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SUMMARY

This report contains the results of an investigation of the out-of-plane structural 
behaviour of slender prestressed brick walls. Eleven simply supported walls with 

slenderness (h/t) ranging from 30 to 67 (h = 2.7 m to 6.0 m) were tested. Prestress in the 

walls was induced using a 26 mm diameter threaded rod which was unbonded but guided. 

The 1.2 m wide walls were constructed by an experienced mason using 90x90x290 mm 
bricks. The construction of the prestressed walls did not require special equipment, and it 

was possible to use commercially available tools and materials. Multiple tests were 
conducted on each wall to maximize the amount of information obtained. Material 

properties of the individual wall components were determined to provide data for use in 

analyses.
The assessment of the structural behaviour included investigating the interaction 

between slenderness, axial load, and prestress, as well as determining the influence of 
repeated loading on the response. The effect of eccentric axial load, applied at 30 mm 

from the center of the cross-section, was also investigated. For direct comparison, 

normally reinforced walls were also tested. Axial loads up to 800 kN were applied as the 
walls were subjected to out-of-plane loading. The precompression in the masonry, due to 

prestress, ranged from 0.9 to 2.7 MPa.

The findings indicate that, compared to conventional reinforcement, prestressing 
greatly improved the behaviour of slender brick walls. At all slenderness levels, the walls 

supported axial loads greater than those which would typically be found in low-rise 
construction. Also the use of prestress was more effective at higher slenderness, and 
controlled the onset of cracking. At low slenderness, the axial load also behaved as a 

prestress. Prestressed walls also exhibited a high resistance to repeated loading, which 
made it possible to perform multiple tests on one wall.

The experimental investigation identified two major difficulties which need to be 
addressed in future work. The ultimate limit state behaviour may be governed by the 

prestressing bar bursting out of the wall resulting in a sudden collapse. Also, a closer 

examination of the stress concentrations near the stress distribution plate/beam is required 

to avoid vertical splitting of the wall.



RESUME

Ce rapport presente les resultats d'une etude sur le comportement structural hors plan de 

murs de briques elances precontraints. Les essais ont porte sur onze murs, libres aux extremites, 

dont I'elancement (h/e) variait de 30 a 67 (h = 2,7 m a 6,0 m). Les murs ont ete precontraints au 

moyen d'une barre filetee non adherente, mais guidee, de 26 mm de diametre. Les murs de 1,2 m 

de largeur ont ete construits par un magon experimente avec des briques de 90 x 90 x 290 mm. La 

construction des murs precontraints n'a pas exige d'equipement particulier, et il a ete possible 

d'utiliser des outils et des materiaux vendus dans le commerce. Chaque mur a subi de nombreux 

tests afin d'en tirer un maximum de donnees. Les proprietes des materiaux composant les murs ont 

ete determinees pour produire des donnees devant servir a des analyses.

Lors de 1'evaluation du comportement structural, on a etudie 1'interaction entre 

I'elancement, la charge axiale et la precontrainte et determine I'effet, sur la reaction, d'une 

surcharge repetee. L'effet d'une charge axiale excentree, appliquee a 30 mm du centre de la 

section, a egalement ete examine. Aux fins de comparaison directe, des murs ordinaires ont aussi 

ete soumis a des essais. Des charges axiales atteignant 800 kN ont ete appliquees pendant que les 

murs subissaient une surcharge hors plan. La precompression de la magonnerie, decoulant de la 

precontrainte, a atteint de 0,9 a 2,7 MPa.

Les resultats indiquent que, comparativement au renforcement classique, la precontrainte 

ameliore de beaucoup le comportement des murs de briques elances. A tous les degres 

d’elancement, les murs ont supporte des charges axiales superieures a ce que 1'on pourrait 

normalement observer chez un batiment de faible hauteur. De plus, le recours a la precontrainte 

s'est avere plus efficace a un degre d'elancement eleve et a permis de prevenir les fissurations. A 

un degre d'elancement inferieur, la charge axiale a aussi presente un comportement de 

precontrainte. Les murs precontraints ont aussi affiche une excellente resistance aux surcharges 

repetees, une propriete qui a permis aux chercheurs de realiser beaucoup d'essais sur un seul mur.

L'etude a permis de relever deux difficultes importantes qui devront etre surmontees a 

1'occasion de travaux futurs. Le comportement relatif a 1'etat-limite ultime a peut-etre ete modifie 

par I'eclatement du mur sous la pression de la barre de precontrainte qui a entraine un 

effondrement soudain du mur. En outre, un examen plus approfondi de la concentration des



contraintes pres de la plaque ou de la poutre de repartition des contraintes serait recommande pour 

eviter la fissuration verticale longitudinale du mur.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION FOR PRESTRESSING SINGLE WYTHE MASONRY WALLS

Although prestressing offers significant structural and economical benefits over 

conventional reinforcing, the lack of available details and design guidance for its 

application to masonry are deterrents from its widespread use. To the limited extent that 

prestressed masonry has been used, wall construction and the related research involved 

heavy duty wall systems, such as diaphragm walls used as retaining structures. 

