and RP18, on the other side.

As mentioned before and as shown in Fig. 7.24(a), a state of pure shear
stress along the mortar joint planes (and along the reinforcement directions) can
be replaced by a biaxial state of gy/0,=1/-1 at §=45° Before cracking, the
masonry resists stresses equally along the directions of the principal compressive
and tensile stresses. At this stage, the effect of reinforcement in resisting part of
the applied stresses is very limited because of its small area compared to the
masonry cross-section. Consequently, the angle §,, between the bed joints (and the
parallel reinforcement) and o, (the principal tensile stress of masonry) is equal
to the bed joint orientation 8, which is 45° under pure shear stress. It is important
to remember that # is measured between the bed joint and o, (the principal tensile
stress of the reinforced masonry assemblage). With the formation of cracks
normal to oy, the stress resisting mechanism begins to change. The tensile stress
carried by the masonry decreases significantly, whereas the compressive stress
continues to increase with increasing applied stresses. Tiw reinforcement begins
to take over the excess of stresses that cannot be resisted by the cracked masonry.

Mohr’s circles for the stress conditions in reinforced masonry,
reinforcement, and masonry are shown in Figs. 7.24(b) and (c). Figure 7.24(b)

represents a case with equal percentages of reinforcement normal and parallel to
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the bed joints, in which both sets of reinforcement resist equal stresses so that the
angle 8, remains constant and equal to ¢ even after cracking. The situation is
different, as illustrated in Fig. 7.24(c), where the percentages of reinforcement,
used parallel and normal to the bed joints, are unequal. Depending on the ratio
of the percentages of reinforcement p,/p,, the stresses carried by the paraltel and
the normal reinforcement are also unequal. This stress distribution results in @
deviation in the orientation of ¢y, with respect to the bed joints 0,,, which is no
longer equal to 6. The difference between 8,, and § is also expected to increase
further when the reinforcement in one direction reaches the yield point while the
reinforcement in the other direction continues to resist more stress. The angle §,,
is an essential parameter required to design for shear stress and to determine the
percentages of shear reinforcement in the two directions (Collins and Mitchell,
1980 and Vecchio and Collins, 1986).

To display the potential or the macro-behaviour model to predict the
behaviour described above, the predict values of 8, versus o, for panels RP15,
RP17 and RP18 are presented in Fig. 7.25. The experimental values of 0,
obtained using the stress and strain measurements are also shown. It is suggested
that a difference between the values of §,, obtained using the stress versus the
strain measurements reflects the effects of the anisotropic characteristics of
grouted masonry. There is almost no sign of this difference before cracking,
which supports the conclusion that having grout cores both normal and parallel

to the bed joints reduces the anisotropic characteristics of masonry.
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Fig. 7.25 Predicted and experimental values of 8, for panels with p,=p,.
The differences between 8, values calculated using stress versus strain
measurements began to appear after the formation of cracks but with smalil values
less than 10° which is in the same order as the values reported in the test on
reinforced concrete (Vecchio 1982). This finding supports the assumption that the
directions of the principal stresses and the principal strains in the homlégeneous
medium coincide. The predicted angles for the three panels lay generally between

the two sets of data calculated from the experimental results.
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7.4 SHEAR STRENGTH OF GROUTED CONCRETE MASONRY

After confirming that the macro-behaviour model is able to accurately
reproduce the different aspects of the in-plane behaviour of grouted and
reinforced concrete masonry, the model was used to investigate the intluence of
several parameters on the shear strength of masonry. This investigation was
performed in an attempt to discover the reasons for the discrepancies between the
results obtained by the different investigators identified in Chapter 1, regarding
the shear strength of masonry. The parameters considered in the investigation
included normal stresses, tensile strength of the masonry assemblage and the
percentage of reinforcement. The results obtained are reported in the following
sections under the two categories of unreinforced and reinforced masonry. The
properties of the materials adopted in the analyses of unreinforced and reinforced
masonry assemblages are the same as those summarized, respectively, in Table
7.2 for series UNP and Table 7.6 for series RP.
7.4.1 Shear Strength of Unreinforced Masonry
7.4.1.1 Effect of Normal Stresses

