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Abstract

Masonry shear walls have attracted the attention of many researchers because of their role as
lateral force resisting elements. However, most of this research was carried out in order to
study the behaviour of solid masonry shear walls, despite the fact that masonry walls are
commonly constructed with openings. Consequently, eight partially grout-filled nominally
reinforced concrete masonry walls with openings were tested under cyclic lateral loading at
the University of Auckland. These walls had variations in trimming reinforcement, and a
range of opening geometries. The objectives of this research were to study the performance
of concrete masonry walls with openings under seismic loading conditions and to validate the
adequacy of NZS 4229:1999 in addressing the bracing capacity of these types of masonry

walls.

Test results indicated that the size of openings and the length of trimming reinforcement
significantly affected the lateral strength of the tested 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. The 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

Introduction

1.1 General

For many decades masonry has been used as a common structural material in a large proportion
of New Zealand building projects. However, the poor performance of unreinforced masonry in
the magnitude 7.8 1931 Hawke’s Bay Earthquake (Dowrick, 1998; Scott, 1999) subsequently led
to the development of conservative concrete masonry design provisions based on the principle of
capacity design (Priestley, 1980), which requires the dependable shear strength to exceed the
maximum lateral loading necessary to develop the wall flexural overstrength. Consequently, a
typical detail was the use of ¢ 12 mm grade 300 MPa reinforcement at 400 mm centres, both

vertically and horizontally, in fully-grouted concrete masonry walls.

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 permitting 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
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(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 a “bracing panel”, whose geometry is used to establish
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 is 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 4.1 for more details).

In Figure 1.1d it is shown that when the trimming reinforcement is shortened to comply with the
current NZS 4229:1999 specification, 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
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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.
i
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(b) Strut-and-tie model of wall with lintel reinforcement
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(d) Strut-and-tie model of wall without lintel reinforcement
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(f) Reverse strut-and-tic 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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1.2 Scope of Study

This report describes the results from structural testing of eight perforated single storey-height
partially grout-filled concrete masonry walls that were constructed and assembled using New
Zealand masonry units utilizing pumice aggregate, and assembled using common local
construction techniques. 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 1ssue was to investigate the influence which shrinkage control joints has on the
bracing capacity of partially grouted concrete masonry walls. NZS 4229:1999 prescﬁbed 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.

Chapter 2 of this report provides a brief review of previous studies that attempted to establish the
lateral strength of masonry walls containing openings. Chapter 3 describes the construction and
loading procedure used in the testing of the ten partially grout-filled concrete masonry walls
mentioned above. Chapter 4 presents experimental results and Chapter 5 investigates the effect
of design parameters on these experimental results. Chapter 6 of this report determines the
adequacy of NZS 4229:1999 in addressing the lateral strength of masonry walls containing
openings. 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.
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Chapter 2

Literature Review

2.1 Introduction

Because of their role as lateral load resisting elements, masonry shear walls have attracted the
attention of many researchers. However, most of this research was carried out to study the
behaviour of solid masonry shear walls, despite the fact that masonry walls are commonly
constructed with openings. Introducing openings in a wall alters its behaviour and adds
complexity and difficulties in analysis and design. An extensive literature review by Voon
and Ingham (2003) verified the earlier finding by Brammer (1995) that there exists little data
from outside New Zealand that is directly relevant to the performance of nominally
reinforced masonry walls that were constructed according to the specifications contained in
NZS 4229:1999. This section of the report provides a brief review of those studies that have

direct relevance to the issues discussed in Section 1.1.

22 Research Conducted in New Zealand

Brammer (1995) performed quasi-static in-plane cyclic load tests on twelve nominally
reinforced concrete masonry walls. Nine of these walls were partially grout-filled, where only
those cells containing vertical reinforcement were grouted, and the remaining three walls
were solid grout-filled. All walls were constructed to a common height of 2400 mm with
horizontal reinforcement placed in a bond beam within the top two courses, but varied in wall
length and thickness (see Figure 2.1 for typical reinforcement of a nominally reinforced
concrete masonry wall). None of the walls had applied axial load. The main objective of this
study was to compare the attained test behaviour with that assumed and predicted by the New
Zealand design standards NZS 4229 and NZS 4230, and to examine the response of
nominally reinforced masonry walls when subjected to cyclic loading. Attention was given to
maximum strength, stiffness, ductility, modes of failure, force-displacement characteristics,

base course slip, and also the shear and flexural components of displacement.
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Figure 2.1 Typical reinforcement details of nominally reinforced concrete masonry wall.

Due to the lack of horizontal shear reinforcement in the walls of Brammer’s study, it was

observed that most walls failed in diagonal tension with failure characterized by the

development of early flexural cracking which was later exaggerated by diagonal cracking that

extended throughout the whole masonry wall. Figure 2.2 shows the force-displacement

response derived from two typical wall tests, for partially grout-filled walls with lengths of

2600 mm and 4200 mm respectively. In both cases, the walls were constructed of 15 series

concrete masonry precast units, with a corresponding wall thickness of 140 mm. From Figure

2.2 a number of general characteristics of partially grout-filled concrete masonry walls can be
identified:

1

The maximum strength was typically developed during the first excursion to p = 4.
Following this, cracking became significant and strength degraded.

Less hysteretic energy was expended during the second cycle to any displacement
level, when compared with the first displacement cycle. This is illustrated by the more
pinched hysteresis loops on the second cycle.

None of the tests exhibited a sudden failure, as is typical for conventional shear
failure. Instead, strength degraded in a gradual manner.

Lateral displacements mostly arose from both flexure and shear modes of
deformation. The presence of shear deformation is implied in Figure 2.2 through the
pinched nature of the inelastic hysteresis loops.

The absence of damage in the solid grout-filled bond beam and the general geometry
of the deformed walls supported the notion of frame-type action being developed at

later stages of testing.
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Figure 2.2 Force-displacement histories of partially grout-filled concrete masonry walls.

An important finding concluded from this study was that the ductile diagonal tension mode
developed even in the case when the dependable shear strength predicted using
NZS 4230:1990 shear expressions was less than the wall nominal flexural strength. This
indicated that the predicted shear strength using NZS 4230:1990 was of limited relevance for
concrete masonry structures having a reinforcement distribution as indicated by Figure 2.1
and supporting little axial compressive load. It was concluded that this was partially because
NZS 4230:1990 was conservative in shear prediction, but more importantly due to the frame
action generated by the use of a bond beam and the shear friction generated between blocks
during lateral deformation. The information collected from Brammer’s study was then used

to develop the bracing capacity tables presented in NZS 4229:1999.
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Davidson (1996) extended Brammer’s research to investigate the behaviour of walls with
openings and applied axial compression stress. Two nominally reinforced concrete masonry
walls having the same geometry (4200 mm long x 2400 mm high x 190 mm wide) were
constructed so that they had an identical arrangement of a 2000 mm x 600 mm ‘doorway’ and
a 1200 mm x 600 mm ‘window’ (see Figure 1.l1a), with the only difference being the
magnitude of the applied axial compressive load. The ‘doorway’ and ‘window’ were
arranged in a manner enabling the vertical reinforcement to be placed at 800 mm centres.

