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Abstract

The research presented in this thesis consists of two parts. The first part involved the
investigation of concrete masonry shear strength and the second part reports an investigation of
the lateral strength of partially grout-filled nominally reinforced perforated concrete masonry

walls.

Valuable information about masonry shear strength is reported following the testing of ten full
scale concrete masonry walls. It was verified that horizontal shear reinforcement and axial
compression load provided additional shear resistance to masonry walls. Consequently, the
nominal shear strength of reinforced masonry walls could be evaluated as a sum of
contributions from masonry, shear reinforcement and applied axial load. It was also established
that masonry shear strength decreases inversely in relation to an increase of the wall aspect

ratio.

Criteria relating to codification of the in-plane shear strength of concrete masonry walls when
subjected to seismic loading are presented. Particular emphasis is placed on a computational
model that is capable of representing the interaction between flexural ductility and masonry
shear strength to account for the reduction in shear strength as ductility level increases. The
simple method proposed here allows the strength enhancement provided by axial compression
load to be separated from the masonry component of shear strength and is considered to result
from strut action. In addition, minor modifications are made to facilitate adoption of the

method in the updated version of the New Zealand masonry design standard, NZS 4230:2004.

Prediction of shear strength from NZS 4230:2004 and using alternative methods are compared
with results from a wide range of test of masonry walls failing in shear. It was established that
the shear equation in the former version of the New Zealand masonry standard
(NZS 4230:1990) was overly conservative in its prediction of masonry shear strength. The
current NEHRP shear expression was found to be commendable, but it does not address
masonry shear strength within plastic hinge regions, therefore limiting its use when designing
masonry structures in seismic regions. Finally, the new shear equation adopted by
NZS 4230:2004 was found to provide significantly improved shear strength prediction with

respect to its predecessor, with accuracy close to that resulted from NEHRP.



Test results obtained in the second part of this research indicated that the size of openings and
the length of trimming reinforcement significantly affected the lateral strength of perforated
masonry walls. The observation of diagonal cracking patterns that aligned well with the load
paths by which shear force was assumed to be transferred to the foundation in the strut
mechanism supported the use of strut-and-tie analysis as a viable tool to evaluate the flexural
strength of walls of this type. Strength prediction using the improved strut-and-tie method and
the modified plastic collapse analysis were found to closely match the experimental results of
the perforated walls tested in this study. Strength prediction by the simplified strut-and-tie
method was found to closely match the test results of masonry walls with a single opening, but
significant underestimation of strength by this method was found for walls with double
openings. Full plastic collapse analysis was found to significantly over-predict the strength of

all perforated walls included in this study.

Finally, the NZS 4229:1999 detail for shrinkage control joints was shown to result in adequate
structural performance. In addition, shrinkage control joints constructed in accordance with the
NZS 4229:1999 prescription resulted in masonry bracing capacity substantially in excess of the
tabulated values in the standard, with gradual strength and stiffness degradation. This increase

in strength is due to pier double bending that is not considered by the standard.
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Chapter 1

GENERAL INTRODUCTION

11 MOTIVATION FOR CONCRETE MASONRY WALLS RESEARCH

The research presented in this thesis consists of two parts. The first part reports the
investigation of concrete masonry shear strength and the second part reports the investigation
of the flexural strength of perforated concrete masonry walls that were nominally reinforced

and partially grout-filled. The following sections describe the motivations for each research.

1.1.1  Concrete Masonry Wall Shear Strength

There was general consensus within New Zealand that the former masonry design standard,
NZS 4230:1990, was overly conservative in its treatment of masonry shear strength, restricting
cost-effective masonry design. The commentary to the former New Zealand Standard for the
Design of Masonry Structures (NZS 4230:Part2:1990) noted in clause C7.3.1.6 that “tests on
masonry walls of both brick reinforced cavity masonry and concrete reinforced hollow unit
masonry have indicated that properly designed and detailed masonry shear walls can sustain
average shear stresses well in excess of 2.0 MPa, while exhibiting a ductile flexural failure
mode. It is now considered that the limits placed on the total shear stress in NZS 4230P:1985
were unduly conservative”. Similar comments regarding uncertainty of the shear strength
provided by masonry due to the lack of data were made in clause C7.3.2.1 related to shear and
axial compression, C7.3.2.2 related to shear and axial tension, C7.3.3 related to shear strength
of prestressed masonry, and C7.5.2 related to masonry shear strength in potential plastic hinge
zones. At the time NZS 4230:1990 was released, the scarcity of experimental data related to
the shear strength of masonry walls when subjected to in-plane seismic forces prevented the
preparation of more accurate criteria. The data sources used in the preparation of the standard
were published in 1980 or earlier, such that no data obtained during the last two decades was

used in the preparation of the standard.