Consequently, there is a need to investigate the structural behavior of prestressed single 

wythe brick walls, so that the benefits of prestressing may be realized in lighter 

construction. Considering the slender nature of a single wythe brick wall, the study of 

slenderness effects was an essential feature of this research.

This investigation was further motivated by the fact that, in the design of many 

buildings, the brick veneer is intended to act only as an aesthetic covering and an 

environmental barrier. The backup wall, usually steel stud or concrete block, is assumed 

to carry all the load. For brick veneer/steel stud wall systems, it is a contradiction that the 

stiff but flexurally weak brick veneer is supported by the flexible but flexurally strong steel 

studs. This inherent incompatibility results in the brick veneer resisting the majority of the 

load until it cracks, after which the steel stud backup wall resists almost all the lateral load. 

Consequently, the veneer, not designed for strength, shares some of the structural function 

with the flexible but strong steel-stud backup wall. By using prestressed masonry as the 

veneer, the structural, environmental, and aesthetic needs can be satisfied by a single 

element of the wall.

1
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1.2 LITERATURE REVIEW

1.2.1 Brief History of Prestressed Masonry

The earliest documented case of prestressed masonry dates back to the Victorian 

era in the United Kingdom, t46! The method of prestressing consisted of placing a heated 

rod in a masonry element and anchoring it. As the rod cooled, it contracted and, thus, 

placed the masonry under compressive stress. The first attempts at prestressing masonry 

in the U.S.A. occurred in 1886. The method used nuts and threaded rods to apply 

compression to the masonry. Engineers in other countries, such as U.K. and Switzerland, 

also began to recognize the potential of prestressed masonry. It was not until the second 

half of the 20th century, however, that the first applications appeared. The modem 

development of prestressed masonry began approximately 25 years ago in Australia. t29l 

Since then, however, researchers in the U.K. have made the most significant advances, 

which led to incorporation of prestressed masonry in the British masonry code, BS 5628. 

In Canada and the U.S.A., very little research work has been done on prestressed 

masonry.

To date, post-tensioned masonry has been used primarily to increase the resistance 

to out-of-plane loading and, because prestressing is most effective in cases where the 

gravity loads are light, it has been used mainly in retaining structures and low-rise 

buildings.

1.2.2 Description and Construction of Prestressed Masonry Walls

One of the most effective methods for reinforcing materials with poor tensile 

properties is to use prestressed reinforcement. The prestressing of masonry induces 

compressive stresses which enhance the resistance of the masonry to tensile and shear 

forces. The term prestressing is used to describe either the pre- or post-tensioning
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process.

Pretensioning involves tensioning the tendons or bars between rigid abutments and 

then placing the masonry around the steel. The compression of the masonry occurs when 

the prestressing steel is released from the abutments and, as it shortens, transfers force to 

the masonry. Conversely, in the post-tensioning process, the masonry is built first, 

allowed to gain sufficient strength, and then tension is applied to the steel, which is 

anchored to the ends of the masonry member. For post-tensioned prestressing, the steel 

may be bonded or unbonded to the masonry.

Of the two prestressing techniques, pretensioning is better suited for 

prefabrication, whereas post-tensioning is suited for site construction. Consequently, the 

majority of prestressed masonry has been constructed using the post-tensioning process.

Prestressed masonry walls can be grouped into three classifications: the single 

wythe wall, the cavity wall and the geometric cross-section wall. A typical configuration 

for a single wythe prestressed masonry wall is shown in Figure 1.1.

The single wythe wall is also commonly called a solid wall. This description refers 

to the fact that the tendons are placed within the body of the units. In order to minimize 

secondary moment from deflection, the tendons are kept in place either by spacers or by 

grout. If grouting is used, the tendons can be either bonded or unbonded. If no bonding 

between the tendons and grout is required, the tendons can be encased in ducts. 

Otherwise, as for reinforced concrete, grout is poured in direct contact with the 

reinforcement.

There are advantages and disadvantages to both techniques of tendon placement. 

Unbonded tendon members have lower ultimate strength, increased deformation, and 

larger crack spacing associated with wider cracks, t29! Unbonded post-tensioning,

however, is more economical (no grout and less labour). Use of bonded tendons, while
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being more structurally sound, is less economical.

Prestressing bar or tendon Optional grout fili or spacers

Locking mechanism

Masonry

Prestressing steel

Anchorage into foundation

Figure 1.1 Typical post-tensioned single wythe wall.

During construction of a single wythe wall, the prestressing steel may be placed 

either before or after construction of the masonry. If the steel is placed first, and anchored 

at the foundation, the masonry courses are constructed around the prestressing rods. 