Please note that the reinforcement used in this study was of f, = 275 MPa.

100
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20 1
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=20
-40
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-60

-35 -30 -25 -20 -15 -10 -5 0 5 10 15
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Figure 2.3 Force-displacement history of partially grout-filled concrete masonry wall with openings.

The force-displacement response of the 4200 mm long perforated concrete masonry wall with
axial compressive load is shown in Figure 2.3. A comparison of this test result with those
obtained by Brammer (1995) illustrated that the capacity of the masonry wall with openings,
tested by Davidson, was approximately half that of the complete wall. Furthermore, the test
results successfully showed that compression stress was effective in increasing the lateral
strength of the perforated masonry wall. Consequently, it was concluded from this study that
openings have a detrimental effect on the lateral strength of masonry walls while axial
compression stress is beneficial. Furthermore, it was successfully illustrated that a plastic
hinge model which assumed flexural hinges forming at the bases of all piers, at the top of the
central pier and in the lintels was able to represent the bracing capacity of the partially grout-

filled masonry walls included in this study.

In addition to the experimental studies conducted by Brammer and Davidson at the

University of Auckland, two research projects were conducted at the University of
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Canterbury as part of the development of NZS4229:1999. The first of these was conducted by
Singh et al. (1999). The study established that ductile response could be achieved for long
walls loaded out-of-plane. This study was further extended (Zhang, 1998) to investigate the
performance of two walls that had door and window openings at structurally inappropriate
locations. The information gathered at the University of Canterbury was used in the

development of the bond beam criteria in NZS4229:1999.

2.3 Research Conducted Overseas

Elshafie et al. (2002) conducted experimental testing on thirteen single storey-height s
scale solid grout-filled masonry walls with openings. The primary objective of this study was
to develop a simple analysis approach employing plastic hinge failure mechanisms to predict
failure mechanism and lateral load carrying capacity. The test specimens in this study were
designed to behave mainly in a flexural mode by forming plastic hinges at the member ends
(1.e. enough shear reinforcement was provided to suppress shear failure in different wall
elements). Experimental results from this study showed that the plastic hinge model
developed by Leiva at al. (1990a, 1990b and 1994) provided a good estimate for the lateral
load capacity of masonry shear walls containing openings. Consequently, the following

failure mechanisms may develop, depending on the relative strength of the wall sections:

-;m Powt Fon

Pon

(a) Strong pier/Weak beam failure machanism (b) Strong beam/Weak pier failure machanism

Compression Pier

(c) Mixed failure machanism

Figure 2.4 Failure mechanisms for wall with opening.
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a) Strong pier/weak beam mechanism in which the wall fails by forming plastic hinges
(shaded areas) at both ends of the coupling beam(s), then plastic hinges at the pier
bases as shown in Figure 2.4a;

b) Strong beam/weak pier mechanism in which the wall fails by forming plastic hinges
at both ends of all piers as shown in Figure 2.4b;

¢) Mixed mechanism in which a combination of mechanisms (a) and (b) develops as

shown in Figure 2.4c;

The experimental results of Elshafie et al. (2002) indicated that a simple model proposed by
Hart et al. (1988) provided a good estimate for the post-cracking stiffness of the test
specimens. Also, it was observed in this study that for shear walls with similar overall
dimensions and flexural reinforcement arrangements, the effects of openings on the reduction
of the wall strength and stiffness were proportional, i.e. the ratio of reduction in stiffness due

to openings is equal to the ratio of reduction in strength.

2.4  NZS 4229:1999 Codification of Wall Capacity

Wall bracing capacities were calculated considering the masonry performance once the
nominal shear strength had been exceeded. As demonstrated by Brammer (1995), it was
established that nominal lateral strength was satisfactorily evaluated based on a rectangular
masonry compression stress block using Equation 2-1, assuming f,=300 MPa and
f; =8 MPa, and treating the walls as vertical flexural cantilevers with a height measured to
the centre of the fully grouted bond beam. Bracing capacities are reported in NZS 4229:1999
in tabular form for various wall thickness and grout-fill options, as illustrated in Table 2.1 for
partially grouted 15 Series (140 mm thick) concrete masonry, where 100 bracing units
corresponds to 5 kN. It is necessary to point out that conservatism of the NZS 4229:1999
evaluated bracing capacities with respect to the experimental results (Brammer, 1995 and
Davidson, 1996) was primarily attributed to the actual material strengths being significantly
greater than specified, the adoption of a flexural strength reduction factor of ¢ =0.8, and a
further reduction to 80% of the evaluated capacity for walls having a length greater than 3.0
m. Also, in all cases the calculation assumed the vertical reinforcement of & 12 mm to be
distributed at a maximum spacing of 800 mm (where possible) or for bars to be spaced in the

least favourable positions, resulting in the most conservative flexural strength.

10
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Table 2.1 Bracing Capacities* for 15 Series Partially Grouted Concrete Masonry
Panel Panel length (m)
height(m) | 0.8 | 1.2 | 1.6 | 2.0 | 24 | 28 | 3.2 | 3.6 | 44 | 52 | 6.0
0.8 385 | 650 | 1005 | 1425 | 1935 | 2505 | 2525 | 3110 | 4455 | 6040 | 7870
1.0 330 | 560 | 865 | 1230 | 1670 | 2165 | 2185 | 2690 | 3855 | 5225 | 6810
1.2 275 | 470 | 730 | 1035 | 1405 | 1825 | 1840 | 2265 | 3250 | 4415 | 5750
14 245 | 420 | 650 | 930 | 1260 | 1635 | 1650 | 2030 | 2920 | 3960 | 5160
1.6 215 370 | 575 | 820 | 1115 | 1445 | 1460 | 1800 | 2580 | 3505 | 4575
1.8 195 | 335 | 525 | 750 | 1020 | 1325 | 1340 | 1650 | 2370 | 3220 | 4200
2.0 180 | 305 | 480 | 680 | 925 | 1205 | 1220 | 1500 | 2155 | 2930 | 3825
2.2 165 | 280 | 445 | 635 | 860 | 1120 [ 1335 | 1400 | 2005 | 2730 | 3565
24 1551] 260 | 410 | 585 | 800 | 1040 | 1050 | 1295 | 1860 | 2530 | 3305
2.6 145 | 245 | 385 | 550 | 750 | 980 | 985 | 1220 | 1755 | 2385 | 3115
2.8 130 | 230 | 360 | 515 | 705 | 915 | 925 | 1140 | 1645 | 2240 | 2920
3.0 125 | 215 | 340 | 490 | 665 | 870 | 880 | 1085 | 1560 | 2125 | 2780

* 100 Bracing Units corresponds to 5 kN

Recalling that NZS 4229:1999 is primarily intended for use by architects and draftspersons,

rather than structural engineers, a simplified procedure was adopted for the assessment of

bracing capacity. The strategy employed in NZS 4229:1999 for proportioning bracing

capacity is primarily dependent on wall geometry. The assumption was that the bracing

capacity of a masonry wall having penetrations could be determined based on the geometry

of individual bracing panels, as demonstrated by the shaded areas shown in Figure 4.1, where

the geometry of each bracing panel is based upon the vertical dimension of the smallest

adjacent opening. The total bracing capacity is then assumed to be the sum of the capacities

provided by the individual bracing panels of the wall. From Table 2.1 it is evident that the

wall bracing capacity increases as the panel length increases, but diminishes as the panel

11
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height increases. This prompted some observers to comment on the influence which a small
wall opening would have, as this would effectively generate two bracing panels with a small
height, rather than a single panel that is taller and longer, such that it is conceivable that the

addition of a small wall opening might result in the evaluated capacity of the wall to increase.