The masonry design standard was recently revised to accommodate changes since made to the
New Zealand Loadings Standard and the New Zealand Building Code. During this revision

there was an opportunity to update masonry shear strength criteria based on experimental and



analytical research conducted over the last two decades. Also, there was an opportunity to
conduct supplementary experimental testing at the University of Auckland to gain a greater
insight into the behaviour of concrete masonry walls when subjected to shear failure under in-
plane cyclic loading. In addition, the study reported here compares results derived when using
different equations to predict the maximum shear strength of reinforced concrete masonry

walls when subjected to different conditions.

1.1.2  Nominally Reinforced Concrete Masonry Walls with Openings

The recent promulgation of alternative construction forms has resulted in the perception within
New Zealand that reinforced concrete masonry is an expensive form of construction when
compared with competing products and systems. Consequently, a decision was made by the
New Zealand concrete masonry industry to develop a non-specific design standard
NZS 4229:1999 which, whilst retaining suitable conservatism, was more realistic in its
treatment of measured experimental response. In particular, attention was given to permiting
the use of partially grout-filled nominally reinforced concrete masonry in the most seismically
active regions of New Zealand. Furthermore, efforts were made to simplify use of the standard
so that the design of single and double storey masonry structures, not containing crowds and
not dedicated to the preservation of human life (such as hospitals), could be effectively
conducted by architects and architectural draftspersons with limited, if any, input from

consulting structural engineers.

The in-plane lateral strength of a concrete masonry wall panel is specified in NZS 4229:1999
through determination of its “bracing capacity”, with the bracing capacity values being derived
from wall tests conducted at the University of Auckland by Brammer (1995) and Davidson
(1996), of which only two considered the performance of walls with openings. However, it was
subsequently identified that an important trimming reinforcement detail adopted in testing of
these two walls differed from that specified in NZS 4229:1999. Hence, a third wall, having an
opening and with reinforcement detailing complying with NZS 4229:1999 was tested (Ingham
et al.,, 2001). The experimental result indicated that this wall did not achieve the bracing
capacity prescribed in NZS 4229:1999 and subsequent assessment showed that the existing

design standard may be non-conservative in its treatment of walls with openings.

In seeking to understand why the third wall did not achieve its predicted strength, it was
established that a strut-and-tie analysis of the structure demonstrated that the Standard

incorrectly defined the geometry of “bracing panel”, whose geometry is used to establish
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lateral wall strength. This analysis is shown diagrammatically in Figure 1.1. Figure 1.1a shows
the reinforcement detailing for the test conducted by Davidson (1996). The resultant strut-and-
tie analysis is shown in Figure 1.1b, with struts indicated by a broader element thickness. The
resultant bracing panels based on the geometry of the diagonal struts of Figure 1.1b are shown
in Figure 1.1c. As validated through the discussed analysis procedure, NZS 4229:1999
currently defines the geometry of bracing panels based upon the vertical dimensions of the

smallest adjacent openings (see also Figure 6.6 for more details).
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(a) Wall reinforcement detail
—
(b) Strut-and-tie model of wall with lintel reinforcement (c) Bracing panels of Figure (b)
—
(d) Strut-and-tie model of wall without lintel reinforcement (e) Bracing panels of Figure (d)
-—
(f) Reverse strut-and-tie model of wall without lintel reinforcement (g) Bracing panels of Figure (f)

Figure 1.1 Strut-and-tie modelling of nominally reinforced concrete masonry walls.
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In Figure 1.1d it is shown that when the trimming reinforcement is shortened to comply with
the current NZS 4229:1999 specifications, the geometry of the right-most diagonal strut is
modified. The corresponding modification to the bracing panel is shown in Figure 1.1e. This
effectively shows that the current Standard-defined bracing panel geometry is non-conservative
as taller bracing panels have less capacity than shorter bracing panels of the same length.
Furthermore, when the wall is instead loaded to the left (see Figure 1.1f), the geometry of the
struts is further changed, and an alternative bracing panel distribution is developed as shown in

Figure 1.1g.

Possible amendments to the process would be to either adopt bracing panel dimensions based
upon the geometry of the largest adjacent wall opening, or to separately analyse the wall for
the two direction of loading. Another solution would be to prescribe an extended trimming
reinforcement detail as per Figure 1.1a. However, before such actions are taken it was deemed
necessary to validate the strut-and-tie analysis through the testing of partially grouted concrete
masonry walls with openings. These walls required variations in trimming reinforcement
detailing, including that complying to NZS 4229:1999, and also required a range of opening

geometries.

