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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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Introduction

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

.

1



Introduction

(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.la shows

the reinforcement detailing for the test conducted by Davidson (1996). The resultant strut-and-tie

analysis is shown in Figure 1.lb, with struts indicated by a broader element thickness. The

resultant bracing panels based on the geometry of the diagonal struts of Figure 1.1 b is shown in

Figure 1.1 c. 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 1.1 d 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 1.1 e. 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 1.1 f), the geometry of the struts is further

changed, and an alternative bracing panel distribution is developed as shown in Figure 1.1 g.

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 1.1 a. However, before such actions are taken it was deemed

a
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Introduction

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.

r i r r I rl--1 TI
2-D 16 + -
R6 stps @ 600 c/c 1 IF-- 11».== 

6-D 12 -|

@ 800 c/c

D 12 Starter

\1 1

bl 4

T l 600 i11 1
1 1

4200

......

1 1

1-D12

under window

(a) Wall reinforcement detail

3%3 2% EE
23 *1*

"'lillilltlm

(b) Strut-and-tie model of wall with lintel reinforcement (c) Bracing panels of Figure (b)

\\ . a
(d) Strut-and-tie model of wall without lintel reinforcement (e) Bracing panels of Figure (d)

lilli 1111
14 lillit ,

7
(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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Introduction

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 issue was to investigate the influence which shrinkage control joints has 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.

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.

4
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Literature Review

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.

2.2 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 ofnominally 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 kl = 4.

Following this, cracking became significant and strength degraded.

2. 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.

3. None of the tests exhibited a sudden failure, as is typical for conventional shear

failure. Instead, strength degraded in a gradual manner.

4. 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.

5. 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 ofpartially 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 1.1 a), 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 fy = 275 MPa.

100

80 -
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20 -

0

20 -

40 -

60 -

80 -

00

-35 -30 -25 -20 -15 15

Lateral Displacement (min)

Figure 2.3 Force-displacement history ofpartially 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

8
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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 1/3-

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

(i.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:

Mbc

-Mbt
1 ..v

-Mt
r===i1-

Compression Pier :  Tension Pier  Compression Pier   Tension Pier

Vt

Ovt
1ovt

M

8%--immiT<

rovt

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

1V

Compression Pier  Tension Pier

Mc_  \ Mt

povt L
(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;

c) 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 fy = 300 MPa and

C = 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 0 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



Literature Review

n

Wt +Asifyi n

31 L- ' +Asifyijdi
2 0.85*

7 (2-1)
H

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 2.4 2.8 3.2 3.6 4.4 5.2 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

1.4 245 420 650 930 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

2.4 155 260 410 585 800 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
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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

.
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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.

- 1550 x 75 Steel Channel- Horizontal Strut

7 /34 1 4,:11 till I- Steel Channel :1Lateral Support
Column - 1 1 1 1

I

U
Cast-in Bolt

1 1
1 1 1

1 1- 2400  | 
--140

_ Ill 1 1 1
1 1 1 1 1 1

1 1 1 1 1 1

r -1 ' 1 ill| 1| 1 11 1 1
Reinforced Concrete Footing

Side Elevation Elevation

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.

3.3 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

DRICONTM 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

,>< -21140mm 390mm /N_/<x.140mm
390mm /- -

<£ I 190mm

11 4

190mm

Knock-in bond beam Open end

190mm -- 39om,9/1<72mm/,/ 140mm

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
TM

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 D 16 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.

.

.

.

17



Test Programme

Lintel R6 str @ 100mm c/c Lintel R6 str @ lOOmm c/c
D 16 Bond BeamD!6 Bond Beam

 · -R& str@ 600mm ./cIt h .11'11"' I, 1 -:'r-Restr@60(knmcic1 1 1, 1 I - 4.24*01tqgr
11 011 11 11
11 2 11 1 1

1 1

24-1)  

.1 1

, 600 .| | 1 1
L,--D]6 1 1

11-7+7'r] 11 1470 1 1
1 1

1 1|||| fl| 1| 17D]2@800mme/c
1 1 A l 3 1 1

11

600
1 1

-1 1

1 1

1 -D16

] |  D12@ 800mm c/c
11 1 11,

1 1 1 11 1 1 1 1 11 1 11 1 1

2600  2600 1

Wall l Wall 2

Lintel RB str @ 100mm c/c Lintel R6 str @ 100mm c/c

- ,- D16 Bond Beam - D 16 Bond Beam

1l r R6 str @ 600mm c/c , , -R6 str @ 600mm c/cI I" **rt-'1.
lili 1 11

1 1 1 1
1 1 1 1

1 1 1 1
1 1

600

1 1
0

1 1 A ll
1 1 1 1

1 1 ill
1 1 11 1

1 1 111

Wall 3

1 11

.1

24)0 24)0 

4- Oil
21 1

1----016

- D12@800mm dc 
1 1. ; 1.1 1 ..1
  1 I Il I Illf-Dt2@800mmdc
11 1 11 1 11 1 1,

1 11 1 11 1 11
260( 2600

1 1 1 }

Wall 4

Lintel RB str @ 100mm dc Lintel R6 sir@ 100mm dc
D16 Bond Beam - - D16 Bond Beam

-R6 str @ 600mmUc :t- 1 li -1[ itili i 14 z 'i ci:* 0'i r Iii 17- R6 str @ 600!nm dcilit-F¥
1 1
11 11 1 111 1 1-1.i- i i 1 1 11 1 1

1 1 -600 1 1 1 1 £0_ 1 1 14.--2.- i i
11 Oil lie 1 11'Oil

24)0  2  24)0 1-Billi 81 1
1 1

1 1

1 1

11
I I - I)16 1 1

1 1 r 1 1
i i i i I r-D12@800mmuc ill

11111111 It 111
11 1

2600

| | Il  j,-*-D 16

f77+9 ' I ' ICT+711 1 1 1- 7 Dt2@ 800,nrn dc
Illilll,

lilli 1.1 Ill

4200 |
Wall 5 Wall 6

Lintel R6 str @ 100mm c/c Lintel R6 str @ 100mm c/c

016 Bond Beam - D16 Bond Beam

R6 str @ 600mm c/c

1 1
1 1 1 1

Wall 1

600 ||
11

Mil
1 1.

1 1 11 11 111 1 11

1 11-2-4 1 Ill £.. 1 11

24)0 1 Li M 'ill
-D16 24 )0 _L '_11] M ' I ' I 1 PP I ' I 

11 11 11112111
.Ill i., 1 Ill ' I IL

r-D12@800mmdc fl 1 11 1 111 1 11   ,-D!2@800=dc

111'll'llilll' lili 11 1 Iii 1 11 1 11 1 11 1 .1 1 1
4200 4200

Wan S

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 (i.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

-it- 0 1-

L Strain gauge 

- Portal leg

- Pin joint

1 6

Spider rod

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.

4

.
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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.
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Figure 3.7 Instrumentation for test wall.

41!D I

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 (4 ), compressive strength of mortar ( fj') and grout (G) used in wall

construction, and the yield strength (fy) 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.

e

1

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, C . It is noted that fl

for concrete masonry walls constructed of regular materials, found by prism testing at the

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

NZS 4230:2004 for Type B Observation masonry.
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L

Figure 3.11 Masonry prisms grouting.

6...ill

Figure 3.12 Masonry prism subjected to compression test.

4

k
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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 :

fm - 0.590ib + 0.90(1 - 00fg (3-1)

Xm - 0.35064 +0.81(1-002€ (3-2)

C =fm -1.65xm (3-3)

where a represents the fraction of the gross cross-sectional area occupied by the masonry

unit. In these equations, the terms fet» fg and fm represent the mean strength of CMU, grout

and masonry respectively. Finally, xcb, xg and x represent the standard deviation of strength

of CMU, grout and masonry respectively.

.

.
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Chapter 4

Frall 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 Fcode 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

.

6

.
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(b) Walls 2,4&5 (c) Wall 3

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

%
(f) 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 Fn,st 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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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/m2 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 Fn,ST 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 D 12 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.

4
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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 In). 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 leI

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 24.7/2.0 = 12.4 kN

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 Fn.fr in Table 4.1.
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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 Fn,FR 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 = 14.0 kN

Sum = 87.0 kN

Hence, the predicted strength in the push direction was 87.0 kN. As anticipated, the Fn,Fit

values are significantly less than those evaluated according to Fn,r. This is primarily because

the outer piers were considered as isolated cantilever in the Fn,FR 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 Fn,FR are evaluated when

extended trimming reinforcement is included in walls having the same dimensions and

identical penetration geometries. In addition, comparison of Fn,FR with the wall strength

predictions shown in Figures 4.2-4.5 indicated that the predicted Fn,FR 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. Fn,st)· For the 4.2 m long concrete masonry walls with two

openings, the inclusion of double bending of the central pier resulted in Fn,FR values that were

about 33% to 58% more than those predicted according to Fn,st- Despite the significantly

simplified approach adopted by the modified plastic collapse analysis, the wall strengths

predicted according to Fn,FIt approximately matched those of the Fn,ST, with Fn,FR/Fn,ST ranges

from 0.91 to 1.09 for the perforated concrete masonry walls included in this study.
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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/m2 was considered. The

evaluated wall strengths using the discussed method are identified in Table 4.1 as Fn,no-op.
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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, Vn, calculated using Equations 4-1

and 4-2 provided by NZS 4230:2004, where vbm is equal to 0.275. 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 vm. These conditions are represented

by the Cl and C2 terms. As shown in Equation 4-2, for masonry walls that have aspect ratios

of he/4 < 1.0 and/or Pw greater than 0.07%, vm may be amplified by the Cl and C2 terms to

give Vm·

Vn = vmbwd (4-1)

and

Vm - (Cl + C2)Vbm (4-2)

.

.
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where

f

(a) Ci =33p , where Pw = Ajbwd
" 300

(b) for walls:

(i) for he/4 < 0.25, (2 - 1.5;

(ii) for 0.25 She/41 1.0, (2 =0·42[4-1.75(he/ew 4

(iii) for he/fw > 1.0, (22 = 1.0.

For masonry walls there is frequently some difficulty in determining the effective section

area, bwd, 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 bw = 60 mm.

l
W

 d = 0.8 2  d = 0.8 4

trofw 0

(a) In-plane shear, fully grouted wall
b.= 4

(b) In-plane shear, partially grouted wall
d= 0.8 1-,b=t-4

Figure 4.11 Effective areas for shear.

4.4 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

Wall f' Fn,st Fn,sT Fn,fr Fn,FR Fn,no-op Fcode Vnm

1 16.2 F*A#3*4% 46.4 103.6 44.7 77.3 51.8 81.0

2 12.9 3*45**** 38.4 80.6 35.9 77.0 37.3 69.1
R*33:2§§%8*E%**Si

3 14.4 ****1*1% 30.8 61.4 27.9 77.1 24.3 73.0

4 16.5 %44**444 44.7 94.4 40.9 77.3 37.3 78.1

5 18.9 1*****i 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 16.5 58.0 21%**liIl 129.2 87.0 191.4 55.9 117.2

7 18.0 50.0 124£*·** 108.0 (push) 66.5 (push) 191.6 49.4 122.4

f¢**f**3 110.5 (pull) 79.1 (pull)

8 18.0 50.0 (push) 1***@Rf 108.0 (push) 66.5 (push) 191.6 49.4 122.4

55.0 (pull) %*€**3 119.9 (pull) 81.7 (pull)

9 23.8.***0*32 105.8 --- --- --- 49.8 169.0
, ...1. 1

10 23.8*93*#**ff 82.1 --- --_%*31@*8*:... *.60§82%@ZE= 49.8 169.0
}21.....:*:..-3-F mMWAY 2'.

Units MPa kN kN kN kN kN kN kN

Note:

1. Fo,st is the nominal wall strength predicted according to the simplified strut-and-tie model discussed in

section 4.1.2.

2. Fn,sr is the nominal wall strength predicted according to the improved strut-and-tie model discussed in

section 4.1.3.

3. Fe is the nominal wall strength predicted according to the full plastic collapse analysis discussed in

section 4.1.4.

4. Fn,FR is the nominal wall strength predicted according to the modified plastic collapse analysis discussed

in section 4.1.5.

5. Fizno-op is the nominal wall strength predicted for the corresponding solid built walls discussed in section

4.2.

6. Fcode is 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 walFfoundation 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 Fn,st values were used instead of the Fn,sr

since Fn,st had the advantage of being easier to evaluate and they were only 2% to 10% less

.

.

41



Strength Prediction

than Fn,ST· 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 Fnfr and Fn,FR 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 (FO required to develop the wall flexural strength.

2. Apply a lateral force equal to 34 of Fn in one direction and record displacement of the

wall la·
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3. Unload the wall and repeat step (2) in the reverse direction to obtain Ab· Extrapolate

straight lines from the origin of the force/displacement plot through the points (3/4 Fn, Aa)

and 0-44 Fn, Ab) and find their intersection with the nominal lateral force. This step is

illustrated in Figure 4.12. The yield displacement is Ay as shown in the figure. The

displacement & at a ductility value of 11 is defined as p.*Ay.

4. 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.

Fn -- --- J- ---

First yielding

or 0.75 F. 4

A.

1,2 Ab

I)MO.I

Ayl

DISPLACEMENT

Ayl+Ayl

Ay= 2

First yielding
or 0.75 Fn

Fn
1

Figure 4.12 Definition of yield displacement.

A

14 -- --------

12

102441-4-1 -t-8

6

4

2 Displacement Cycles

1 »
L -11

- 99

-8 -

-10 - -

-12 -

-14 - -

Figure 4.13 Imposed displacement history in terms of ductility.
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In New Zealand a practice has evolved over time whereby the available displacement

ductility, Pav, 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 [tav, with less

than 20% loss in peak strength. However, as [lav is unknown prior to the test, it is assumed

that ktav may adequately be determined from the expression:

I ILL A
klav - (4-3)

8

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

As an illustration, two complete cycles in both directions to 11 = 2 results in XI p,il = 8 and a

further two complete cycles to B = 4 results in Il Ftil = 24. Finally, it is noted that

NZS 4203: 1992 stipulates p 54 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, Gr of the wall due to

rocking on its base was:

e
d rl - dr2

w + 2f s
(4-4)

U

f Tr-W

he

4 4
Y

r

, drl 1 ? d!2

Figure 4.14 Rocking displacement.

where dri and *2 are the deformations measured by the portal displacement transducer, noting

that elongation is represented by positive displacement, and f s is the distance between the

wall end and the transducer. Therefore, the resulting rocking displacement recorded was

evaluated as:

Ur = Grhe (4-5)

.

4

.
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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, Oi at height (xi) above the base

could be evaluated by Equation 4-6.

0 = db1 - db2 (4-6)
L

where d1 and db2 were the displacement measured by the pair of instruments shown in Figure

4.15. The resulting displacement ui at the top of the wall due to 0i could be evaluated as:

11 bi = Gi (he -xi) (4-7)

and

b = Iub

d
b 1 29------------

X

he

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.

.

46



Strength Prediction

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:

u - d*
S

d2

2L

6
dl,

hi

- 6(2du + h) (6 V 1
-6v2) (4-8)

and

Us = Ius

where 6 's were the measured relative deformation within each panel section, and du 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.

5.1 Wall 1

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 gav > 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 Fn,ST·

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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5.2 Wall 2

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 o f 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

Fn,sT 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 mechanism. This

observation supports the use of strut-and-tie analysis as the tool to evaluate the strength of

walls with reinforcement details complying with the specifications ofNZS 4229:1999.

Similar to Figure 5.1, the force-displacement plot in Figure 5.3 consistently illustrated a

pinched shape. This was primarily due to the presence of significant shear deformation in this

type of masonry construction. 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 shown by the more pinched hysteresis loops of the second cycle.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 0.57

mm. The test wall was defined as failing during the second push cycle to displacement

ductility 10, giving it a ductility capacity of [tav > 6.0.

.
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5.3 Wall 3

The measured force-displacement curve for Wall 3 is presented in Figure 5.5, 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 33.3 kN and -34.4 kN were measured during

the first cycle to displacement ductility 4. This wall was classified as failing in a diagonal

tension mode. This failure mode was characterised by the gradual and fairly symmetrical

degradation of strength in both direction of loading and the presence of widely open diagonal

cracks on both piers. The desirable behaviour of this nominally reinforced partially grout-

filled concrete masonry wall was created by the solid filled bond beam on top of the piers,

which caused a frame-type action at latter stage of testing.

As shown in Figure 5.5, it was established that the maximum strength achieved by Wall 3

was at least 37% higher than the bracing capacity prescribed by NZS 4229:1999, therefore

further suggesting that the conservatism of NZS 4229:1999 increases as the depth of

penetration increases (this wall had an opening of 2000 mm deep, as compared to the depth

of window openings of 800 mm and 1200 mm in Walls 1 and 2 respectively). The maximum

strength recorded during experimental testing was about 10% higher than the nominal

strength predicted according to Fn,ST·

As shown in Figure 5.6, the diagonal cracking patterns on this wall aligned well with the load

paths by which shear force was transferred to the foundation in the strut mechanism. This

observation supports the use of strut-and-tie analysis as the tool to evaluate the strength of

walls with reinforcement details complying with the specifications ofNZS 4229:1999.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.07

mm. The test wall was defined as failing during the second pull cycle to displacement

ductility 8, giving it a ductility capacity of 11*v > 6.0.

.
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5.4 Wall 4

The measured force-displacement curve for Wall 4 is presented in Figure 5.7, 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 47.7 kN and -47.1 kN were measured during

the first cycle to displacement ductility 2 and 4 respectively. This wall was classified as

having a diagonal tension failure mode. This failure mode was characterised by the gradual

and fairly symmetrical degradation of strength in both direction of loading, despite the

presence of widely open diagonal cracks on both the left and right piers. The desirable

behaviour of this nominally reinforced partially grout-filled concrete masonry wall was

created by the solid filled bond beam at the top of the wall, which caused a frame-type action

at latter stage of testing.

As shown in Figure 5.7, it was established that the maximum strength achieved by Wall 4

was about 28% higher than the bracing capacity prescribed by NZS 4229:1999, therefore

suggesting that the conservatism of NZS 4229:1999 increases when the trimming

reinforcement is extended below an opening (as compare to the FmaxFco(le of 1.13 in Wall 2).

The wall nominal strength predicted according to Fn,sT was about 6% less than the maximum

strength achieved by the wall.

As shown in Figures 5.8, the diagonal cracking patterns on this wall aligned well with the

load paths by which shear force was transferred to the foundation in the strut mechanism.

Consequently, this observation further supports the use of strut-and-tie analysis as the tool to

evaluate the strength of perforated concrete masonry walls that are nominally reinforced and

of partially grout-filled construction.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.15

mm. The test wall was defined as failing during the first push cycle to displacement ductility

6, giving it a ductility capacity Blav of 4.5.

.
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5.5 Wall 5

The measured force-displacement curve for Wall 5 is presented in Figure 5.9, 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 52 kN and -50 kN were recorded during

experimental testing. Similar to Walls 1-4, Wall 5 was classified as failing in a diagonal

tension mode. The desirable behaviour of this perforated nominally reinforced partially grout-

filled concrete masonry wall was created by the solid filled bond beam at the top of the wall,

which caused a frame-type action at latter stage of testing. As shown in Figure 5.9, Wall 5

exhibited significant non-symmetrical force-displacement response due to the non-

symmetrical wall construction. This was correlated with the different geometry of crack

patterns that formed in the two directions of loading. In addition, inspection of the wall

condition at the end of testing strongly indicated that the wall cracking patterns aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. Consequently, this observation further supports the use of strut-and-tie analysis

as the tool to evaluate the strength of perforated partially grout-filled masonry walls that are

nominally reinforced. The wall cracking pattern at end of testing is presented in Figure 5.10.

As shown in Figure 5.9, the strut-and-tie analysis correctly established a stronger wall

strength in the push direction than that in the pull direction. This increased strength in the

push direction was expected due to presence of the extended trimming reinforcement in the

right side panel. It was established that the maximum strength achieved by Wall 5 was about

39% and 34% higher than the bracing capacity prescribed by NZS 4229:1999 in the

respective push and pull directions. The maximum strengths recorded during experimental

testing were about 16% and 35% higher than the predicted Fn,sT in the respective push and

pull directions.

The yield displacement (Ay) for this partially grouted wall was evaluated to be 0.84 mm and

0.66 mm in the respective push and pull directions. The test wall was defined as failing

during the second push cycle to displacement ductility 4, giving it a ductility capacity Mav of

.
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5.6 Wall 6

The measured force-displacement curve for Wall 6 is presented in Figure 5.11. The

maximum strengths of 94.3 kN and -94.6 kN were measured during the first cycle to

displacement ductility 2 and 4 in the respective push and pull cycles. Wall 6 was classified as

failing in a diagonal tension mode, characterised by gradual and fairly symmetrical strength

degradation in both directions of loading. This desirable behaviour was created by the solid

filled bond beam at the top of the wall, which caused a frame-type action at latter stage of

testing. Similar to other test results, the force-displacement plot in Figure 5.11 consistently

illustrated a pinched shape. The yield displacement (Ay) for this partially grouted wall was

evaluated to be 1.83 mm. The test wall was defined as failing during the second push cycle to

displacement ductility 4, giving it a ductility capacity gav of 2.0.

By comparing the strengths recorded for Walls 2,4 and 6, it was established that double

bending of the central pier significantly increased the lateral strength of Wall 6. It was

identified that the maximum strength developed by Wall 6 was at least double that recorded

for Walls 2 and 4. As shown in Figure 5.12, the diagonal cracking pattern on this wall aligned

well with the load paths by which shear force was transferred to the foundation in the strut

mechanism. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying with the specifications of

NZS 4229:1999. From Table 4.1, it was shown that failure of the simplified strut-and-tie

model (as indicated by symbol Fn,st) to account for the double bending of the central pier had

resulted in significant under-prediction of wall strength. Figure 5.11 illustrates that a

significantly improved strength prediction was attained when double bending of the central

pier was adequately considered in the Fn,ST and Fn,FR presented in Figures 4.4f and 4.8f,

resulted in Fmax/Fn,sT and FmaxFn,FR of about 1.18 and 1.08 respectively. Similarly, failure of

NZS 4229:1999 to account for the extra strength generated by the central pier resulted in

significant under-prediction of wall strength by the current standard. It was established that

the maximum strength achieved by Wall 6 was about 69% higher than the bracing capacity

prescribed by NZS 4229:1999, therefore suggesting that NZS 4229:1999 is additionally

conservative for walls that have inner piers that undergo double bending. The wall maximum

strength recorded during testing was about 27% less than that predicted from a full plastic

collapse analysis (Fn,fr), therefore supporting the assumption of pins forming at bond beam

centre of the outer piers.

.
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5.7 Wall 7

The measured force-displacement curve for Wall 7 is presented in Figure 5.13, 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 82.8 kN and -82.5 kN were measured during

the first cycle to displacement ductility 4. Despite the presence of widely open diagonal

cracks, the wall exhibited a gradual and fairly symmetrical strength degradation in both

loading directions. Consequently, it was possible to classify Wall 7 as having a diagonal

tension failure mode. This desirable behaviour of the nominally reinforced partially grout-

filled concrete masonry wall with openings was created by the solid filled bond beam at the

top of the wall, which caused a frame-type action at latter stage of testing.

Similar to Wall 6, double bending of the central pier in Wall 7 resulted in a significantly

higher strength than previously reported for the walls with a single opening. The wall

cracking pattern shown in Figure 5.14 illustrated that diagonal cracks aligned well with the

load paths by which shear force was transferred to the foundation in the strut mechanism.