2.5  Shrinkage Control Joint

Differential movement creates cracking in masonry construction when excessive stress is
allowed to develop. Control joints are one method used to relieve horizontal tensile stresses
due to shrinkage of the concrete masonry units, mortar, and when used, grout. They are
essentially vertical separations built into the wall at locations where stress concentrations may
occur. Control joints are typically only required in exposed concrete masonry walls, where
shrinkage cracking may detract from the appearance of the wall. Shrinkage cracks in concrete
masonry are an aesthetic, rather than a structural concern (Beck at al., 1988). In many cases,
horizontal reinforcement is used to control shrinkage cracking, but strategically located
control joints will further assist in the elimination of random cracks, and prevent moisture

penetration which might otherwise occur.

The placing of control joints in walls is a matter of judgement by the designers with
consideration being given to the type of construction, shape of walls (accounting for features
such as openings) and the amount of reinforcement in the walls and exposure to weather. In
the case of nominally reinforced concrete masonry walls, NZS 4229:1999 requires shrinkage
control joints to be provided at no more than 6 m centres. In addition, NZS 4229:1999
requires that vertical control joints be located:

a) Within 600 mm of return angles in T and U-shape structures;

b) Within 600 mm of L shaped corners or by restricting the spacing to the next control

joint to 3.2 m maximum,
c) At changes in wall height exceeding 600 mm;
d) At changes in wall thickness.

NZS 4229:1999 requires that the non-structural reinforcement, such as the horizontal

reinforcement that is used for crack control only, should be discontinuous through a control

joint, since this will otherwise restrict horizontal movement. However, structural

12
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reinforcement, such as bond beam and lintel reinforcement at the floor and roof diaphragms

that resists diaphragm cord tension, must be continuous through the control joint.
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Chapter 3

Test Programme

3.1 Introduction

In order to compare the standard predicted and the actual wall behaviour, and to ascertain the
force-displacement and other behavioural characteristics of partially grout-filled nominally
reinforced concrete masonry walls, two series (A and B) of masonry walls were tested in the
Civil Engineering Test Hall at the University of Auckland, consisting of a total of ten
masonry walls. The eight specimens tested in Series A were concrete masonry walls
containing openings. These walls had a range of opening geometries and variations in the
trimming reinforcement detailing below window openings. The objectives for this part of the
research were to study the performance of concrete masonry walls with openings under
seismic loading and to validate the adequacy of NZS 4229:1999 in addressing the bracing
capacity of these types of masonry walls. The remaining two test specimens of Series B were
solid built concrete masonry walls (i.e. no opening within the wall) that incorporated a
vertical shrinkage control joint at the centre of each wall. These two walls were tested to
validate the structural adequacy of the shrinkage control joint detail published in
NZS 4229:1999.

3.2  Test Set-up

The testing of specimens (except the second wall test of Series B, see Appendix B.2 for
detailed description) reported herein was conducted according to the set-up shown in Figure
3.1. The test set-up and method of loading adopted in this experimental programme were
designed to simulate the response that a masonry shear wall would experience during seismic
excitation. Although a single-storey wall does not have the complexity of a multi-storey
structure, it is advantageous to consider due to the ease of data interpretation. Horizontal
cyclic loading was applied to the top of the wall via a 150 x 75 steel channel as shown in
Figure 3.1, which was fastened to the top of the bond beam by cast-in bolts. The jack was

fastened to the strong wall and the tested wall was stabilised from moving in its out-of-plane
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direction by two parallel horizontal struts which were positioned perpendicular to the wall
and hinged to the channel and a reaction frame. It is recognised that this type of horizontal

force transfer is of a cantilevered wall type and therefore may not be representative of all

structures.
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Figure 3.1 Typical test set-up.
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Figure 3.2 Details of concrete footing.
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All walls were constructed on a 5.2 m long re-usable reinforced concrete footing. As shown
in Figure 3.2, the re-usable concrete footing had DH32 starter bars spaced at 200 mm centres
that were drilled and tapped to accommodate D12 vertical reinforcement. The concrete
footing was stressed down to the laboratory floor with eight high strength steel rods, each
loaded to approximately 300 kN so that sufficient shear friction was provided to eliminate
any slip between the footings and the floor. Each of the wall D12 starters was first tapped at
one end, then threaded into the DH32 starters that protruded from the reinforced concrete
base. The wall vertical reinforcement was lap-spliced immediately above the foundation,

imitating typical construction practice as indicated in Figure 8.1 of NZS 4229:1999.

33 Construction Materials

The walls were constructed by experienced blocklayers under supervision, and consisted of a
running bond pattern of standard grey precast concrete masonry block units using
DRICON™ trade mortar. Prior to wall construction, the 650 mm long D12 starter bars were
threaded into the DH32 starters that protruded from the concrete footing, allowing the D12

starter reinforcement to penetrate the wall to a distance of not less than 600 mm.

3.3.1 Concrete Masonry Block

140mm 390mm 140mm
390mm o,
190mm “ 190mm

Knock-in bond beam Open end

140mm
190mns 140mm 380mm
190mm
190mm | |

Lintel & half end closer Standard whole

Figure 3.3 15-Series concrete masonry units.
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The masonry blocks used in this study were standard production 15 series concrete masonry
precast units (CMUs). Open-end bond beam CMUs were used at the bond beam layer to
allow the placement of D16 horizontal reinforcing steel. Half end-closer blocks were used at

the edge and lintel positions. See Figure 3.3 for block geometries.

3.3.2 Mortar and Grout

DRICON™ mortarmix — a mortar that is commonly used in masonry construction throughout
New Zealand, was used as mortar for construction of the test walls. High slump ready-mix
grout using small aggregate was employed to partially fill the concrete masonry walls. An
expansive chemical additive (SIKA Cavex) was also added to the grout to avoid formation of

voids caused by high shrinkage of the grout.

3.3.3 Reinforcing Steel

All reinforcing steel used in this study was grade 300 MPa, consisting of D12 for the vertical
reinforcement, D16 for the bond beam reinforcement and R6 for stirrups. The vertical
reinforcement was erected as discussed in section 3.2, and the D16 had standard 90° hooks at

both ends.