1.3  SCOPE AND ORGANISATION OF THESIS

Scope:

This thesis is divided into two parts. The first part presents an experimental study that
investigated the in-plane shear strength of ten single storey-height concrete masonry wall
panels. The main variables considered in this experimental programme included the amount
and distribution of shear reinforcement, level of axial compression stress, type of grouting and
wall aspect ratios. This experimental programme supplemented the experimental data already
available by specifically investigating the shear strength of walls subjected to low axial
compression stresses (6, < 0.50 MPa) and low shear reinforcement ratios (pn < 0.062%).
Experimental studies conducted in both the U.S. and Japan involved masonry walls that were
subjected to o, and pp of up to 5.9 MPa and 0.67% respectively. Furthermore, this study
compares results derived when using different equations to predict the ultimate shear strength
of reinforced concrete masonry walls under different conditions, such as different shear
reinforcement ratios, shear span ratios, axial compression stresses and masonry strengths. The
objective of this study was to establish criteria most suitable for inclusion in the revised New

Zealand masonry design standard.



The second part of this thesis describes the results from structural testing of eight single storey-
height partially grout-filled concrete masonry walls. The primary objective of this study was to
validate the adequacy of NZS 4229:1999 in addressing the bracing capacity of masonry walls
containing openings. These eight partially grouted concrete masonry walls had variations in
trimming reinforcement detailing, including those complying to NZS 4229:1999, and a range
of penetration geometries. A parallel issue was to investigate the influence which shrinkage
control joints have on the bracing capacity of partially grouted concrete masonry walls.
NZS 4229:1999 prescribed a procedure to account for shrinkage control joints, but this detail
had never been verified through structural testing. Consequently, experimental testing on two
partially grout-filled concrete masonry walls was conducted to validate the structural adequacy

of the shrinkage control joint detail published in NZS 4229:1999.

Organisation:

Chapter 2 of this thesis presents a literature review of currently available research and
codification of masonry shear strength. In addition, a brief review of previous studies that
attempted to establish the lateral strength of masonry walls containing openings is included in
Chapter 2. Two series of structural testing were carried out and interpretation of test results are
described in Chapters 3 and 6 respectively. Not only were relevant aspects of these two
experimental investigations are reported in comprehensive form in this doctoral dissertation,
but they have also been presented in more concise format in Voon and Ingham (2003 and
2006). The principal intent with the ten in-plane wall tests described in Chapter 3 was to
investigate the shear strength of concrete masonry walls. Chapter 4 describes a newly proposed
NZS 4230:2004 shear expression that is capable of representing the interaction between
flexural ductility and masonry shear strength to account for the reduction in shear strength as
ductility level increases. The adequacy of the NZS 4230:2004 shear expression and alternative

methods in predicting masonry shear strength is described in Chapter 5.

Chapter 6 of this thesis describes the structural testing of ten partially grout-filled nominally
reinforced concrete masonry walls. The adequacy of NZS 4229:1999 in addressing the lateral
strength of masonry walls containing openings is described in section 6.7.4. This was achieved
by comparing the results derived using the NZS 4229:1999 prescribed bracing capacities with
those predicted using the modified plastic collapse analysis for perforated masonry walls.

Finally, possible amendments to NZS 4229:1999 are presented in Chapter 7.



Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

A structural wall carries in-plane horizontal loads, generated by wind or earthquake, which are
distributed to the wall primarily via diaphragms such as floors or the roof. Hence, buildings in
earthquake-prone regions require adequate seismic shear strength and ductility to complement
their vertical load carrying capacity. With the discovery made during the 1950s that the
provision of reinforcement provided some ductility to normally brittle masonry, reinforced
masonry became a popular and relatively inexpensive means to resist seismic loads in New

Zealand.

The contents of this section are arranged so that section 2.2 briefly describes the possible
modes of failure that a wall can suffer when being loaded laterally and section 2.3 briefly
considers the resistance mechanisms of a masonry wall. Then, of more importance, literature
reviews for the shear strength of masonry walls and the strength capacity of perforated

masonry walls are comprehensively discussed in sections 2.4 and 2.5 respectively.

2.2  FAILURE OF SHEAR WALLS

Structural walls are required to resist horizontal loads, often termed as “racking loads”.
Excluding premature lap-splice or bond failure of reinforcement, a shear wall subjected to
horizontal loads may fail in one of three ways: by sliding horizontally, in flexure, or in shear
(Park, 1986). The mode of failure is influenced by many factors such as wall aspect ratios,
axial compression stress levels, wall boundary conditions and the strength properties of the
materials used in wall construction. These types of failure are shown diagrammatically in
Figure 2.1. Therefore the name ‘shear wall’ may not be particularly representative since the

dominant mode of failure of a shear wall may be other than shear.
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Figure 2.1 Reinforced masonry shear wall failure modes.