The macro-behaviour model was used to predict the strength of a
representative macro-element in a masonry shear wall under the effect of 7,,, ¢,
and o, as illustrated in Fig. 7.26. The results obtained for the masonry
assemblage with grout cores normal to the beds joints only are presented in
Fig. 7.27 in terms of the normalized shear strength 7,,/f",, and the associated

normal stresses ¢/f,, under different ratios between ¢, and g,. The different
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Fig. 7.26 Stress components along the mortar joint planes in a representative
macro-element.

cases of failure predicted along the mortar joints, where the anisotropic
characteristics of masonry dominated the shear strength, are marked in Fig. 7.27.

It is obvious that the normal stresses significantly affect the shear strength
of the masonry assemblage. Considering the case where ¢,=0, the shear strength
\'i'ncreases considerably with the change of ¢, from tension to compression.' This
increase continues, under the range of low normal compressive stress, until the
shear strength reaches a maximum value. The failure of the masonry assemblage
in this range of normal stresses was found to occur in a stepped manner. With

further increase in the applied normal stress, the shear strength remains almost
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Fig. 7.27 Variation of shear strength with normal stresses for a masonry
assemblage with grout cores normal to the bed joints.

constant as the failure occurs along the head joint planes. Eventually, as the
normal stress approaches the compressive strength of the assemblage, the failure
occurs in the homogeneous medium with the shear strength dropping to zero. The
shape of the shear strength-normal stress interaction diagram, the maximum
strength, as well as the modes of failure predicted at ,=0 change significantly
for different ¢, values. The existence of tensile stresses normal or parallel to the
bed joints results in a large reduction in the Shear strength of the assemblage (i.e.
for cases of g,=-0,/15 and 0,=-¢,/5). Conversely, the existence of compressive
stresses normal and parallel to the bed joints improves the shear strength. The
maximum shear strength predicted for the masonry assemblage under
consideration was about 0.5f°,, under the effect of g,=0,.

The variations of the shear strengths wiih the applied normal stresses for

a masonry assemblage grouted both normal and paratlel to the bed joints are
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Fig. 7.28 Variation of shear strength with normal stresses for a masornry
assemblage with grout cores both normal and parallel to the bed joints.

shown in Fig. 7.28. A comparison between this figure and Fig. 7.27 reveals the
effect of the added continuity of the grout in reducing the cases where the failure
is governed by the capacity of the mortar joints. The improved shear strength
resulting from having grout cores both normal and parallel to bed joints is more
apparent in the cases having tensile stress normal or parallel to the bed joints (for
example under ¢,=-0,/5 and -¢,/15). This effect is not as evident under high
compressive stresses.
7.4.1.2 Effect of Masonry :I‘ensile Strength

It is stated in the current Canadian design code (CAN3-S304-M84, 1984)
that "a plain masonry shear wall shall be designed so that no part in the wall is
in tension”. In an attempt to investigate the implication of this statement on the
shear strength, the macro-behaviour model was used to predict the variation of
the shear strength with the normal stresses for the representative macro-element

modelled as having zero tensile strength for the different components in the
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unreinforced masonry assemblage. The results obtained for the masonry
assemblages with grout cores in one and two directions are shown in Figs. 7.29
and 7.30, respectively. Also, in the same figures, the results obtained by
including the masonry tensile strength are presented to facilitate comparisons.