3.4  Specimen Construction Details

The geometries and reinforcement details of the ten single-storey masonry walls are shown in
Figures 3.4 and 3.5. All ten walls were partially grout-filled, where only those cells
containing reinforcement were grouted, and were constructed to a common height of 2400
mm. None of the ten masonry walls had applied axial compression load. The eight test
specimens in Series A had variations in trimming reinforcement detailing (see Figure 3.4),
including those complying to NZS 4229:1999, and a range of penetration geometries. As
described in Section 3.2, the wall vertical reinforcement was lap-spliced immediately above
the foundation, and was generally spaced at 800 mm centres as shown in Figure 3.4, with the
exception being the two 3600 mm long walls in Series B where vertical bars were located at
100 mm away from the control joints as shown in Figure 3.5. The horizontal reinforcement in
all walls consisted of two D16 reinforcing bars placed in a solid grout-filled bond beam
within the top two block courses and a D16 trimming reinforcing bar placed below a window

opening.
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Figure 3.4 Series A, wall geometries and reinforcing details.
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Figure 3.5 Series B, wall geometries and reinforcing details.

Unlike the eight masonry walls shown in Figure 3.4, the two specimens in Series B were
solid built (1.e. no penetration) and had a vertical control joint at the centre of each wall.
These two walls shared similar constructional details, with the only difference being the
detailing of bond beam reinforcement at the control joint position. As shown in Figure 3.5,
the control joint of Wall 9 was constructed in accordance with the specification of
NZS 4229:1999, where the joint was terminated below the bond beam and the horizontal
bond beam reinforcement was continuous through the joint. In the case of Wall 10, the
control joint penetrated the full height of the wall and the horizontal bond beam reinforcing
bars were terminated at 100 mm away from the joint. Two 800 mm long D16 dowel bars
were placed across the control joint to transfer shear. In order to prevent the flow of grout
across the control joint at the bond beam layer, a thin polystyrene strip was inserted to form a
gap between the two piers, and the D16 dowel bars were then punched through the
polystyrene strip. The dowels were greased and placed in a plastic sleeve on one side to avoid

bonding to the grout.

3.5 Instrumentation

The wall instrumentation included two types of instruments: load cells and portal
displacement transducers. Both types of devices were calibrated on a regular basis. At various
stages of testing, all displacement transducers and the load cell were scanned by a data logger
and the measured displacements from the transducers and force magnitudes from the load cell

were recorded by a computer.
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Portal displacement transducer

Portal displacement transducers consisted of a strain gauge attached to a spring steel strip
between two rigid portal legs as shown in Figure 3.6. This type of instrument is capable of
measuring relative movement between the legs. Any axial movement causes the steel strip to
be subjected to flexure, and the transducer is calibrated so that the resulting strain in the strain
gauge correlates to the axial displacement. This type of device is capable of measuring

displacements of about + 50 mm with acceptable accuracy.

Spring strip
/_
\— Strain gauge

./— Portal leg

Spider rod
| —— Pin joint

Figure 3.6 Portal displacement transducer.

Load cell

This device measured the magnitude of applied force from the hydraulic actuator. It consisted
of a steel cylinder with strain gauges attached to the outer surface. Any deformation of the

cylinder due to applied force caused a change in voltage output in the strain gauges.

3.5.1 Installation of Instrumentation

The arrangement for the measuring instrumentation is shown in Figures 3.7 and 3.8. A load
cell to measure the magnitude of the lateral force was placed between the actuator and the
steel channel, denoted as [0] in Figure 3.7. Portal displacement transducers, denoted as [1]
and [2], measured lateral displacement at the top of the wall while displacements at the
window levels were measured by instruments [3] and [4]. Portal displacement transducers
[47] — [49] were used to measure sliding of the wall relative to the concrete footing, and
transducers [45] and [46] measured the uplift at wall toe positions. Any slip in the steel
channel and the concrete footing were measured by transducers [50] and [51] respectively.
Further transducers were placed according to the configuration shown in Figure 3.7 to attain

the shear and flexural components of deformation.
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Measuring points were formed by drilling into the masonry and epoxy grouting 10 mm
diameter mild steel studs that were threaded to accept aluminium rosettes. Steel rods of 4 mm
diameter were fixed to the rosettes in a formation of ‘spider webs’ that triangulated the wall

between the measuring points, as shown Figure 3.7.

1 0 -~ =] il
- — i T

B2 4 "'50.1-

Figure 3.8 Instrumentation mounted on wall before testing.
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3.6  Material Properties

Material testing was carried out to evaluate the key material properties: concrete masonry

crushing strength (f,), compressive strength of mortar (f j') and grout (fé) used in wall

construction, and the yield strength (f}) of the reinforcing steel. Facilities for the compressive

and tensile tests were both available at the University of Auckland.

3.6.1 Reinforcing Steel

Samples were taken from steel reinforcement used as flexural reinforcement in the wall
panels. The samples were subjected to tensile testing using the Avery Universal Testing
Machine at the University, see Figure 3.9. Each type of reinforcing steel used in the walls
was from the same batch. Consequently, the average strengths of 305 MPa and 315 MPa
were applied as the yield strength for the D12 and D16 reinforcing bars used in this

experimental programme. An illustration of the tensile test results is presented in Figure 3.10.

Figure 3.9 Reinforcing steel subjected to tensile test.
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Figure 3.10 Stress-strain curve for D12 reinforcing bars.

3.6.2 Mortar and Grout

Standard test cylinders (100 mm diameter x 200 mm high) were taken from each batch of

mortar and grout mixes.

3.6.3 Prisms

Masonry prisms were built at the completion of laying each wall (see Figure 3.11), using the
same mortar and CMUs used in the wall. These prisms were built of three CMUs stacked on
top of each other using the same construction technique as was used for the wall. The prisms
were then filled at the same time as the walls, using the same grout. The prisms were tested
using an Avery Testing Machine as shown in Figure 3.12. This type of test specimen
provided the most accurate estimate of masonry compressive strength, f” . It is noted that f,
for concrete masonry walls constructed of regular materials, found by prism testing at the

University of Auckland, has consistently been above the f.= 12 MPa specified by

NZS 4230:2004 for Type B Observation masonry.
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Figure 3.12 Masonry prism subjected to compression test.
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In the absence of machine testing, NZS 4230:2004 presents the following equations to

estimate the characteristic masonry compressive strength f :

f, =0.59af, +0.90(1 - a)f, (3-1)
Xy =4/0350°%2, +0.81(1—0r)’ x2 (3-2)
f! =f_-1.65x (3-3)

where o represents the fraction of the gross cross-sectional area occupied by the masonry
unit. In these equations, the terms f,, fy and f;,, represent the mean strength of CMU, grout
and masonry respectively. Finally, xq,, X and xp, represent the standard deviation of strength

of CMU, grout and masonry respectively.
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Chapter 4

Wall Strength Prediction

4.1 Flexural Strength of Perforated Walls

Prior to testing, the flexural strengths of the masonry walls were evaluated using the bracing
capacity values (see Table 2.1) specified by NZS 4229:1999. Furthermore, two analytical
methods were also employed to evaluate the wall strengths: strut-and-tie model (Yanez et al.,
1991; Wu and Li, 2003) and plastic hinge model (Leiva et al., 1990; Davidson, 1996;
Elshafie et al., 2002).