2.21  Flexural Failure
This type of failure occurs due to yielding of the vertical reinforcement near the wall heel or

crushing of the masonry at the wall toe when the wall behaves as a vertical cantilever.
Generally this is the preferred mode, as failure is ductile and effectively dissipates energy in

conjunction with yielding of the vertical reinforcement anchored into the foundation.

2.2.2  Sliding Failure
Sliding shear is the movement of entire parts of the wall on the base or other mortar bed, and is

resisted by dowel action of the vertical reinforcement anchored in the base and by friction on
the mortar bed (Priestley, 1976). This type of failure may become significant in any situation
where there is a low friction coefficient, such as when using a friction breaker or water proof

membrane, or when the wall is positioned on a smooth finished slab. This failure mode may

create a problem particularly in unreinforced masonry walls.

2.2.3  Shear Failure
This type of failure is characterised by the initiation of visible diagonal cracking along the

shear wall when the principal tensile stresses exceed the tensile strength of the masonry under
increasing imposed lateral displacements. Depending on the amount and anchorage of

horizontal reinforcement, two types of shear failure are possible: a “ductile shear failure” and a

“brittle shear failure” (Sveinsson et al., 1985).

Whenever there is adequate horizontal reinforcement with proper anchorage, redistribution of
the stresses across the shear wall will be achieved after the initiation of diagonal cracking.

Therefore the initial diagonal cracks do not widen under increasing horizontal loads, but



instead new sets of diagonal cracks form and gradually spread throughout the masonry wall,
which resulted in a ductile behaviour that lead to some energy dissipation. Failure occurs
gradually in this case as the strength of the masonry wall deteriorates under cyclic lateral
loading. Partial localised crushing of the masonry at severely cracked portions of the wall
diagonals finally leads to complete loss of strength. This type of failure is described as “ductile
shear failure”. On the other hand, a ‘“brittle shear failure” occurs when the amount and/or
anchorage of the horizontal reinforcement is not adequate to transfer the tensile stresses across
the first set of diagonal cracks. These cracks continue to widen extensively and result in a

major X-shaped diagonal crack pair, leading to a relatively sudden and destructive failure.

The influence of wall aspect (he/Ly) ratio on masonry shear strength was previously
investigated by overseas researchers, such as Matsumura (1987) and Okamoto et al. (1987).
From these studies, it was observed that masonry walls with smaller aspect ratios exhibited
shear strengths at failure that were larger than those for more slender masonry walls. The
researchers concluded that this shear strength enhancement was attributed to a more prominent
role of arching action in masonry walls with low aspect ratios, in which a significant portion of
the shear was resisted by compact regions which transferred large compression stresses,

sometimes referred to as compression struts.

Although a flexural mode of failure is sought after, and sliding failure may at least partly occur
in well-designed masonry structural walls, the primarily objective of the experimental study
presented in Chapter 3 was to consider the shear failure of masonry structural walls.
Consequently, of the ten masonry wall specimens presented in Chapter 3, nine of these walls

were designed to failure in shear.

2.3 RESISTANCE MECHANISM

Reinforced masonry structure are typically “box like” with shear wall panels potentially
subjected to simultaneous gravity and horizontal loads, resulting in overturning moments
during seismic excitation. Consequently, the resistance mechanisms of such structural walls are
required to have sufficient strength to resist these loads. The following subsections describe

briefly the two forms of resistance mechanisms of a masonry shear wall.



2.3.1  Flexural Resistance

The flexural strength of a vertically reinforced masonry wall is usually calculated by means of
simple flexural theory, based on the assumption that plane sections remain plane after bending.
The nominal flexural strength of a masonry wall can be approximately ascertained using a
rectangular compression stress block with a stress level of 0.85f], and with a depth of “a”.
The maximum strain, g,, allowed by the recently updated New Zealand masonry design

standard (NZS 4230:2004) at the extreme compression fibre of an unconfined section is 0.003.

These assumptions are shown in Figure 2.2.

Ass
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Figure 2.2 Idealised flexural strain and stress.

Based on these assumptions, the nominal moment capacity of a wall section with distributed

vertical reinforcement can be evaluated by:

M. = Cm(c—%)+zn:Csi(c—di)+ Zn:Ti(di —¢)+ Wt(LTW—Cj 2-1)



n n
ZCsi and ZTi are the compressive and tensile strengths of the vertical reinforcement, found

1
from:
Zn:csi = Zn:AsiEsigsi and Zn:Tl = iAsiEsiasi (2_2)
where E e <f,

The compression force, Cy,, within the masonry is found by:

C,=W,+> T ->C, (2-3)
and the compressive block depth is found by solving the following:
a=—Cn (2-4)
0.85f' b

Hence, the neutral axis depth is as follow:

c=—Sm (2-5)
0.7225f b

Therefore the nominal strength, F, of a shear wall with an effective height of H. can be

expressed as:

F, =—" (2-6)

2.3.2  Shear Resistance

During a shear failure, unreinforced masonry walls behave as brittle structural elements with
limited energy dissipation capacity, especially when subjected to high compression stresses
(Page, 1989, Shing et al., 1989; Sucuoglu and McNiven, 1991; Tomazevi¢, 1999). Therefore
masonry walls are frequently provided with steel reinforcement, both horizontally and

vertically, in order to improve lateral resistance and ductility.