This observation supports the use of strut-and-tie analysis as the tool to evaluate the strength

of walls with reinforcement details complying with the specifications of NZS 4229:1999. As

shown in Figure 5.13, the values of Fn,st and NZS 4229:1999 failed to account for double

bending of the central pier and resulted in significant under-prediction of wall strength,

giving FmaxFn,st > 1.65 and Fmax/Fcode > 1.67. Consequently, the force-displacement curve

presented in Figure 5.13 indicates the conservatism of Fcode and Fn,st for masonry walls

containing a central pier that are allowed to form plastic hinges on both ends of the inner

piers. This is illustrated in the same figure, where a significantly improved strength prediction

was attained when double bending of the central pier was accounted for in the strut-and-tie

models presented in Figures 4.4g and 4.5g, resulted in FmaxFn,ST of 1.34 and 1.08 in the push

and pull directions respectively. Experimental result of Figure 5.13 illustrate that strength

prediction from the full plastic collapse analysis over-predicted the wall strength by about

38%.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.89

mm. The test wall was defined as failing during the first pull cycle to displacement ductility

6, giving it a ductility capacity Mav of 3.75.

.
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5.8 Wall 8

The force-displacement history of Wall 8 is shown in Figure 5.15. The maximum push and

pull direction strengths of 82.7 kN and -93.2 were measured during the first cycle to

displacement ductility 4. Despite the lack of distributed horizontal shear reinforcement and

the fact that the wall was partially grout-filled, the wall exhibited gradual strength

degradation in both loading directions. Consequently, it was possible to classify Wall 7 as

having a failure mode of diagonal tension. This type of failure was characterised by the

development of early horizontal flexural cracking, which was later exaggerated by diagonal

cracking that extended throughout the wall panels. The desirable behaviour of this perforated

masonry wall was created by the solid filled bond beam at the top of the wall, which caused a

frame-type action at latter stage of testing. This notion was supported by the absence of

significant structural damage in the bond beam. Similar to Walls 1 -7, the force-displacement

plot in Figure 5.15 consistently illustrates a pinched shape. This was primarily due to the

presence of significant shear deformation in this type of masonry construction. As shown in

Figure 5.15, the conservatism of NZS 4229:1999 was higher in the pull direction than in the

push direction. Higher strength in the pull direction was due to the presence of an extended

trimmer reinforcing bar on one side of the window opening. Consequently, the experimental

result of Wall 8 successfully illustrates that increased conservatism over NZS 4229:1999

bracing values will result when the length of trimmer reinforcement is extended below an

opening. Experimental results shown in Figure 5.15 illustrate that measured strengths in both

the push and pull directions closely matched those predicted from Fn,ST and Fn,FR.

It was illustrated in Figure 5.16 that the diagonal cracking patterns on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying with the specifications of

NZS 4229:1999. However, the recorded wall strengths were 34% and 17% higher than the

Fn,s·r predicted in the push and pull directions. Due to the non-symmetrical arrangement of

trimming reinforcement, the yield displacements (Ay) for this partially grouted wall were

evaluated to be 1.52 mm and 1.67 min in the push and pull directions respectively. However,

due to the slight difference of yield displacements for the two loading directions, an average

Ay of 1.60 mm was adopted as the yield displacement for the two loading directions for

.
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convenience. The test wall was defined as failing during the second push cycle to

displacement ductility 4, giving it a ductility capacity Mav of 2.0.
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5.9 Wall 9

The force-displacement history of Wall 9 is shown in Figure 5.17. The maximum push and

pull direction strengths of 125.3 kN and -114.6 kN were measured during the first cycle to

displacement ductility 14. The average yield displacement (Ay) for this partially grouted wall

was evaluated to be 1.07 mm. The test wall was defined as failing during the second push

cycle to displacement ductility 14, giving it a ductility capacity of ktav > 6.0.

As shown in Figure 5.17, the maximum strength achieved by Wall 9 was 43% higher than the

values of Fn,st obtained from the simple strut-and-tie model shown in Figure 4.2i. This higher

strength was due to the solid filled bond beam constructed on top of the control joint.

Consequently, the (un-debonded) continuous bond beam caused a frame-type action between

the two piers, therefore allowing partial shear transfer. This notion was supported by the

absence of significant structural damage in the bond beam. In addition, double bending of the

solid filled bond beam (above the control joint) allowed it to generate some strength and

subsequently led to yielding of the D12 reinforcing bar adjacent to the compression edge (as

shown by the Fn,ST model presented in Figure 4.4i). Furthermore, closing of the control joint

at the wall mid-height position at latter stage of testing permitted additional shear transfer

between the two piers. The maximum strengths recorded by the wall were 18% and 8%

higher than the predicted value of Fn,ST in the respective push and pullloading directions.

Despite the presence of widely 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 9 as having a diagonal tension failure mode. This type of failure was

characterised by the development of early horizontal flexural cracking on the pier tension

edges, which was later exaggerated by diagonal cracking that extended throughout the wall

panels. This desirable strength behaviour was created by the solid filled bond beam that was

constructed continuously (un-debonded) above the control joint, causing a frame-type action

at latter stage of testing. It is noted that no comment is implied on the ability of this bond

beam/shrinkage control joint detail to satisfactorily accommodate shrinkage strains.

Similar to Walls 1-8, the force-displacement plot in Figure 5.17 consistently illustrated a

pinched shape. This was primarily due to the presence of significant shear deformation (as

discussed in section B. 1.4) in this type of masonry construction. It was also observed that less

.
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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 of the second cycle.
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5.10 Wall 10

The force-displacement history of Wall 10 is shown in Figure 5.19, depicting the lateral

displacement at the top of the wall as a function of the applied lateral force. The nominal

strength Fn,st and the strength value derived from NZS 4229:1999 (denoted NZS-4229) are

included in this plot. 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.

The maximum push and pull direction strengths of 89.0 kN and -84.6 kN were measured

during the first cycle to displacement ductility 4. The average yield displacement (Ay) for this

partially grouted wall was evaluated to be 2.10 mm. The test wall was defined as failing

during the second push cycle to displacement ductility 6, giving it a ductility capacity [lav of

4.5. As shown in Figure 5.19, the maximum strength achieved by Wall 10 was about 10%

higher than the Fn,st predicted.

Despite the presence of widely open diagonal cracks, the wall exhibited gradual and fairly

symmetrical strength degradation in both directions of loading. Consequently, it was possible

to classify Wall 10 as having a diagonal tension failure mode. This type of failure was

characterised by the development of early horizontal flexural cracking on the pier tension

edges, which was later exaggerated by diagonal cracking that extended throughout the wall

panels.

Similar to the other walls previously reported, the force-displacement plot in Figure 5.19

consistently illustrated a pinched shape. This was primarily due to the presence of significant

shear deformation in this type of masonry construction. 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 by the more pinched hysteresis

loops of the second cycle.
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Chapter 6

Discussion of Test Results

6.1 Introduction

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. As shown in Figure

3.4, design of the eight perforated masonry wall specimens was conceived to facilitate

comparison of wall behaviour between two or more walls with respect to variation of a given

design parameter. These eight partially grouted concrete masonry walls had variations in

trimming reinforcement detailing, including those complying with NZS 4229:1999, and a

range of penetration geometries. In addition, experimental works previously conducted at the

University of Auckland (see Figures 2.2 and 2.3) are included in this part of the study to

supplement the experimental results presented in Chapter 4. The two 15 series concrete

masonry walls tested by Brammer (1995) are valuable to provide comparison of behaviour

between perforated walls and those of solid built walls (i.e. without opening). A parallel issue

is 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 has 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.

The figures in this section are limited to force-displacement (F-D) envelopes. These are

curves that relate the peak strength recorded in the first cycle for each displacement ductility

level. The F-D envelopes are arranged in groups to show the effect of a particular parameter.

A full set of curves for each test is presented in Chapter 5.

4

.
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6.2 Result Summary

It is noteworthy that the general nature of the force-displacement responses presented in

Chapter 5 are significantly similar to those reported by Brammer (1995) and Davidson

(1996). From the F-D curves illustrated in Chapter 5, a number of general characteristics of

Walls 1-10 can be identified:

1. The maximum strength was typically developed during the first excursion to B - 4.

Following this, cracking became significant in some walls and strength degradation

began.

2. The partially grouted concrete masonry walls detailed in Figures 3.4 and 3.5 exhibited

gradual strength and stiffness degradation, and in no case did any wall suffer from sudden

failure. This desirable behaviour of the nominally reinforced partially grouted masonry

walls with openings was created by the solid filled bond beam at the top of the walls,

which caused a frame-type action at latter stage of testing.

3. From the wall cracking pattern diagrammatically shown in Chapter 5, it is clearly

illustrated that the absence of major damage in the solid grout-filled bond beam supported

the notion of frame-type action being developed at later stage of the test. This leads to

considerable inelastic displacement capacity of the partially grouted masonry walls,

where tiav was measured to consistently be above 2.0.

4. The force-displacement plots consistently illustrated a pinched shape. This was primarily

due to the presence of significant shear deformation in this type of masonry construction

(please refer to Appendices A and B for relevant information).

5. 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 of the second cycle.

Table 6.1 shows key test results for each wall. The results are given for both directions of

loading. Fmax corresponds to the maximum wall strength measured in the test, and Ay is the

evaluated yield displacement of the tested walls. gmax is defined as the displacement ductility

level at which maximum strength was measured and Mav is the available displacement

ductility factor, which according to Park (1989) is the ductility level at which a test element

has sustained less than 20% loss in peak strength after four complete (bi-directional) loading

cycles to tlav.

.
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Due to the lack of distributed horizontal shear reinforcement, all walls presented in Table 6.1

were reported to fail in a diagonal tension mode. This was preferable to the hinge-sliding

mode, where the 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).

The Fav values recorded in Table 6.1 show that the largest recorded ductility capacity for the

perforated masonry walls corresponded to a wall length of 2600 mm, and reduced

significantly for the 4200 mm long perforated masonry walls. It was observed from

experimental testing that the 4200 mm long masonry walls displayed greater cracking than

the 2600 mm long walls. Consequently, it was deduced that the lower observed ductility

rating for the 4200 mm long walls occurred because of the rapid-developing wide cracks that

contribute to shear displacement, accelerating initiation if the diagonal tension mode of

failure and subsequent strength degradation.

6.3 Depth of Openings

Test results from this study successfully illustrate correlation between the reduction of wall

strength and depth of openings (hop) on masonry walls. This is shown in Table 6.1 and Figure

6.1 by the consistent reduction of FmaxFn,no-op ratios when the depth of openings were

increased in the 2600 mm and 4200 mm long masonry walls that were constructed according

to NZS 4229:1999 specifications. This reduction of wall strength could also be identified in

the F-D envelopes presented in Figures 6.2 and 6.4. In Figure 6.2, it is shown that the lateral

strength of the 2600 mm long walls reduced from the maximum of 76.5 kN in the case of

Wall B 1 (without opening), to 50.2 kN when a window opening of 600 x 800 was included in

Wall 1. The same figure also shows further reduction of wall strength to 41.2 kN and 34.4 kN

when the depth of openings was increased to 1200 mm and 2000 mm in Walls 2 and 3

respectively. As diagrammatically illustrated in the strut-and-tie models presented in Figure

6.3, the further reduction of strength in Walls 2 and 3 (compared to Wall 1) was because of

the steepened diagonal struts on the left piers when the depth of openings increased. While

the diagonal strut on the right piers remained unchanged for these three walls, the steepened

diagonal struts on the left piers resulted in reduction of horizontal shear components that

could be resisted by the left piers, consequently leading to the overall reduction of lateral

strength in Walls 2 and 3.

71



Discussion

Table 6.1 Summary of test results for the 2600 mm long masonry walls.

hop/hw fl Fn.no-op Fmax Frnax Ay ilmax Blav

lE
n,no-op

1 0.33 16.2 77.3 +50.2 0.65 0.82 +6 >6.0

-49.0 -4

2 0.5 12.9 77.0 +41.2 0.54 0.57 +4 >6.0

-38.7

3 0.83 14.4 77.1 +33.3 0.45 1.07 +4 >6.0

-34.4

4 0.5 16.5 77.3 +47.4 0.63 1.15 +2 4.5

-48.8 -4

5 0.5 18.9 77.5 +52.4 0.68 +0.84 +4 2.0

-50.4 -0.66 -6

6 0.5 16.5 191.4 +94.3 0.49 1.83 +2 2.0

-94.6 -4

7 0.83* 18.0 191.6 +82.8 0.43 1.89 14 3.8

-82.5

8 0.83* 18.0 191.6 +82.7 0.49 1.60 +4 2.0

-93.2

9 0 23.8 105.8 +125.3 1.18 1.07 +14 >6.0

-114.6

10 0 23.8 82.1 +89.0 1.08 2.10 it 4.5

-84.6

Bl 0 --- 75.0 76.5 1.02 1.57 --- 5.4

B2 0 --- 213.1 179.9 0.84 3.60 --- 1.0

Dl 0.83* --- 174.0 89.0 0.51 1.00 --- 6.0

Units --- MPa kN kN --- mm

* hop/hw ratio according to the largest opening on the wall

Bl is the 2600 x 2400 x 140 concrete masonry wall tested by Brammer (1995), see Figure 2.2a.

B2 is the 4200 x 2400 x 140 concrete masonry wall tested by Brammer (1995), see Figure 2.2b.

Dl is the 4200 x 2400 x 190 perforated concrete masonry wall tested by Davidson (1996), see Figure 2.3.
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Figure 6.1 Effect of opening for walls constructed according to NZS 4229:1999 specifications.
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Figure 6.3 Strut-and-tie models in push direction.

Similarly, the reduction of lateral strength in the 4200 mm long walls is also evident in Figure

6.4. As compared to the strength recorded in Wall B2, it is shown that the wall lateral

strength was almost halved when openings were introduced on the 4200 mm long masonry

walls. In addition, by comparing the lateral strengths of Walls 6 and 7, it is shown that the

introduction of a door opening resulted in the reduction of strength from 94 kN to 83 kN in

Wall 7 (about 12% reduction of strength). Please note that the test results of Walls 4,5 and 8

are not included in Figures 6.1-6.4 because the detailing of trimming reinforcement in these

walls differed from that specified in NZS 4229:1999. The primary objective of Figures 6.1-

6.3 is to illustrate the effect of openings on the lateral strength of perforated masonry walls

constructed according to NZS 4229:1999 specifications.
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Figure 6.4 Effect o f openings on the 4200 mm perforated masonry walls.

6.3 Effect of Trimming Reinforcement

The effect of trimming reinforcement on the lateral strength of perforated masonry walls is

discussed in this subsection. It was illustrated in Chapter 5 that the use of extended D16

trimming reinforcement could affect the wall ultimate strength considerably. This is shown

by the increase in magnitude of the FmaxFn,no-op ratios presented in Table 6.1 when the

trimming reinforcement was extended below the window openings in the 2600 mm and 4200

mm long masonry walls. This increase of wall strength can also be identified in the F-D

envelopes presented in Figures 6.5 and 6.6. Figure 6.5 shows the force-displacement

envelopes for Walls 2,4 and 5. These three partially grout-filled masonry walls were

constructed to identical geometries and consisted of identical longitudinal and bond beam

reinforcement, with the only difference being the length of trimming reinforcement used in

each wall. The trimming reinforcement in Wall 2 (see Figure 3.4) was detailed according to

the specifications of NZS 4229: 1999, but Walls 4 and 5 were detailed with extended

trimming reinforcement. As shown in Figure 3.4, the trimming reinforcement in Wall 5 was

only extended to the outermost vertical reinforcement on one side of the wall, therefore

resulting in higher strength being predicted in the push direction than in the pull direction.

The force-displacement envelopes in Figure 6.5 clearly illustrate the increase of lateral

.
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strength from the maximum of 41.2 kN for Wall 2 to 47.7 kN and 52.4 kN when the

trimming reinforcement was extended beneath the window opening in Walls 4 and 5,

therefore resulting in strength increases of about 18% and 27% respectively. However, the

effect of the extended trimming reinforcement in the pull direction could not be properly

observed in Wall 5. Although a lesser strength was predicted in the pull direction for Wall 5,

a maximum strength of about 50 kN was recorded despite the absence of extended trimming

reinforcement on the left pier. As shown in Table 6.1, this maximum strength in Wall 5 was

larger than that recorded in the pull direction for Wall 4, although an extended trimming

reinforcement bar was present on the left pier in Wall 4. Consequently, this observation

confirms that Wall 5 may have developed strength in its pull direction that was substantially

higher than specimens of similar construction. Discarding the experimental result of Wall 5,

the effect of trimming reinforcement in increasing wall strength (pull direction) could be

undoubtedly demonstrated by the experimental results of Walls 2 and 4. It was shown that a

strength increase of about 26% was recorded in Wall 4, as compared to Wall 2, when

extended trimming reinforcement was present in the left pier.

Strength increase due to the extended trimming reinforcement in the 4200 mm perforated

masonry walls is shown in Figure 6.6. Although the test result reported by Davidson (1996) is

presented in Figure 6.6, it is not suitable for use as a wall strength comparison. This is

because the reinforcing steel used in Davidson's wall construction was inconsistent with the

reinforcing steel used in the current study. Davidson employed fy = 275 MPa reinforcing steel

in his wall construction, therefore resulting in a lower wall strength than if fy = 300 MPa

reinforcing steel was used. Figure 6.6 is valuable to show the significantly similar nature of

the force-displacement response of the three 4200 mm long perforated masonry walls. This

provides further credibility to the performance of partially grout-filled masonry construction.

Similar to Figure 6.5, the force-displacement envelopes in Figure 6.6 illustrate an increase in

wall pull strength from 82.5 kN for Wall 7 to 93.2 kN when the trimming reinforcement of

Wall 8 was extended to the outermost vertical reinforcement in the left pier (see Figure 3.4),

resulting in a strength increase of about 12% in the pull direction.
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Figure 6.5 Effect of trimming reinforcement on the 2600 mm long perforated masonry walls.
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6.4 Effect of Shrinkage Control Joint

Figure 6.7 shows the force-displacement envelopes of the two walls containing a shrinkage

control joint at wall centre. It is clearly illustrated that the lateral strength of Wall 9, which

had a control joint constructed in accordance with the specifications of NZS 4229:1999,

exceeded the maximum strength recorded in Wall 10 by about 38%. This higher strength was

due to the solid filled bond beam constructed on top of the control joint. Consequently, the

(un-debonded) continuous bond beam caused a frame-type action between the two piers,

therefore allowing partial shear transfer. This notion was supported by the absence of

significant structural damage in the bond beam. In addition, double bending of the solid filled

bond beam (above the control joint) allowed it to generate some strength and subsequently

led to the yielding of D 12 reinforcing bar adjacent to the compression edge (as shown by the

Fn,sT model presented in Figure 4.4i). Furthermore, closing of the control joint at the wall

mid-height position at latter stage of testing permitted additional shear transfer between the

two piers. It is also shown in Table 6.1 that the control joint detailed according to the

NZS 4229:1999 procedure resulted in a Fmax/Fcode ratio of 2.52 for Wall 9, while a Fmax/Fcode

ratio of 1.79 was measured for Wall 10 that had a control joint extended up the full height of

the wall. Consequently, it is concluded that there is additional conservatism in the standard

when the control joint is constructed according to the specifications ofNZS 4229:1999.
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Figure 6.7 Effect of shrinkage control joint on partially grout-filled masonry walls.
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Apart from the difference in strength shown in Figure 6.7, both Walls 9 and 10 shared similar

force-displacement responses, with gradual strength and stiffness degradation. Consequently,

the results attained from this study successfully demonstrated that the NZS 4229:1999

procedure for accounting for shrinkage control joints has resulted in adequate structural

performance.

6.5 Wall Strength Prediction

The test results of Walls 1 -5 presented in Table 6.2 clearly demonstrate that the size of

openings and the arrangement of trimming reinforcement significantly affect the lateral

strength of perforated masonry walls. For the small window opening in Wall 1, the measured

strength was slightly less than that prescribed by NZS 4229: 1999, resulting in Fmax/Fcode =

0.97. However, it was successfully illustrated in Chapter 5 that the conservatism of

NZS 4229:1999 increases with the depth of opening, and for a full depth opening (e.g. a door

in Wall 3) the NZS 4229:1999 prediction had significant conservatism. As shown in Figure

6.8, it is illustrated that a 50% increase in the number of piers for the 4200 mm long walls

resulted in approximately 100% increase in lateral strength when compared to the strengths

recorded for the 2600 mm long walls. It is therefore established that double bending of the

central pier significantly increased the lateral strength of perforated walls. Consequently,

failure of NZS 4229: 1999 to account for the extra strength generated by double bending of

the central pier resulted in significant under-prediction of strengths recorded in Walls 6-8. As

shown in Table 6.2, ratios of 0.97 S Fmax/code S 1.40 and 1.68 5 Fmax/Fcode 5 1.89 were

observed for the 2600 mm and 4200 mm long perforated walls included in this study. This

observation subsequently lead to the preliminary conclusion that NZS 4229:1999 is only non-

conservative for walls containing single opening with a depth of less than 1200 mm, but

significant conservatism of the standard would result for walls that have more than one

opening where the inner piers can undergo double bending.

Comparisons of FmaxRn,st, Fmaxkn,ST, Fmax/Fn,fr and Fmax/Fn,FR are presented in Table 6.2 and

Figure 6.9. It is shown that the simplified strut-and-tie method was reasonably accurate in

predicting the lateral strength of the 2600 mm long perforated masonry walls, with Fmax/Fn,st

varying from 1.12 to 1.28 (excluding the experimental result obtained in the pull direction for

Wall 5). However, the effectiveness of this method was significantly reduced when predicting

the strengths of the 4200 mm long masonry walls included in this study. This was shown by

.
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the consistent under-prediction of strengths for Walls 6-8 by about 60% when the simplified

strut-and-tie method was used. Similar to NZS 4229:1999, this under-prediction of wall

strength by Fn,st was due to the fact that double bending of the central pier was not accounted

for in the simplified strut-and-tie models. When using the improved strut-and-tie method, it is

illustrated in Figure 6.9c that significantly improved strength predictions were attained when

double bending of the central pier and when wall self-weight were considered in models

presented in Figures 4.4 and 4.5, resulted in average Fmax/Fn,ST values of about 1.10 for the

2600 mm long walls (excluding Wall 5 pull direction) and 1.22 for the 4200 mm long

masonry walls. The diagonal cracking patterns (see Chapter 5) on the perforated walls were

observed to align well with the load paths by which shear force was assumed to be transferred

to the foundation in the strut mechanism. This observation supports use of the strut-and-tie

method as the tool to evaluate the strength of nominally reinforced masonry walls with

openings.

The full plastic collapse analysis, as shown by the Fmax/Fn,fr ratios presented in Figure 6.9d,

was shown to significantly over-predict the lateral strengths of all perforated walls included

in this study, with 0.48 5 Fmax/Fn,fr S 0.63 and 0.73 5 Fmax/Fn,r S 0.78 for the 2600 mm and

4200 mm long walls respectively. It is therefore successfully illustrated that a full plastic

mechanism would not develop in the nominally reinforced perforated masonry walls.

Consequently, test results from this study indicated that lateral strength prediction of

perforated walls using the full plastic collapse analysis can lead to unsafe design for masonry

walls constructed according to specifications of NZS 4229:1999. Finally, the Fmax/Fn,FR

values presented in Table 6.2 and Figure 6.9e show that strength predictions using the

modified plastic collapse analysis have resulted in accuracy that closely matches predictions

using the improved strut-and-tie models. It is successfully illustrated that significantly

improved strength predictions were attained when single bending of the outer piers was

considered in models presented in Figures 4.8 and 4.9, resulted in 1.12 5Fmax/Fn,FR 5 1.40 and

1.09 SFmax/Fn,FR S 1.25 for the respective 2600 mm and 4200 mm long masonry walls.

Based on the values for F
max/Fn,st, FmaxiFn,ST, Fmax/Fn,fr and FaxFn,FR presented in Tables 6.2

and Figure 6.9, it is shown that the simplified strut-and-tie method (Fn,st) is only accurate in

predicting the lateral strength of perforated walls that have a single opening and the

conservatism of F,st is significantly increased when two openings are present in a masonry

wall. Consequently, test results show the Fn,st method can lead to a non-economic cost design

.
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for masonry walls that contain more than one opening, which could subsequently lead to the

reduced popularity of masonry as a constructional material. Conversely, the full plastic

collapse analysis (Fn,0 was shown to consistently over-predict the strength of all perforated

walls included in this study and therefore indicating that this analysis method could lead to

unsafe design for partially grout-filled masonry walls constructed according to

NZS 4229:1999 specifications.