Usually the units have open ends or knock-out webs for easy placement around the 

prestressing steel. Because they are relatively easy to support during construction, 

prestressing rods are used most commonly.

Provided that there is sufficient space in the masoniy, there are proprietary systems 

which allow the prestressing steel to be placed in the masonry after construction. This is 

accomplished by jamming the rods into a locking jaw installed in the foundation prior to 

the erection of the masonry. After the steel has been placed, the masonry element can be 

capped with a bond beam and a steel bearing plate. A nut is then tightened using a torque
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wrench to provide the required prestressing force. If greater accuracy of the initial 

prestressing force is needed, prestressing jacks with built in pressure gauges can be used. 

These can also provide a larger prestressing force than a torque wrench.

As illustrated in Figure 1.2(a), the second type of prestressed masonry wall is the 

cavity wall. It is constructed using two wythes of masonry connected by ties, and the 

reinforcement is placed between the two wythes. The cavity is not filled with grout. 

Hence, if the ties provide no shear transfer, the two leaves act independently t29!. In some 

instances, where a larger capacity is required, the cavity can be filled with grout thereby 

making the wall solid.

The third type of prestressed wall is the geometric wall. This is not a single type of 

wall, but rather a grouping of walls with various cross-section shapes, which are used to 

suit structural or architectural applications. As illustrated in Figure 1.2(b), these walls are 

constructed in such a manner that the resulting cross-section is not solid and is not 

necessarily rectangular.

1.2.3 Advantages and Disadvantages of Prestressed Masonry

Prestressed masonry has significant advantages over conventional reinforced 

masonry. The major advantages include design of longer spans, smaller service

two wythes of masonry

(b)

Figure 1.2 (a) Cavity wall, (b) Geometric walls
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deflections, and increased shear capacity. Also, the prestressing force prevents cracks 

from forming at loads up to service conditions. Cracking due to shrinkage can be 

eliminated if the strain is taken into account during design. Other advantages include 

better impact resistance and ability to use smaller cross-sections.

Some of the disadvantages include potentially higher costs if high strength 

materials are used, and a more comphcated arrangement may be necessary in order to 

anchor the tendon. Extra materials such as anchorages and bearing plates also increase 

costs. Compared to other construction systems, however, these cost disadvantages may 

not exist. A cost study, i24! in which reinforced concrete earth retaining walls were 

compared to reinforced and prestressed masonry alternatives, suggests that using 

prestressed masonry is approximately 10% cheaper for tall (5 m) walls than reinforced 

concrete. The use of high strength materials however, was not included, and the cost 

comparison was based on the assumption that the contractor is equally experienced in all 

types of construction.

As with normal reinforcement, corrosion is also a concern in prestressed masonry 

walls and preventive measures, similar to those used in reinforced concrete, must be taken. 

Some of these are: provision of sufficient cover, use of specially coated reinforcement, and 

coating the rods with bitumen and wrapping them with waterproof tape.

1.2.4 Review of Experimental Investigations

There are very few studies of prestressed masonry walls. Further, a large portion 

of the prestressed masonry research, that has been done, has been directed toward 

diaphragm walls and other walls utilizing multiple wythes in low axial load applications. 

Therefore, the effects of slenderness and axial load on the behaviour of prestressed 

masonry has not been documented.
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Among the first of the modem day researchers is W.G. Curtin. His earliest work 

dates back to late 1960's and the development of the "fin wall" design, t46! This work 

began by verifying the capacity of a post-tensioned fin wall design used for a construction 

project. This testing was necessary because, at the time, no design guidance existed. This 

early work served to identify some features of structural behaviour and confirmed the 

feasibility of post-tensioned masonry construction. Later, in the early 80's, Curtin 

reported^16! on the development and usage of post-tensioned brick diaphragm walls and 

concluded that "the post-tensioned diaphragm wall technique is a viable, economic, and 

attractive addition to the engineer's store of solutions". He found that post-tensioning of 

brick diaphragm walls increased bending resistance considerably, and transformed 

masonry into a ductile material. In 1988, Curtinf14! reported on the use of prestressed 

geometric sections in low rise buildings. He commented on the wall design, the use of a 

capping beam, the type of foundation, and the construction process. In conclusion, he 

stated that "the introduction of post-tensioning caused no problems (during construction) 

and provided further evidence that prestressed masonry is economical and buildable".

Al-Manaseer and Neisi2! reported results similar to Curtin's. In addition, they 

concluded that post-tensioning may improve durability by reducing the frequency and 

duration of cracking. Other features observed were ductile behaviour, and easily satisfied 

serviceability conditions. They also observed that, upon unloading, the post-tensioned 

panels returned very close to their original shape, while the reinforced panels remained 

permanently deformed. This suggests that post-tensioned panels may be better suited in 

cases where cyclic loading occurs.