The results shown on the left sides in Figs. 7.29 and 7.30 represent the
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Fig. 7.29 Effect of masonry tensile strength on the shear strength of masonry
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capacities under the effects of normal compressive stresses. Utilizing the tensile
strength of the masonry assemblage seems to have a significant role under the
effect of low compressive stress. This effect graduvally decreases with the
increased normal compressive stresses and is not a factor where the compression
mode of failure governs the behaviour. The reduction in the shear strength, in the
absence of tensile strength in the masonry is more apparent for the masonry
assemblage with grout cores in two directions.
7.4.2 Shear Strength of Reinforced Masonry

The effects of the normal stresses and the percentages of reinforcement on
the shear strength of reinforced masonry havc been discussed separately in
previous sections. To avoid repetition, the following sections are directed mainly
towards investigating the possible reasons behind the discrepancies noticed among
the results reported by different researchers, regarding the contribution of
reinforcement to improving the shear strength. These reasons include the
intemcﬁon between the effects of the normal stresses and the percentage of
reinforcement, and the effect of the tensile strength of the masonry assemblage.
All of the results presented here were obtained for a masonry assemblage with
grout cores both normal and parallel to the bed joints.
7.4.2,1 Combined Effects of Normal! Stresses and Percentage of
Reinforcement

The macro-behaviour model was used to predict the shear strengths of a

macro-element reinforced by three different percentages of reinforcement;
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pp,=p,=0.0, 0.26, and 0.53%. The interaction curves for the shear strength
versus the normal stress g, were determined for each percentage of reinforcement
under three different ratios between ¢, and o¢,. The results are presented in
Fig. 7.31. The differences between the interaction curves for a certain percentage
of reinforcement and that for zero percentage of reinforcement can be considered

as an index for the effectiveness of reinforcement in improving the shear strength.
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The results indicate the dependence of the effect of the reinforcement on
the level of the normal stress. Under the effect of ¢,=a,, the contribution of
reinforcement is very apparent in the range marked by IAB where the assemblage
is subjected to tensile or low normal compressive stress. Over this range, failure
was predicted to occur by yielding of reinforcement after cracking. Thereafter,
the contribution of reinforcement continues to decrease gradually with the
increase in the normal compressive stresses over the range marked by BCD. At
the maximum shear strength marked by D, the effect of the reinforcement almost
vanishes. Further increases in the normal compressive stresses over the range
marked by DE result in compression failure before cracking, which implies that
the reinforcement was subjected to compressive stresses and strains. Over this
range, the effectiveness of reinforcement continues to increase with increased
normal compressive stresses,

It is not only the level of the normal stresses that affects the contribution
of reinforcement, but also the ratio between g, and o,. A comparison between the
results obtained under the effects of o,=0,, 0,=0, and ¢,=-¢,/15 demonstrates
that the reinforcement is more effective under the effect of normal tensile stresses
acting parallel or normal to the bed joint as indicated in the case of g,=-0,/15.

In addition to the dependence of the effectiveness of reinforcement on the
level of the normal stress and the ratio of stresses, the contribution of the

reinforcement does not always increase in proportion with the percentage of
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reinforcement. This trend is obvious along the range marked by IABCD under
g,=d,, Where the capacity of the reinforced assemblage with p,=p,=0.26% is
very close to the cracking stress of the plain masonry. Larger percentages of
reinforcement along this range seem to be more effective. Unlike this behaviour,
under the effect of o,=-0,/13, the increase of the percentage of reinforcement
from zero to 0.26%, under high compressive stress o,, is more effective than the
further increase from 0.26% to 0.53%. This finding, which is in agreement with
the conclusions drawn by Sveinsson et al. (1985) and Shing et al. (1989 and
1990) regarding the inconsistent effect of reinforcement on improving the shear
capacity of masonry shear walls, reveals the complicated interactive effects of the
reinforcement and the normal stresses. This in turn necessitates the use of a
rational design procedure to replace the empirical or semi-empirical formulae
adopted in the design provision for shear in CAN3-S304-M84.
7.4.2.2 Effect of Masonry Tensile Strength

The macro-behaviour model was used to investigate the effect of the
masonry tensile strength on the shear strength of the representative macro-
element. The predicted variations of the shear strength with the percentage of
reinforcement for an assumed zero tensile strength are shown in Fig. 7.32, The
results obtained using the previously established tensile strength of the masonry
material are also shown in the same figure to facilitate comparison.