If a masonry wall is reinforced horizontally, the horizontal reinforcement prevents separation
of the wall’s cracked parts at shear failure, therefore improving the shear resistance and energy
dissipation capacity of the wall when subjected to cyclic loading. In the case of unreinforced
masonry walls, a single diagonal crack causes severe deterioration in strength and subsequent
brittle collapse, see Figure 2.3a. However, if the wall is adequately reinforced horizontally,

many smaller cracks will be evenly distributed over the entire surface of the wall, see Figure

2.3b.
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Figure 2.3 Modes of shear failure.

2.3.2.1 Unreinforced Masonry Walls

Researchers (e.g. Yokel and Fattal, 1976; Mann and Muller, 1982; Page, 1989) during the past
decade have identified two different forms of behaviour for unreinforced masonry shear walls.
For low axial compression stresses, the basic form of shear strength expression is based on the

Mohr Coulomb shear friction expression, as demonstrated in Equation 2-7 below:
¢ =t +pco, 2-7)
where 1T, and o, are the average shear and normal stresses, T, is the shear bond strength and
L is the coefficient of internal friction. In parametric form, Equation 2-7 can be expressed as:
V, = f(f],N) (2-8)
where V, represents the nominal shear strength of the masonry wall and N is the axial
compression force. As demonstrated from experimental studies, values for the constants Tt
and pr vary considerably and are influenced by test method and type of masonry. Paulay and

Priestley (1992) recommended a typical range of values of 0.1<t <15 MPa and

03<p,<1.2.

"shear" failure "compression" failure

- |

Shear Stress

Equation 2-7

Axial Compression Stress

Figure 2.4 Failure criteria for unreinforced masonry shear walls (Page, 1989).
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When the axial compression force approaches a sufficiently large stress, the wall reaches peak
strength and its behaviour changes, with a failure mode including a combination of shear and
crushing of masonry. For even larger compression stresses, shear strength decreases as
compression failure of masonry dominates response to loads. Therefore, Equation 2-7 does not
apply in these cases. This compression failure corresponds to the second part of the curve

shown in Figure 2.4.

2.3.2.2 Reinforced Masonry Walls

For the case when masonry walls are reinforced with distributed vertical and horizontal
reinforcement, the basic mechanisms of reinforcement action at shear failure are shown in
Figures 2.5a and 2.5b. Past researchers (e.g. Brunner and Shing, 1996; Shing et al., 1988;
Tomazevi¢, 1999) have concluded that the shear resistance of reinforced masonry walls comes
from several mechanisms, such as tension of horizontal reinforcement, dowel action of vertical
reinforcement, as well as axial compression force that enhances aggregate interlocking

between the parts of the walls separated by diagonal cracks.
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(a) Vertical reinforcement (b) Horizontal reinforcement

Figure 2.5 Role of reinforcement in resisting masonry shear failure.

Due to the complexity of these mechanisms, no effective theoretical models have yet been
proposed to predict the shear strength of a masonry wall panel. Therefore, in practical
calculation the nominal shear strength, V., of reinforced masonry walls is evaluated as the
sum of contributions from masonry, reinforcement and applied axial compression load. The
three shear resistance mechanisms are incorporated into an equation of the following form:

Vo=V +V+V, (2-9)
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Where:

V,,, is the contribution of masonry to shear strength;
V, is the contribution of shear reinforcement to shear strength;

V,, is the contribution of applied axial compressive load to shear strength.

As indicated by experimental results (Shing et al., 1988; Sveinsson et al., 1985, Matsumura,

1987), masonry shear strength, V, is strongly dependent on the masonry compressive
strength, f/,, since there is strong evidence that V_, increases with an increase in f];.

However, the relationship is not linear, with the increase in V., diminishing as f;, increases.

m
Consequently, it is acceptable that V,,, increases approximately in proportion to /f/, . Also, in

the case where masonry walls are provided with vertical reinforcement, part of the shear
resistance capacity can be attributed to dowel action of the vertical reinforcement. Shear forces
can be transferred along a well-defined plane (e.g. a diagonal crack) by the shear, flexural and
kinking actions which are activated locally in reinforcing bars due to their relative

displacement along a crack, see Figure 2.6.
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Figure 2.6 Shear carries by dowel action. Figure 2.7 Aggregate interlocking across through crack

(Hendry, 1991).