In 1991, Curtin and Howardt17! reported on testing of tall prestressed cantilever 

diaphragm walls. The results showed that such walls have very high resistance to lateral 

loading and thus would be effective as earth retaining structures.
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Results from recent experimental investigations!27’ 431 of the flexural behaviour of 

post-tensioned walls also provide encouraging results. In these investigations, it was 

demonstrated that post-tensioning of masonry increased the cracking load and the ultimate 

strength of hollow masonry walls. Linear behaviour occurred in the pre-cracking stage 

and post-tensioning provided ductile behaviour. The authors also concluded that the 

degree of restraint of the prestressing rod in the core of the hollow units is not critical for 

serviceability loads. The degree of restraint, however, did have a significant influence on 

the ultimate behaviour. The capacity of the wall was reduced and the failure changed from 

tension to compression controlled. Phipps!46! also demonstrated that restrained or guided 

tendons significantly enhanced the performance by sustaining larger loads and exhibiting 

greater ductility.

The behaviour of walls with a restrained tendon is also sensitive to the spacing of 

the guides. It was found!27’ 431 that the ultimate moment was lower for greater guide 

spacing. Also, caution must be exercised when using guides because the prestressing bar 

may push widely spaced guide ties out of the mortar joints.

The benefits of prestressed masonry are recognized in various other 

publications, [f l6’ 25> 2^> 361

1.2.5 Analytical Methods for Out-of-Plane Behaviour

Because prestressed masonry is a relatively new construction system only a few 

analytical proposals were found in the literature. The main sources of guidance were 

found in textbooks on prestressed concrete. Further, because the use of prestressing in a 

member is most effective in the presence of low axial loads, none of the analytical methods 

found included the effects of axial loads.

The common assumptions used in the analytical methods were that the strain
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distribution through the section is linear, and that the stress in the structural element is the 

sum of the compressive stress due to prestressing, plus the bending stress induced by the 

moment, t16’ 17> 40> 431 The main differences between these methods were in modeling the 

material properties of masonry and prestressing steel. The masonry stress-strain 

relationships used were either linear or an experimentally obtained relation. The 

prestressing steel stress-strain relationship typically used, was either linear, or in some 

casest40! trilinear. Despite different assumptions, the methods seemed to provide good 

predictions of the experimental data.!40’ 431

Because interest in prestressed masonry in Canada is relatively new, the Canadian 

masonry code does not provide any advice for designing prestressed masonry members. 

Guidelines, however, are currently in preparation. A similar situation also exists in the 

U.S.A., where prestressed masonry has not been addressed by building codes.t44l 

Consequently, designers in Canada and the U.S.A. have to rely on prestressed concrete 

codes, where applicable, along with use of engineering judgment and, possibly, advice 

from codes in the U.K..

In the U.K., prestressed masonry has been included as part of the engineered 

masonry code for a number of years. Part 2 of the British masonry code, "Code of 

Practice for Use of Masonry" (BS 5628), has incorporated prestressed masonry since it 

was published in 1985.144]

Briefly, BS 5628 is based on the limit states approach which requires consideration 

of serviceability and ultimate conditions. The serviceability limit state is representative of 

typical service conditions, while the ultimate limit state represents instances of extreme 

loading. The serviceability requirements in BS 5628 include limits on service stresses in 

the masonry and prestressing steel. The ultimate limit state for prestressed masonry 

focuses on flexural, compression and shear strength of masonry components. I44!
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1.2.6 Prestress Losses

Over the long term, the gradual loss of prestress effects the response of a member. 

The factors which contribute to prestress loss in a post-tensioned member are, creep and 

shrinkage of the masonry, and relaxation of the prestressing steel.

The force required to hold a highly stressed steel tendon at a given elongation will 

reduce with time, this phenomenon is referred to as relaxation. Relaxation is negligibly 

small if the initial prestressing stress applied to the tendon or bar is less than 55 to 60 

percent of the yield stress. I13! The relaxation of prestressing steel can be accurately 

predicted only if information for the specific material and stress conditions is available. It 

has been shown that relaxation of stress-relieved strands varies in an approximately linear 

fashion with the log of the time under stress. I13!

Although steel relaxation contributes to prestress loss, masonry creep, as reported 

by Curtin,!16] may be a more significant cause of prestressing force loss. He monitored 

brickwork under a prestress of 1.4 MPa for 100 days, and observed a 9% prestress loss. 

About 1% was attributed to steel relaxation, thus leaving 8% possibly due to creep.

Lencznerl31! conducted almost two decades of masonry creep research on various 

specimens comprised of brickwork walls, columns, and beams, with different types of 

brick and mortar. From this information, he developed a number of expressions to predict 

the creep coefficient (ratio of creep deformation to elastic deformation). For clay 

masonry, he found that the creep coefficient is approximately constant in relation to the 

applied stress in the service load range. Depending on the initial prestress of brickwork 

among other factors, he found prestress losses up to 17% in approximately 150 days.