As indicated before, there are three regions that can be recognized in each

of the three cases under consideration. The effect of the masonry tensile strength
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changes from one region to another. Neglecting the masonry tensile strength
along the ranges marked by AB underestimates the shear strength, which could
be attributed to the fact that the shear strength of the assemblage in this range is
govern by the cracking stresses. Along the ranges marked by BC, failure is
characterized by yielding of the reinforcement which implies that most of the
tensile stress carried by masonry is transferred to the reinforcement. As a result,
neglecting the tensile strength along this range does not play a significant role in
the shear strength prediction. Conversely, the failures along the ranges marked
by CD take place in compression before the tensile stress in masonry decreases
to zero. This argument explains the reason for the reduction in the shear strength,
along CD, when the tensile strength is neglected.
7.5 CLOSING REMARKS

From the foregoing discussions regarding unreinforced masonry
assemblages, the following remarks can be made:

1. Grouted concrete masonry is an anisotropic material which exhibits
behavioural changes, according to the bed joint orientation 6, even under the same
state of stress. The effect of the bed joint orientation on the strength and the
failure mode of the assemblage also changes with changes in the principal stress
ratio ¢y/0,. Consequently, there is no way to accurately predict the behaviour of
grouted masonry without considering the effects of the mortar joints on the
anisotropic properties, The macro-behaviour model, presented in Chapter 5,

provides an accurate, yet reasonably simple, approach for modelling the
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behaviour of grouted concrete masonry under in-plane stresses. In this model, the
masonry assemblage is simulated as a homogeneous medium intersected by two
sets of planes of weakness along the mortar joints. The agreement between the
model predictions and the available test results confirms the potential of the model
to realisticaily predict the full range of behaviour of grouted concrete masonry
under in-plane stresses.

2. Under biaxial tension-compression, the bed joint orientation § has a
significant effect on both strength and mode of failure. The effect is more
apparent for increased algebraic ratios between the principal stresses ooy (i.e.
moving towards the state of uniaxial compression). Under these states of stress,
where ¢, dominates the behaviour, the mode of failure changes with 8 from a
compression failure to a shear faiiure along the mortar joints resulting in a
significant drop in the ultimate stresses. With a decrease in the algebraic ratio
o,/ 0, the tension modes of failure occur along the mortar joints or normal to ai,
depending on 6. In spite of the effect of § on the tensile modes of failure, its
relative lack of effect on the strength could be attributed to the low tensile
strength of masonry.

3. Under biaxial tension-tension, although the bed joint orientation has a
significant effect on the modes of failure its relative lack of effect on the strength
of the assemblage is in agreement with the previous remark.

4, Under biaxial compression-compression, the effect of the bed joint

orientation changes with the ratio between the principal stresses. In the cases
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where one of the principal stresses is significantly higher than the other, the
anisotropic characteristics of masonry prevail as the failure takes place along the
mortar joints. The behaviour of the masonry assemblage tends to resemble an
isotropic behaviour as the principal stresses get closer to being equal. In this case,
compression failure occurs in the homogeneous medium, rather than following the
mortar joint planes of weakness.

5. Defining the tensile responses of the components along the mortar joints
by a circular tension cut-off failure criterion along with an elastic-strain softening
stress-strain relationship led to the best agreement between the theoretical and the
experimental results. This material idealization was compared to two other cases
based on a straight tension cut-off failure criterion along with an elastic-pertectly
plastic stress-strain relationship or a circular tension cut-off failure criterion along
with an elastic-perfectly plastic stress-strain relationship.

6. Compared to the masonry assemblage with grout cores normal to the bed
joints only, having grout cores both normal and parallel to the bed joints helped
reduce the anisotropic characteristics of masonry, due to the mortar joints.

7. The capacity of a masonry assemblage to resist the shear stresses acting
along the mortar joints changes significantly with the magnitude of the normal
stresses acting normal or parallel to the bed joints. This could be attributed to the
anisotropic characteristics of the masonry, which require the failure to be defined
in terms of three parameters; o, 04, and 8 or g, 0,, and r,,. The shear strength

of a masonry assemblage decreases with increased normal tensile stresses.
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8. The tensile strength of masonry has a significant effect on the shear
capacity of masonry subject to tensile stress or low compressive stress.