Of the strength prediction methods discussed in section 4.1, the improved strut-and-tie

method (Fn,ST) and modified plastic collapse analysis (Fn,FR) were shown to predict the lateral

strength of the perforated walls with significantly improved accuracy. This is shown by the

average Fmax/Fn,ST ratio of 1.15 and FmaxFn,Fit ratio of 1.18 for the eight perforated walls

included in this study. Hence, it is strongly recommended that the strength prediction of

partially grout-filled perforated masonry walls with reinforcement details similar to those

shown in Figure 3.4 be conducted according to the improved strut-and-tie model (Fn,ST) or the

modified plastic collapse analysis (Fn,FR)· Although the Fn,ST method is shown to produce

strength prediction accuracy that is slightly better than the F,Fr method, the Fn,ST method

would normally require computer software, such as SAP2000, in order to quickly produce an

accurate answer. Conversely, the modified plastic collapse analysis is significantly easier to
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Figure 6.8 Effect ofdouble bending of central pier on wall strength.
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Table 6.2 Summary oftest results and wall strength predictions

Prediction Test Result

Fn.st Fn.sT F. tr Fn,FR Fcode Frnax FFFFF
max max max max max

F F Fnfr F Fn,st n,ST n,FR code

1 44.7 46.4 103.6 44.7 51.8 +50.2 1.12 1.08 0.48 1.12 0.97

-49.0

2 35.9 38.4 80.6 35.9 37.3 +41.2 1.15 1.07 0.51 1.15 1.10

-38.7

3 28.0 30.8 61.4 27.9 24.3 +33.3 1.23 1.11 0.56 1.23 1.42

-34.4

4 41.0 44.7 94.4 40.9 37.3 +47.4 1.19 1.09 0.52 1.19 1.31

-48.8

5 +41.0 44.7 94.4 40.9 37.3 +52.4 1.28' 1.17' 0.56' 1.28' 1.40

-35.9 -38.4 -80.6 -35.9 -50.4 1.40** 1.31** 0.63** 1.40**

6 58.0 79.9 129.2 87.0 55.9 +94.3 1.63 1.18 0.73 1.09 1.69

-94.6

7 50.0 61.6 108.0 66.5 49.4 +82.8 1.66 1.34' 0.77' 1.25' 1.68

-76.1 -110.5 -79.2 -82.5 1.08** 0.75** 1.04**

8 50.0 61.6 108.0 66.5 49.4 +82.7 1.66' 1.34' 0.77' 1.24' 1.89

-55.0 -79.7 -119.9 -81.7 -93.2 1.69" 1.17" 0.78- 1.14-

9 80.2 105.8 --- --- 49.8 +125.3 1.56 1.18 --- --- 2.52

-114.6

10 80.2 82.1 --- --- 49.8 +89.0 1.11 1.08 --- --- 1.79

-84.6

B 1 --- 75.0 --- --- 46.0 76.5 --- 1.02 --- --- 1.66

B2 --- 213.1 --- --- 85.6 179.9 --- 0.84 --- --- 2.10

Dl 49.5 75.5 111.8 74.9 50.1 89.0 1.80 1.18 0.80 1,19 1.78

Units kN kN kN kN kN kN

Note:

1. * indicates push direction.

2. ** indicates pull direction.

3. Bl is the 2600 x 2400 x 140 concrete masonry wall tested by Brammer (1995), see Figure 2.2a.

4. B2 is the 4200 x 2400 x 140 concrete masonry wall tested by Brammer (1995), see Figure 2.2b.

5. D 1 is the 4200 x 2400 x 190 perforated concrete masonry wall tested by Davidson (1996), see Figure 2.3.

.
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perform and can be carried out without the use of complicated computer software. The Fn,FR

method can be performed once the capacity of individual member, such as those shown in

Appendix D, is calculated. Consequently, the modified plastic collapse analysis can be used

as an alternative to the 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.
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6.6 Possible Amendment to NZS 4229:1999

Due to the lack of distributed horizontal shear reinforcement, all perforated walls included in

this experimental study were observed to fail in a diagonal tension mode. As reported in

Chapter 5, the diagonal cracking patterns identified on the walls were observed to align well

with the load paths by which shear force is transferred to the foundation in the strut

mechanism. Furthermore, vertical compressive cracks similar to vertical struts shown in strut-

and-tie models, were also identified beneath the trimming reinforcement in Walls 4,5 and 8.

These observations further support the use of strut-and-tie analysis as the tool to evaluate the

strength of walls with reinforcement details similar to those specified by NZS 4229:1999.

Consequently, crack patterns observed from the wall tests suggested that NZS 4229:1999

incorrectly defines the bracing geometries for walls constructed according to its specification

and it might be non-conservative for NZS 4229:1999 to assume that the base of the

cantilevered piers on either side of an opening corresponds to the level of the penetration sill,

i.e. it is non-conservative for NZS 4229:1999 to define bracing capacity geometry based upon

the vertical dimension of the smallest adjacent penetration.

Ingham et al. (2001) reported that NZS 4229:1999 significantly underestimates the capacity

of full-height bracing panels. The total bracing capacity of most bracing lines is primarily

derived from the capacity of a limited number of large bracing panels. Consequently, any

code overestimation of the capacity of small bracing panels, such as that tested in Wall 1, will

be readily compensated for. The code-predicated values for the capacity of the complete

bracing line can therefore be expected to have considerable conservatism. Nevertheless,

failure ofNZS 4229:1999 to correctly identify the bracing geometries is of some concern and

the matter clearly warrants attention to determine if an amendment to the standard is required.

There are several possible amendments that could be introduced to the standard. These

amendments include the use of the strut-and-tie method to correctly identify the bracing

geometry or adopting bracing panel dimensions based upon the geometry of the largest

adjacent wall openings. Recalling that NZS 4229:1999 is primarily targeted for use by

architects and draftspersons, rather than structural engineers, the adoption of strut-and-tie

models to identify bracing geometry would increase the complexity of the standard, therefore

restricting the effective use of NZS 4229:1999 by non-engineering professions. Also, the

adoption of the second mentioned amendment would significantly increase the conservatism

.
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of NZS 4229:1999 and result in reduced efficiency of the standard, which would ultimately

lead to the perception that reinforced concrete masonry is an expensive form of construction

when compared with competing products and systems. Consequently, it is considered that

these two amendments may not well suit the primary purpose of NZS 4229: 1999. Other

possible amendments to the standard, if required, are presented in the following sub-sections.

6.6.1 Extended Trimming Reinforcement

Another possible solution is to prescribe an extended trimming reinforcement detail as shown

in Figure 6.10. This amendment has the advantage of requiring minimum education, and

therefore could be easily adopted by users of this standard. In addition, as shown by the

simplified strut-and-tie model in Figure 6.10, this amendment would result in bracing

geometries that are identical to those currently prescribed by NZS 4229:1999, therefore

resulting in the same level of conservatism as the current standard.

|   Extended D16
!! 2

I under window

1

(a) Wall reinforcement detail

23% *%31 3%
Zl

"llillill
,l1lllll,

(b) Simplified strut-and-tie model (c) Resulting bracing panels of Figure (b)

Figure 6.10 Proposed amendment to trimming reinforcement.

However, the detailing of trimming reinforcement such as that shown in Figure 6.10 may

only be feasible for partially grout-filled masonry walls that have closely spaced penetrations.

For a partially filled masonry wall that has constructional geometry similar to that shown in

Figure 6.11, an issue regarding the length of extension to the trimming reinforcement may

arise. In order to achieve bracing geometries specified by the standard, the trimming

.
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reinforcement, as illustrated in Figure 6.11 a, needs to be extended to cover the whole length

of the wall. For a partial extension of trimming reinforcement such as that shown in Figure

6.11 b, it is unlikely to produce bracing geometries that are significantly different from the

bracing geometries of a wall that is reinforced with NZS 4229:1999 specified trimming

reinforcement. In addition, it is noted that by extending trimming reinforcement such as those

shown in Figure 6.11, it may make such walls more difficult and more expensive to construct.

This is because the construction of such walls may require at least two phases in order to

ascertain that full grouting is achieved for the masonry core containing the trimming

reinforcement. Such construction procedure may increase the cost of construction and this

may potentially reduce the popularity of masonry construction.

1-1 7 F I lillit-1 11 11 IT

, Fully extended
/ trimming

4 -A i 0
1 1 1 1 1 1 1 1

(a) Full extension to trimming reinforcement

17 -r f I littlrl r] r- r

Partially extended

-inmming

RTI ' -  1 1-4
1 1 lili

(b) Partial extension to trimming reinforcement

Figure 6.11 Extension to trimming reinforcement.

6.6.2 Amendment to NZS 4229:1999 bracing capacity

This subsection examines the degree of non-conservatism of the NZS 4229:1999 prescribed

bracing capacity. As discussed in section 6.5, it was found that NZS 4229:1999 is only non-

conservative for walls containing a single opening with a depth of less than 1200 mm, with

the conservatism significantly increasing when the masonry walls contain more than one

opening. Consequently, this subsection will examine only the adequacy of NZS 4229: 1999 in

prescribing the bracing capacities for masonry walls containing a single opening. This

investigation is accomplished by comparing predictions derived using the NZS 4229: 1999

prescribed bracing capacities with those predicted using the modified plastic collapse analysis

(Fn,FR)· The Fn,FR method is selected instead of the improved strut-and-tie analysis due to the

.
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fact that Fn,FR is significantly easier to perform and it was successfully shown that wall

strength predictions using the Fn,FR closely matched the test results of the perforated masonry

walls tested in this study.

As shown in Figure 6.12, the masonry walls included in this investigation had a single

opening of varying depth and piers of varying length. In all cases, the walls were considered

to be 140 mm thick and of partially grout-filled construction. The D12 longitudinal

reinforcement was of fy = 300 MPa and spaced at maximum spacing of 800 mm centres, with

C = 12.0 MPa being assumed. NZS 4229:1999 recommended that vertical control joints

should be placed at not more than 6.0 m centres. Consequently, only perforated masonry

walls with length less than 6.0 m are included in the following investigation. The wall

strengths predicted according to the two mentioned methods are summarised in Tables 6.3-

6.5. Included in the same tables are the NZS 4229:1999 prescribed bracing capacities for the

corresponding walls when they have no opening. These values are identified as Fcode,no-op in
the tables.

Force

1- 600 -1

D

-Ll - -L2- 2400

Figure 6.12 Masonry wall with varying pier lengths and opening depth.

From the predicted strengths presented in Tables 6.3-6.5 and Figure 6.13a, it is found that the

bracing capacities prescribed by the current standard is non-conservative when Li is less than

1200 mm long and when the opening is not more than 1000 mm deep. As shown by the

Fn,FR/Fcode ratios presented in Tables 6.3-6.5, the conservatism of NZS 4229:1999 increases

when the depth of opening and the length of Ll increase. In addition, it is shown that the

standard would remain conservative when Ll is at least 1200 mm regardless of the size of

opening. Consequently, it is deduced from this study that the standard is only non-

.
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conservative when the depth of a single opening is less than 1200 mm and when one of the

adjacent piers is less than 1200 mm in length.
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Figure 6.13 Comparison of predicted strengths.

As shown in Tables 6.3-6.5, a significant number of the walls included in this part of study,

the summation of capacity of small bracing panels (Fcode) is more than the bracing capacity

currently prescribed by the standard for the corresponding solid built walls (Fco(le,no-op)·

Consequently, one possible solution to the current problem is to limit the bracing capacity of

any masonry wall containing a single opening of less than 1200 mm deep, to be no more than

the capacity currently prescribed by NZS 4229 for the corresponding solid built masonry

wall, i.e. Fcode S Fcode,no-op· This proposed procedure has the advantage of requiring minimum

education without further reducing the bracing capacity values currently prescribed by the

standard. A comparison of the Fn,FR predicted wall strength with the standard predicted

bracing capacity using the newly proposed procedure is presented in Tables 6.3-6.5 as

Fn,FR/Fcode,amd and diagrammatically illustrated in Figure 6.13b. It is shown that the new

procedure significantly reduces the over-prediction of strength by NZS 4229:1999.

6.6.2 No Amendment to NZS 4229:1999

Within a bracing line, a structural wall is divided into bracing panels of various heights and

lengths as dictated by wall openings, control joints and wall ends. As shown in Figure 6.14,

the total bracing capacity of most bracing lines is primarily derived form the capacity of a

limited number of large bracing panels. As previously reported, NZS 4229:1999 significantly
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Table 6.3 Strength predictions for walls with 800 mm deep single opening

Li La Fn,FR Fcode Fcode,no-op Fn,FRfcode K,FR /Kode,amd
(m) (m) (kN) (kN) (kN)

0.8 0.8 33.9 38.5 34.6 0.88 0.98

1.2 48.8 51.8 46.0 0.94 1.06

1.6 58.0 69.5 52.3 0.83 1.11

2 81.8 90.5 58.6 0.90 1.40

2.4 94.1 116.0 71.5 0.81 1.32

2.8 126.8 144.5 85.6 0.88 1.48

3.2 142.2 145.5 101.1 0.98 1.41

3.6 183.8 174.8 117.9 1.05 1.56

4 202.4 207.0 135.9 0.98 1.49

4.4 252.8 242.0 155.3 1.04 1.63

1.2 0.8 66.7 51.8 46.0 1.29 1.45

1.2 81.6 65.0 52.3 1.26 1.56

1.6 90.8 82.8 58.6 1.10 1.55

2.0 114.6 103.8 71.5 1.10 1.60

2.4 126.9 129.3 85.6 0.98 1.48

2.8 159.6 157.8 101.1 1.01 1.58

3.2 175.0 158.8 117.9 1.10 1.48

3.6 216.6 188.0 135.9 1.15 1.59

4.0 235.2 220.3 155.3 1.07 1.51

1.6 0.8 87.0 69.5 52.3 1.25 1.66

1.2 101.9 82.8 58.6 1.23 1.74

1.6 111.1 100.5 71.5 1.11 1.55

2.0 134.9 121.5 85.6 1.11 1.58

2.4 147.2 147.0 101.1 1.00 1.46

2.8 179.9 175.5 117.9 1.03 1.53

3.2 195.3 176.5 135.9 1.11 1.44

3.6 236.9 205.8 155.3 1.15 1.53

.
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Table 6.4 Strength predictions for walls with 1000 mm deep single opening

4 4 Fn,FR Fcode Fcode,no-op Fn.FR/Fcode Fn,FR /Fcode,amd
(m) (m) (kN) (kN) (kN)

0.8 0.8 30.0 33.0 34.6 0.91 0.91

1.2 44.9 44.5 46.0 1.01 1.01

1.6 54.1 59.8 52.3 0.91 1.04

2 77.9 78.0 58.6 1.00 1.33

2.4 90.2 100.0 71.5 0.90 1.26

2.8 122.9 124.8 85.6 0.99 1.44

3.2 138.3 125.8 101.1 1.10 1.37

3.6 179.9 151.0 117.9 1.19 1.53

4 198.5 178.8 135.9 1.11 1.46

4.4 249.0 209.3 155.3 1.19 1.60

1.2 0.8 57.3 44.5 46.0 1.29 1.29

1.2 72.3 56.0 52.3 1.29 1.38

1.6 81.5 71.3 58.6 1.14 1.39

2.0 105.3 89.5 71.5 1.18 1.47

2.4 117.6 111.5 85.6 1.05 1.37

2.8 150.3 136.3 101.1 1.10 1.49

3.2 165.7 137.3 117.9 1.21 1.41

3.6 207.2 162.5 135.9 1.28 1.52

4.0 225.8 190.3 155.3 1.19 1.45

1.6 0.8 74.3 59.8 52.3 1.24 1.42

1.2 89.2 71.3 58.6 1.25 1.52

1.6 98.4 86.5 71.5 1.14 1.38

2.0 122.2 104.8 85.6 1.17 1.43

2.4 134.5 126.8 101.1 1.06 1.33

2.8 167.2 151.5 117.9 1.10 1.42

3.2 182.6 152.5 135.9 1.20 1.34

3.6 224.1 177.8 155.3 1.26 1.44

.

%
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Table 6.5 Strength predictions for walls with 1200 mm deep single opening

Li U Fn,FR Fcode Fcode,no-op Fn,FR/Fcode It,FR Fcode,amd
(m) (m) (kN) (kN) (kN)

0.8 0.8 27.2 27.5 34.6 0.99 0.99

1.2 42.1 37.3 46.0 1.13 1.13

1.6 51.4 50.3 52.3 1.02 1.02

2 75.1 65.5 58.6 1.15 1.28

2.4 87.5 84.0 71.5 1.04 1.22

2.8 120.1 105.0 85.6 1.14 1.40

3.2 135.6 105.8 101.1 1.28 1.34

3.6 177.1 127.0 117.9 1.39 1.50

4 195.7 150.8 135.9 1.30 1.44

4.4 246.2 176.3 155.3 1.40 1.59

1.2 0.8 50.7 37.3 46.0 1.36 1.36

1.2 65.6 47.0 52.3 1.40 1.40

1.6 74.8 60.0 58.6 1.25 1.28

2.0 98.6 75.3 71.5 1.31 1.38

2.4 110.9 93.8 85.6 1.18 1.30

2.8 143.6 114.8 101.1 1.25 1.42

3.2 159.0 115.5 117.9 1.38 1.38

3.6 200.5 136.8 135.9 1.47 1.48

4.0 219.2 160.5 155.3 1.37 1.41

1.6 0.8 65.2 50.3 52.3 1.30 1.30

1.2 80.1 60.0 58.6 1.33 1.37

1.6 89.3 73.0 71.5 1.22 1.25

2.0 113.1 88.3 85.6 1.28 1.32

2.4 125.4 106.8 101.1 1.17 1.24

2.8 158.1 127.8 117.9 1.24 1.34

3.2 173.5 128.5 135.9 1.35 1.35

3.6 215.0 149.8 155.3 1.44 1.44
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underestimates the capacity of full height bracing panels. Consequently, any code

overestimation of capacity of small bracing panels, such as that shown in Figure 6.12 will be

readily compensated for.

The following examples show that considerable conservatism is maintained in the code-

predicated values for the capacity of the complete bracing line. A summary of predicted

strengths are included in Tables 6.6 and 6.7. The predicted F,FR values for the two loading

directions are also included.

CJ CJ CJ

'11111 . 1 1111111111
2,£00

2,(00

2,600

1--4,200 • 6 2,400 .9 2,000 -4 2,100 .'J 2,800 . 1 1 1,200-1-800-1
1 1 1 1 1 1 1 1

(a) Design example 1

}-4,000-{ | | | {-000-} | | | | }--1,401-

I·--1,200.-4,·-1,200--4.-1,200--4-,000-4-4,000··-4,400 •1• 2,200 •|• 2,000 r |• 1,600-

(b) Design example 2

Figure 6.14 Bracing panel for design example.

Table 6.6 Bracing capacity for design example 1

Bracing Fcode Fn,FR (kN)
Panel (kN) Push Pull

1 15.3 25.5 25.5

2 29.0 39.4 39.4

3 83.5 129.8 70.8

4 7.8 9.7 9.7

Total 135.5 204.4 145.4

Cj CJ CJ
L

2,•00 illfil//li.

%
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Table 6.7 Bracing capacity for design example 2

Bracing Fcode Fn,FR (kN)

Panel (kN) Push Pull

1 10.4 12.6 12.6

2 28.0 46.8 40.1

3 16.5 10.6 19.4

4 54.8 88.8 88.8

5 16.8 27.6 27.6

Total 126.5 186.4 188.5

The two design examples successfully illustrated that any code overestimation of capacity of

small bracing panels, such as Panels 3 in both examples is readily compensated for by the

significant underestimation of the bracing capacity of the larger bracing panels. Based on the

design examples presented above, it is proposed that an amendment to the NZS 4229:1999

specified bracing capacities may not be necessary.
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Chapter 7

Conclusion

This section concludes the findings of the cyclic load tests conducted on partially grout-filled

concrete masonry walls. The test matrix described in Chapter 3 allowed for meaningful

comparison of test specimens, and provided valuable information for the parameters being

investigated in this study.

Based on testing of the 10 partially grout-filled concrete masonry walls reported in Chapter 5,

the following conclusions are made:

1. It was observed that the perforated partially grouted concrete masonry walls tested at the

University of Auckland exhibited gradual strength and stiffness degradation, and in no

case did any wall suffer from sudden failure. This desirable behaviour of the nominally

reinforced partially grouted masonry walls with openings was attributed to the solid filled

bond beam at the top of the walls, which caused frame-type action at latter stages of

testing. This leads to considerable inelastic displacement capacity of the partially grouted

masonry walls, where Itav was measured to consistently be above 2.0.

2. The test results clearly demonstrated that the size of openings significantly affect the

lateral strength of the tested walls. It was shown that the reduction of wall strength

corresponded to the increased depth of an opening. This reduction of strength was

because of the steepened diagonal strut when the depth of openings increase. This in turn

leads to a reduction of the horizontal shear component that could be resisted by the

masonry piers, which resulted in the overall reduction of lateral strength in the perforated

masonry walls.

3. It was successfully demonstrated that extension of the trimming reinforcement below the

window had the effect of increasing wall strength.

4. The diagonal cracking patterns on the perforated masonry walls were observed to align

well with the load paths by which shear force was assumed to be transferred to the

foundation in the strut mechanism. This observation further supported the use of the strut-

and-tie method of analysis as the tool to evaluate the strength of nominally reinforced

masonry walls with openings.

t
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5. 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.

6. It was established that NZS 4229:1999 fails to correctly identify the geometry of bracing

panels on perforated masonry walls. This resulted in the over-prediction of strength of

walls containing a small opening. It was shown in the experimental study that the

conservatism of NZS 4229:1999 would increase when the depth of opening is increased.

7. Possible amendments to NZS 4229:1999 are presented in section 6.6 for consideration.

8. It was successfully demonstrated that the NZS 4229:1999 detail for the shrinkage control

joint results in adequate structural performance. In addition, shrinkage control joints

constructed in accordance with the NZS 4229:1999 prescription result in a masonry wall

that has significantly higher wall strength and exhibits 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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Appendix A

Experimental Results - Series A "Walls with Openings"

Eight partially grout-filled nominally reinforced concrete masonry walls with openings were

tested under cyclic lateral loading in the Civil Engineering Test Hall at the University of

Auckland. All eight concrete masonry walls were constructed of 15 series CMUs, which

resulted in an effective wall thickness of 60 mm for a partially grout-filled wall. These walls

were constructed to the same height of 2.4 m but varied in length. In addition, these walls had

variations in trimming reinforcement detailing, 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.

The experimental results of these eight concrete masonry walls are presented here. These

results played a significant role in formulating the conclusions of this report. For information

about wall construction, test set-up, testing procedure and data reduction please refer to

Chapters 3 and 4. This report defines displacement in the push direction as positive while

displacement in the pull direction as negative.

A.1 Wall 1

This section describes the laboratory test of Wall 1. The wall geometry and reinforcement

details are shown in Figure A. 1.1. The wall nominal shear (Vn) and flexural (Fn) strengths,

calculated according to the shear expressions and Fn,st described in Chapter 4, were

established to be 44.7 kN and 81.0 kN respectively.
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Lintel R6 str @ 100mm c/c
/ D16 Bond Beam
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Figure A. 1.1 Wall 1 geometry and reinforcing details.

A.1.1 Pre-test

The masonry wall was tested on the 15th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.1.2 Testing

3/4.Fn push.

An applied force of 35.2 kN was recorded when the wall was being pushed away (towards

the right) from the strong wall. A corresponding displacement of 0.63 mm was recorded for

this loading cycle. There was no clear evidence of cracking.

3/ifn Dull.

A maximum strength of -33.1 kN was recorded at the displacement of -0.60 mm. No cracking

was identified.