In addition, shear reinforcement generally in the form of horizontal steel bars, is placed at right
angle to the axis of a masonry wall member (see Figure 2.5b) to provide V. Before diagonal
cracking occurs, the horizontal reinforcement carries little force. However once diagonal
cracks occur, the shear resistance is redistributed among the horizontal steel bars. When
adequate shear reinforcement is provided, diagonal cracks do not open excessively but

distribute evenly across the wall as shown in Figure 2.3b.
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Axial compressive load suppresses the formation of cracking in a masonry wall since the
tensile stresses induced by the lateral load must first overcome the compressive field created by
the axial compressive load, before diagonal cracks can initiate, see Figure 2.8. In addition,
axial compressive load contributes to masonry shear strength by enhancing the aggregate
interlocking mechanism. When a crack is developed in a concrete mass, the surfaces of the
crack are usually rough and irregular (see Figure 2.7). The majority of the coarse aggregate
particles remain embedded in one of the two crack faces. When this crack forms along a
continuous plane, a parallel displacement in this plane is possible and projecting particles from
one face of the crack come into contact with the matrix of the other face. Further movement is
then restricted by bearing and friction of the aggregate particles on the crack surface. Provided
that restraint is available to prevent large increases in the crack width, substantial shear forces

can be transmitted across the crack interface (Paulay and Loeber, 1974; Hendry, 1991).

The tensile strength of masonry is an important parameter in the behaviour of structural
masonry elements such as shear walls, where horizontal forces will produce tension or shear
stresses, or both. Initiation of diagonal crack in masonry block takes place when the principal
tensile stresses, p, exceed the tensile strength of masonry. The Mohr diagram, shown in Figure
2.8b, is employed to evaluate the p; and p. (principal compression stress) under the given
external loading shown in Figure 2.8a. The principal tensile stress, p;, can be evaluated

according to Equation 2-10:
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(a) State of stress (b) Mohr diagram

Figure 2.8 Principal stresses acting on masonry.
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It is noted that failure hypotheses for homogeneous materials cannot be unrestrictedly applied
to masonry. This is because a masonry structure consists of numerous elements, namely the
masonry blocks, the grout and the mortar joints, all of which can fail individually. Hence, it is
not possible to attribute failure to a single cause, for example, friction failure of the mortar
joints. On the contrary, many types of failure are possible. Consequently, failures must be
deduced from a small section of masonry, such as that shown in Figure 2.8a, with Equation 2-

10 used to evaluate the p; within that small section of masonry.

24  MASONRY SHEAR STRENGTH

A comprehensive literature review indicated that many studies had investigated the behaviour
of masonry wall. A large number of these were of full or model scale tests on wall panels (e.g.
Priestley, 1976; Sveinsson et al., 1985, Shing et al., 1988, Matsumura, 1988; Larbi and Harris,
1990; Brammer, 1995; Brunner and Shing, 1996). From these test results, equations have been
developed to predict the shear strength of masonry walls, usually calibrated to the test results
carried out by the particular researchers. These past experimental studies are summarised in
section 2.4.1 while section 2.4.2 presents masonry shear expressions that are currently

available.

241  Experimental Research

The data sources used in the preparation of the former New Zealand masonry design standard,
NZS 4230:1990, were published in 1980 or earlier. However, significant research relating to
masonry shear strength has been conducted in both North America and Japan since 1980.
Therefore a considerable amount of additional information is now available. This section of the
thesis provides summaries of past experimental studies currently available in the field of
masonry shear strength. Reviews are sorted by the date of publication in each category. They

cover a brief description of tests performed and the main conclusions from each reference.

Yokel and Fattal (1975) compared failure hypotheses with the results of 32 plain single wythe
clay brick masonry walls tested in diagonal compression. Three types of masonry units
designated by A, B and S were combined with two types of mortar- conventional and high
strength, designated by C and H, to build four types of masonry walls, i.e. AC, AH, BH and
SH (eight walls of each type).
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The authors concluded the following:

1.

Shear failure under diagonal compression and axial load could occur by debonding
along mortar joints or splitting of the masonry units.

For a given type of wall, failure could occur by joint debonding under low axial load
and change to unit splitting under higher axial load. Debonding strength was
characterised by a linear relationship and had the function of a Coulomb type
relationship:

Splitting failure originated at the centre of the walls at a splitting strength governed by a

critical relationship between the principal biaxial stresses.

Mayes et al. (1976a and 1976b) tested seventeen concrete block masonry double pier systems

coupled with heavily reinforced top and bottom spandrels under cyclic lateral loading at the

University of California at Berkeley. The pier system was allowed to rotate at the top under

lateral load applied to the top spandrel.

The variables investigated in this study included:

1.