4.1.1 NZS 4229:1999 Procedure

The procedure employed in NZS 4229:1999 for proportioning bracing capacity was described
in Section 2.4. The assumption was that the bracing capacity of a masonry wall having
penetrations and/or shrinkage control joints could be determined based on the geometry of
individual bracing panels, as demonstrated by the shaded areas shown in Figure 4.1, where
the bracing capacity geometry of each bracing panel is based upon the vertical dimension of
the smallest adjacent opening. The total bracing capacity is then assumed to be the sum of the
capacities provided by the individual bracing panels of the wall. The evaluated wall strengths
using the NZS 4229:1999 specified procedure are identified as F.oq4c in Table 4.1. From Table
4.1 it is clearly illustrated that the wall strength decreases as the depth of opening increases.
This is because taller bracing panels have less capacity than shorter bracing panels of the

same length.

4.1.2 Simple Strut-and-Tie Models

Due to the presence of openings in Walls 1 to 8, Equation 2-1 was deemed to be
inappropriate for evaluating the nominal flexural strength of these test specimens.
Consequently, two types of strut-and-tie models were employed to evaluate wall strengths.
The first type was a simplified strut-and-tie model, which assumed that all panels were

pinned at the bond beam centre and lateral force was applied to the bracing panels from the
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1

(a) Wall 1

(d) Wall 6 (e)Walls 7& 8

() Walls 9 & 10

Figure 4.1 Identification of bracing panels

centre of the bond beam. In addition, the effect of wall self-weights was not considered in this
simplified strut-and-tie model in order to ease the analysis process. The resultant strut-and-tie
analyses using this simplified procedure are diagrammatically shown in Figures 4.2 and 4.3
for the push and pull directions respectively, where the strut are components indicated by a
broader element thickness. It is also illustrated in Figure 4.2 that the introduction of extended
trimming reinforcement beneath the window in Walls 4 and 5 would result in an increase in
wall strength when compared to that predicted for Wall 2. This was due to a change of slope
of the strut components in the right hand side panels of Walls 4 and 5. Similarly, the effect of
extended trimming reinforcement in the pull direction can be observed by comparing the
geometries of the left-most diagonal struts in Walls 4 and 8 with those predicted for Walls 2
and 7. The evaluated lateral wall strengths using the simplified strut-and-tie analysis is
identified as F, s in Table 4.1.

For Walls 9 and 10, regardless of the detailing of bond beam horizontal reinforcement, the

wall flexural strengths were evaluated (according to the simplified strut-and-tie model) as the
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sum of strength provided by the individual 1.8 m long cantilever piers. The predicted lateral

wall strengths for these two walls are presented in Figures 4.2 and 4.3 for the push and pull

directions respectively.
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Figure 4.2 Simplified strut-and-tie models in push direction (forces in kN).
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Figure 4.3 Simplified strut-and-tie models in pull direction (forces in kN).
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4.1.3 Improved Strut-and-Tie Models

A second set of strut-and-tie models considered lateral force that was applied as a single point
load at the centre of the wall top. These models are referred to here as “improved” to clearly
delineate them from the “simple” models previously discussed. The lateral force was then
transferred from the wall top to the bond beam centre through a triangular truss, which was
subsequently applied to the bracing panels. Unlike the simplified models presented in
Figures 4.2 and 4.3, the wall self-weight of 1.6 kN/m” was considered to act along the bond
beam centre in the second strut-and-tie model. The resultant strut-and-tie analyses using the
above mentioned procedure are diagrammatically shown in Figures 4.4 and 4.5 for the push
and pull directions respectively, where the strut components are indicated by a broader
element thickness. Similar to the simplified strut-and-tie analysis procedure discussed earlier,
increase in predicted strengths are illustrated in Figures 4.4 and 4.5 when extended trimming
reinforcement are included in walls having the same dimensions and identical penetration
geometries. By comparing the strut-and-tie analyses presented in Figures 4.2-4.5, it is clearly
shown that the addition of wall self-weight in the strut-and-tie analysis resulted in predicted
strength increases of 4% to 10% for the 2.6 m long perforated concrete masonry included in
this study. For the 4.2 m long masonry walls with two openings, the inclusion of wall self-
weight and double bending of the central pier (see Figures 4.4 and 4.5) resulted in significant
increase in the predicted strengths by 23% to 52% when compared to those predicted using
the simplified strut-and-tie models. The predicted lateral wall strengths using the strut-and-tie
models illustrated in Figures 4.4 and 4.5 are identified as F, s in Table 4.1.

For Wall 9 that had a control joint constructed in accordance with the NZS 4229:1999
specification, the strut-and-tie models presented in Figures 4.4 and 4.5 show that the double
bending at bond beam centre was capable of generating some strength and led to the yielding
of both D12 reinforcing bars positioned adjacent to the control joint. Consequently, the lateral
strength of Wall 9 evaluated using the improved strut-and-tie model was about 32% higher
than that predicted using the simplified strut-and-tie method. For Wall 10, the strength
predicted using the model presented in Figure 4.4 was similar to that predicted using the
simplified strut-and-tie model. Predicted strengths of similar magnitude were generated for
this wall because both models considered the 10 mm control joint sufficient to prevent the

proper transfer of shear across the bond beams.
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Figure 4.4 Strut-and-tie models in push direction (forces in kN).
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Figure 4.5 Strut-and-tie models in pull direction (forces in kN).
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4.1.4 Full Plastic Collapse Analysis

The method used here was to assume that a flexural collapse mechanism could form and then
calculate the lateral force required to cause this collapse. A number of collapse mechanisms
are possible, with that which required the least work being the most likely. Similar to the
procedure employed by Davidson (1998), the walls were treated as frames comprising of
vertical piers in order to develop the plastic bending moment diagrams shown in Figures 4.6
and 4.7. The pier and lintel strengths evaluated according to the procedures presented in
Appendix D were established to be 30.7 kNm and 17.5 kNm respectively. By conducting a
push-over or plastic collapse analysis, it was found that the flexural strength at the base of
each pier was developed, but that the moments at the top of the piers were mostly, but not
completely governed by the pier strength. These strength critical member joint interfaces are

identified by the thickened lines shown in Figures 4.6 and 4.7.