According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

 4 (.063 + 0.60)1 = 0.82 mm
y=il 2 7

.
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Uz push. l St cycle

A maximum strength of 44.8 kN was recorded at the conclusion of this load cycle. An uplift

of about 0.1 mm was recorded at the tension toe, resulted in a 300 mm horizontal crack along

the wall-foundation interface. Hairline horizontal cracks were identified on mortar beds at the

tension edge of the left pier. Also identified were diagonal cracks on both piers at this loading

level. The wall cracking patterns at this stage of testing is shown in Figure A. 1.2.

k pull, 1 st cycle

Cracking patterns mirroring to those formed in the previous push cycle were identified. A

maximum strength of -47 kN was measured at the conclusion of this load cycle.

k Push. 2nd cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of 42.7 kN was recorded. No new cracking was identified.

Liz pull, 2nd cycle

Minor elongations to diagonal cracks formed in the previous pull cycle were observed. A

maximum strength of -40.6 kN was recorded.

ltd push. lst cycle

A maximum strength of 48.3 kN was measured at the conclusion of this load cycle. Apart

from extension of existing diagonal cracks, two new diagonal cracks were identified on each

pier. The wall tension toe was measured to uplift 0.12 mm, and the maximum diagonal crack

width was measured to be about 1.50 mm.

114 Pull. 1 st cycle

A maximum strength of -49 kN was recorded in this load cycle. Apart from the formation of

new diagonal cracks on both piers, elongations to previously formed diagonal cracks were

also identified, with crack widths up to 1.0 mm.

Md push. 2nd cycle

A maximum strength of 42.3 kN was measured. No new cracking or crack extensions were

identified.

.
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14 Dull, 2nd CYcle

No new cracking, but elongations to diagonal cracks (towards compression toe) on the left

pier were observed. A maximum strength of -46.5 kN was recorded.

LU Dush. l St cycle

A maximum strength of 50.2 kN was recorded at a displacement of 5.06 mm. No new cracks,

but elongation and widening of diagonal cracks formed in previous push cycles were

identified, with crack width up to 3.2 mm. The face shells and mortar beds along diagonal

cracks showed sign of distress.

Ll- pull. lst cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -47.1 kN was recorded at the displacement of -5.03 mm. No new cracks were

identified, but widening of diagonal cracks was observed with crack width up to 5.0 mm.

Li- push. 2nd cycle

A maximum strength of 47.7 kN was recorded at the displacement of 5.08 mm. No new

cracks were identified.

11- pull. 2nd cycle

The wall responded similarly to observation made in the previous push cycle. A maximum

strength of -41.8 kN was recorded for this load step. No new crack was identified.

11- Push, 1St cycle

A maximum strength of 47.0 kN was recorded at the displacement of 6.60 mm. Further

elongation and widening of diagonal cracks were identified, causing degradation of masonry

along the diagonal cracks. Maximum crack width was measured to be about 6.70 mm

UR pull. 1 St cycle

The wall responded similarly to observations made in the previous push cycle. Elongation

and widening of previously formed diagonal cracks were identified. As shown in Figure

A.1.3, the diagonal cracking patterns aligned well with the load paths by which shear force

.
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was transferred to the foundation in the strut mechanism (see section 4.1.2 for strut-and-tie

models). A maximum strength of -46 kN was recorded at the displacement of -6.65 mm. An

uplift of 0.18 mm was measured at the wall tension toe.

101* push. 2nd cycle

Response was dominated by the elongation and widening of the diagonal cracks formed in

previous cycles. The face shells in the window toe corner (on right pier) detached from the

grout core due to significant degradation of masonry along the diagonal cracks. A maximum

strength of 43 kN was recorded at a displacement of 6.78 mm.

6154 pull. 2nd cycle

The response was the very much similar to that observed in the previous cycle. A maximum

strength of -41.1 kN was recorded at a corresponding displacement of -7.15 mm.

Bio push. 1 St cycle

A maximum strength of 42.6 kN was recorded at the displacement of 8.1 mm. No new

cracking was identified. The wall response was dominated by the degradation and widening

of previously formed diagonal cracks. A maximum crack width of about 12 mm was

measured.

*12 pull, 1St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -37.3 kN was measured at a displacement of -8.5 mm. This strength corresponded

to about 76% of the maximum strength achieved in the pull direction. Hence the wall was

defined as failing according to the test procedure outlined in section 4.5.

Um push. 2nd cycle

A maximum strength of 37.4 kN was measured at the displacement of 8.1 mm. No new

cracks or extensions of cracks were identified.
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Figure A. 1.2 Condition of test wall at end of first ductility 2 push cycle.

l.

r
i

. li·Ki

Figure A. 1.3 Condition of test wall at end of first ductility 8 pull cycle.
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Milo Dull. 2nd cvcle
The wall response was similar to observations made in the previous push cycle. A maximum

strength of -31.7 kN was recorded at a displacement of -8.2 mm.

P,upush, 1 St cycle
A maximum strength of 42.8 kN was recorded at a displacement of 9.8 mm, Further widening

of diagonal crack on the left pier resulted in the spalling of face shell from the wall edge at

bond beam layer (see Figure A. 1.4). However, upon closed observation, it was established

that the spalling of face shell would result in insignificant structural damage to the bond

beam.

Rl-2 Pull, 1 St cycle

The wall response was dominated by further widening of diagonal cracks formed in previous

cycles, with crack width up to 17 mm. A maximum strength of -32.5 kN was measured at the

displacement of -9.6 mm. The wall cracking patterns at this loading stage is depicted in

Figure A. 1.4.

Mi 2 push. 2nd cycle

No new cracks or crack extensions were identified. A maximum strength of 35.6 kN was

measured at a displacement of 9.9 mm.

U„L? pull, 2nd cvde

No new crack or crack extensions were identified. A maximum strength of -25.3 kN was

measured at a displacement of -10.3 mm.

Ult push, lst cycle

No new crack or crack extensions were identified. A maximum strength of 34.7 kN was

measured at a displacement of 11.6 mm. As shown in Figure A. 1.5, further widening of

cracks had resulted in the spalling of face shell along diagonal cracks.
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A-

f 4

1I

Figure A. 1.4 Condition of test wall after cycling to displacement ductility 12

4

Figure A. 1.5 Condition of test wall after first push cycle to ductility 14.
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111& Pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -31.1 kN was recorded at a displacement of -12.4 mm.

Illi Bush, 2nd cycle

No new cracks or crack extensions were identified. A maximum strength of 32.6 kN was

recorded at 12.3 mm.

1414 pull. 2nd cycle

No new cracks or crack extensions were identified. A maximum strength of -25.7 kN was

recorded at the displacement of -12.2 mm.

p,1 push, l St cycle

The wall developed a maximum strength of 32.5 kN at a displacement of 13.2 mm. No new

cracking was identified, but further widening of diagonal cracks was observed.

Ulfi pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -29.2 kN was recorded at a displacement of -13.5 mm.

Lim push. 2nd cYcle
Further widening of diagonal cracks was observed. A maximum strength of 30.8 kN was

recorded for this loading cycle.

Ulh pull, 2nd cycle

A maximum strength of -25.4 kN was recorded. No new cracking was identified.

Ul.H push. 1 st cycle

The wall response was dominated by the widening of diagonal cracks. No new cracking was

identified. A maximum strength of 31.6 kN was measured in this semi-cycle of loading. This

strength corresponded to 63% of the maximum force recorded in the pushing direction.

.
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St

U.LE pull, 1 cycle

The wall responded similarly to observations made in previous push cycle. A maximum

strength of -25.7 kN was recorded at a displacement of -14.7 mm.

luE push. 2nd cycle

A maximum strength of 28.3 kN was recorded. No new cracking was identified.

111-ti pull, 2nd CYcle
A maximum strength of -18.8 kN was recorded. No new cracking was identified.

A.1.3 Summary Behaviour

The force-displacement history of Wall 1 is shown in Figure A. 1.6. 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 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 oftlav > 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 was characterised by the development of early horizontal flexural cracking, which

was later exaggerated by diagonal cracking that extended throughout the wall panels. 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 (see Figures A. 1.5).

The nominal strength Fn derived using the simplified strut-and-tie analysis, along with the

strength value derived from NZS 4229:1999 (denoted NZS-4229) are included in Figure

A.1.6. 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 A. 1.6, it was observed that Wall 1 did not achieve the bracing capacity

prescribed by NZS 4229:1999, therefore indicating that the existing standard may be non-

conservative in its treatment of walls containing small opening. The wall maximum strength

.
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recorded during experimental testing was about 10% higher than that predicted using the

strut-and-tie analysis.

The force-displacement plot of Figure A. 1.6 indicates that despite significant stiffness

degradation, Wall 1 exhibited gradual strength degradation. This desirable behaviour of the

nominally reinforced partially grout-filled concrete masonry wall with openings was created

by the solid filled bond beam at the top of the wall, which caused a 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 A. 1.6 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 by the more pinched

hysteresis loops of the second cycle.
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-60

-20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0

Leteral Displacement (mm)

Figure A. 1.6 Force-displacement behaviour for Wall 1.
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A.1.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 3.9 with the results as shown in Figure A. 1.7. It

is seen that shear displacement was the single most dominant deformation mode. The

rocking, sliding and flexural displacement components were insignificant throughout the test.

It is noted that the summed up deformation (rocking + sliding + flexural + shear)

approximately match the overall displacement measured at the loading beam. Ideally, the line

representing the sum of components should coincide with the line representing the lateral

displacement measured at the loading beam. Figure A. 1.7 provides an indication of the

relative size of each displacement component at various stages of the displacement envelope.
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12.0 -

9.0 - ---

Rocking

Rocking + Sliding

Rocking +Sliding + Flexure

Rocking + Sliding + Flexure + Shear
6.0 -

3.0 -

0.0
'Fan

-3.0 -

-6.0 -

25
-9.0 -

-12.0 -

45.0

-15.0 -12.0 -9.0 -6.0 -3.0 0.0 3.0 6.0 9.0 12.0 15.0

Overall Displacement (mm)

Figure A. 1.7 Components ofdisplacement.
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A.2 Wall 2

This section describes the laboratory test of Wall 2. The wall geometry and reinforcement

details are shown in Figure All. The wall nominal shear (Vn) and flexural (Fn) strengths,

calculated according to the shear expressions and Fn,st described in Chapter 4, were

established to be 35.9 kN and 69.1 kN respectively.

Lintel R6 str @ 100mm c/c
/ D16 Bond Beam

¢ I ' I I 1 ITI III r ' I I wr-R6 str @ 600mm c/c
'11-1

600

2400

D16

1 ' r- D12 @ 800mm c/c

2600

Figure A.2.1 Wall 2 geometry and reinforcing details.

A.2.1 Pre-test

The masonry wall was tested on the 14h days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.2.2 Testing

1Fn push,

An applied force of 26.6 kN was recorded when the wall was being pushed away (towards

the right) from the strong wall. A corresponding displacement of 0.43 mm was recorded for

this loading cycle. No clear evidence of cracking.

1Fn pull,

A maximum strength of -26.8 kN was recorded at the displacement of -0.42 mm. Again, no

cracking was identified.

.

.
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According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

4 .043 + 0.42 A =-

' 3< 2 7
= 0.57 mm

UZ push, 1 st cycle

A maximum strength of 34.7 kN was recorded at the displacement of 1.13 mm. An uplift of

about 0.1 mm was recorded at the tension toe. Five hairline horizontal cracks (maximum

crack width about 0.2 mm) were identified on the mortar beds at wall tension edges. Also

identified were hairline diagonal cracks along the mortar joints.

UZ pull, lst cycle

A maximum strength of -40.0 kN was recorded at the displacement of -1.11 mm. The wall

responded similarly to observations made in the previous cycle. Cracking patterns mirrored to

those formed in the previous push cycle were identified.

k push. 2nd cvcle
A maximum strength of 32.5 kN was recorded at the conclusion of this loading cycle. No

new cracking or extensions to previously formed cracks were identified.

UZ Dull, 2nd cycle

A maximum strength of -28.5 kN was recorded for this loading cycle. No new cracking was

identified.

Md push. 1 st cycle

A maximum strength of 41.2 kN was measured at the displacement of 2.33 mm. This strength

was about 10% more than that prescribed by NZS 4229: 1999. No new cracking was

identified, but extensions to cracks formed in the previous push cycles were identified, with

crack width up to 0.4 mm. Despite the extension of diagonal crack to reach the bond beam on

the left pier, it was established that such crack would induce insignificant structural damage

to the bond beam. Minor crushing of mortar was observed along diagonal cracks at the

completion of this loading stage. An uplift of 0.18 mm was measured at the tension toe.
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ltd Pull. 1 st cycle

A "splitting" noise was heard when the wall was being pulled to a displacement of about -1.5

mm due to the widening of diagonal cracks formed in the previous pull cycles, but no

strength loss was observed. The wall strength continued to increase to a maximum of -38.7

kN at the end of this loading stage. Upon close observation, it was established that wall

cracking patterns were very similar to those observed in the previous push cycle. A maximum

crack width of about 0.5 mm was identified. Also observed was the sign of crushing of

mortar along diagonal cracks. The maximum strength developed in this pull cycle was about

4% more than that prescribed by NZS 4229:1999. See Figure A.2.2 for cracking patterns at

this stage of loading.

Utt push. 2nd cycle

A maximum strength of 36.2 kN was measured. No new cracking or crack extensions were

identified.

14 pull, 2nd cvcle
A maximum strength of -32.8 kN was recorded at the displacement of -2.24 mm. No new

cracking or crack extensions were identified.

8 push. lst cycle

A maximum strength of 41.0 kN was recorded at the displacement of 3.43 mm. No new

cracks, but elongations and widening of diagonal cracks formed in previous push cycles were

identified, with crack width up to 0.6 mm.

R pull, 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -37.4 kN was recorded at the displacement of -3.55 mm. No new cracks were

identified, but further elongations and widening of diagonal cracks were observed.

uti push. 2nd cYcle
A maximum strength of 38.7 kN was recorded at the displacement of 3.55 mm. No new

cracks were identified, but further widening of diagonal cracks were identified with crack

width up to 2.5 mm.

.
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m Pull. 211(1 cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -32.8 kN was recorded for this load step. No new crack was identified.

Ux push, 1 st cycle

A maximum strength of 37.0 kN was recorded at the displacement of 4.59 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed,

maximum crack of about 4.0 mm was measured.

UR Dull, 1 st cycle

The wall responded similarly to observations made in the previous push cycle. Elongation

and widening of previously formed diagonal cracks were identified. A maximum strength of -

33.6 kN was recorded at the displacement of -4.52 mm.

UR push. 2nd cycle

No new cracking or crack extensions were identified. A maximum strength of 35.0 kN was

recorded at the displacement of 4.69 mm.

UR pull, 2nd cycle

A maximum strength of -32.8 kN was recorded at the corresponding displacement of -4.76

mm. No new cracking or crack extensions were identified.

Ull! push. 1 st cycle

A maximum strength of 34.8 kN was recorded at the displacement of 5.65 mm. No new

cracking was identified. The wall response was dominated by the degradation and widening

of previously formed diagonal cracks. Maximum crack width of about 6.5 mm was measured.

See Figure A.2.3 for wall cracking patterns at this stage of testing.

Ulll pull, 1 st cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -33.5 kN was measured at the displacement of -5.7 mm.
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rigure A.2.2 Condition of test wall at end of first ductility 4 pull cycle.

f. - -3

Figure A.2.3 Condition of test wall at end of first ductility 10 push cycle
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Bio push. 2nd cycle

A maximum strength of 30.7 kN was measured at the displacement of 5.68 mm. No new

cracks or crack extensions were identified. This strength corresponded to about 75% of the

maximum strength achieved in the push direction. Hence the wall was defined as failing

according to the test procedure outlined in section 4.5.

Uln pull. 2nd cycle

The wall response was similar to observations made in previous push cycle. A maximum

strength of -31.5 kN was recorded at the displacement of-5.8 mm.

Ui,push. lst cycle

A maximum strength of 34.1 kN was recorded at the displacement of 6.67 mm. No new

crack, but further widening of diagonal crack with crack width up to 8.0 mm being identified.

Ur Dull, Ist cycle

The wall response was dominated by further widening of diagonal cracks formed in previous

cycles, with crack width up to 10.1 mm. A maximum strength of -32.5 kN was measured at

the displacement of-6.84 mm.

U12 push. 2nd cycle

No new cracks or crack elongations were identified. Further widening of diagonal cracks was

observed, with crack width up to 10 mm. A maximum strength of 29.6 kN was measured at

the displacement of 6.93 mm. The wall condition at this stage of testing is presented in Figure

A.2.4.

*1.2 pull. 2nd cycle

Similar to previous push cycle, no new cracks or crack alongations were identified. A

maximum strength of -30.2 kN was measured at the displacement of -6.78 mm. As shown in

Figure A.2.4, the diagonal cracking patterns aligned well with the load path by which shear

force was transferred to the foundation in the strut mechanism.

116



Experimental Results - Series A

Uld push, 1 st cycle

Widening of diagonal cracks (maximum crack width about 12 mm) was observed to cause

further deterioration of the right pier compression toe. However, tapping the masonry face

shell to indicate that no face shell delamination at the compression toe, i.e. compression toe

was still intact. Degradation of masonry along diagonal cracks caused minor spalling of face

shell and mortar. A maximum strength of 28.1 kN was recorded at the displacement of 7.97

mm.

UM Dull. 1 St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -32.6 kN was recorded at the displacement of -7.93 mm.

Eli push, 2nd cycle

No new cracks or crack elongations were identified. A maximum strength of 22.9 kN was

recorded at 7.89 mm.

411 Dull, 2nd cycle

No new cracks or crack elongations were identified. A maximum strength of -30.5 kN was

recorded at the displacement of -8.15 mm.

&116 Dush. 1 St cycle

The wall developed a maximum strength of 23.5 kN at the displacement of 9.19 mm. This

strength corresponded to 57% of the maximum strength recorded in the pushing direction. No

new cracking was identified, but further widening of diagonal cracks was observed.

Rlf pull. 1 St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -31.6 kN was recorded at the displacement of -9.10 mm. Figure A.2.5 shows the

wall cracking patterns at this stage of testing.

UB Dush. 2nd cycle

Further widening of diagonal cracks was observed. A maximum strength of 21.6 kN was

recorded at the displacement of 9.04 mm.
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Figure A.2.4 Condition of test wall after cycling to displacement ductility 12.

Figure A.2.5 Condition of test wall after cycling to displacement ductility 16.

4 .
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111§ Dull. 2nd cycle

A maximum strength of -29.7 kN was recorded at the displacement of -9.23 mm. No new

cracking was identified.

A.2.3 Summary Behaviour

The measured force-displacement curve for Wall 2 is presented in Figure A.2.6, 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 widely open diagonal

cracks, the wall exhibited a gradual and fairly symmetrical strength degradation of strength in

both direction of loading. Consequently, it was possible to classify Wall 2 as having a failure

mode of diagonal tension. The desirable behaviour of this nominally reinforced partially

grout-filled concrete masonry walls with openings was created by the solid filled bond beam

at the top of the walls, which caused a frame-type action at latter stage of testing.

As shown in Figure A.2.6, it was established that the maximum strength achieved by Wall 2

was at least 4% higher (pulling 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 using the

simplified strut-and-tie analysis was about 9% less than the maximum strength achieved by

the wall.

As shown in Figures A.2.2 to A.2.5, the diagonal cracking patterns on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanisms. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying to the specifications of

NZS 4229:1999.

Similar to Figure A. 1.6, the force-displacement plot in Figure A.2.6 consistently illustrated a

pinched shape. This was primarily due to the presence of significant shear deformation in this

type of masonry construction. It was also observed that less hysteretic energy was expended
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during the second cycle to any displacement level, when compared with the first
displacement cycle. This is shown by the more pinched hysteresis loops of the second cycle.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 0.57
mm. The test wall was defined as failing during the second push cycle to displacement
ductility 10, giving it a ductility capacity of ttav > 6.0.
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Figure A.2.6 Force-displacement behaviour of Wall 2.

A.2.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results shown in Figure A.2.7.

From the rocking, sliding, flexure and shear deformation components plotted in Figure A.2.7,

it is shown that the rocking and sliding deformations were negligible throughout the test and

the shear displacement was the single most dominant deformation mode. The influence of

flexural component of deformation was significant only at low displacement level. As shown

in Figure A.2.7, it is illustrated that the shear displacement tends to increase with a concurrent
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decrease in the flexural displacement once the wall was pushed/pulled beyond the

displacement oft 4.0 mm.
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Figure A.2.7 Components ofdisplacement.
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A.3 Wall 3

This section describes the laboratory test of Wall 3. The wall geometry and reinforcement

details are shown in Figure A.3.1. The wall nominal shear (Vn) and flexural (Fn) strengths,

calculated according to the shear expressions and Fn,st described in Chapter 4, were

established to be 28.0 kN and 73.0 kN respectively.

Lintel R6 str @ 100mm c/c
016 Bond Beam

r¢ 1 111 1 1,1111 1.- 41 1 -7,/- R6 str @ 600mm c/c
1 1 -lili

600

2400

f- D12@800mme/c

2600

Figure A.3.1 Wall 3 geometry and reinforcing details.

A.3.1 Pre-test

The masonry wall was tested on the 15th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.3.2 Testing

3/ifn push.

An applied force of 21.2 kN was recorded when the wall was pushed away (towards the

right) from the strong wall. A corresponding displacement of 0.85 mm was recorded for this

loading cycle. No clear evidence of cracking.

3/4Fn Dull,

A maximum strength of -20.9 kN was recorded at the displacement of -0.77 mm. No cracking

was identified.

.

122



Experimental Results - Series A

According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

4 0.85 + 0.77)A= I = 1.07 mm
' 3< 2 7

Uz push, 1 st cycle

A maximum strength of 31.0 kN was recorded at the displacement of 2.31 mm. Hairline

diagonal cracks were identified (four cracks on left pier and three cracks on right pier), with

maximum crack width of about 0.2 mm.

k pull, 1 st cycle

The wall responded similarly to observations made in the previous cycle, diagonal cracking

patterns mirrored to those formed in the previous push cycle were identified. A maximum

strength of-30.9 kN was measured at the displacement of -2.06 mm.

LiZ push. 2nd cycle

A maximum strength of 29.5 kN was recorded at the conclusion of this loading cycle. No

new cracking, the diagonal cracks were observed to widen slightly to a maximum width of

about 0.3 mm.

112 pull, 2nd cycle

A maximum strength of -30.0 kN was recorded for this loading cycle. Similar to previous

push cycle, no new cracking was identified.

14 push, 1 st cycle

A maximum strength of 32.3 kN was measured at the displacement of 4.46 mm. One new

diagonal cracking was identified on each panel, accompanied by the elongations to cracks

formed in previous push cycles. It was identified that widening of diagonal cracks had been

taken place during this load cycle, with crack width up to 1.5 mm being identified.

.
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14 pull, 1 St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -34.4 kN was recorded at the displacement of -4.28 mm. Extensions to diagonal

cracks formed in previous pull cycles were identified, of particular significant was the

elongation of diagonal cracks towards the bond beam corner (close to wall edge) on top of the

right pier. However, it was established that the diagonal crack on the bond beam was

insignificant to adversely affect the structural performance of the bond beam. Widening of

previously formed diagonal cracks were observed, with crack width up to 3 mm being

identified. The maximum strength developed in this pull cycle was about 42% more than that

prescribed by NZS 4229:1999 and about 23% higher than the predicted Fn,st·

tu push, 2nd cYcle
A maximum strength of 29.3 kN was measured at the displacement of 4.2 mm. No new

cracking or crack elongations were identified.

4 pull. 2nd cycle

A maximum strength of -33.0 kN was recorded at the displacement of -4.44 mm. Extensions

to existing diagonal cracks were identified. Also observed was the widening of diagonal

cracks to a maximum width of about 4.5 mm.

11- push. 1 St cycle

A maximum strength of 31.1 kN was recorded at the displacement of 6.4 mm. Degradation of

masonry along diagonal cracks were observed to cause minor spalling of face shell and

mortar. No new crack, but elongation and widening of diagonal cracks were identified.