Based on the results obtained regarding the behaviour of reinforced
masonry, the following additional remarks can made:

9. Before cracking, the presence of grout cores both normal and parallel to
the bed joints reduces the anisotropic characteristics of masonry. Depending on
the principal stress ratio, this behaviour can change after cracking. In the cases
where the effects of principal tensile stress ¢, dominates and the failure takes
place in the form of yielding of reinforcement, the bed joint orientation does not
have a noticeable effect on the failure stresses. Conversely, the bed joint
orientation 8 plays a significant role on both strength and mode of failure when
the effects of principal compressive stress o, prevail. In the latter case, the mode
of failure can change from a compression failure with yielding of the
reinforcement to a compression failure before the reinforcement reaches the yield
point or to a shear failure along the mortar joints. For the last two modes of
fatlure, the effectiveness of reinforcement is limited, resulting in less ductile
behaviour. It is worth noting that 8 represents the angle between the bed joint (or
the parailel reinforcement) and o,. As a result, the dependence of the response of
the assemblage on § could be due to the mortar joints and/or the reinforcement.

10. The contribution of reinforcement in resisting the shear stresses changes
with percentages of reinforcement and their distribution between the parallel and

the normal directions. Up to the percentage of reinforcement with strengths
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equivalent to the cracking stress, the reinforcement has almost no effect in
improving the shear strength. However, additional reinforcement results in a
significant increase in the shear strength of the assemblage because the failure is
characterized by yielding of reinforcement. This increase continues until the
percentages of reinforcement reaches a limit, beyond which compression failure
occurs before the reinforcement reaches the yield point. Therefore, further
increases in the percentages of reinforcement have less significant effects on
improving the shear strength.

11. The normal stresses, acting normal and parallel to bed joints, have very
significant effects on the shear strength of reinforced masonry as well as on the
effectiveness of the reinforcement in improving its shear strength. The
contribution of the reinforcement is more apparent under the effect of normal
tensile stress.

12. The shear capacity of reinforced masonry depends on the tensile strength
of masonry in the cases where the shear strength is governed by the cracking
stress or where the compression failure occurs before the reinforcement yields.
The effect of the tensile strength of masonry vanishes as the reinforcement
reaches the yield point before the masonry fails in compression.

13. The consistent agreement between the model predictions and the
experimental results of reinforced masonry provides additional evidence of the

suitability of the model to predict the behaviour of reinforced masonry.



CHAPTER 8

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

1.1 SUMMARY

The available literature on the in-plane behaviour of masonry was
categorized and reviewed under one of three research approaches; experimental
investigation of the behaviour of masonry walls, microscopic modelling of
masonry, and macroscopic modelling of masonry. Significant differences were
found between the results obtained in different research programs which may
leave a wrong impression about the potential of masonry as a structural material.
The literature review also pointed out the lack of experimental data on the macro-
behaviour of grouted concrete masonry, particularly for reinforced assemblages.
Therefore, this investigation was initiated to explore the macro-behaviour of
grouted concrete masonry, both unreinfor.ced and reinforced, and to provide a
body of test data for North American conditions (practice and material) that forms
the basis of a macro-behaviour model.

The experimental program in this investigation included two major parts;
biaxial tests and auxiliary tests. The biaxial tests involved a total of 36 full scale
unreinforced or reinforced panels tested under uniform states of biaxial tension-

compression. A biaxial test rig was specially devised to perform these tests. The

380
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panel dimensions were chosen to exhibit the macro-behaviour of concrete
masonry by including several blocks, grout cores, mortar joints and steel bars
with the panel dimensions of 1200 mm square by 190 mm thick. The variables
considered covered the bed joint orientation 6, the ratio between principal stresses
0,/0, and the percentages of reinforcement used parallel and normal to the bed
joints.