A review!46! of prestressed masonry suggests prestress losses in concrete block 

masonry in the range of 12% to 20% over the first six months of sustained prestress force. 

The same review reports that predictions of total losses, calculated using the finite element
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method, were 24% to 31% and 17% to 22% for concrete block and clay brick masonry 

respectively. Specific stress conditions, however, were not discussed.

The prestress losses may be compensated for by providing additional prestressing 

force during post-tensioning, and moisture expansion of bricks can partially compensate 

for prestress losses. Differences in coefficients of thermal expansion can cause increased 

or decreased prestress for temperature drop or temperature increase, respectively.

1.2.7 Concentrated Load and Bearing Strength of Masonry

Due to the concentrated nature of the prestressing force, the ultimate bearing 

stress of masonry and the stress distribution under the force need to be considered in 

design.

In general, it is usual practice to allow increased bearing stress beneath a 

concentrated load because of the enhancement of bearing strength resulting from the 

confining effect of the less highly stressed surrounding material away from the load. Most 

masonry design codes recognize this, but design provisions are typically approximate. I37l 

Further, masonry codes do not differentiate between solid and hollow masonry in this 

respect, but compressive strength enhancement for hollow masonry is questionable. I381

Because of the large number of variables involved, it is difficult to accurately 

predict the bearing strength of masonry and the dispersion of the concentrated load. Page 

and Hendryt39! proposed a design formula for assessing the degree of bearing strength 

enhancement in solid walls or piers subject to concentrated loads. The design formula is a 

function of the loaded area ratio and the load location, with all other variables, such as 

material type, being absorbed in the scatter of the data. Their method is intended to apply 

to all types of solid masonry and was derived from recent experimental and analytical 

studies of this problem.
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Page and Shrivel37’ 381 have concluded that theories and design methods for 

concentrated loads on solid masonry do not apply to hollow concrete or clay masonry. 

They showed, using experimental studies, that the failure mechanisms for solid and hollow 

masonry are fundamentally different. As opposed to splitting across the thickness of the 

cross-section as in a solid wall, hollow masonry fails by splitting of the webs. They also 

reported that for a bond beam of a given size and type, the strength of the grout in the 

bond beam did not significantly influence the capacity of the hollow masonry to resist a 

concentrated load. An increase in capacity, by use of a deeper bond beam, was reported. 

This may be because the load is more dispersed by a deeper beam than a shallow one 

before reaching the hollow masonry.

Finite element stress analyses!45’ 491 of solid masonry subjected to concentrated 

loads provided reasonable agreement with experimental studies in terms of stress 

distribution and failure.

Generally, the recommend load dispersion for the various types of masonry ranges 

between 25° and 60° to the vertical.!37’ 38> 491

1.3 SPECIFIC OBJECTIVES

To evaluate the potential of prestressed brick veneer as a construction system, the 

structural investigation included both constructibility and structural response 

considerations. Hence, during the investigation, both quantitative and qualitative 

observations were considered to be important. The constructibility considerations dealt 

with qualitative observations such as ease of assembly and special tools and materials 

needed for construction. The assessment of the structural response is based on 

determining the interaction between slenderness, axial load, and prestress, as well as
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determining the influence of axial load eccentricity. The effect of repeated loading on 

behaviour was also investigated.

To provide information for use in analytical methods and to ensure easily 

interpreted results, the testing was conducted under well defined boundary conditions, 

and material properties of the various wall components were determined.



CHAPTER 2

MATERIAL PROPERTIES

2.1 INTRODUCTION

To document properties and to provide data for analyses, material properties of 

the various wall components were investigated. Descriptions of the dimensions and 

mechanical properties of the masonry units, mortar, and prestressing steel are given. Also 

presented are the test results of the masonry prisms, which are intended to represent the 

properties of the masonry assemblage.

2.2 INDIVIDUAL MATERIALS

2.2.1 Masonry Units

The walls were constructed with clay bricks, having five cylindrical cores. The 

average dimensions and coefficients of variation of ten units are given in Table 2.1. These 

dimensions are within allowable tolerances for bricks specified as being 90x90x290 mm. 

All the masonry unit tests were conducted according to CAN3-A82.2.

Also shown in Table 2.1 are the gross and net areas which will be used in 

calculating the compressive strength of the units. The bedded area is the gross area minus 

the core strip (25894.4 - 36.9 x 289.0 = 15230.3 mm2). The data used to determine the 

mean dimensions is provided in Appendix A.