Ll- pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -34.2 kN was recorded at the displacement of -6.4 mm. No new cracking was

identified, but further elongations and widening of diagonal cracks were observed, with crack

width up to 7.5 mm. The wall condition at this stage of testing is shown in Figure A.3.2.
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j

Cl 11

Figure A.3.2 Condition of test wall at end of first ductility 6 pull cycle.

ur, push. 2nd cycle

A maximum strength of 30.1 kN was recorded at the displacement of 6.69 mm.

R pull. 2nd cycle

A maximum strength of -32.7 kN was recorded for this load step. No new crack was

identified.

Lia push. 1 St cycle

A maximum strength of 31.1 kN was recorded at the displacement of 8.68 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed,

maximum crack width of about 11 mm was measured.

PR pull, 1 St cycle

Similar to the previous push cycle, elongations and widening of previously formed diagonal

cracks were identified. A maximum strength of -32.5 kN was recorded at the displacement of

-8.65 mm.

125



Experimental Results - Series A

R push, 2nd cycle

No new cracking or crack extensions were identified. A maximum strength of 28.7 kN was

recorded at the displacement of 9.05 mm. The wall condition at this stage of testing is shown

in Figure A.3.3.

R pull. 2nd cycle

A maximum strength of -25.9 kN was recorded at the displacement of -9.04 mm. Spalling of

mortar due to grinding movement of masonry along crack paths was observed to take place.

Maximum crack width of about 15 mm was measured. This strength corresponded to about

75% of the maximum strength achieved in the pull direction. Hence, the wall was defined as

failing according to the test procedure outlined in section 4.5.

Ulg push, lst cycle

A maximum strength of 25.7 kN was recorded at the displacement of 10.8 mm. The wall

response was dominated by the degradation of masonry and widening of existing diagonal

cracks. Spalling of masonry face shells and mortar along diagonal cracks were also identified.

5110 pull. 1 St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -25.3 kN was measured at the displacement of -11.2 mm.

B.0 Dush. 2nd cycle

A maximum strength of 23.3 kN was measured at the displacement of 11.9 mm. Similar to

previous push cycle, the wall response was dominant by the widening of diagonal cracks and

degradation of masonry (face shells and mortal) along the crack paths. The wall condition at

this stage of testing is shown in Figure A.3.4.

plil pull. 2nd cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -22.3 kN was recorded at the displacement of -10.97 mm.

U!2 push. 1St cycle

A maximum strength of 22.8 kN was recorded at the displacement of 13.4 mm.
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Figure A.3.3 Condition of test wall at end of second ductility 8 push cycle
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Figure A.3.4 Condition of test wall at end of second ductility 10 push cycle
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6112 pull, 1 St cycle

A maximum strength of -23.9 kN was measured at the displacement of -12.8 mm. This

strength corresponded to about 70% of the maximum strength recorded in the pull direction.

A.3.3 Summary Behaviour

The measured force-displacement curve for Wall 3 is presented in Figure A.3.5, 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 33.3 kN and -34.4 kN were measured during

the first cycle to displacement ductility 4. This wall was classified to fail in a diagonal tension

mode. This failure mode was characterised by the gradual and fairly symmetrical strength

degradation of strength in both direction of loading and the presence of widely open diagonal

cracks on both piers. The desirable behaviour of this nominally reinforced partially grout-

filled concrete masonry wall was created by the solid filled bond beam at the top of the wall,

which caused a frame-type action at latter stage of testing.

As shown in Figure A.3.5, it was established that the maximum strength achieved by Wall 3

was at least 37% higher than the bracing capacity prescribed by the current NZS 4229: 1999,

therefore further suggesting that the conservatism of NZS 4229: 1999 to increase as the depth

of penetration increased (this wall had an opening of 2000 mm deep, as compared to the

depth of window openings of 800 mm and 1200 mm in Walls 1 and 2 respectively). The

maximum strength recorded during experimental testing was about 19% higher than the

strength predicted according to Fn.st.

As shown in Figures A.3.2 to A.3.4, the diagonal cracking patterns on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying to specifications of

NZS 4229:1999.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.07

mm. The test wall was defined as failing during the second pull cycle to displacement

ductility 8, giving it a ductility capacity of Fav > 6.0.

.
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Figure A.3.2 Condition oftest wall at end of first ductility 6 pull cycle.

W push. 2nd cYcle

A maximum strength of 30.1 kN was recorded at the displacement of 6.69 mm.

8 pull. 2nd cycle

A maximum strength of -32.7 kN was recorded for this load step. No new crack was

identified.

UR push. 1St cycle

A maximum strength of 31.1 kN was recorded at the displacement of 8.68 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed,

maximum crack width of about 11 mm was measured.

Ux Pull. 1 st cycle

Similar to the previous push cycle, elongations and widening of previously formed diagonal

cracks were identified. A maximum strength of -32.5 kN was recorded at the displacement of

-8.65 mm.
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Lt- push. 2nd cycle

No new cracking or crack extensions were identified. A maximum strength of 28.7 kN was

recorded at the displacement of 9.05 mm. The wall condition at this stage of testing is shown

in Figure A.3.3.

4 pull, 2nd CYcle

A maximum strength of -25.9 kN was recorded at the displacement of -9.04 mm. Spalling of

mortar due to grinding movement of masonry along crack paths was observed to take place.

Maximum crack width of about 15 mm was measured. This strength corresponded to about

75% of the maximum strength achieved in the pull direction. Hence, the wall was defined as

failing according to the test procedure outlined in section 4.5.

Ul[1 push. 1 st cycle

A maximum strength of 25.7 kN was recorded at the displacement of 10.8 mm. The wall

response was dominated by the degradation of masonry and widening of existing diagonal

cracks. Spalling of masonry face shells and mortar along diagonal cracks were also identified.

All.Q Dull. Ist cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -25.3 kN was measured at the displacement of -11.2 mm.

kil,[1 push. 2nd cycle

A maximum strength of 23.3 kN was measured at the displacement of 11.9 mm. Similar to

previous push cycle, the wall response was dominant by the widening of diagonal cracks and

degradation of masonry (face shells and mortar) along the crack paths. The wall condition at

this stage of testing is shown in Figure A.3.4.

Pm Dull. 2nd cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -22.3 kN was recorded at the displacement of -10.97 mm.

tkupush, 1 St cycle

A maximum strength of 22.8 kN was recorded at the displacement of 13.4 mm.

I 1
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3 *
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Figure A.3.3 Condition oftest wall at end of second ductility 8 push cycle.

S

4

' 9 .

Figure A.3.4 Condition oftest wall at end of second ductility 10 push cycle.
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U12 pull, 1 st cycle

A maximum strength of -23.9 kN was measured at the displacement of -12.8 mm. This

strength corresponded to about 70% of the maximum strength recorded in the pull direction.

A.3.3 Summary Behaviour

The measured force-displacement curve for Wall 3 is presented in Figure A.3.5, 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 33.3 kN and -34.4 kN were measured during

the first cycle to displacement ductility 4. This wall was classified to fail in a diagonal tension

mode. This failure mode was characterised by the gradual and fairly symmetrical strength

degradation of strength in both direction of loading and the presence of widely open diagonal

cracks on both piers. The desirable behaviour of this nominally reinforced partially grout-

filled concrete masonry wall was created by the solid filled bond beam at the top of the wall,

which caused a frame-type action at latter stage of testing.

As shown in Figure A.3.5, it was established that the maximum strength achieved by Wall 3

was at least 37% higher than the bracing capacity prescribed by the current NZS 4229:1999,

therefore further suggesting that the conservatism of NZS 4229:1999 to increase as the depth

of penetration increased (this wall had an opening of 2000 mm deep, as compared to the

depth of window openings of 800 mm and 1200 mm in Walls 1 and 2 respectively). The

maximum strength recorded during experimental testing was about 19% higher than the

strength predicted according to Fn st.

As shown in Figures A.3.2 to A.3.4, the diagonal cracking patterns on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying to specifications of

NZS 4229:1999.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.07

mm. The test wall was defined as failing during the second pull cycle to displacement

ductility 8, giving it a ductility capacity of Av > 6.0.

I 1
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Figure A.3.5 Force-displacement behaviour of Wall 3.

A.3.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results shown in Figure A.3.6.

From the rocking, sliding, ilexure and shear deformation components plotted in Figure A.3.6,

it is shown that the rocking and sliding deformations were negligible throughout the test and

the influence of flexural component of deformation was significant only at low displacement

level. As shown in Figure A.3.6, the magnitude of shear displacement grew significantly once

the wall was being pushed/pulled beyond the lateral displacement of * 2.0 mm. Also

illustrated in the figure is the decrease in flexural displacement in the pushing direction once

the wall was pushed beyond the displacement of 4.0 mm.

Figure A.3.6 shows that the summed up deformation (rocking + sliding + flexural + shear)

approximately match the overall displacement measured at the loading beam. The figure

provides an indication of the relative size of each displacement component at various stages

of the displacement envelope.

.
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Figure A.3.6 Components of displacement.
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A.4 Wall 4

This section describes the laboratory test of Wall 4. As shown in Figure A.4.1, this wall had

the same opening geometry as Wall 2, but with an extended trimming reinforcement below

both sides of window opening. The wall nominal shear (Vn) and flexural (Fn) strengths,

calculated according to the shear expressions and Fn,st described in Chapter 4 were

established to be 78.1 kN and 41.0 kN respectively.

Lintel R6 str @ 100mm c/c

di'lilli r'L Llf
D 16 Bond Beam

R6 str @ 600mm c/c

600

2400

D16

11 1 |  - | | --D12@800mm c/c

2600
1 1

Figure A.4.1 Wall 4 geometry and reinforcing details.

A.4.1 Pre-test

The masonry wall was tested on the 30th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.4.2 Testing

3/4Fn push.

An applied force of 31.0 kN was recorded when the wall was pushed away (towards the

right) from the strong wall. A corresponding displacement of 0.90 mm was recorded for this

loading cycle. No clear evidence of cracking.

14-Fn pull.
A maximum strength of -31.6 kN was recorded at the displacement of -0.82 mm. No cracking

was identified.

.
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According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

6 40.90+0.82)I = 1.15 mm
y =il 2 7

Liz push, 1 st cycle

A maximum strength of 47.7 kN was recorded at the displacement of 2.33 mm. Seven

hairline diagonal cracks were identified above the fully grouted horizontal flue containing the

extended D16 trimming reinforcing steel (three diagonal cracks on the left pier and one

diagonal crack on the right pier). One of the diagonal cracks initiated from the left side wall

tension edge (about 50' to the horizontal) and reached the wall base below the window

opening. A maximum crack width of about 0.35 mm was measured.

k pull, 1 st cycle

The wall responded similarly to observations made in the previous push cycle. Diagonal

cracking patterns mirrored to those formed in the previous push cycle were identified. A

maximum strength of -47.1 kN was measured at the displacement of -2.29 mm.

k Push. 2nd cycle

A maximum strength of 39.6 kN was recorded at the displacement of 2.80 mm. No new

cracking, the diagonal cracks were observed to widen slightly to a maximum width of about

0.50 mm.

k Dull. 2nd cycle

A maximum strength of -43.8 kN was recorded for this loading cycle. Similar to the previous

push cycle, no new cracking was identified.

114 push, lst cycle

A maximum strength of 46.0 kN was measured at the displacement of 4.95 mm. No new

diagonal cracking, but elongations to existing cracks were identified. Of particular significant

was the development of vertical crack beneath the trimming reinforcement on right pier. This

.
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vertical crack was similar to the vertical strut shown in Figure 4.2d. Also identified was the

widening of previously formed diagonal cracks, with crack width up to 3.0 mm being

identified. The wall cracking patterns at this stage of testing is shown in Figure A.4.2.

161 Dull, 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -48.8 kN was recorded for this pulling cycle. Extensions to diagonal cracks

formed in previous pull cycles were identified. Of particular significant was the elongation of

diagonal cracks towards the bond beam corner (close to wall edge) above the right pier and

the development of vertical crack beneath the trimming reinforcement on the left pier

compression side. Diagonal crack on the bond beam was established to be insignificant to

affect the structural performance of the bond beam. Widening of previously formed diagonal

cracks were observed, with crack width up to 3.5 mm being identified. The wall condition at

this stage of testing is shown in Figure A.4.2.

Ud push. 2nd cycle

A maximum strength of 38.1 kN was measured at the displacement of 4.95 mm. No new

cracking was identified, but the vertical crack on the right pier was observed to further

elongate to reach the compression toe. Hand tapping the face shells revealed the compression

toe was still intact (solid sound during tapping) at this stage of testing.

Md pull. 2nd cvcle
A maximum strength of -41.5 kN was recorded at the displacement of -4.61 mm. The wall

responded similarly to observations made in the previous push cycle.

R push, 1 st cycle

A maximum strength of 38.8 kN was recorded at the displacement of 6.94 mm. Further

widening of previously formed diagonal cracks and degradation of masonry at the

compression toe region (right side wall panel) were observed. A maximum crack width of 9.5

mm was measured at the conclusion of this load stage.

..

.
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st

8 pull, 1 cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -42.5 kN was recorded at the displacement of -6.93 mm. No new crack was

identified, but further elongations and widening of existing diagonal cracks were observed.

A push, 2nd cvcle

A maximum strength of 29.2 kN was recorded at the displacement of 6.94 mm. This strength

corresponded to about 61% of the maximum strength achieved in the pull direction. Hence

the wall was defined as failing according to the test procedure outlined in section 4.5.

8 pull, 2nd cvcle

A maximum strength of -32.7 kN was recorded for this load step. No new cracking was

identified.

Ua push. 1 St cycle

A maximum strength of 33.3 kN was recorded at the displacement of 9.24 mm. No new

cracking was identified. Further elongations and widening of previously formed cracks were

observed, maximum crack of about 13 mm was measured.

Ll- pull. 1 st cycle

Similar to the previous push cycle, elongations and widening of previously formed diagonal

cracks were identified. A maximum strength of -38.4 kN was recorded at the displacement of

-9.21 mm.

8 push. 2nd cYcle

No new cracking or extensions of cracks were identified. A maximum strength of 31.5 kN

was recorded at the displacement of 9.25 mm. See Figure A.4.3 for wall condition at this

stage of testing

R Dull, 2nd cycle

A maximum strength of -36.8 kN was recorded at the displacement of -9.22 mm. Minor

spalling of mortar was observed, this was caused by the grinding movement of masonry

along the crack paths.

.
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A. -

Figure A.4.2 Condition oftest wall at end of first ductility 4 pull cycle

L

t

A. f

Figure A.4.3 Condition of test wall at end of second ductility 8 push cycle
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Vio Push. 1St cycle

A maximum strength of 35.4 kN was recorded at the displacement of 11.77 mm. The wall

response was dominated by the widening of existing cracks, with maximum crack width of

about 19 mm being measured.

Bm pull. 1St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -40.3 kN was measured at the displacement of -11.54 mm.

Flg push. 2nd cycle

A maximum strength of 34.1 kN was measured at the displacement of 11.82 mm.

Bl, pull. 2nd cycle

A maximum strength of -34.7 kN was recorded at the displacement of -11.37 mm.

St

ut 7 push. 1 cycle

A maximum strength of 32.1 kN was recorded at the displacement of 14.14 mm. The wall

response was dominated by the widening of existing cracks. The wall condition at this stage

of testing is shown in Figure A.4.4.

Ull pull. 1 St cycle

A maximum strength of -34.2 kN was measured at the displacement of -13.8 mm. The wall

responded similarly to observations made in the previous push cycle.

14.zpush. 2nd cycle

A maximum strength of 30.8 kN was recorded at the conclusion of this load stage.

Ulzpull. 1 St cycle

A maximum strength of -32.5 kN was measured at the conclusion of this load stage.
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Llf1
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Figure A,4.4 Condition of test wall at end of first ductility 12 push cycle.

A.4.3 Summary Behaviour

The measured force-displacement curve for Wall 4 is presented in Figure A.4.5, 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 47.7 kN and -47.1 kN were measured during

the first cycle to displacement ductility 2. This wall was classified to fail in a diagonal tension

mode. This failure mode was characterised by the gradual and fairly symmetrical strength

degradation of strength in both directions of loading, despite the presence of widely open

diagonal cracks on both the left and right side wall panels. The desirable behaviour of this

nominally reinforced partially grout-filled concrete masonry wall was created by the solid

filled bond beam at the top of the wall, which caused a frame-type action at latter stage of

testing.

As shown in Figure A.4.5, it was established that the maximum strength achieved by Wall 4

was about 27% higher than the bracing capacity prescribed by NZS 4229: 1999, therefore

suggesting that the conservatism of NZS 4229: 1999 to increase when trimming reinforcement

is extended below an opening (as compare to the Fmax/Fcode of 1.10 in Wall 2). The wall
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nominal strength predicted according to Fn,st was about 15% less than the maximum strength

achieved by the wall.

As shown in Figures A.4.2 to A.4.4, the diagonal cracking patterns on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. Consequently, this observation further supports the use of strut-and-tie analysis

as the tool to evaluate the strength of walls with reinforcement details complying with

specification of NZS 4229:1999.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.15

mm. The test wall was defined as failing during the first push cycle to displacement ductility

6, giving it a ductility capacity pav of 4.5.
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Figure A.4.5 Force-displacement behaviour of Wall 4.

A.4.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results shown in Figure A.4.6. It is

138



Experimental Results - Series A

shown that the shear deformation was the most dominant form of deformation, and the

influence of rocking, sliding and flexural deformations were negligible throughout the test.
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Figure A.4.6 Components of displacement.
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A.5 Wall 5

This section describes the laboratory test of Wall 5. As shown in Figure A.5.1, this wall had

an opening geometry identical to Wall 2, but the D-16 trimming reinforcement was only

extended to the outermost vertical reinforcement on one side (right side) of the wall, resulting

in an asymmetrical detailing of trimming reinforcement. The wall nominal shear strength

(Vn) was evaluated to be 83.6 kN. The flexural (Fn) strengths, calculated according to Fn,st

described in section 4.1.2, were established to be 41.0 kN and 35.9 kN for the push and pull

directions respectively.

Lintel R6 str @ 100mm c/c

D 16 Bond Beam

¢ I I l i 3 ITI ILI E | | I L-R6 str @ 600mm c/c

600

2400

D16
Ir

1 1 1 1 i

I -- D12@ 800mm c/c

2600
1 -1

Figure A.5.1 Wall 5 geometry and reinforcing details.

A.5.1 Pre-test

The masonry wall was tested on the 19th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.5.2 Testing

3/4 Fn push.

An applied force of 30.8 kN was recorded when the wall was pushed away (towards the

right) from the strong wall. A corresponding displacement of 0.63 mm was recorded for this

loading cycle. No clear evidence of cracking.

.

140



Experimental Results - Series A

According to the procedure outlined in section 3.8, the measured lateral forces for the

pushing direction of loading resulted in a yield displacement of:

4

Ay = -x 0.63 = 0.84 mm
3

3/4Fn Dull,

A maximum strength of -25.6 kN was recorded at the displacement of -0.50 mm. No cracking

was identified.

According to the procedure outlined in section 4.5, the measured lateral forces for the pulling

direction of loading resulted in a yield displacement of:

4
A = -x 0.5 - 0.66 mm
y 3

Ul push. l St cycle

A cracking noise was heard (due to diagonal crack opening) when the wall was pushed to a

displacement of 1.2 mm. The opening of this diagonal crack did not cause strength loss. The

wall continued to grow in strength until a maximum strength of 44.0 kN was recorded at the

target displacement. At the completion of this loading stage, seven hairline horizontal cracks

and one diagonal crack were identified.

Uz pull. 1 st cycle

A maximum strength of -40.8 kN was measured at the displacement of -1.56 mm. Four

diagonal cracks (two cracks on right pier, one on left pier and one below the window) were

identified. A maximum crack width of about 0.1 mm was identified..

Liz push. 2nd cycle

A maximum strength of 41.2 kN was recorded at the displacement of 1.79 mm. Two new

diagonal cracks and extensions to previously formed diagonal were identified.

..
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k Dull, 2nd cvcle

A maximum strength of -31.9 kN was recorded for this loading cycle. No new cracking was

identified.

Ud Push. 1 st cycle

In this push excursion towards the target displacement of 3.36 mm, significant widening of

existing diagonal cracks (accompanied by cracking noise) occurred at the displacement of

2.85 mm, resulting in slight loss of strength and a sudden increase in lateral displacement.

The peak strength measured was 52.4 kN at the displacement of 2.85 mm. At the final

displacement of 3.37 mm, the strength measured was 46.1 kN. Two new diagonal cracks and

a vertical crack beneath the trimming reinforced (adjacent to the compression wall edge)

were identified at the completion of this loading stage. A maximum crack width of about 0.5

mm was identified.

8 pull. 1St cycle

A maximum strength of -48.1 kN was measured at the displacement of -2.57 mm. Three new

diagonal cracks and extensions to previously formed cracks were identified. The cracking

patterns at this stage of testing aligned well with the load paths by which shear force was

transferred to the foundation in the strut mechanism. The wall condition at this stage of

testing is depicted in Figure A.5.2.

Ud push. 2nd cycle

A maximum strength of 38.2 kN was measured at the displacement of 3.32 mm. This strength

corresponded to about 73% of the maximum strength achieved in the push direction. Hence

the wall was defined as failing according to the test procedure outlined in section 4.5.

Extensions to previously formed cracks were identified. No new cracking.

14& pull. 2nd cycle

A maximum strength of -41.5 kN was recorded at the displacement of -4.61 mm. The wall

responded similarly to observations made in the previous push cycle. Maximum crack width

of about 1 mm was identified.

..
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k
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Figure A.5.2 Condition of test wall at end of first ductility 4 pull cycle.

S1

110 push. 1 cycle

A maximum strength of 37.4 kN was recorded when the wall was pushed to the displacement

of 3.62 mm. This was immediate followed by the significant widening of previously formed

cracks that resulted in slight drop in strength. Wall strength of 33.2 kN was recorded at the

target displacement of this loading stage. No new cracking was identified, but extensions and

widening of previously formed cracks were identified, with maximum crack width of about 2

mm. The vertical crack formed in previously cycle elongated to reach the compression toe.

Upon tapping the face shell, it was established that masonry at the compression toe was still

intact and face shell delamination had yet to take place.

po pull, 1 st cycle
A maximum strength of -47.6 kN was recorded at the displacement of -3.85 mm. No new

cracking was identified, but further elongations and widening of diagonal cracks were

observed (diagonal cracks were observed to extend to the compression toe on the left side

panel).

.
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14 push. 2nd cycle

A maximum strength of 29.3 kN was recorded at the displacement of 5.08 mm. Few

extensions to previously formed cracks were identified.

R pull. 2nd cycle

A maximum strength of -49 kN was recorded at the displacement of -3.96 mm. No new

cracks were identified. Widening of cracks was identified, with maximum crack width of

about 5.5 mm.

R push, 1 St cycle

A maximum strength of 33.3 kN was recorded at the displacement of 6.28 mm. No new

cracking was identified. Further widening of previously formed cracks and degradation of

compression toe were observed (as indicated by the widening of vertical crack). Maximum

crack of about 7.0 mm was measured.

ux pull, ls, cvcle

Similar to previous push cycle, elongation and widening of existing diagonal cracks were

identified. A maximum strength of -46.5 kN was recorded at the displacement of -5.26 mm.

Spalling of masonry face shell along diagonal cracks were observed to take place. Maximum

crack width of about 12 mm was identified.

Lia push. 2nd cvcle
No new cracking or crack extensions were identified. A maximum strength of 24.8 kN was

recorded at the displacement of 8.43 mm. Maximum crack width of about 18 mm was

identified.

31x pull. 2nd cycle

A maximum strength of -46.2 kN was recorded at the displacement of -5.45 mm.