The auxiliary tests included a large number of component material tests
and assemblage tests performed before and during the biaxial test program. The
component material tests were used to determine the physical and mechanical
properties of each material used and served as cuntrol tests. The assemblage tests
comprised 33 prisms tested under uniaxial compression, 27 prisms tested under
uniaxial tension and 15 couplets tested under direct shear. The prisms were tested
for comparison with the biaxial tests and to provide more information about the
effects of the bed joint orientation # and the grout configuration. In addition to
these prisms, a four course prism was constructed in running bond pattern with
each biaxial panel. All of the specimens were built using standard normal weight
190 mm autoclaved hollow concrete blocks, type S mortar, and coarse grout.

The results of the different tests were presented and discussed in terms of
modes of failure, strength characteristics, and deformation characteristics. These,
together with the analysis of the influence of various parameters, have provided
well documented evidence of the macro-behaviour of grouted concrete masonry
and have provided a sound foundation for numerical modelling,

Based on the experimental results and the literature review, a macro-model
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was developed to predict the in-plane behaviour of grouted concrete masonry. In
this model, the masonry assemblage was replaced by an "equivalent material”
which consisted of a homogenous medium intersected by two sets of planes of
weakness (along the head joint and bed joint planes) and two sets of
reinforcement. The macro-behaviour of the "equivalent material” was determined
by smearing the influence of these sets, which provided a means of modelling the
inherent part of the anisotropic characteristics of masonry assemblages. On the
other hand, the behaviour of the homogeneous medium was described by an
orthotropic model to account for the induced part of the anisotropic
characteristics. The reliability of the proposed model was confirmed using the
experimental results from this investigation and elsewhere. The model was also
used to fill the gaps in the available test results and to provide a more complete
picture of the in-plane behaviour of grouted concrete masonry.
8.2 CONCLUSIONS

Specific conclusions regarding the test methods, the experimental results,
the macro-behaviour model, and the stress-strain relationships were presented at
the end of Chapters 2 to 7. However, general conclusions are also reported in this
section to provide a consolidated overview of the in-plane behaviour of grouted
concrete masonry. These conclusions are as follows:

1. Testing of masonry assemblages under uniform well defined stress

conditions has the advantage, over testing full masonry shear walls, of explicitly
defining the stresses and strains without the need to adopt any assumption of

isotropic or elastic behaviour. Use of uniform stresses simplifies interpretation of
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failure modes where stress redistribution to less highly loaded areas is not
possible. This test technique also provides an opportunity to study the behaviour
of masonry under a state of pure shear without any interference from flexural or
axial stresses.

2. The facts that all possible modes of failure were observed in the tests
of the unreinforced panzls and that they were in complete agreement with those
of the prisms tested under uniaxial compression, in conjunction with the observed
uniform well developed crack patterns in the reinforced panels, demonstirate the
effectiveness and the reliability of the panel dimensions and loading arrangement
chosen to study the macro-behaviour of grouted concrete masonry. The
experimental results reported in this investigation provide a body of test dala
which helps define the in-plane behaviour of grouted concrete masonry and which
can be used to assess the validity of analytical methods.

3. Grouted concrete masonry is an anisotropic material with behavioral
characteristics which depend on the bed joint orientation 0. For example, under
a state of uniaxial compression, the modes of failure, the strength characteristics,
and the deformation characteristics change significantly with the bed joint
orientation. The reductions in the ultimate compressive stresses, compared to the
values obtained for #§=0°, were found to range from 15% to 43% for 0=67.5°
corresponding with shear failures along the bed joints.

4, The anisotropic characteristics of grouted concrete masonry do not
remain constant, They rather change significantly with changes in the principal

stress ratio ¢,/0,. Under uniaxial tension, where the tensile modes of failure
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dominate the behaviour, the fracture planes follow the mortar joints in different
patterns depending on the bed joint orientation. With an increase in the algebraic
ratio of o,/0, (moving towards the state of uniaxial compression), the effect of the
bed joint orientation decreases because the fracture occurs normal to the principal
tensile stress direction, regardless of the bed joint orientation. With further
increases in the algebraic ratio of o,/0,, where the compression modes of failure
dominate the behaviour, the effect of the bed joint orientation becomes more
apparent.