The compressive strength of the masonry units has a direct effect on the strength 

of the finished wall. Ten specimens were tested to determine the compressive strength of 

the bricks. The specimens were capped and tested according to the CSA A82.2. The

14
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Table 2.1 Brick dimensions.

height

Length Height Width Hole Gross Net Area Bedded
Diameter Area Area

(mm) (mm) (mm) (mm) (mm2) (mm2) (mm2)
Mean 289.0 90.3 89.6 36.9 25894.4 20548.9 15230.3

COY (%) 0.2 0.5 0.8 1.5 0.8 1.7 2.2

compressive strength, based on the gross area, was found to be 70.5 MPa with a 

coefficient of variation of 5.6%, whereas the compressive strength based on the net area 

was 109.7 MPa. This satisfies the minimum required strength of 20.68 MPa, specified in 

the CSA-A82.1-M87, "Burned Clay Brick Units Made from Clay or Shale". The most 

common failure occurred by splitting along the webs. The complete set of data is available 

in Appendix A.

Another indication of the strength of bricks is modulus of rupture. From ten 

specimens, tested according to the standard, the mean modulus of rupture was 5.3 MPa 

with a coefficient of variation of 17.6%. The data is in Appendix A.

For the purposes of mortar mix design, it is necessary to have an estimation of the 

amount of moisture that the masonry units tend to absorb. For this purpose, the IRA 

(initial rate of absorption) and the 24-hour submersion tests were conducted. The mean 

IRA was determined to be 30.9 g / 20000 mm2 with a coefficient of variation of 8.6%. 

This is considered to be relatively high, but not unreasonable. It is recommended that.
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under hot conditions, units with ERA greater than 30 be wetted prior to laying, to prevent 

too much moisture from being absorbed from the mortar, thus resulting in a dry layer next 

to the unit and consequently a poor bond. The absorption of the units was determined to 

be 11.7% with a coefficient of variation of 4.2%. The data for both the IRA and 

absorption tests are listed in Appendix A.

The brick compressive strengths reported by Wilson!52! and Liaw!32! are 15% to 

20% lower, but the moduli of rupture are similar.

2.2.2 Mortar

Type S mortar was used in the construction of the prisms and walls. It was 

proportioned by weight as Portland Cement: Masonry Cement: Masonry Sand : H2O = 1 

: 1.45 : 9.63 : 1.92. For quality control, the physical testing of mortar included flow, 

water retentivity, air content, and compressive strength. These results are reported in 

Table 2.2.

A total of 137 mortar batches were made. The flow, measured after mixing each 

batch, was used as an indicator of consistency. Ten batches were tested for water 

retentivity and five for air content. To determine the compressive strength, three cubes 

were cast from each batch and were air cured near the wall specimens. The tests were 

conducted according to CSA standard A179M "Mortar and Grout for Unit Masonry".

To achieve the highest possible compressive strength of the masonry, an attempt 

was made to maximize the mortar strength by using the least amount of water possible 

while maintaining adequate workability, as indicated by the flow. The water retentivity 

and air content both satisfy the requirements of CSA-A8-M83. The complete set of data 

is in Appendix A.
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Table 2.2 Mortar characteristics.

Mortar Property Mean COY (%)

Flow (%) 119.9 1.7

Water Retentivity (%) 74.6 4.4

Air Content (%) 12.1 3.9

Compressive Strength

(MPa)

14.4 14.7

The flow, water retentivity, and air content are up to 5% lower than reported by 

Wilson!52! and Liaw!32!, but the compressive strength is approximately 30% greater.

2.2.3 Prestressing Steel

Twenty six millimeter diameter prestressing bars were used in the construction of 

the walls. No laboratory tests were performed on the prestressing steel, instead the 

manufacturers specifications were used. These are summarized in Table 2.3.

Table 2.3 Properties of prestressing steel.

Nominal Diameter Nominal Area Minimum Ultimate Modulus of

(mm) (mm2) Strength (MPa) Elasticity (MPa)

26.5 551 1030 200000

The relatively large bar size compared to the masonry dimensions is illustrated in

Figure 2.1.
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Figure 2.1 The 26 mm diameter prestressing bar in the 90 mm masonry wall.

23 MASONRY PRISMS

A masonry prism is a small assemblage of masonry units and mortar used as a test 

specimen for determining the strength of masonry. The usual properties determined from 

prism tests are compressive and tensile strengths, which may be used in the prediction of 

structural behaviour. The weight of the masonry prisms was 1.4 kN/m2.

2.3.1 Compressive Strength

The size and the type of construction of the masonry assemblage is determined by 

the types of tests to be performed on the specimen. For compressive test prisms, the
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construction is required to reflect the actual construction practice used in the walls. This 

includes mortar bedding, bond pattern, tooling, and mix proportioning. The standard used 

for testing was CSA A369.1, "Method of Test for Compressive Strength of Masonry 

Prisms".

After being capped with a few millimeters of hydrostone using a 25 mm steel 

capping plate, a total of 26 air cured prisms were tested; 8 of which were cut from wall 4, 

and the remainder were from sets of three, made at various stages of the wall construction. 