Uio push. 1 St cycle
A maximum strength of 26.8 kN was recorded at the displacement of 8.82 mm. No new

cracking was identified. The wall response was dominated by the widening of existing

cracks.
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Mlo pull, 1 St cycle

A maximum strength of -46.4 kN was measured at the displacement of-7.38 mm. Grinding

of masonry along crack paths caused the spalling of mortar. Maximum crack width of about

22 mm was identified.

Uto push, 2nd cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of 26.9 kN was measured at the displacement of 9.78 mm.

Mut pull. 2nd cycle

A maximum strength of -42.3 kN was recorded at the displacement of -6.65 mm.

Plipush. 1 St cYcle

A maximum strength of 25.5 kN was recorded at the displacement of 10.24 mm. Similar to

the previous loading cycle, the wall response was dominated by the widening of existing

cracks.

p!2 pull. 1St cycle

A maximum strength of -40.2 kN was measured at the displacement of -13.8 mm.

killpush, 2nd cycle

A maximum strength of 18.4 kN was recorded at the conclusion of this load stage.

Pl.2 pull. 2nd cycle

A maximum strength of -39.1 kN was measured at the displacement of -8.11 mm.

Ul.& push. l st cycle

A maximum strength of 23.0 kN was recorded at the displacement of 12.44 mm. Widening of

vertical crack below the fully grouted flue (trimming reinforcement) caused significant

damage to compression toe.

145



Experimental Results - Series A

6114 pull, 1 St cycle

A maximum strength of -36.0 kN was measured at the displacement of-9.38 mm. As shown

in Figure A.5.3, vertical crack formed in previous push cycles resulted in the spalling of

masonry at the tension toe region.

1114 push, 2nd cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of 15.4 kN was measured at the displacement of 11.96 mm. The wall condition at

this stage of testing is shown in Figure A.5.3.

/ I .3·

Figure A.5.3 Condition of test wall at end of second ductiliO' 14 push cycle.

nd

Mli pull. 2 cycle

A maximum strength of -31.7 kN was recorded at the displacement of -9.94 mm.

14€push, 1 St cycle

A maximum strength of 16.9 kN was recorded at the displacement of 10.24 mm. Similar to

previous loading cycle, the wall response was dominated by the widening of existing cracks.
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Ulb pull, 1 St cycle

A maximum strength of -28.0 kN was measured at the displacement of -10.8 mm. No new

crack, but further widening of existing cracks was identified.

IUDush, 2nd cycle

A maximum strength of 15.7 kN was recorded at the displacement of 13.7 mm.

U12 pull. 2nd cycle

A maximum strength of -22.6 kN was measured at the displacement of -11.1 mm.

A.5.3 Summary Behaviour

The measured force-displacement curve for Wall 5 is presented in Figure A.5.4, 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 52 kN and -50 kN were recorded during

experimental testing. Similar to Walls 1 -4, Wall 5 was classified to fail in a diagonal tension

mode. The desirable behaviour of this perforated nominally reinforced partially grout-filled

concrete masonry wall was created by the solid filled bond beam at the top of the wall, which

caused a frame-type action at latter stage of testing. As shown in Figure A.5.4, Wall 5

exhibited significant non-symmetrical force-displacement response due to the non-

symmetrical arrangement of trimming reinforcement. This was correlated with different

geometry of crack patterns formed in the two directions of loading. In addition, inspection of

wall condition at end of testing strongly indicated that the wall cracking patterns aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanisms. Consequently, this observation further supports the use of strut-and-tie analysis

as the tool to evaluate the strength of perforated partially grout-filled masonry walls that were

nominally reinforced.

As shown in Figure A.5.4, the strut-and-tie models correctly established a stronger wall

strength in the pushing direction than that in the pulling direction. A stronger strength in the

push direction was expected due to presence of the extended trimming reinforcement in the

right side panel. It was established that the maximum strength achieved by Wall 5 was about

39% and 34% higher than the bracing capacity prescribed by NZS 4229:1999 in the

respective pushing and pulling directions. The maximum strengths recorded during

. Z
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experimental testing were about 27% and 45% higher than those predicted according to Fn,st

in the respective pushing and pulling directions.

The yield displacement (Ay) for this partially grouted wall was evaluated to be 0.84 mm and

0.66 mm in the respectively pushing and pulling directions. The test wall was defined as

failing during the second push cycle to displacement ductility 4, giving it a ductility capacity

plav of 2.0.
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Figure A.5.4 Force-displacement behaviour of Wall 5.

A.5.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results shown in Figure A.5.5. It is

shown that the shear deformation was the most dominant form of deformation. This

observation correlated well with the development of significant diagonal shear cracking

during the test. The influence of rocking, sliding and flexural deformations were negligible.

/ 1
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A.6 Wall 6

This section describes the laboratory test of Wall 6. The wall geometry and reinforcement

details are shown in Figure A.6.1. The wall nominal shear (Vn) and flexural (Fn) strengths,

calculated according to the shear expressions and Fn,ST described in Chapter 4, were

established to be 117.1 kN and 79.9 kN respectively.

4 111 -1 111

Lintel R6 str @ 100mm ck
1

h i 1 1 PIBI'l 1- ' I i ' -30-
D 16 Bond Beam

R6 str @ 600mm c/c

600 600

2400

D16

< |   D12 @ 800mm c/c

4200

Figure A.6.1 Wall 6 geometry and reinforcing details.

A.6.1 Pre-test

The masonry wall was tested on the 21 st days after construction. Instrumentation was attached

to the wall according to section 3.5.1. Prior to wall testing the wall was inspected, with no

cracks or structural defects being identified.

A.6.2 Testing

3/4Fn push,

An applied force of 67.4 kN was recorded when the wall was being pushed away from the

strong wall. A corresponding displacement of 1.40 mm was recorded for this loading cycle.

Two diagonal cracks, with a maximum crack width of about 0.5 mm, were identified on all

three piers.

1.Fn pull.

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -67.5 kN was recorded at the displacement of -1.69 mm.

1 4
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According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

1 (80 0 ) 1 (80.0
A., =-I -1-xl.40 I+-I-xl.69 =1.83 mm

' 2 (67.4 7 2 (67.5

112 push. 1 st cycle

A maximum strength of 94.3 kN was recorded at the displacement of 4.07 mm. Extensions to

previously formed cracks were identified, and cracks were widened to a maximum width of

2.5 mm. In addition, two new diagonal cracks were identified on the central pier.

UZ pull. 1 st cycle

A maximum strength of -83.8 kN was recorded at the displacement of -4.07 mm. The wall

responded similarly to observations made in the previous cycle. Cracking patterns

significantly mirrored to those formed in the previous push cycle were identified. Maximum

crack width of about 1.5 mm was identified.

Uz push 2nd cycle

A maximum strength of 76.3 kN was recorded at the conclusion of this loading cycle. No

new cracking or crack elongations were identified.

k pull. 2nd cycle

A maximum strength of -73.6 kN was recorded for this loading cycle. No new cracking was

identified.

15 Dush. 1St cycle

A maximum strength of 81.9 kN was measured at the displacement of 8.23 mm. No new

cracking was identified, but elongations to existing cracks were identified, with crack width

up to 6.5 mm. It was observed that diagonal crack on the left pier extended to reach the

compression toe.

..
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Mi Dull. 1st cycle

The wall responded similarly to observations made in the previous push cycle. Diagonal

cracks on the right side pier extended to the compression toe, no new cracking was identified.

A maximum wall strength of - 94.6 kN was recorded at the displacement of -8.25 mm.

Maximum crack width of about 8.0 mm was identified.

11& push 2nd cYcle

A maximum strength of 51.4 kN was measured in this push excursion cycle. This strength

corresponded to about 55% of the maximum strength achieved in the pushing direction.

Hence, the wall was defined as failing according to the test procedure outlined in section 4.5.

No new cracking or crack elongations were identified. Mortar crushing due to the grinding

movement of masonry along the diagonal cracks was observed. The wall condition at this

stage oftesting is shown in Figure A.6.2.

Md Pull. 2nd cycle

A maximum strength of -77.0 kN was recorded at the displacement of -8.38 mm. The wall

responded similarly to observations made in the previous push cycle.

R push. 1 st cycle

A maximum strength of 61.8 kN was recorded at the displacement of 12.28 mm. No new

crack. The wall response was dominant by the elongations and widening of existing diagonal

cracks, with crack width up to 12.0 mm being identified. The wall condition at this stage of

testing is shown in Figure A.6.3.

8 pull. 1 St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -78.0 kN was recorded at the displacement of -12.01 mm. No new cracking was

identified, but further elongations and widening of diagonal cracks were observed.

m push. 2nd cycle

A maximum strength of 42.3 kN was recorded at the displacement of 12.06 mm. No new

cracking was identified, but further widening of diagonal cracks were identified with crack

width up to 15 mm being identified.

4
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t __1 /

3 'P

gure A.6.2 Condition of test wall at end of second ductility 4 push cycle.

l

1 F

Figure A.6.3 Condition of test wall at end of first ductility 6 push cycle.
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R pull. 2nd cycle

The wall responded similarly to observation made in the previous push cycle. A maximum

strength of -67.2 kN was recorded for this load step. No new cracking was identified.

Spalling of masonry face shell on the central pier was identified.

p,- push, 1 St cycle

A maximum strength of 56.9 kN was recorded at the displacement of 16.14 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed,

maximum crack of about 17.5 mm was identified. The wall cracking pattern at this stage of

testing (see Figure A.6.4) correlated well with the load paths by which shear force was

transferred to the foundation according to the strut mechanisms shown in section 4.1.2.

R pull, 1 St cycle

The wall responded similarly to observations made in the previous push cycle. Elongation

and widening of previously formed diagonal cracks were identified. A maximum strength of -

67 kN was recorded at the displacement of -16.0 mm.

UR push, 2nd cycle

No new cracking or crack extensions were identified. A maximum strength of 44.3 kN was

recorded at the displacement of 16.0 mm.

B& pull, 2nd cycle

A maximum strength of -47.8 kN was recorded at the target displacement. No new cracking

or crack elongations were identified.

Bm push. 1 St cycle

A maximum strength of 50.4 kN was recorded at the displacement of 20.1 mm. No new

cracking was identified. The wall response was dominated by the degradation and widening

of existing diagonal cracks. Maximum crack width of about 20.5 mm was measured.

1110 Dull. 1 St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -50.4 kN was measured at the displacement of -19.6 mm.
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Figure A.6.4 Condition of test wall at end of first ductility 8 push cycle.

.f 4*A

di

Figure A.6.5 Condition of test wall at end of first ductility 12 pull cycle.
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P,10 push. 2nd cycle

A maximum strength of 43.5 kN was measured at the displacement of 20.26 mm. No new

cracking or crack extensions were identified.

Bilil pull. 2nd cycle

A maximum strength of -47.3 kN was recorded at the displacement of -20.2 mm.

ilizpush, 1st cycle

A maximum strength of 45.3 kN was recorded at the displacement of 24.09 mm. No new

crack, but further widening of diagonal cracks with crack width up to 22.6 mm being

identified.

Pl.2 pull, 1 St cycle

The wall response was dominated by the further widening of existing diagonal cracks. A

maximum strength of -57.4 kN was measured at the displacement of -24.35 mm. The wall

condition at this stage of testing is shown in Figure A.6.5.

Ui, Dush. 2nd cycle

A maximum strength of 38.1 kN was measured at the displacement of 24.44 mm.

142 Dull, 2nd cycle

A maximum strength of -47.2 kN was recorded at the target displacement. No new cracking

was identified.

A.6.3 Summary Behaviour

The measured force-displacement curve for Wall 6 is presented in Figure A.6.6, depicting the

lateral displacement at the top of the wall as a function of the applied lateral force. The

maximum push direction strength of 94.3 kN was measured during the first cycle to

displacement ductility 2 and the maximum pull direction strength of -94.6 kN was measured

during the first cycle to displacement ductility 4. Despite the presence of widely open

diagonal cracks, the wall exhibited a gradual and fairly symmetrical strength degradation of

strength in both direction of loading. Consequently, it was possible to classify Wall 6 as

having a failure mode of diagonal tension. The desirable behaviour of this nominally

.

.
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reinforced partially grout-filled concrete masonry wall was created by the solid filled bond

beam at the top of the wall, which caused a frame-type action at latter stage of testing.

As shown in Figure A.6.6, it was established that the maximum strength achieved by Wall 6

was about 69% higher than the bracing capacity prescribed by NZS 4229:1999, therefore

suggesting that the conservatism of NZS 4229:1999 to increase as the length of a perforated

masonry wall increased. The wall maximum strength recorded during testing was about 18%

more than that predicted using the improved strut-and-tie model.

As shown in Figures A.6.2 to A.6.5, the diagonal cracking pattern on this wall aligned well

with the load paths by which shear force was transferred to the foundation in the strut

mechanism. This observation supports the use of strut-and-tie analysis as the tool to evaluate

the strength of walls with reinforcement details complying to specifications of

NZS 4229:1999. However, it was noted that the maximum strength achieved by the wall was

about 61% higher than that predicted using the simplified strut-and-tie method, therefore

suggesting the conservatism of the simplified strut-and-tie analysis (similar to

NZS 4229: 1999) to increase as the wall length increases.

The force-displacement plot in Figure A.6.6 consistently illustrated a pinched shape. This

was primarily due to the presence of significant shear deformation in this nominally

reinforced partially grout-filled concrete masonry wall. 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 shown by the more pinched hysteresis

loops of the second cycle.

The yield displacement (Ay) for this partially grouted wall was evaluated to be 1.83 mm. The

test wall was defined as failing during the second push cycle to displacement ductility 4,

giving it a ductility capacity Fav of 2.0.
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Figure A.6.6 Force-displacement behaviour of Wall 6.

A.6.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four displacement

components according to the procedure outlined in section 4.7 with the results shown in

Figure A.6.7. From the rocking, sliding, flexure and shear deformation components plotted in

Figure A.6.7, it is shown that shear displacement was the single most dominant deformation

mode. The influences of rocking, sliding and flexural component of deformations were
negligible throughout the test.

It is noted that the summed up deformation (rocking + sliding + flexural + shear)
approximately match the overall displacement measured at the loading beam. Ideally, the line

representing the sum of components should coincide with the line representing the lateral
displacement measured at the loading beam. Figure A.6.7 is useful in providing an indication

of the relative size of each displacement component at various stages of the displacement
envelope.
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A.7 Wall 7

This section describes the laboratory test of Wall 7. The wall geometry and reinforcement

details are shown in Figure A.7.1. The wall nominal shear (Vn) was established to be 122.4

kN and the flexural (Fn) strengths calculated according to the improved strut-and-tie model

described in section 4.1.3 were established to be 61.6 kN and 76.1 kN for the pushing and

pulling directions respectively.

Lintel R6 str @ 100mm c/c

I ' 3 I'l IiI I' Fl ' 1 ill 'fil ¢ 111 13//-
D 16 Bond Beam

R6 str @ 600mm c/c
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Figure A.7.1 Wall 7 geometry and reinforcing details.

A.7.1 Pre-test

The masonry wall was tested on the 34h days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified. Although the wall had different lateral

strengths for the respective pushing and pulling directions, it was decided that (for

convenience) the nominal lateral strength for this wall shall be taken as 76.1 kN for the two

loading directions. This decision was taken because Davidson (1998) successfully showed

that wall strength of over 80 kN was developed by concrete masonry wall of similar

constructional geometries and reinforced with *12 longitudinal steel bars of fy = 275 MPa.

A.7.2 Testing

1Fn push,
An applied force of 61.0 kN was recorded when the wall was being pushed away (towards

the right) from the strong wall. A corresponding displacement of 1.45 mm was recorded for

0 6
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this loading cycle. Diagonal cracks were identified throughout the wall (5 cracks on the left

pier-of which 2 cracks extended beneath window, 4 cracks on the central pier and 3 cracks on

the right pier). A maximum crack width of 0.2 mm was identified.

1Fn pull

A maximum strength of -60.6 kN was recorded at the displacement of -1.56 mm. Hairlines

diagonal cracks mirrored to those formed in the previous push cycle were identified.

According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

Ay = 0.5-761xl.45 +711-xl.56=1.89 mml61.0 60.6

512 push, 1 St cycle

A maximum strength of 79.0 kN was recorded for this loading cycle. Extensions to existing

diagonal cracks were identified. As shown in Figure A.7.2, diagonal cracks on the central pier

elongated to reach the compression toe. It was clearly shown that diagonal cracks formed at

this stage of testing correlated well with the strut-and-tie model (see section 4.1.2). A

maximum crack width of about 2.0 mm was identified.

k pull. 1 St cycle

A maximum strength of -82.2 kN was recorded. Three new diagonal cracks and elongations

to existing cracks were identified. A maximum crack width of about 1.0 mm was identified.

k push. 2nd cvcle

A maximum strength of 71.7 kN was recorded at the conclusion of this loading cycle. No

new cracking or crack extensions were identified.

k pull. 2nd cycle

A maximum strength of -73.9 kN was recorded for this loading cycle. No new cracking was

identified.

.
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Figure A.7.2 Condition of test wall at end of first ductility 2 push cycle.

hi ji

Figure A.7.3 Condition of test wall at end of first ductility 4 pull cycle.
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1!d push. 1 st cycle

A maximum strength of 82.8 kN was measured at the displacement of 7.89 mm. This strength

was about 68% more than that prescribed by NZS 4229:1999. Elongation and widening of

cracks formed in the previous push cycles were identified, with crack width (on central pier)

up to 6.5 mm being identified. New diagonal cracks were only identified on the right pier.

Grinding movement of masonry caused the commencement of mortar crushing along

diagonal cracks.

14 Pull, 1 st cycle

A "splitting" noise was heard when the wall was being pulled to a displacement of about -6.5

mm due to the widening of diagonal cracks formed in the previous pull cycles, but no

strength loss was observed. The wall strength continued to increase to a maximum of -82.5

kN at the end this loading stage. Upon close observation, it was established that wall cracking

patterns significantly mirrored to those observed in the previous push cycle. Also identified

was the elongation of diagonal cracks to reach the upper right bond beam corner. Despite the

presence of cracking on the bond beam, it was established that such damage was insignificant

to affect the performance of the bond beam. A maximum crack width of about 7.5 mm was

identified. The wall condition at this stage of testing is shown in Figure A.7.3.

8 push. 2nd cycle

A maximum strength of 72.7 kN was measured. No new cracking or crack extensions were

identified. Diagonal cracks were slightly widened to a maximum width of 8.5 mm.

Ud pull. 2nd cycle

A maximum strength of -66.4 kN was recorded at the displacement of -7.89 mm. No new

cracking or crack extensions were identified.

W push, lst cycle

A maximum strength of 74.8 kN was recorded at the target displacement. No new crack, but

elongations and widening of existing diagonal cracks were identified, with crack width up to

11 mm being identified. The grinding movement of masonry had resulted in further crushing

of mortar along diagonal cracks.

.

..

163



Experimental Results - Series A

14 Dull. 1 st cycle

The wall responded similar to observations made in the previous push cycle. A maximum

strength of -59.7 kN was recorded at the target displacement. This strength corresponded to

about 72% of the maximum strength achieved in the pull direction. Hence, the wall was

defined as failing according to the test procedure outlined in section 4.5. No new crack was

identified, but further elongations and widening of diagonal cracks were observed. The

widening of cracks had resulted in further deterioration of masonry bond beam at the top

right corner of the wall.

uf push. 2nd cycle

A maximum strength of 61.1 kN was recorded at the displacement of 12.03 mm. No new

crack was identified, but further widening of diagonal cracks were identified.

Uli Dull. 2'ld cycle

The wall responded similarly to observation made in the previous push cycle. A maximum

strength of -47.4 kN was recorded for this load step.

A push. 1 St cycle

A maximum strength of 67.0 kN was recorded at the displacement of 17.0 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed

to cause the spalling of masonry face shells.

R pull. 1St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -53.6 kN was recorded at the target displacement.

UR push. 2nd cycle

No new cracking or extensions of cracks were identified. A maximum strength of 51.3 kN

was recorded at the target displacement. Upon stress released, a "hollow" sound was heard

when hand tapping the face shells in the top right bond beam region, indicating the onset of

face shell delamination. Consequently, the face shells were removed upon unloading to avoid

damage to the measuring instruments that could be caused by fallen objects. The wall

condition at this stage of testing is shown in Figure A.7.4.
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lu pull, 2nd cycle

A maximum strength of -46.4 kN was recorded at the corresponding displacement of -16.0

mm. No new cracking or extensions of cracks were identified.

kim push. 1St cycle

A maximum strength of 54.0 kN was recorded at the target displacement. No new cracking

was identified. The wall response was dominated by the degradation and widening of existing

diagonal cracks.

Flo pull. 1 St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -48.9 kN was measured at the displacement of-20.1 mm.

*1[1 push. 2nd cycle

A maximum strength of 49.7 kN was measured in this pushing cycle. No new crack or

extensions of cracks were identified. Further widening of diagonal cracks was observed.

ttio pull. 2nd cycle

The wall response was similar to observations made in previous push cycle. A maximum

strength of-39.3 kN was recorded at the completion of this loading stage.

ui zpush. 1st cycle

A maximum strength of 51.9 kN was recorded at the displacement of 24.1 mm. The grinding

movement of masonry along diagonal cracks resulted in further spalling of face shells.

Plz Pull. 1 St cycle
Similar to previous push cycle, the wall response was dominated by the further widening of

existing diagonal cracks, with crack width up to 18 mm. A maximum strength of -47.8 kN

was measured in this pulling cycle.
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Figure A.7.5 Condition of test wall at end of first ductility 14 push cycle.
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611 7 push, 2nd cycle

A maximum strength of 46.2 kN was measured at the target displacement of 24.0 mm.

Ulz pull. 2nd cycle
A maximum strength of -38.0 kN was measured for this loading cycle.

11!.1 push, 1 st cycle

The wall response was dominated by the widening of existing cracks, with maximum crack

width of about 25 mm being identified. A maximum strength of 49.2 kN was recorded for

this loading cycle. The wall condition at this stage of testing is shown in Figure A.7.5.

111& Dull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -43.8 kN was recorded.

u push, 2nd cycle

No new crack or extensions of cracks were identified. A maximum strength of 41.2 kN was

recorded at the displacement of 28.2 mm.

141 Dull, 2nd cycle

No new crack or extensions of cracks were identified. A maximum strength of -31.0 kN was

recorded at the displacement of -29.4 mm.

A.7.3 Summary Behaviour

The measured force-displacement curve for Wall 7 is presented in Figure A.7.6, 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 82.8 kN and -82.5 kN were measured during

the first cycle to displacement ductility 4. Despite the presence of widely open diagonal

cracks, the wall exhibited a gradual and fairly symmetrical strength degradation of strength in

both loading directions. Consequently, it was possible to classify Wall 7 as having a failure

mode of diagonal tension. The desirable behaviour of this nominally reinforced partially

grout-filled concrete masonry wall with openings was created by the solid filled bond beam at

the top of the wall, which caused a frame-type action at latter stage of testing.
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As shown in Figure A.7.6, it was established that the maximum strength achieved by Wall 7

was about 68% higher than the bracing capacity prescribed by NZS 4229:1999.

Consequently, the experimental result of Wall 7 further suggests that an increased

conservatism of NZS 4229:1999 may result when the length of a perforated masonry wall

containing is increased. Experimental result of Figure A.7.6 illustrates that strength prediction

using the improved strut-and-tie model under-predicted the wall strength by about 34% and

8% in the respective push and pull directions.

It was illustrated in Figures A.7.2 to A.7.5 that the diagonal cracking pattern of this wall

aligned well with the load paths by which shear force was transferred to the foundation in the

strut mechanism. This observation supports the use of strut-and-tie analysis as the tool to

evaluate the strength of perforated walls with reinforcement details complying with

specification ofNZS 4229:1999. However, strength prediction using the simplified strut-and-

tie analysis was about 65% less than the actual strength of this wall.