An illustration of the wall strength calculation is presented here for Wall 2. For the wall
pushed to the right (away from the strong wall) as shown in Figure 4.6, the critical member
height of the left pier was that of the window opening (1.2 m) and the height of the right pier

was that of the door opening (2.0 m). Hence, the base shears of the two piers were as follows:

The left pier (30.7 +30.7)/1.2=51.2 kN
The right pier (28.1 +30.7)/2.0=29.4 kN
Sum = 80.6 kN

Hence, the predicted strength in the push direction was 80.6 kN. However, this lateral
strength was calculated neglecting the influence of axial force in each pier. The shear force in
the lintel, resulted from the rotational moment, gave rise to axial forces in the outer piers.
These shear forces were calculated based upon the slope of the lintel bending moments
shown in Figure 4.6 and assuming that these shears acted through the centreline of the piers.
Therefore, the axial force in each pier was established to be (42.2 + 36.8)/1.6 = 49.4 kN. This
axial force in turn increased or decreased the moment capacity of the two piers by
approximately 49.4 x 0.5 = 24.7 kNm (please note that the 0.5 m was the approximate length
of lever arm between the pier centre and masonry compression edge). For the mechanism
chosen and the wall displaced to the right, the increase or decrease in wall strength was

calculated as follow:
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The left pier -24.7/1.2 =-20.6 kN
The right pier 24.7/20=12.4kN

Consequently, this resulted in a reduction of approximately 8.2 kN. However, this value was
not considered in order to ease the analysis process. The evaluated wall strengths using the

plastic collapse analysis are identified as F, ¢ in Table 4.1.

103.6 kN 80.6 kN
— —
30.7 ‘ f ‘
: i
(a) Wall 1
94.4 kN
—
| | |
(c) Wall 3 (d) Wall 4

108.0 kN
—

30.7 30.7 J

s
=
=
s
=
=

(@) Wall 7 (h) Wall 8

Figure 4.6 Full plastic collapse analyses in push direction (moments in kNm).
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Figure 4.7 Full plastic analyses in pull direction (moments in kNm).

4.1.5 Modified Plastic Collapse Analysis

The second set of plastic collapse analyses treated the outer piers as isolated cantilever with a
height measured from the base of cantilever to the centre of bond beam. As shown in Figures
4.8 and 4.9, this modified analysis method only considered the double bending to occur in the
central pier of the 4.2 m long perforated masonry walls. The strength critical member joint
interfaces are identified by the thickened lines shown in Figures 4.8 and 4.9. Similar to the
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full plastic collapse analyses presented in Figures 4.6 and 4.7, the influence of axial force
(resulted from wall self weight and rotational moment in the lintel) was not considered in this
modified analysis method. The predicted lateral wall strength using this modified analysis

methods are identified as F, gr in Table 4.1.

An illustration of the wall strength calculation is presented here for Wall 6. For the wall
pushed to the right (away from the strong wall) as shown in Figure 4.6, the critical member
height of the left and central piers were from the bond beam centre to the underside of the
window (1.4 m) and the height of the right pier was taken from the bond beam centre to the

foundation face (2.2 m). Hence, the base shears of the three piers were as follows:

The left pier 30.7/1.4=21.9 kN
The central pier (40.9 +30.7)/1.4 = 51.1 kN
The right pier 30.7/2.2=14.0kN

Sum = 87.0 kN

Hence, the predicted strength in the push direction was 87.0 kN. As anticipated, the F, g
values are significantly less than those evaluated according to F, ¢ This is primarily because
the outer piers were considered as isolated cantilever in the F, gz method, which resulted in
significantly less strength than if the piers were allowed to develop their full flexural strength
at both ends.

Similar to other analysis methods discussed earlier, increases in F,pr are evaluated when
extended trimming reinforcement is included in walls having the same dimensions and
identical penetration geometries. In addition, comparison of F,pr with the wall strength
predictions shown in Figures 4.2-4.5 indicated that the predicted F,gr values for the 2.6 m
long perforated concrete masonry walls were identical to those predicted according to the
simplified strut-and-tie models (i.e. F, ). For the 4.2 m long concrete masonry walls with two
openings, the inclusion of double bending of the central pier resulted in F, gr values that were
about 33% to 58% more than those predicted according to F, . Despite the significantly
simplified approach adopted by the modified plastic collapse analysis, the wall strengths
predicted according to F, rr approximately matched those of the F, sr, with Fy rr/Fy st ranges

from 0.91 to 1.09 for the perforated concrete masonry walls included in this study.
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Figure 4.8 Modified plastic collapse analysis in push direction (moments in kNm).
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Figure 4.9 Modified plastic collapse analysis in pull direction (moments in kNm).

4.2  Flexural strength of wall without opening

For the purpose of strength comparison presented in Chapter 6, the flexural strengths of

Walls 1-8 were re-evaluated to provide lateral strengths for the corresponding solid built

walls (i.e. no opening). Figure 4.10 presents illustration of the strut-and-tie models for one of

the 2.6 m and 4.2 m long walls. In both cases, wall density of 1.6 kN/m” was considered. The
evaluated wall strengths using the discussed method are identified in Table 4.1 as F;, no-op-
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(b) Strut-and-tie models (forces in kN)

Figure 4.10 Strut-and-tie models for masonry walls without opening.

4.3  Masonry Shear Strength

Table 4.1 also includes the nominal shear strength values, V,, calculated using Equations 4-1
and 4-2 provided by NZS 4230:2004, where vy, is equal to 0.2,/1? . Equation 4-2 is a shear
expression recently adopted by the New Zealand masonry design standard, NZS 4230:2004,
which takes into account the beneficial influence of the dowel action of tension longitudinal

reinforcement and the influence of wall aspect ratio on vy,. These conditions are represented
by the C; and C, terms. As shown in Equation 4-2, for masonry walls that have aspect ratios
of he/fy, < 1.0 and/or p,, greater than 0.07%, vym may be amplified by the C; and C, terms to
give V.

Vi = Vmbyd (4-1)
and

Vm = (Cl + CZ)me (4'2)
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( ) w \/
1 w 300 w

(b) for walls:
(i) forh/4,<0.25 C,=1.5;
(i) for0.25<hg/ty< 1.0, C,=0.42[4-1.75(h /¢, )];

(iii) for he/fy > 1.0, C,=1.0.

For masonry walls there is frequently some difficulty in determining the effective section
area, byd, to be used in Equation 4-1. NZS 4230:2004 recommends the use of guidelines
illustrated in Figure 4.11. For partially grouted walls the effective section width for shear will
be the net thickness of the face-shells. This limitation is necessary to satisfy requirements of
continuity of shear flow and to avoid the possibility of vertical shear failure up a continuous

ungrouted flue. For concrete masonry units with ungrouted flues, typically by, = 60 mm.

(a) In-plane shear, fully grouted wall (b) In-plane shear, partially grouted wall
b=t d=081_,b,=t-b,

Figure 4.11 Effective areas for shear.