The rates of loading, i.e. specimens were tested in identical pairs using a slow and fast
rate of loading (0.02 Hz and 3 Hz).
Four types of reinforcement arrangement:

a) None.

b) Vertical end bars with two reinforcement ratios.

c) Vertical end bars and horizontal bars with different reinforcement ratios.

d) Vertical end bars, horizontal bars and toe reinforcement in the form of

perforated steel plates in bed joints.

Three types of grouting: none, partially and fully grouted.

The authors concluded the followings at the end of the test programme:

1.

Sufficient amounts of horizontal reinforcement enhance the ductility of shear mode
response significantly.

Use of perforated steel plates in the toe area improved flexural mode response.

Partial grouting improves the elasto-plastic shear mode response compared with no
grouting.

Dynamic loading at higher rate increased ultimate strength for the case of shear mode
failures and decreased ultimate strength for the case of flexural mode failure compared

with strengths obtained from a slow rate of loading.
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Priestley (1976, 1977) conducted a comprehensive study on the cyclic behaviour of reinforced
concrete masonry walls and established that the maximum shear stresses allowed in the former
New Zealand masonry design standard, DZ 4210 were unrealistically low. A total of six
heavily reinforced concrete masonry walls were subjected to cyclic shear. Aspects investigated
included the influence of vertical and horizontal reinforcement ratios (0.66% and 0.45%
vertical steel, 0.66% and 0.34% horizontal steel) and the magnitude of axial compression stress
levels on masonry shear strength. Confinement at potential crushing areas by mortar bed
confining plates was included to examine their effectiveness in enhancing the performance of
masonry shear walls at high ductility levels. Two walls were subjected to axial stress levels of
0.69 MPa (100 psi) and the other four walls were not subjected to axial stresses. Three walls

had thin stainless steel confining plates installed in the bottom three mortar courses.

The maximum experimental loads were compared with theoretical and design loads. Priestley
analysed the influence of base course slip and compared experimental displacement ductility
with code required ductility. The author concluded the following:

1. The maximum allowance for shear stress in the former New Zealand masonry design
standard, DZ 4210 was unreasonably low. None of the six walls suffered diagonal
shear failure, despite the experimentally obtained shear stresses being 4.2 times the
maximum code allowable value of 0.62 MPa.

2. The test results indicated that the former (i.e. 1977) New Zealand design practice
overestimated the cracked stiffness of walls by a factor of more than 2.

3. Mortar-bed confining plates did not significantly reduce stiffness degradation of the
walls in this study, but substantially reduced damage to the walls at high ductility

levels.

Hidalgo et al. (1978, 1979), Chen et al. (1978) and Sveinsson et al. (1985) conducted
experiments to evaluate the seismic behaviour of window piers typical of high-rise masonry
construction. Principal test parameters considered in the test programme were:

1. The type of masonry construction.

2. The height-to-width ratio.

3. The amount of horizontal reinforcement.

4. The distribution of vertical steel.

5. The effect of different types of anchorage of horizontal reinforcement (90° bend,

180° bend and end plate).

6. The level of axial stress.
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Three types of masonry material were used throughout the test programme, namely hollow
concrete masonry blocks, hollow clay brick and double wythe grouted core clay brick piers.
Out of the ninety-three fixed end piers, twenty-nine of them were constructed of hollow
concrete masonry blocks and subjected to cyclic in-plane loads at the Earthquake Research
Centre of the University of California. The test-programme included fully and partially grouted
single piers with three aspect ratios (h/Ly,) of 0.5, 1 and 2.

The studies concluded that the strength associated with shear mode of failure was a function of
the compressive strength (f},) of the masonry material, the magnitude of gravity stress and of

the aspect ratio of the pier. The distribution of vertical reinforcement did not significantly
influence the behaviour of piers that failed in shear, and anchorage of horizontal reinforcement
with 180° bends was proven to be more effective than any of the other two types of anchorage.
It was also observed that the maximum shear strength was approximately the same for fully
and partially grouted piers as long as the stress was based on the net area of the cross section of
the wall. Among the parameters studied in the test programme, the amount of horizontal
reinforcement was found to be the most influential on masonry shear strength, as discussed

below.

Horizontal reinforcement was effective in inhibiting the opening of diagonal cracks, but gave
diminishing returns as the amount of reinforcing steel was increased. After a certain ratio,
increasing the reinforcement content had an adverse effect on the post-cracking deformation
capacity. The researchers concluded that when a specified minimum amount of horizontal
reinforcement was provided and allowed to yield, a ductile shear failure could be achieved in
which diagonal cracks did widen excessively but distributed evenly throughout the panel as
shown in Figure 2.3b. Higher amounts of horizontal reinforcement, on the other hand,
restrained the post-cracking deformation capacity since the reinforcing steel remained in the
elastic range and did not contribute much to the overall lateral deformation. The masonry wall
finally reached its maximum lateral deformation capacity due to crushing of masonry at the
toes, which were already damaged by the extensions of diagonal cracks. The masonry wall

failed when the web slides with respect to the bottom of the spandrel as shown in Figure 2.9.