The average yield displacement (Ay) for this partially grouted wall was evaluated to be 1.89

mm. The test wall was defined as failing during the first pull cycle to displacement ductility

6, giving it a ductility capacity liav of 3.75.
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Figure A.7.6 Force-displacement behaviour of Wall 7.
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A.7.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results as shown in Figure A.7.7. It

is clearly demonstrated that shear displacement was the single most dominant deformation

mode. The large shear deformation shown in Figure A.7.7 was consistent with the presence

of large quantity of widely open diagonal cracks on the test wall. The influences of rocking,

sliding and flexural component of deformations were negligible throughout the test.
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----- Rocking + Sliding
20 -

---- Rocking + Sliding + Flexure
15 -
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Figure A.7.7 Components of displacement.
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A.8 Wall 8

This section describes the laboratory test of Wall 8. The wall geometry and reinforcement

details are shown in Figure A.8.1. The wall nominal shear (Vn) was established to be 122.4

kN and the flexural (Fn) strengths calculated according to the improved strut-and-tie model

described in section 4.1.3, were established to be 61.6 kN and 79.7 kN for the pushing and

pulling directions respectively.

Lintel R6 str @ 100mm c/c

r I I' -1
1 111 I -'ll

111 111 r 11
D 16 Bond Beam

R6 str @ 600mm c/c

600

600

2400
- D16 -

-A
\1

 1 1 1 - 012 @ 800mm c/c

4200

Figure A.8.1 Wall 8 geometry and reinforcing details.

A.8.1 Pre-test

The masonry wall was tested on the 45th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

A.8.2 Testing

3/4.Fn push,

An applied force of 56.8 kN was recorded when the wall was pushed away from the strong

wall. A corresponding displacement of 1.40 mm was recorded for this loading cycle. Hairline

horizontal flexural cracks were identified along the mortar joints on the wall tension edge.

These cracks were observed to close upon stress released.

I
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Consequently, the measured lateral forces for this push direction of loading resulted in a yield

displacement of:

616
A = -1x 1 .40 - 1.52 mm
 56.8

liF pull,

An applied strength of -63.4 kN was recorded at the displacement of -1.33 mm. Hairlines

horizontal cracks were identified on the wall tension edge. Similar to the previous push cycle,

these horizontal cracks were observed to close upon load released.

Consequently, the measured lateral forces for the pull direction of loading resulted in a yield

displacement of:

79.7
A =-xl.33-1.67 mm
 63.4

Due to the difference of 0.15 mm for the yield displacements of the two loading directions, an

average zty of 1.60 mm was chosen as the yield displacement for both loading directions for

convenience.

12 push. 1 st cycle

A maximum strength of 81.8 kN was recorded. Diagonal cracks were identified throughout

the wall (3 diagonal cracks on the right pier-of which 1 crack extended beneath window, 5

diagonal cracks on the central pier and 4 diagonal cracks on the left pier). A maximum crack

width of 1.6 mm was identified.

k Dull. 1 st cycle

A maximum strength of -85.0 kN was recorded. Diagonal cracks (significantly mirrored to

those observed in the previous push cycle) consistent with the strut mechanism were

identified on all three piers. A maximum crack width of about 1.3 mm was identified.
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Uz push, 2nd cYcle

A maximum strength of 72.8 kN was recorded at the conclusion of this loading cycle. No

new cracking or extensions to previously formed cracks were identified.

Ul Dull, 2nd cycle

A maximum strength of -80.4 kN was recorded for this loading cycle. No new cracking was

identified.

St

141 push, 1 cycle

A "splitting" noise was heard when the wall was pushed to a displacement of about 5.15 mm

due to the sudden widening of diagonal cracks formed in the previous push cycles, but no

strength loss was observed. The wall strength continued to increase to a maximum of 82.7 kN

at the end of this loading stage. Upon close observation, it was identified that the wall

response was mostly dominant by the elongations and widening of existing cracks. Diagonal

cracks on the left and central piers were elongated to reach the compression toes. Elongations

of diagonal cracks on the right pier caused minor spalling of masonry face shell at the

window edge. Also identified was the elongation of diagonal cracks to reach the upper right

bond beam corner. Despite the presence of cracking on the bond beam, it was established

such damage was insignificant to affect the structural performance of the bond beam.

Maximum crack width of 5.8 mm was identified. In addition to crack elongations, new

hairline diagonal cracks were also identified on all three piers. The wall condition at this

stage of testing is shown in Figure A.8.2.

116 Dull. 1 st cycle

Maximum wall strength of -93.2 kN was recorded at the completion of this loading stage.

Upon close observation, wall cracking patterns significantly similar to the strut mechanisms

presented in section 4.1.2 were identified (see also Figure A.8.3). A vertical crack beneath the

fully grouted trimming reinforcement (adjacent to the compression wall edge on the right

pier) was identified at the completion of this loading stage. Also identified were the

elongation and widening of existing diagonal cracks, with maximum crack width of about 7.5

mm being identified. In addition, elongations of diagonal cracks on the left pier were

observed to reach upper left bond beam corner. However, the presence of such cracking on

the bond beam was insignificant to affect the structural performance of the bond beam.

1
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Figure A.8.2 Condition of test wall at end of first ductility 4 push cycle.
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Figure A.8.3 Condition of test wall at end of first ductility 4 pull cycle.
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14 push. 2nd cycle

A maximum strength of 62.6 kN was measured for his loading cycle. This strength

corresponded to about 76% of the maximum strength achieved in the push direction. Hence

the wall was defined as failing according to the test procedure outlined in section 4.5. No new

crack was identified, but further elongations and widening of diagonal cracks were observed.

Diagonal cracks were slightly widened to a maximum width of 9.5 mm.

8 pull 2nd cycle
A maximum strength of -62.6 kN was recorded. No new cracking or extensions of cracks

were identifi ed.

A push. 1 St cycle

A maximum strength of 72.5 kN was recorded for this loading cycle. No new crack, but

elongations and widening of existing diagonal cracks were identified, with crack width up to

13 mm. Grinding movement of masonry along diagonal cracks resulted in minor crushing of

mortar.

516 Dull, 1 St cycle

A maximum strength of -65.6 kN was recorded for this loading cycle. Similar to previous

push cycle, the wall response was dominant by the widening of existing cracks.

R push. 2nd cycle

A maximum strength of 60.1 kN was recorded for this loading cycle. No new crack was

identified.

R pull. 2nd cycle
A maximum strength of -55.9 kN was recorded for this load step. No new cracking was

identified.

118 push. 1 St cycle

A maximum strength of 69.1 kN was recorded at the displacement of 15.2 mm. No new

cracking was identified. Further elongations and widening of diagonal cracks were observed.
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A Pull, 1 St cycle

A maximum strength of -56.1 kN was recorded at the target displacement. Further widening

of vertical crack (below the trimmer bar) caused further degradation of compression toe on

the right pier.

R push, 2nd cycle

No new cracking or extensions of cracks were identified. A maximum strength of 64.9 was

recorded at the target displacement. No new cracking was identified. The wall condition at

this stage of testing is shown in Figure A.8.4.

518 pull. 2nd cvcle

A maximum strength of -46.0 kN was recorded at a corresponding displacement of -15.3 mm.

No new cracking was identified. See Figure A.8.5 for wall condition at this stage of testing.

1110 push. 1 St cycle

A maximum strength of 64.1 kN was recorded for this loading cycle. No new cracking was

identified. The wall response was dominated by the degradation and widening of existing

diagonal cracks.

Uto Dull. ist cycle

The wall response was dominant by the widening of existing cracks. A maximum strength of

-51.5 kN was measured for this loading cycle.

Um push, 2nd cycle

A maximum strength of 59.1 kN was measured in this pushing cycle. No new crack was

identified. Further widening of diagonal cracks was observed.

Bllg pull, 2nd cycle
A maximum strength of -43.1 kN was recorded at the completion of this loading stage.
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4 1
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h

Figure A.8.4 Condition of test wall at end of second ductility 8 push cycle

Figure A.8.5 Condition of test wall at end of second ductility 8 pull cycle.

176



Experimental Results - Series A

A.8.3 Summary Behaviour

The force-displacement history of Wall 8 is shown in Figure A.8.6. The maximum push and

pull direction strengths of 82.7 kN and -93.2 were measured during the first cycle to

displacement ductility 4. Despite the lack of distributed horizontal shear reinforcement and

the fact that the wall was partially grout-filled, the wall exhibited gradual strength

degradation in both loading directions. Consequently, it was possible to classify Wall 8 as

having a failure mode of diagonal tension. This type of failure was characterised by the

development of early horizontal flexural cracking, which was later exaggerated by diagonal

cracking that extended throughout the wall panels. The desirable behaviour of this perforated

masonry wall was created by the solid filled bond beam at the top of the wall, which caused a

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 A.8.6 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.8.4). 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 by

the more pinched hysteresis loops of the second cycle.

As shown in Figure A.8.6, the conservatism of NZS 4229:1999 was higher in the pulling

direction than that in the pushing direction. A stronger strength in the pulling direction was

resulted due to the presence of an extended trimmer reinforcement on the left pier.

Consequently, the experimental result of Wall 8 successfully illustrates that an increased

conservatism of NZS 4229: 1999 may result when the length of trimmer reinforcement is

extended below an opening.

It was illustrated in Figures A.8.2 to A.8.5 that the diagonal cracking patterns on this wall

aligned well with the load paths by which shear force was transferred to the foundation in the

strut mechanism (see also section 4.1.2). This observation supports the use of strut-and-tie

analysis as the tool to evaluate the strength of walls with reinforcement details complying

with specification of NZS 4229:1999. However, the wall actual strength was about 65%

higher than that predicted using the simplified strut-and-tie model. Figure A.8.6, the strength

developed by the wall was about 34% and 16% more than those predicted according to the

improved strut-and-tie models in the respective push and pull directions.

.

.
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Due to the non-symmetrical arrangement of trimming reinforcement, the yield displacements

(Ay) for this partially grouted wall were evaluated to be 1.52 mm and 1.67 mm in the push

and pull directions respectively. However, due to the slight difference of yield displacements

for the two loading directions, an average Ay of 1.60 mm was chosen as the yield

displacement for the two loading directions for convenience. The test wall was defined as

failing during the second push cycle to displacement ductility 4, giving it a ductility capacity

ktav of 2.0.

100 ·
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80 - ----- After Failure

Fn,ST
60 -

NZE •,in
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20 - .. I
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Lateral Displacement, mm

Figure A.8.6 Force-displacement behaviour for Wall 8.

A.8.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results as shown in Figure A.8.7.

Similar to other test results presented earlier, it is seen that shear displacement was the single

most dominant deformation mode. The rocking, sliding and flexural displacement

components were insignificant throughout the test. Figure A.8.7 provides an indication of the

relative size of each displacement component at various stages of the displacement envelope

until displacement ductility 18 (15.2 mm displacement).

.t
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Figure A.8.7 Components of displacement.
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Appendix B

Experimental Results - Series B "Walls with Control Joints"

Cracking due to shrinkage from drying or temperature drop is a major problem in concrete

masonry walls. Masonry cracks when the shrinking tendency is restrained. In masonry walls,

the restraint arises from several sources, such as the foundation line. If the masonry wall is

allowed to contract freely, no stress is accumulated and therefore no cracking will occur.

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 concentration 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

walls are an aesthetic, rather than a structural problem. In many cases, strategically located

control joints could eliminate random cracking, and prevent moisture penetration which

might otherwise occur.

NZS 4229:1999 has prescribed a procedure to account for shrinkage control joints, but this

detail has never been verified through structural testing. Consequently, two nominally

reinforced partially grout-filled concrete masonry walls were tested under cyclic lateral

loading at the University of Auckland in order to validate the structural adequacy of the

shrinkage control joint detail published in NZS 4229: 1999.

These two concrete masonry walls were constructed of 15 series CMUs, which resulted in an

effective wall thickness of 60 mm for a partially grout-filled wall. These two walls were

constructed to the same height and length of 2.4 m x 3.6 m but differed in the detailing of

bond beam reinforcement at the control joint position.

The experimental results from these two concrete masonry walls are presented in Appendix

B. These results played a significant role in formulating the conclusions of this report. For

information about wall construction, test set-up, testing procedure and data reduction please
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refer to Chapters 3 and 4. The experimental results presented in this Appendix defines

displacement in the push direction as positive while displacement in the pull direction as

negative.

B.1 Wall 9

This section describes the laboratory test of Wall 9. The wall geometry and reinforcement

details are shown in Figure B. 1.1. The control joint of Wall 9 was constructed in accordance

with the specifications of NZS 4229:1999 where the joint was terminated below the bond

beam and the D 16 longitudinal bond beam reinforcement was continuous through the joint.

The wall nominal shear strength (Vn), calculated according to the shear expressions presented

in section 4.3, was established to be 169.0 kN. The nominal flexural strength (Fn) of this wall

was calculated as the combined strengths of two individual (1800 mm long) cantilever walls

since it was expected that the presence of the 10 mm gap would prevent the proper transfer of

shear force across the control joint. Consequently, the wall flexural strength was established

to be 80.2 kN according to the Fn,st presented in section 4.1.2.

'f i III + 11' T |' T 'li t il' rt-f-R6 str@ 600mm dc
D 16 Bond Beam

/

2400 Control /
Joint

i i /-- D12 @800mm ck
1 1 Iii
1 .

1800 I 1800

Figure B.1.1 Wall 9 geometry and reinforcing details.

B.1.1 Pre-test

The masonry wall was tested on the 60th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

.
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B.1.2 Testing

1.Fn push,
An applied force of 59.5 kN was recorded when the wall was being pushed away (towards

the right) from the strong wall. A corresponding displacement of 0.77 mm was recorded for

this loading cycle. No clear evidence of cracking.

1.Fn pull,
A maximum strength of -61.2 kN was recorded at the displacement of -0.83 mm. No cracking

was identified.

According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

 4(0.77+0.83
y=il 2 7

= 1.07 mm

LiZ push. 1 st cycle

A maximum strength of 77.3 kN was recorded at the peak displacement of this load step.

Hairline diagonal cracks were identified along mortar bed joints, initiating from the tension

edges of each pier (5 diagonal cracks on the left pier and 3 diagonal cracks on the right pier).

Maximum crack width of about 0.5 mm was identified.

k Pull. 1 St cycle

Cracking pattern mirrored to those observed in the previous push cycle was identified. 4

diagonal cracks were identified on the left pier accompanied by 6 diagonal cracks on the right

pier. A maximum strength of -77.2 kN at the conclusion of this load cycle.

k push. 2nd cYcle
A maximum strength of 65.0 kN was recorded. No new cracking was identified.

k pull, 2nd cycle

A maximum strength of -63.0 kN was recorded. No new cracking was identified.

.
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14 Push. 1 st cycle

The wall developed a maximum strength of 89.5 kN, exceeding the predicted Fn,st of 80.2 kN.

Extensions of previously formed diagonal cracks were noted on both piers, with a maximum

crack width of about 1.3 mm, which was sufficient to allow daylight to pass through.

Diagonal cracks were observed to elongate to reach the compression toes of both piers. Also

observed was the elongation of diagonal crack towards the bond beam corner on top of the

left pier. The width of control joint was measured to reduce by about 2 mm at the wall mid-

height position.

Md pull. Ist cycle

A maximum strength of -95.3 kN was recorded in this load cycle. Elongations of diagonal

cracks mirrored to those observed in the previous push cycle were identified. Similar to the

previous push cycle, the control joint was measured to close by about 2.2 mm at the wall mid

height position.

ud push. 2nd cycle

A maximum strength of 81.2 kN was measured. No new cracking or extensions of cracks

were identified.

R pull, 2nd cycle

No new cracking or extensions of cracks were identified. A maximum strength of -89.6 kN

was measured.

A push, 1 St cycle

A maximum strength of 101.8 kN was recorded at the displacement of 6.55 mm. No new

crack, but elongations and widening of existing diagonal cracks were identified, with crack

width up to 4.0 mm. The face shells and mortar beds along the diagonal cracks showed sign

of distress. Further closing of the control joint was identified. The control joint at the wall

mid-height position was measured to remain about 4.3 mm in width.

11- pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -99.4 kN was recorded at the displacement of -6.42 mm. No new crack, but

.T
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widening of diagonal cracks was identified. The control joint at wall mid-height position was

measured to remain about 3.4 mm in width. As shown in Figure B. 1.2, the wall clearly

showed mixed modes of deformation, with obvious shear deformation but also flexural

cracking on wall tension edges. The figure also shows the significant closed similarity of wall

cracking patterns on these two piers. The presence of a control joint below the fully grout-

filled bond beam centre had resulted in two piers that performed (to a significant degree)

independently of each other, as indicated by formation of diagonal cracks that significantly

independent of each other (diagonal cracks initiated from the tension edges and ended at the

compression toe of each pier). The fragmented crack pattern in the vicinities of the

reinforcing bars indicated good bond between the reinforcement and the grouted cores.

Overall, wall performance was satisfactory.

8 push. 2nd cYcle

A maximum strength of 85.2 kN was recorded at the displacement of 6.25 mm. No new crack

was identified.

8 pull. 2nd cycle

A maximum strength of -91.3 kN was recorded for this load step. No new crack was

identified.

R push. 1 St cycle

In this cycle of loading, there was very little additional cracking. Wall deformation was

predominately due to shear, signified by the widening of existing diagonal crack, with

maximum crack width of about 5 mm. Also observed was the complete closing of control

joint at the wall mid-height position, resulted in the partial transfer of shear force (through the

points of contact) from the left pier to the right pier. A maximum strength of 109.2 kN was

recorded at the displacement of 8.56 mm. This measured strength exceeded the predicted Fn,st

by 36%.

LIE pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. Elongation

and widening of previously formed diagonal cracks were identified. Similar to previous push

cycle, the control joint (completely) closed at wall mid-height position, therefore resulted in

.6
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the partial transfer of shear force through the contact points. A maximum strength of -110 kN

was recorded for this loading step.

R push, 2d cycle

The wall response was dominated by the elongation and widening of existing diagonal

cracks. A maximum strength of 98.2 kN was recorded at the displacement of 8.58 mm.

R pull. 2nd cycle

The response was similar to those observed in the 1st cycle. A maximum strength of -98.9 kN

was recorded at a corresponding displacement of -8.49 mm.

61,0 push, lst cycle

A maximum strength of 117.8 kN was recorded at the target displacement. No new cracking

was identified. The wall response was dominated by the widening of previously formed

diagonal cracks, with maximum crack width of about 8 mm being identified. Fragmented

cracks in the vicinities of the reinforcing bars were identified, therefore indicating good bond

between the reinforcement and the grouted cores. Also, the control joint remained close at the

wall mid-height position. Overall, wall performance was satisfactory.

Uio pull. 1St cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -109.2 kN was measured at the displacement of -10.8 mm. The wall condition at

this stage of testing is shown in Figure B. 1.3.

tim push, 2nd cycle

A maximum strength of 98.5 kN was measured in this loading step. No new crack or

extensions of cracks were identified.

*111 pull, 2nd cycle
The wall response was similar to observations made in the previous pull cycle. A maximum

strength of -98.5 kN was recorded at the target displacement.

.
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Figure B. 1.2 Condition of test wall after first ductility 6 pull cycle.
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Figure B. 1.3 Condition of test wall after first ductility 10 pull cycle.
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Ulinush, 1 St cycle

During this semi-cycle of loading, the wall developed a maximum strength of 125.3 kN at the

lateral displacement of 13.85 mm. This was followed by a significant widening of diagonal

crack at the lower halve section of the right pier, resulting in a sudden displacement increase

(maximum crack width about 9.5 mm) and a corresponding loss in strength. A strength of

117.9 kN was recorded when the wall settled at the displacement of 15.08 mm. The grinding

movement of masonry along diagonal cracks resulted in (first sign) mortar crushing. Also

observed was the degradation of masonry face shells along the stress paths on both piers.

1111 pull lit cycle

The wall response was dominated by further widening of diagonal cracks formed in previous

cycles. A maximum strength of -114.6 kN was measured at the displacement of -14.97 mm.

UM push. 2nd cycle

No new crack or extensions of cracks were identified. A maximum strength of 86.0 kN was

measured at the displacement of 15.43 mm. This strength corresponded 69% of the maximum

strength recorded in the push direction. Therefore the wall was defined as failing according to

the test procedure outlined in section 4.5.

111& pull. 2nd cycle

No new crack or extensions of cracks were identified. Further degradation of face shells

along diagonal cracks was identified. A maximum strength of -92.44 kN was measured at the

displacement of -15.03 mm.

U18 push 1st cycle

The wall strength (maximum of 117.9 kN) dropped suddenly when it was push to a

displacement of 18.4 mm. The sudden loss in strength was accompanied by an instantaneous

increment of wall lateral displacement to 19.6 mm. Inspection of the wall revealed elongation

of cracks (on right pier) towards the compression toe and significant widening of existing

diagonal cracks, with maximum crack width of about 16 mm. By hand tapping the face shells

at compression toe region (right pier) upon unloading, it was established that the compression

toe was still intact ("solid" sound when tapping face shell). Degradation of masonry along

diagonal cracks resulted in minor spalling of masonry face shells.

.
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111·H pull, 1 st cycle

The wall responded similarly to observations made in the previous push cycle. Of significant

was the widening of existing diagonal cracks and extensions of cracks towards the

compression region on the left pier. In addition, further degradation of mortar and masonry

face shells along diagonal cracks were identified. A maximum strength of -101.1 kN was

recorded for this loading step.

Ul.& push. 2nd cYcle

No new crack or extensions of cracks were identified. A maximum strength of 79.1 kN was

recorded at 19.62 mm.

Ul.8 pull, 2nd cycle

No new crack or extensions of cracks were identified. A maximum strength of -82.7 kN was

recorded at the displacement of -19.3 mm.

Uzz push, 1 St cycle

The wall developed a maximum strength of 82.8 kN for this loading step. No new cracking

was identified, but further widening of diagonal cracks were observed, with maximum crack

width of about 21.5 mm being identified. Further degradation of masonry face shells along

diagonal cracks was identified. The wall condition at this stage of testing is shown in Figure

B. 1.4.

Uzz pull, 1St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -85.6 kN was recorded at the displacement of -22.8 mm.

LIE push, 2nd cycle

Further widening of diagonal cracks was observed. A maximum strength of 69.2 kN was

recorded for this loading cycle.

UZZ Dull. 2nd cycle

A maximum strength of -69.2 kN was recorded. No new cracking was identified.

. 1,
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k126 push. 1 st cycle

The wall response was dominated by the widening of diagonal cracks. No new cracking was

identified. A maximum strength of 78.5 kN was measured in this semi-cycle of loading.

*26 pull. 1 St cycle

The wall responded similarly to observations made in previous push cycle. A maximum

strength of -88.2 kN was recorded at the displacement of -28.1 mm.

Li,A push. 2nd cycle

A maximum strength of 61.7 kN was recorded. No new cracking was identified.

X2 pull. 2nd cycle
A maximum strength of -69.0 kN was recorded. No new cracking was identified.

Uio Dush. 1St cvcle

A maximum strength of 62.4 kN was measured. The wall response was dominated by the

widening of diagonal cracks. No new cracking was identified. As shown in Figure B.1.5,

further deterioration of masonry along diagonal cracks resulted in additional spalling of

masonry face shells.

Al]Q pull. 1 St cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -69.8 kN was recorded at the displacement of -33.1 mm.

P,3{1 push. 2nd cycle

A maximum strength of 47.8 kN was recorded. No new cracking was identified.

1110 pull, 2nd cycle

A maximum strength of -63.1 kN was recorded at the displacement of -34.3 mm. No new

cracking was identified.

. f
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f

Figum B. 1.4 Condition of test wall after first ductility 22 push cycle.
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Figure B.1.5 Condition of test wall after first ductility 30 push cycle.
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B.1.3 Summary Behaviour

The force-displacement history of Wall 9 is shown in Figure B. 1.6, depicting the lateral

displacement at the top of the wall as a function of the applied lateral force. The wall nominal

strength En and the strength value derived from NZS 4229:1999 (denoted NZS-4229) are

included in this plot. The flexural strength (Fn) of this wall was calculated as the sum of

strengths of two individual (1.8 m long) cantilever walls since it was expected that the 10 mm

gap (at the wall centre) would prevent the proper transfer of shear force across the control

joint. 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.