5. Under biaxial tension-tension, although the bed joint orientation has
a significant effect on the mode of failure, the fact that its effect on the strength
is not very significant could be attributed to the low tensile strength of masonry.
On the other hand, under biaxial compression-compression, where one of the
principal stresses is significantly higher than the other, the anisotropic
characteristics of masonry prevail as the failure takes place along the mortar
joints. The behaviour of the masonry assemblage tends to resemble an isotropic
material as the principal stresses get closer to being equal.

6. Using two-cell blocks with frogged ends resuilts in unaligned webs in
the running bond pattern. The unaligned webs, along with‘the flared tops of the
blocks, lead to small grout areas along the bed joint planes, which in turn limit
the effectiveness of the grout in reducing the anisotropic characteristics of
masonry. Therefore, use of blocks designed to provide uniform continuous cores
of grout should result in less anisotropic behaviour, Use of blocks with knocked-

out webs helped significantly to reduce the anisotropic characteristics of masonry
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because of the resulting continuous grout cores parallel to the bed joints. These
horizontal cores helped improve the flow of the grout inside the walls, which
consequently reduces the potential of having flaws or unfilled head joints.

7. In case of the reinforced masonry assemblages built of blocks with
knocked-out webs, the existence of continuous grout cores both normal and
parallel to bed joints reduces the anisotropic characteristics of masonry before
cracking. Depending on the principal stress ratio, this behaviour could change
after cracking. In the cases where the principal tensile stress dominates and the
modes of failure are characterized by yielding of reinforcement, the bed joint
orientation does not have a noticeable effect on the failure stresses. Conversely,
the bed joint orientation @ plays a significant role on both strength and mode of
failure when the principal compressive stress dominates. In the latier case,
depending on the bed joint orientation 8, the mode of failure could change from
a compression mode of failure, after yielding of the reinforcement, to a
compression mode of failure before the reinforcement reaches the yield point, or
to a shear mode of failure along the mortar joints. The last two modes of fatlure
reduce the effectiveness of reinforcement and result in less ductile behaviours.

8. The mean value of the cracking stresses for the reinforced panels, built
using blocks with knocked-out webs and tested under a state of pure shear along
the mortar joints, was found to be reasonably close to the empirical formula
(o,)c,=0.303\/f'—m. This formula is similar to but slightly lower than the formula
of (a,)c,=0.33\/a which is adopted in the ACI concrete code (1989) for

predicting the diagonal tensile strength of the webs of reinforced concrete beams
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(Vecchio and Collins 1982).

9. In the case where cracks follow the mortar joints, the shear
deformations along the cracked joints are accompanied by dilation which induces
additional tensile stresses in the reinforcing bars that cross these joints. These
stresses can cause the reinforcement to yield at lower principal tensile stresses
than would be predicted if masonry is modelled neglecting the potential for failure
along the mortar joints.

10. The strain measurements, recorded over gauge lengths of 900 mm
in the biaxial tests of the reinforced panels, showed good agreement between the
strains in the masonry and the reinforcement. This finding supports the
assumption of perfect bond between the masonry assemblage and the
reinforcement at the macroscopic level.

I1. Relating the effectiveness of shear reinforcement only to its total
percentage is incorrect. Increasing the amount of shear reinforcement can be
beneficial to both shear strength and ductility, but this cannot be achieved unless
attention is paid to the details of reinforcement. First, it is important to distribute
the shear reinforcing parallel and normal to the bed joints in order to be able to
resist the excess of forces that cannot be carried by masonry after the formation
of diagonal cracks. This implies that the vertical reinforcement in a masonry
shear wall may have to be designed to resist part of the shear force in addition
to the tensile forces due to the bending moment. Second, use of ductile steel bars
is essential, particularly in the direction of the lower percentage of shear

reinforcement. If this condition is not satisfied, premature failure is likely to take
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place along the first diagonal crack before the steel bars in the direction of higher
percentage of shear reinforcement achieve their full yield strength,

12. Properly detailed shear reinforcement, with total percentages up to
1.06%, were shown to increasingly help to avoid brittle shear failure and to .
improve both the strength and the ductility of the reinforced masonry assemblage.