The findings from this test programme allowed Sucuoglu and McNiven (1991) to propose
Equation 2-11 to predict the minimum required horizontal reinforcement ratio for a masonry

wall that fails in the shear mode in order to exhibit a ductile post-cracking performance:
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Figure 2.9 Sliding shear failure.
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Priestley and Elder (1982) tested three slender concrete block masonry walls under cyclic
reversals of in-plane displacements to examine the ductility and strength degradation of such
walls. The nominal 200 mm block walls were 6100 mm high and 2440 mm long. Reinforced
concrete floor slabs, approximately 1220 mm wide, were cast at the first and second floor
levels and a reinforced concrete bond beam was placed at the top to distribute the lateral force
and anchor the vertical reinforcement. Steel reinforcement of 16 mm diameter was placed in
the vertical cells with a centre to centre spacing of 400 mm. The vertical reinforcement ratio
was 0.72% for all walls. The main vertical steel was lapped to starter bars that were anchored
in the foundation beam. Two of the walls were subjected to an axial stress of 1.95 MPa and one
wall was subjected to an axial stress of 0.74 MPa. Confining plates were placed in the mortar
beds in the compression zones of the potential plastic hinge area for one wall. The lap length of

vertical reinforcing was 975 mm for two of the walls and 1310 mm for the third wall.
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Results from the wall tests indicated that lapping of flexural starter bars in plastic hinge regions
at the wall base had a profound influence on wall behaviour. The most important effect was the
reduction in equivalent plastic hinge length that resulted from the stiffening and strengthening
influence of the doubled reinforcement ratio within the lap. This concentrated the plasticity
into a very short region at the wall base, giving a plastic hinge length less than 0.2L,, at design
ductility levels. A consequence of this action was the high strain in the plastic hinge zone at
comparatively low ductility level, inducing premature vertical splitting of the compression
zone. A second undesirable effect of the lap was the tensile bond failure induced in tension
reinforcement close to the wall end. This was initiated by the vertical splitting caused when the
end of the wall had been in compression during a previous loading cycle. Splitting forces
associated with transfer of tensile forces from starter to lapped bar propagated the vertical

cracks and caused bond failures.

Hirashi (1985) tested nine walls to investigate the flexural behaviour of reinforced masonry
walls. Of the nine walls, six were constructed using concrete block and two were constructed
of hollow brick units, with the final wall being constructed of reinforced concrete. The
horizontal reinforcement used was 0.29% and 1.16%. However, the nine walls had the
following common identities:

1. Same geometry (i.e. h/Ly, = constant),

2. Fully grouted core,

3. Constant flexural reinforcement in the end cores with confinement at critical

compression zones,
4. Constant axial load, and

5. Rotational fixity of top and bottom surfaces.

From the test results, the author was able to conclude the followings:

1. Increasing the amount of horizontal reinforcement (four-fold) had no significant effect
on the cracking and maximum shear strengths.

2. Increasing the amount of horizontal reinforcement increased the maximum shear-to-
maximum flexural strength ratio and significantly improved deformation capacity: the
ability to simultaneously develop large deformations without substantial strength
degradation.

3. The ability of a shear wall to develop a large deformation capacity under cyclic load

was largely attributed to the presence of confinement at critical compression zones.
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4. The ratio of maximum strength-to-cracking shear strength was in the range of 1.3 to

1.8, indicating that substantial post-cracking strength gain is possible in shear mode
failures, depending primarily on the effective use, rather than the amount of horizontal

reinforcement.

Woodward and Rankin (1985a and 1985b) conducted two studies on masonry walls. The

first study was to examine the effect of block and mortar strength on the in-plane shear

resistance of concrete masonry walls, while the second study was to examine the influence of

aspect ratio on the relationship between lateral in-plane load resistance and vertical in-plane

compressive stress.

The first study involved the testing of seventeen 1630 mm high concrete masonry walls with

the following variables:

1.

Two types of concrete block units with gross area unit strengths of 9.0 MPa and 12.4
MPa.

The mortar used in the study was of Type S and Type N.

The axial compressive stress varied from 0.69 MPa to 2.76 MPa (based on net cross-
sectional area).

Of the seventeen walls, thirteen were 1630 mm long, two were 1220 mm long and the

remaining two were 2440 mm long.

The conclusions obtained from the first study were as follows:

1.

For the lower levels of applied vertical compressive stress, the influence of block and
mortar s