The maximum push and pull direction strengths of 125.3 kN and -114.6 kN were measured

during the first cycle to displacement ductility 14. The average yield displacement (Ay) for

this partially grouted wall was evaluated to be 1.07 mm. The test wall was defined as failing

during the second push cycle to displacement ductility 14, giving it a ductility capacity of #av

> 6.0. As shown in Figure B. 1.6, the maximum strength achieved by Wall 9 was at least 43%

higher than the Fn,st predicted. This higher than expected experimental strength was due to the

presence of a solid filled bond beam that had reinforcement that continued through the

control joint. Consequently, the (un-debonded) continuous bond beam caused a frame-type

action between the two piers, therefore allowing partial shear transfer. This notion was

supported by the absence of significant structural damage in the bond beam. In addition, the

closing of control joint at the wall mid-height position at latter stage of testing provided a

mean for additional shear transfer between the two piers.

Despite the presence of widely open diagonal cracks, the wall exhibited a gradual and fairly

symmetrical strength degradation of strength in both direction of loading. Consequently, it

was possible to classify Wall 9 as having a failure mode of diagonal tension. This type of

failure was characterised by the development of early horizontal flexural cracking on the pier

tension edges, which was later exaggerated by diagonal cracking that extended throughout

the wall panels. This desirable behaviour was created by the solid filled bond beam that was

constructed continuously (un-debonded) above the control joint which caused a frame-type

action at latter stage of testing.
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Similar to the eight wall reported in Appendix A, the force-displacement plot in Figure B. 1.6

consistently illustrated a pinched shape. This was primarily due to the presence of significant

shear deformation in this type of masonry construction (see section B. 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 by

the more pinched hysteresis loops of the second cycle.
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Figure B.1.6 Force-displacement behaviour for Wall 9.

B.1.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four displacement

components according to the procedure outlined in section 4.7 with the results shown in

Figure B. 1.7. It is seen that shear displacement was the single most dominant deformation

mode. The rocking, sliding and flexural displacement components were insignificant

throughout the test. This is consistent with the development of significant diagonal cracking

during the test. Figure B.1.7 provides an indication of the relative size of each displacement

component at various stages of the displacement envelope.

..
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B.2 Wall 10

This section describes the laboratory test of Wall 10. The wall geometry and reinforcement

details are shown in Figure B.2.1. This wall shared similar construction detail as those of

Wall 9, with only difference being the detailing of the D16 bond beam reinforcement at the

control joint position. As shown in Figure B.2.1, the control joint was constructed up the full

height of Wall 10. In order to prevent the flow of grout through the control joint at the bond

beam layer, a thin polystyrene strip was inserted to form a gap between the two piers, and the

D 16 dowel bars were then punched through the polystyrene strip. Furthermore, in order to

completely debond the dowel bars from the grout, the dowel bars were greased and sleeved

with PVC pipe on one side. The wall nominal shear strength (Vn), calculated according to the

shear expressions presented in section 4.3, was established to be 169.0 kN. The nominal

flexural strength (Fn) of this wall, calculated as the sum of strengths of two 1.8 m long

cantilever walls (Fn,st), was established to be 80.2 kN. Due to the presence of full height

control joint, the horizontal cyclic load applied to the wall was achieved through the

attachment of two jacks, one at each end of the wall. One jack was reacted off the strong

wall, the other off a steel reaction frame. Both jacks were capable of pushing and pulling and

were attached to the top of the wall by two separated pieces of 150 x 75 steel channels which

was fastened to the bond beam by cast-in bolts. The decision to apply horizontal forces to the

wall by two "point" loads added some difficulties to the test procedure but did not affect the

results. The reason for using two "point" loads was taken so that the bond beams on either

ends of the control joint were allowed to "flex", hence no additional strength was provided by

the channel to the walls.

D 16 Dowel Bar

D 16 Bond Beam

- 'TE '1" 1--t[t#%7+7 'li '-7,<-R6 str @ 600mm c/c

1

2400 * ; Control

Joint

- D12 @ 800mm c/c

1800 1 1800

Figure B.2.1 Wall 10 geometry and reinforcing details.

194



Experimental Results - Series B

B.2.1 Pre-test

The masonry wall was tested on the 67th days after construction. Instrumentation was

attached to the wall according to section 3.5.1. Prior to wall testing the wall was inspected,

with no cracks or structural defects being identified.

B.2.2 Testing

14.Fn push,

An applied force of 65.5 kN was recorded when the wall was being pushed away from the

strong wall. A corresponding displacement of 1.59 mm was recorded for this loading cycle.

No clear evidence of cracking.

3/4 Fn pull,

A maximum strength of -60.5 kN was recorded at the displacement of -1.70 mm. No cracking

was identified.

According to the procedure outlined in section 4.5, the measured lateral forces for the two

directions of loading resulted in an average yield displacement of:

A
y - 0.5 ><  80 2·x 1.59 + -x 1.70 = 2.10 mm80.2

65.5 60.5

Ltz push. lst cycle

A maximum strength of 79.2 kN was recorded at the displacement of 4.30 mm. Diagonal

cracks (5 cracks on the left pier and 3 cracks on the right pier), with maximum crack width of

about 1.0 mm, were identified along mortar bed joints. These diagonal cracks inclined at an

angle of approximately 50° to the horizontal, initiating from the tension edges ofboth piers.

Ul pull, lst cycle

Cracking patterns mirrored to those formed in the previous push cycle were identified. 4

diagonal cracks were identified on the left pier accompanied by 3 diagonal cracks on the right

pier. Maximum crack width of about 2.0 mm was identified. A maximum strength of -

76.9 kN was recorded.at the peak displacement of this load cycle.
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nd

LIZ push, 2 cvcle

A maximum strength of 70.7 kN was recorded. No new cracking was identified.

UZ pull, 2nd CYcle
A maximum strength of -66.3 kN was recorded. No new cracking was identified.

14 push, 1 st cycle

The wall developed a maximum strength of 89.0 kN at the target displacement. The

maximum strength recorded in this load cycle exceeded the predicted flexural strength, Fn,st,

by about 11%. Extensions of previously formed diagonal cracks were noted to take place on

both piers, with diagonal cracks reaching the compression toe regions of both piers. Also

observed was the elongation of diagonal crack towards the bond beam corner on top of the

left pier. Cracks formed in the previous cycles were widened to a maximum crack width of

about 4.5 mm. The width of control joint was measured to reduce by about 4 mm at the wall

mid-height position. Fragmented crack pattern in the vicinity of the two centrally located

vertical reinforcing bars indicated good bond between the reinforcement and the grouted

core. Also, face shells at wall mid-height begun to dilate, indicating that the webs of the

concrete masonry units had ruptures at some locations.

116 Dull. 1 St cycle

A maximum strength of -84.6 kN was recorded at the target displacement of this load cycle.

The wall responded similarly to observations made in the previous push cycle. Elongations of

diagonal cracks mirrored to those observed in the previous push cycle were identified. Cracks

formed in the previous cycles were widened to a maximum crack width of about 6.0 mm.

Similar to the previous push cycle, the control joint was measured to close by about 4.0 mm

at the wall mid-height position. As shown in Figure B.2.2, fragmented crack pattern in the

vicinity of the two centrally located vertical reinforcing bars indicated good bond between the

reinforcement and the grouted core. Face shells at the wall mid-height begun to dilate,

indicating that the webs of the concrete masonry units had ruptures at some locations. As

shown in the same figure, the wall clearly showed mixed modes of deformation, with obvious

shear deformation but also flexural cracking on wall tension edges. The figure also shows the

significant closed similarity of wall cracking patterns on these two piers. The presence of a

full height control joint resulted in two piers that performed significantly independent of each
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other, as indicated by the diagonal cracks that initiated from the tension edges and ended at

the compression toe of each pier, i.e. diagonal cracking on the piers formed independently of

each other. Overall, wall performance was satisfactory.

Mi push, 2nd cycle

A maximum strength of 76.0kN was measured. No new cracking or extensions of cracks

were identified.

11& pull, 2ld cycle

No new cracking or extensions of cracks were identified. A maximum strength of -73.3 kN

was measured.

U# push. 1 St cvcle

A maximum strength of 81.9 kN was recorded at the displacement of 12.9 mm. No new

crack, but elongations and widening of existing diagonal cracks were identified, with crack

width up to 7 mm. Further closing of the control joint was identified. The width of control

joint was measured to remain about 5.5 mm at the wall mid-height position.

k pull. 1 st cycle

The wall responded similarly to observations made in the previous push cycle. A maximum

strength of -80.2 kN was recorded at the displacement of -12.67 mm. No new crack, but

further widening of diagonal cracks was identified. The width of control joint at wall mid-

height position was measured to be about 3.9 mm.

R push. 2nd cycle

During this semi-cycle of loading, the wall developed a maximum strength of 60.1 kN at the

lateral displacement of 12.26 mm. This was followed by a significant widening of diagonal

crack on the left pier, resulting in a sudden displacement increase (maximum crack width

about 12.5 mm) and a corresponding loss in strength. Wall strength of 40.9 kN was recorded

when the wall settled the displacement of 12.87 mm. As shown in Figure B.2.3, the wall

clearly showed significant shear modes of deformation. By hand tapping the face shells in the

right pier compression toe region upon unloading, it was established that the compression toe

was still intact. The fragmented crack pattern in the vicinities of the reinforcing bars indicated
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3

Figure B.2.2 Condition of test wall after first ductility 4 pull cycle.

t

L

L1

Figure B.2.3 Condition of test wall after second ductility 6 push cycle.
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good bond between the reinforcement and the grouted cores. The control joint closed by

about 6.7 mm at the wall mid-height position. The strength recorded in this load cycle

corresponded to 68% of the maximum strength recorded in the push direction. Therefore the

wall was defined as failing according to the test procedure outlined in section 4.5.

uh pull, 2nd CYcle

A maximum strength of -69.2 kN was recorded for this load step. No new crack was

identified.

u# push. 1 st cycle

In this cycle of loading, there was very little additional cracking. Wall response was

dominated by the significant widening of diagonal crack on the left pier, with maximum

crack widths of about 16.3 mm. A maximum strength of 63.3 kN was recorded at the

displacement of 17.0 mm. The wall condition at this stage of testing is shown in Figure B.2.4.

UB pull. 1 St cycle

Elongation and widening of previously formed diagonal cracks were identified. A maximum

strength of -72.2 kN was recorded at the displacement of -17.0 mm.

UB push. 2nd cvcle
A maximum strength of 48.6 kN was recorded at the displacement of 17.5 mm. No new crack

was identified.

8 pull. 2nd cycle

The response was similar to those observed in the previous push cycle. A maximum strength

of -62.4 kN was recorded at the corresponding displacement of -17.1 mm.

um push. 1St cycle

A maximum strength of 58.8 kN was recorded at the target displacement. No new cracking

was identified. The wall response was dominated by the widening of previously formed

diagonal cracks, with maximum crack width of about 16.7 mm being identified on the left

..

.

pier.
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UE pull. 1 st cycle

The wall response was similar to observations made in the previous push cycle. A maximum

strength of -64.9kN was measured at the displacement of -21.6 mm.

111!1 push. 2nd cYcle

A maximum strength of 50.6 kN was measured in this loading step. No new crack was

identified.

Ul[1 pull, 2nd cycle

In this pull excursion towards the target displacement of -21 mm, significant widening of

diagonal crack on the right pier (maximum crack width up to 12.2 mm) occurred at a

displacement of approximately -20.7 mm resulting in slight loss of strength and a sudden

increase in lateral displacement. The peak strength measured was -53.9 kN at the

displacement of -20.7 mm. At the final displacement of -21.9 mm, the strength dropped to -

48.9 kN. Figure B.2.5 clearly shows the shear mode of deformation exhibited by the test wall.

Uumlsh, 1 st cycle

The wall was accidentally pushed to a displacement of 31.3 mm. A maximum strength of

45.9 kN was measured at this displacement. The wall response was dominated by further

widening of diagonal cracks formed in previous cycles.

12 pull. 1 st cycle

A maximum strength of -58.9 kN was measured at the target displacement. No new cracking

was identified. The wall response was dominated by further widening of existing diagonal

cracks.

tti, push, 2nd cycle

No new crack or extensions of cracks were identified. A maximum strength of 23.1 kN was

measured at the displacement of 25.4 mm.

Ui 7 pull. 2nd cycle

A maximum strength of -45.3 kN was measured at the displacement of -25.8 mm. No new

crack was identified.

..
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i

J

t ef

Figure B.2.4 Condition of test wall after first ductility 8 push cycle.

A-*'

Figure B.2.5 Condition of test wall after second ductility 10 push cycle.
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B.2.3 Summary Behaviour

The force-displacement history of Wall 10 is shown in Figure B.2.6, depicting the lateral

displacement at the top of the wall as a function of the applied lateral force. The nominal

strength Fn and the strength value derived from NZS 4229:1999 (denoted NZS-4229) are

included in this plot. 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.

The maximum push and pull direction strengths of 89.0 kN and -84.6 kN were measured

during the first cycle to displacement ductility 4. The average yield displacement (Ay) for this

partially grouted wall was evaluated to be 2.10 mm. The test wall was defined as failing

during the second push cycle to displacement ductility 6, giving it a ductility capacity [lav of

4.5. As shown in Figure B.2.6, the maximum strength achieved by Wall 10 was about 8%

higher than the Fn,st predicted.

Despite the presence of widely open diagonal cracks, the wall exhibited a gradual and fairly

symmetrical strength degradation of strength in both direction of loading. Consequently, it

was possible to classify Wall 10 as having a failure mode of diagonal tension. This type of

failure was characterised by the development of early horizontal flexural cracking on the pier

tension edges, which was later exaggerated by diagonal cracking that extended throughout

the wall panels.

Similar to the other walls previously reported, the force-displacement plot in Figure B.2.6

consistently illustrated a pinched shape. This was primarily due to the presence of significant

shear deformation in this type of masonry construction. 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 by the more pinched hysteresis

loops ofthe second cycle.
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Figure B.2.6 Force-displacement behaviour for Wall 10.

B.2.4 Panel Displacement Components

The total horizontal displacement of the wall was decomposed into four components

according to the procedure outlined in section 4.7 with the results as shown in Figure B.2.7. It

is seen that shear displacement was the single most dominant deformation mode. The rocking

and sliding displacement components were insignificant throughout the test. As shown in

Figure B.2.7, the influence of flexural displacement component was more significant in the

pushing direction than that in the pulling direction. The flexural mode of displacement

accounted for about 26% of the total horizontal displacement when the wall was loaded to

+30 mm displacement in the push direction.

It is noted that the summed up displacement (rocking + sliding + flexure + shear)

approximately match the overall displacement measured at the top of the wall. Ideally, the

line representing the sum of components should coincide with the line representing the lateral

displacement measured at the loading beam. Figure B.2.7 provides an indication of the

relative size of each displacement component at various stages of the displacement envelope.
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Appendix C- Shear Displacement Component

The objective of decomposition of panel deformation is to calculate and identify the

dominant displacement components. The components of displacement are calculated from the

test data obtained during testing. This test data was attained from the measuring

instrumentation attached to the wall face, and the typical arrangement of the instrumentation

is shown in Figure 3.7. This appendix describes calculation of the shear displacement

component.

Having measured the relative displacements between points of a panel section on the wall

face denoted A, B, C and D, as shown in Figure C. 1(a), it is possible to extract the shear

displacement component from the deformation in the panel section. The total shear

displacement of the wall can be evaluated by summation of shear deformation of each panel

section. The method used in this report for the extraction of the shear displacement

component is based on Hiraishi (1984) and Brammer (1995).

-U,bF (Applied Force)

A 6bl B81 En- r ubMuP= Fdu
\

f Il \ x/ 620 4
4

\
C) L

7

L

41 D At= F(di+h)

(a) Wall panel section (b) Moment (c) Panel flexural
distribution deformation

Figure C.1 Wall panel section.

a
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Figure C.2 Nodal displacement of a panel section.

The deformation of a panel section is illustrated in Figure C.2. It is assumed that the two

upper points, A and B, may translate horizontally by ui and ur, and vertically by the amounts

Vl and v. The lower points, C and D, are assumed to translate only horizontally by the

amount ul,lw and ur lw· The subscripts '1' and 'r' refer to the left and right hand sides

respectively, while the subscript 'lw' refers to the lower points. The adopted sign convention

is for positive displacements to be to the right and upwards. As shown in Figure C. 1, Odi and

&2 are the elongations of the respective diagonal, while elongations of the horizontal

elements are termed & 1 and &2, and elongations of the vertical elements are termed Ovi and

&2· The dimensions of the panel are defined by the length, L, the height, H, and the diagonal

length, d. The termed du is used to defined the position of the panel bracing with respect to

the top of the wall, see Figure C. 1(a).

As shown in Figure C.3, the panel section deformation, represented by ui, ur, vt, Vr, Ul,lw and

Ur lw, is assumed to consist of the three components: shear, flexure and elongation. In this

figure, the u and v represent the horizontal and vertical deformation components respectively.

The subscripts 's', 'b' and 'e' represent the shear, flexural and elongation deformation

components respectively.
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The primarily purpose of the following derivation is to calculate the horizontal displacement

at the top of the wall due to shear deformation, Us, by relating the measured elongation (6's)

to individual displacement components: u's and v's. The following relations are assumed:

1. The left and right horizontal shear deformation components are equal.

2. The left and right horizontal flexural deformation components are equal.

3. The left and right horizontal extension components are equal but of opposite side.

4. The vertical shear deformation components are zero.

5. The upper left and right vertical extension deformation components are equal.

The above assumption can be represented as follow:

a) Uls = Urs = Us

b) ulb = Urb = Ub

C) Ure = -Ule = T Ue (01)

1

d) Ure,lw - -Ute,lw - T lie,lw

e) VIe - Vre = Ve

The relationships between these displacements and those shown in Figure C.3 are as follows:

1

a) ul=Us +Ub--Ue
2

b) Ur=Us + Ub + Ue

C) Ul,lw =-5 Ue,lw (C-2)

1

d) ur,lw = T Ue,lw

e) vi - Vlb + Ve

 Vr- Vrb + ve

The measured relative deformations can be expressed in terms of the global deformations by

the following geometric relationships:

L

adl = fi-Cur,lw -1113-1-1

Li \L

b) od:Z =ilur -111,1wk'h-Vr (C-3)

C) 6hl = -Ul + Ur

..
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d) 2 = -Ul,lw + Ur.lw

e) bvi = Vi (C-3)

0 Ov2 - Vr

Substituting Equation C-2 into C-3:

a) 611 -  - u S

1

-Ub+-U
2

e +Ue,iw-1-(Vib + Vej

L< 11 Li
b) 6d2 - 'Us + Ub +Tue +Tue,lw J+Ulvrb + Ve
c) &11 - Ue (C-4)

d) AQ = Ue,lw
e) Ovl = Vlb + Ve

0 6vl = Vrb + ve

From Equation C-4 it seems that the equation is under-determined since the equations are

describing the relationship between 6 known measured relative displacements (6's) and

unknown panel deformation components (u's and v's). Inserting Equations C-4(c) and (d)

into Equations C-4(e) and (f), and then subtracting C-4(e) from C-4(f) gives:

Lt

612 -Odl -d<2us + 2ub+-(ov2 -Ovl (C-5)

Rearranging Equation C-5:

Us = -2L{6d2 - Odl  + 2L(6V1
-6v21 -Ub (C-6)

Equation C-6 can be solved by defining an equation relating the flexural deformation

component to the measured relative displacement. This is displayed in Equation C-7:

Ub = eha (C-7)

where:

.. ir -

0 = 6vl - av2
L
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Equation C-7 states that the flexural deformation is equal to the rotation at the top of the

panel section multiplied by the panel section height and by a. When taking a as 2/3, the

equation captures the exact flexural displacement of an elastic prismatic cantilever with a

concentrated horizontal force applied at the top, with u representing the rotation of the top of

the wall. However, for reinforced concrete masonry and reinforced concrete walls, the

parameter a is generally higher than 2/3 since the wall flexural cracking tends to concentrate

rotation towards the bottom of the wall, therefore resulting in higher ha and higher ub.

In this study, the flexural deflection ub for a section of wall was calculated from the measured

rotation that occurs within the section under study. This rotation is calculated from the

bending moment diagram. The bending moment at the top (Mup) and the bottom (Miw) of a

panel section are known to vary linearly according to the vertical location as shown in Figure

C-1(b).

The moment (M)-curvature (co) relationship for an elastic section is given by:

M = mEI (C-8)

where E and I are the modulus of elasticity and inertia moment. As the curvature is a linear

function of the moment, the total rotation of the panel section between du and 4+h can be

calculated from the average bending moment:

h(Mup +Miw
0= (C-9)

2EI

The panel flexural deformation, ub, is evaluated by integration of curvature along the height

of the panel section with the following result:

2h  2h

Ub: : 11.UM,!w- EI l 3
MUP 1

6 J

du +
= 0h

2du
3

+h

du +
where a =

2du
3

+h
(C-10)

C /

The a given in Equation C-10 is defined with respect to the top of the investigated panel

section.
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Ub can be evaluated by incorporating Equation C-7:

/ 2h 
h{6

Ub =
vi -6

L

v2,
1 du +

2du
3

+h
(C-11)

C /

Subsequently, the shear deformation for the panel section can be evaluated by substituting

Equation C-11 into Equation C-6:

c 2h

U = -i 6
s 2L

d2
-6

2L
vl - 6

j _h{6
v2/

vi - 6

L

) du +
v2/

2du
3

+h
(C-12)

£ 3

Rearranging Equation C-12 to give:

U

s 2L

h z (6
dl  - 6(2t + h)

vi -6
L

v2/
d2

-6 (C-13)

The total shear displacement, Us, is given by the sum of the shear deformations from the

individual panel sections:

Us= Ius (C-14)

In addition, the total flexural displacement can be evaluated as follows. The flexural

deformation of the investigated panel section (see Figure C. 1(c)) with respect to the top of the

wall, ul, is evaluated as:

2h 

vl - O
L

v2,
U

j (6
1 = 0001 + d 1.1 J = 1 du +h

2du
3

+h
+d (C-15)

U

C /

The total flexural displacement, U, is the summation of flexural deformation from individual

panel section:

Ub = Iul (C-16)
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Appendix D - Bending Moment Capacity

This appendix presents the bending moment capacity calculations for the masonry pier and

lintel of the perforated walls illustrated in Figure 3.4. The longitudinal reinforcement for the

masonry pier and lintel are depicted in Figure D. 1. For convenience, Q of 16 MPa was

assumed and the self weight of masonry pier was not considered. Also, Brammer's (1995)

recommendation of excluding the longitudinal steel adjacent to the neutral axis was adopted

in the following strength calculations.

1

_1-
E bid

1.l
D 12

1==r 
D 12

D 16
t.l

-Ilool-• 800 - I 100 I- -I 100 I-

(a) Masonry Pier (b) Masonry Lintel

Figure D. 1 Reinforcement details for concrete masonry pier and lintel.

a) Masonrv Pier

122Area of 1-D12 = 7[X- = 113.1 mm2
4

Therefore tension force from longitudinal reinforcement:

T= 113.1 x 305 =34.5 kN

Now consider force equilibrium:

m=T where C- = 0=85€.ab

0.8<ab = 34.5 kN

34.5 x 1 03
a=

0.85C x140
- 18.1 mm

.
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Now taking moment about the neutral axis:

Mn = Txjd

= Tx(900 - a/2)

= 30.7 kNm

b) Masonrv Lintel

162Area of 1-D16 = Ex- = 201.1 mm2
4

Therefore tension force from longitudinal reinforcement:

T =201.1 x 305 =61.3 kN

Now consider force equilibrium:

Cm= T where C = 0.85Qab

0.85flab = 61.3 kN

61.3 x 103
a= - 32.2 mm

0.854 x 140

Now taking moment about the neutral axis:

Mn = Txjd

= Tx{300 -a/2)

= 17.5 kNm
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