44  Predicted Strength Summary

The predicted wall strengths described in sections 4.1-4.3 are summarised in Table 4.1.
Although the masonry shear strengths were higher than the predicted flexural strengths, it
was anticipated that all walls would fail in diagonal tension due to partial grouting and the

lack of distributed horizontal shear reinforcement. This was preferable to the hinge-sliding
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Table 4.1 Prediction of wall strengths, based upon measured material properties

Strength Prediction

Wall | Fost Fast Fog | Fonoop | Feode | Vn
1 16.2 46.4 103.6 447 773 | 51.8 | 81.0
9. 129 384 80.6 359 770 | 373 | 69.1
3 14.4 30.8 61.4 27.9 77.1 (243 | 73.0
4 16.5 | 44.7 94 4 40.9 F13 | 373 78.1
5 18.9 44.7 (push) | 94.4 (push) | 40.9 (push) | 77.5 | 37.3 | 83.5
38.4 (pull) | 80.6 (pull) | 35.9 (pull)
6 | 165 58.0 1292 87.0 191.4 | 559 | 117.2
7 18.0 50.0 108.0 (push) | 66.5 (push) | 191.6 | 49.4 | 1224
110.5 (pull) | 79.1 (pull)
8 18.0 | 50.0 (push) 1 s 108.0 (push) | 66.5 (push) | 191.6 | 49.4 | 122.4
55.0 (pull) zmw % wi 119.9 (pull) | 81.7 (pull)
9 23.8 105.8 --- --- - 49.8 | 169.0
10 | 23.8 82.1 --- - --- 49.8 | 169.0
Units | MPa kN kN kN kN kN kN kN
Note:

i

6.

F« is the nominal wall strength predicted according to the simplified strut-and-tie model discussed in
section 4.1.2.

Fosr is the nominal wall strength predicted according to the improved strut-and-tie model discussed in
section 4.1.3.

Fus is the nominal wall strength predicted according to the full plastic collapse analysis discussed in
section 4.1.4.

Forr is the nominal wall strength predicted according to the modified plastic collapse analysis discussed
in section 4.1.5.

Funo-op 18 the nominal wall strength predicted for the corresponding solid built walls discussed in section
42.

Fode 18 the code specified wall nominal strength.

mode, where lateral force was resisted only by dowel action of the vertical reinforcement

once a crack opened up along the entire length of the wall/foundation interface (Priestley,

1976). While four procedures were used to evaluate the wall predicted strengths, only values

within the shaded columns in Table 4.1 were chosen as the assumed nominal lateral wall

strengths on the day of testing (see Appendices A and B). For the 2.6 m long perforated

masonry walls and the walls with control joint, the F, i values were used instead of the F, st

since F, 4 had the advantage of being easier to evaluate and they were only 2% to 10% less
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than F, g1. In addition, it was expected that a full plastic mechanism would not develop in the
nominally reinforced perforated masonry walls. Davidson (1998) successfully observed from
his study that the response of individual piers was effectively independent, therefore
supporting the assumption of pin formation in the outer piers at the bond beam centre. For the
masonry walls with double openings, F, st was used as the predicted flexural strengths for the
4.2 m long walls. It was expected that double bending of the central pier would significantly
increase the lateral strength of the 4.2 m long walls. The F, & and F, gz values are useful when
compared to the experimentally measured wall strengths presented in Chapters 5 and 6.
Although the wall strengths predicted according to the modified plastic collapse analysis
were successfully shown to closely match those predicted using the strut-and-tie models, only
values predicted using the strut-and-tie methods were used as the assumed nominal wall
strengths (on the day of testing) because they had the advantage of providing a comparison
between the cracking patterns on the tested walls and the load paths by which the shear forces
were shown to transfer to the foundation in the strut mechanisms. However, on any other
occasions, it is deemed appropriate to employ the modified plastic collapse analysis as an
alternative to strut-and-tie method when analysing the lateral strength capacities of partially
grout-filled perforated concrete masonry walls that were constructed according to
NZS 4229:1999 specifications.

4.5  Testing Procedure

The testing procedure adopted was that described by Park (1989), which for more than a
decade has been the standard test procedure used in New Zealand to establish available
ductility capacity in a manner consistent with New Zealand design standards. The advantage
of this method is that the test can proceed without prior knowledge of the actual strength and
ductility capacity of the test specimen. Also, Liddell et al. (2000) have found, when testing
reinforced concrete beams, that this loading history results in less damage than when using
alternative loading histories considering a larger number of cycles at each displacement
interval. In addition, Liddell et al. determined that the New Zealand loading history resulted
in hysteretic response most similar to that obtained for structures that were subjected to cyclic
loading corresponding to earthquake records. The steps in Park’s procedure are:

1. Calculate the nominal lateral force (F,) required to develop the wall flexural strength.

2. Apply a lateral force equal to % of F, in one direction and record displacement of the

wall A,.
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. Unload the wall and repeat step (2) in the reverse direction to obtain A,. Extrapolate

straight lines from the origin of the force/displacement plot through the points (% F,, A,)
and (-% F,, Ay) and find their intersection with the nominal lateral force. This step is
illustrated in Figure 4.12. The yield displacement is A, as shown in the figure. The

displacement A at a ductility value of W is defined as pxA,.

. Apply lateral force slowly in a sequence so that the top of the wall is displaced to the

ductility levels shown in Figure 4.13.

Fo b ----
First yielding |
or0.75 F, .
Q
=4
o
(=4
DISPLACEMENT
Ay Aw i~
AytAp
Ay= 5
First yielding
1l or0.75 F,
- _7 F“

Figure 4.12 Definition of yield displacement.

%.: ;_—v AVY\yA A -A- A Displac:ent Cycles
230V v V

Displacement Ductility Level pu

Figure 4.13 Imposed displacement history in terms of ductility.

43



Strength Prediction

In New Zealand a practice has evolved over time whereby the available displacement
ductility, [ay, of a structural element may be established from laboratory testing. The method
has been reported by Park (1989), and is based on the notion that performance is satisfactory
if a tested element can sustain four complete (bi-directional) loading cycles to L.y, with less
than 20% loss in peak strength. However, as [1,, is unknown prior to the test, it is assumed

that t,, may adequately be determined from the expression:

, =2 (43)

where |;| is the absolute magnitude of each ductility semi-cycle during the loading history.

As an illustration, two complete cycles in both directions to |1 = 2 results in 3 |.u| =8and a
further two complete cycles to u = 4 results in 3] }.Li| = 24. Finally, it is noted that
NZS 4203:1992 stipulates p < 4 for reinforced concrete masonry, such that accurate

determination of ductility capacity above this level was of little relevance.

4.6 Miscellaneous

Precondition

Prior to initiation of the loading procedure, each test wall was inspected for any pre-test
cracking or damage in order to avoid confusion with damage attributed to the applied

loading.

Crack marking

During testing, visual observations were carefully noted along with key force and
displacement readings at the extreme of each load excursion. Cracks due to applied loading in
the push directions were marked in red and cracks due to pull excursions were marked in
black. Also, photos were taken of any significant structural event during testing. In reporting,
the term “compression toe” was used to describe the end of the wall by the base in
compression due to flexural action, and the term “heel” described the opposite end of the wall
that was experiencing decompression/uplift. The position of “compression toe” and “heel”
depended on loading direction; the two terms reversed in position when the loading direction

was reversed.
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4.7 Data Reduction

It was determined that the wall displacement consisted of four components: rocking and
sliding deformation, flexural deformation, and shear deformation. As described earlier in
section 3.5, instrumentation was attached to the wall as shown in Figure 3.7 to allow the

deformation components to be isolated.