Strain was measured on 6 specimens from Wall 4 and was used for determining the 

modulus of elasticity. The prism compressive strength and modulus of elasticity results 

are summarized in Table 2.4. Both properties are presented in terms of the net and mortar 

bedded areas.

Table 2,4 Prism Compressive properties.

Net Area Strength Bedded Area Net Area Modulus of Bedded Area Modulus

(MPa) Strength (MPa) Elasticity (MPa) of Elasticity (MPa)

Mean 32.0 43.2 12200 16500

COV(%) 12.9 12.9 11.9 11.9

Shown in Figure 2.2 are prism stress-strain relationships based on the mortar 

bedded area. As can be seen, there is a reasonably linear relationship between stress and 

strain. Hence, the modulus of elasticity was calculated using linear regression.

Compression failure occurred primarily by splitting near the middle of the prism, 

and the ultimate strength is similar to results reported by Wilsonl52! and Liawf32!. The 

modulus of elasticity, however, is 382fm, which is significantly less than the code 

suggested 1000fm.
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Figure 2.2 Prism stress-strain results based on mortar bedded area.

2.3.2 Tensile Strength

For determination of the flexural bond strength, seven course prisms were used 

and a total of 24 joints were tested using a bond wrench. The flexural strength, based on 

the gross area, was 0.39 MPa with a coefficient of variation of 35.2%. The flexural 

strength, based on the net area, was 0.40 MPa. The low value and high variability of the 

flexural bond strength are noteworthy. For guidance on construction of the specimens and 

testing of the flexural bond, ASTM standard C1072 was used.

The flexural bond test is intended to define the flexural tensile strength which can 

then be used to predict the flexural strength of walls. Test data, for both the compressive 

and tensile tests, are provided in Appendix A.



CHAPTERS

DESIGN, CONSTRUCTION AND TESTING

3.1 INTRODUCTION

This chapter is intended to familiarize the reader with the various stages of the 

experimental investigation. Specifically, details about the design, construction, and testing 

of the wall panels are presented. This includes descriptions of wall specimens, type of 

masonry construction, prestressing equipment, instrumentation, data collection system, 

and testing apparatus. Detailed information on prestressing and testing procedures are 

also presented.

3.2 DESIGN AND CONSTRUCTION OF WALLS

3.2.1 Design of Walls

A total of eight wall specimens were constructed from brick units, with either a 

deformed prestressing bar or a normal reinforcing bar at the center of each wall cross- 

section. Bricks of 90 mm width were chosen so that very slender walls could be tested 

within the height limitations of the laboratory.

Numerous factors were considered when choosing the reinforcement and the 

appropriate dimensions of the test walls. For efficient use of masonry, the bar size was 

chosen sufficiently large (26 mm diameter, As=551 mm2) to provide adequate prestressing 

force, without the need for frequent spacing of smaller diameter bars. A sufficient width 

of wall (1.2 m) was needed to ensure only out of plane behaviour and to provide an

21
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adequate area to resist prestressing. The lower limit on the height was taken to be the 

maximum allowed by the standard "Masonry Design for Buildings" (CAN3-S304-M84), 

which is 2.7 m for a 90 mm thick wall. To ensure that the slenderness limit, in relation to 

capacity, was fully investigated, the tallest wall tested was 6 m, with a corresponding 

slenderness ratio (h/t) of 67. Data in the intermediate range was provided by a 4.2 m high 

wall (h/t=47). For practical reasons, the construction time, amount of materials needed, 

and handling of specimens were also considered in the sizing of the walls. The dimensions 

of the specimens are listed in Table 3.1.

Table 3.1 Walld imensions.

Specimen Name Width (m) Height (m) Slenderness (h/t)

w2 1.2 2.7 30

w3 1.2 2.7 30

w4 1.2 4.2 47

w5 1.2 4.2 47

w6 1.2 4.2 47

w7 1.2 6.0 67

w8 1.2 6.0 67

w9 1.2 6.0 67

Note: All walls were constructed using 90x90x290 mm bricks.

3.2.2 Construction of Walls

All masonry work was completed by an experienced mason, using a string and 

level. To simulate realistic quality of masonry, the mason did not receive any special 

instructions, except to avoid filling the prestressing bar cavity. Care was taken, however,
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to make sure that all the bricks were free from visible defects.

Prior to construction of the walls, some of the bricks were cut to meet the design 

width of 1.2 m. Each course consisted of three whole bricks, one 2/3rd unit, and one 

l/3rd unit, forming a l/3rd running bond construction. To allow placement of the 

masonry around the prestressing bar, a special unit was prepared by cutting out a slot to 

the depth of the second core hole in a whole brick. The various masonry units are shown 

in Figure 3.1.

Figure 3.1 Regular, l/3rd, 2/3rds, and slotted units used in wall construction.