13. Increasing the amount of reinforcement up to the percentage of
reinforcement with strengths equivalent to the cracking stress has almost no effect
on increasing the shear strength. Any further increase in the percentage of
reinforcement results in a significant increase in the shear strength of the
assemblage in the range where the failure is characterized by yielding of
reinforcement. This increase continues until the percentage of reinforcement
reaches a limit, beyond which compression failure occurs before the
reinforcement reaches the yield point. In this range, additional increases in the
percentages of reinforcement have less significant effect on improving the shear
strength.

14. The axial stresses, acting normal and parallel to bed joints, have very
significant effects on the shear strength of reinforced masonry as well as on the
effectiveness of the reinforcement in improving its shear strength. The
contribution of the reinforcement is more apparent under the effect of tensile
stress.

15. Before cracking, the stresses applied on a reinforced masonry
assemblage are distributed between the masonry and the reinforcement according

to their stiffnesses. After cracking, the ability of masonry to resist the principal
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tensile stress decreases significantly with increasing principal tensile strain e,.
This leads to transfer of more stress to reinforcement. The cracked masonry
continues to help resist the principal compressive stresses, but with lower stiffness
and ultimate capacity, depending on the principal strain ratio |e/e,|.

16. Because of its anisotropic characteristics, grouted concrete masonry
cannot realistically be modelled without considering the effect of the mortar
joints. The macro-behaviour model, proposed in this investigation, provides an
accurate, yet reasonably simple, approach for modelling the behaviour of grouted
concrete masonry under in-plane stresses. This model accounts for both the
inherent and induced anisotropic characteristics of masonry. The consistent
agreement between the model predictions and the available test results confirms
the potential of the model to realistically predict the full range of behaviour of
unreinforced and reinforced grouted concrete masonry under in-plane stresses.

17. Having achieved the main objectives stated before in Sec. 1.3, it is
the next step to utilize the results obtained in this investigation to provide a
rational design procedure for evaluating the shear strength of masonry shear
walls. Such a design procedure is needed to replace the empirical or semi-
empirical formulae adopted in recent design codes. In brief, the shear resistance
of a masonry wall can be determined by considering an admissible stress field
which satisfies the conditions of equilibrium and compatibility of strains, using
the average stress-average strain relationships developed in this investigation.
Then the cross-section dimensions can be chosen to ensure that the diagonally

cracked masonry is capable of resisting the inclined compressive stresses. The
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resistance of the diagonally cracked masonry should be defined in terms of its
orientations with respect to the mortar joints which, in turn, account for the
anisotropic characteristics of masonry. Vertical and horizontal reinforcement must
be provided to maintain equilibrium with the diagonal compressive forces. This
procedure can be used to design regular masonry shear walls consisting of a
single rectangular element. For irregular masonry shear walls, the designer may
need to perform a more detailed Finite Element analysis incorporating the macro-
behaviour model proposed herein.

8.3. RECOMMENDATIONS FOR FURTHER RESEARCH

The following related areas are recommended for future investigations:

1. A repetition of the biaxial tension-compression tests performed in this
investigation, but using masonry assemblages built of different material
components, would help confirm the general validity of the results reported here.

2. An experimental investigation should be undertaken to investigate the
behaviour of grouted concrete masonry under biaxial states of compression-
compression and tension-tension. These test data are needed to confirm the
validity of the proposed macro-behaviour model under the effects of these states
of stress.

3. The possibility of employing or modifying the macro-behaviour model
to simulate the in-plane behaviour of ungrouted and partially grouted concrete
block masonry assemblages should be investigated. Such a step is essential
towards providing a unified design method for masonry walls.

4. Development of a rational design procedure for shear, based on the
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results presented in this investigation, is required to replace the empirical or semi-
empirical formulae adopted in the current design code

5. Development and verification of a Finite Element model that
incorporates the macro-behaviour model are needed to be able to predict the
behaviour of masonry shear walls having different configurations and unusual

loading conditions.
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