Rocking deformation:

The rocking (uplift) deformation was recorded by the two portal displacement transducers
placed at the two ends of the wall-foundation base interface. At a given wall state, the rocking
displacement component was calculated by extrapolating the rotation measured between the
wall ends. This is demonstrated in Figure 4.14. Hence, the rotation, 0, of the wall due to

rocking on its base was:

d,—-d,
s | S 4-4
W=y o S
14 Y
v | |
he
s bs
i ] MK
dr]é i’er

Figure 4.14 Rocking displacement.

where d;; and d, are the deformations measured by the portal displacement transducer, noting
that elongation is represented by positive displacement, and /_ is the distance between the
wall end and the transducer. Therefore, the resulting rocking displacement recorded was

evaluated as:
U, =6;h, (4-5)
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Flexural deformation

Instrumentation mounted on the wall allowed the calculation of flexural deformation.
Assuming that plane sections remain plane, the wall rotation, 0; at height (x;) above the base
could be evaluated by Equation 4-6.
d, —d
8' — bl b2 4—6
I (4-6)

where dy,; and dy, were the displacement measured by the pair of instruments shown in Figure
4.15. The resulting displacement uy,; at the top of the wall due to 8, could be evaluated as:

u, =6, (he N xi) (4-7)

and

U, =Z“h

Figure 4.15 Flexural displacement.

Shear deformation

The method used in this report for calculating the shear deformation component was based on
Hiraishi (1984) and Brammer (1995), with more detailed description provided in Appendix
C. The mentioned method utilised the measured relative displacements between points on the
wall face (transducers mounted diagonally on the wall, as shown in Figure 3.7) to evaluate

the shear component of deformation.
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All walls tested at the University of Auckland had numerous panel sections attached to the
wall face. The dimensions of each panel section were defined by the length, L, the height, h,
and the diagonal length, d (see Figure C.1 in Appendix C for clarification). The following

formula was used to calculate the shear deformation component (us) for each panel:

d(8d2 . Sdl ) h?
= ~ -8, 4-
5 2L 6(2du + h)(s\.l 8\',_) ( 8)

and

where &’s were the measured relative deformation within each panel section, and d, was the
distance between the two upper points of each panel section and the top of the wall. The sum
of us from one column of the panel section was necessary to evaluate Us. If more than one

column of panel sections were considered, then the results were averaged.

Sliding deformation

This component was used to measure slip between the wall and the base. Sliding may become
significant when 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. All walls
reported here were built on a purposely roughened concrete surface in order to reduce the

magnitude of sliding.
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Chapter 5

Experimental Results

This chapter summarizes the behaviour of the ten walls tested in Series A and B. For detailed
descriptions of the experimental results, please refer to Appendices A and B. This chapter
reports the overall force-displacement response of the ten tests and the maximum strength
developed in each test specimen. The nominal strengths shown on the force-displacement (F-
D) curves are without a strength reduction factor (i.e. ¢ = 1.0). This report defines loading in

the push direction as positive and loading in the pull direction as negative.

51 Walll

The measured force-displacement curve for Wall 1 is presented in Figure 5.1, depicting the
lateral displacement at the top of the wall as a function of the applied lateral shear force. The
maximum push direction strength of 50.2 kN was measured during the first push cycle to
displacement ductility six, and the maximum pull direction strength of -49.0 kN was
measured during the first pull cycle to displacement ductility four. The average yield
displacement (Ay) for this partially grouted wall was evaluated to be 0.82 mm. The test wall
was defined as failing during the first pull cycle to displacement ductility 10, giving it a

ductility capacity of pay > 6.0.

Due to the lack of distributed horizontal shear reinforcement and the fact that the wall was
partially grout-filled, the test wall was observed to fail in a diagonal tension mode. This type
of failure is characterised by the development of early horizontal flexural cracking, which is
later exaggerated by diagonal cracking that extends throughout the wall panel. It was
observed during experimental testing that the (diagonal) cracking patterns of this wall aligned
well with the load paths by which shear force was transferred to the foundation in the strut
mechanism. The cracking pattern for this wall is depicted in Figure 5.2, with the shaded areas

indicating masonry crushing.
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The nominal lateral wall strength derived using the strut-and-tie analysis, along with the
strength value derived from NZS 4229:1999 (denoted NZS-4229) are included in Figure 5.1.
Also shown in this plot is the theoretical failure point, corresponding to the cycle in which the
peak strength failed to exceed 80% of the maximum previously attained strength. From
Figure 5.1, it was observed that Wall 1 did not achieve the bracing capacity prescribed by
NZS 4229:1999. NZS 4229:1999 over-predicted the lateral strength of this perforated wall by
about 3.3% and 5.4% in the respective push and pull directions. Consequently, this test result
indicates that the existing standard may be non-conservative in its treatment of walls
containing small opening. Furthermore, Figure 5.1 shows that the experimentally measured

wall strength was at least 5% higher than the predicted F, sr.

As shown in Figure 5.1, Wall 1 exhibited gradual strength degradation despite significant
stiffness degradation. This desirable behaviour of the nominally reinforced partially grout-
filled concrete masonry wall with opening was created by the solid filled bond beam on top
of the piers, which caused frame-type action at latter stage of testing. This notion was
supported by the absence of significant structural damage in the bond beam. Furthermore, the
force-displacement plot in Figure 5.1 consistently illustrated a pinched shape. This was
primarily due to the presence of significant shear deformation in this type of masonry
construction (see section A.1.4). It was also observed that less hysteretic energy was
expended during the second cycle to any displacement level, when compared with the first
displacement cycle. This is illustrated in Figure 5.1 by the more pinched hysteresis loops of

the second cycle.
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Experimental Results
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Figure 5.1 Force-displacement history for Wall 1.
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Figure 5.2 Wall 1 cracking pattern at end of testing.
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52 Wall2

The measured force-displacement curve for Wall 2 is presented in Figure 5.3, depicting the
lateral displacement at the top of the wall as a function of the applied lateral force. The
maximum push and pull direction strengths of 41.2 kN and -38.7 kN were measured during
the first cycle to displacement ductility 4. Despite the presence of wide open diagonal cracks,
the wall exhibited a gradual and fairly symmetrical strength degradation in both directions of
loading. Consequently, it was possible to classify Wall 2 as having a diagonal tension failure
mode. The desirable behaviour of this nominally reinforced partially grout-filled concrete
masonry wall with window opening was created by the solid filled bond beam that caused

frame-type action at latter stage of testing.

As shown in Figure 5.3, it was established that the maximum strength developed by Wall 2
was at least 4% higher (pull direction) than the bracing capacity prescribed by
NZS 4229:1999, therefore suggesting that the conservatism of NZS 4229:1999 increases as
the depth of penetration increases (the window in this wall had a depth of 1200 mm as
compared to that of 800 mm in Wall 1). The wall nominal strength predicted according to

Fnst was about 4% less than the maximum strength achieved by the wall.

As shown in Figure 5.4, the diagonal cracking patterns of this wall aligned well with the load
paths by which shear force was transferred to the foundation in the strut mecha