The construction of the walls began by erecting the prestressing bars and securing them 

with prestressing nuts between temporary angle supports, which were bolted to a column.
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This arrangement is illustrated in Figure 3.2.

Prestressing nuts

Support column

Temporary angle supports

Prestressing bars

Figure 3.2 Temporary prestressing bar arrangement during wall construction.

After ensuring vertical placement of the prestressing bars, the first course of 

masonry was set and leveled on a bed of mortar placed on a platform. The platform, 

constructed from concrete blocks, was used to raise the construction above the bottom 

temporary support angle. Plywood pieces, placed on either side of the prestressing bar, 

separated the concrete blocks and the first bed of mortar to prevent bonding, and hence 

permitted easy removal of the walls. This arrangement is shown in Figure 3.3.
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Figure 3.3 Arrangement for setting the first course.

The mortar was applied primarily on the face shells, but some was squeezed into 

the cores and onto the webs as the bricks were set into place. Near the prestressing bar 

the squeezed-out mortar touched the bar and, upon hardening, acted as a guide. In Figure 

3.4, the mortar contact areas are visible on a prestressing bar, which was removed from a 

tested wall.

Similar to field construction, the exterior joints (compression side of a wall) were 

tooled using a 15 mm diameter cylindrical jointer, while the interior joints (tension side) 

were finished by only removing excess mortar squeezed out during placement of bricks.
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Figure 3.4 Mortar contact areas on a used prestressing bar.

To avoid the need for retempering, the mortar was prepared in 27.5 kg batches 

and delivered to the mason as needed. After construction, the walls were stored in the 

laboratory at room temperature until they were tested.
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Even though some normally reinforced wall panels (regular grouted reinforcement) 

were needed for direct comparison with the prestressed walls, all of the walls were initially 

built without grouting the reinforcement. This was done as a precaution in case some of 

the specimens intended for prestressing were accidentally damaged of destroyed.

After all of the prestressed specimens were tested, the remaining walls were 

retrofitted with normal reinforcement. Since a No.25 (diameter = 25 mm) reinforcing bar 

was used to closely match the dimensions of the prestressing bars, and the grout space 

was only 37 mm wide, special highly fluid, premixed grout was used. Distributed by 

Sternson Construction Products, the premixed grout is called "M-BED SUPERFLOW".

To ensure complete filling of the grout space, the grout was hand pumped from the 

bottom of the wall in regularly spaced lifts. Placement of the grout in lifts also avoided the 

cost of renting power pumping equipment. The retrofitting began by drilling 13 mm grout 

access holes in every third horizontal mortar joint, on what was to be the tension side of 

the wall. After the drilling was completed, the grout space was rodded with the 

reinforcing bar to remove debris. To maintain the high fluidity of the grout when it was 

pumped into the cavity, the core of the wall was saturated. The wetting process further 

cleared debris from the grout space.

Prior to mixing the grout, the bottom of the cavity was blocked, and 0.5 inch bolts, 

wrapped with masking tape, were prepared to be used as plugs during filling of the cavity. 

The filling began at the bottom of the wall and upon observing the grout pour from the 

next higher access hole, pumping was stopped, the pump nozzle removed, and the hole 

plugged with a bolt. This procedure ensured proper filling of the cavity, and was repeated 

until the top of the wall was reached. Upon completion of the tests, the grouted walls 

were broken. An examination showed that the grouting technique was highly effective in 

filling the grout space around the reinforcing bar.



28

3.3 TESTING OF WALLS

A variety of equipment was necessary to perform the tests. This equipment 

consisted of a special reaction frame, load cells, displacement measuring gear, hydraulic 

jacks, and prestressing equipment. In this section, descriptions of the prestressing 

equipment, instrumentation, and testing apparatus are presented. Procedures used for 

prestressing and testing are also discussed.

3.3.1 Prestressing

Prior to testing, each wall was prestressed to a desired level. As illustrated in 

Figure 3.5, prestressing of the specimens was accomplished using a hydraulic jack. A 

coupler with an extension was screwed on the prestressing bar, and a prestressing chair 

and jack were fitted over the assembly. As the wall was stressed, the prestressing force 

was monitored by a load cell. When the wall was stressed to the desired level, the 

prestressing nut was tightened with a wrench, and then the jack was released. If, after the 

lock-off losses, the prestressing force was not sufficiently close to the required value, the 

procedure was repeated.

As will be discussed in Chapters 4 and 5, the stress distribution plate, shown in 

Figure 3.5, was replaced by a HSS beam after the first wall failed during prestressing.

3.3.2 Instrumentation

To obtain the necessary physical measurements such as load, displacement, and 

strain, several measuring instruments were used.

The responses of the walls to applied loads were determined by measuring the 

deflections at selected locations using linear potentiometric displacement transducers
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Prestressing bar extension — 

Hydraulic jack -------------------- Prestressing chair

Prestressing bar 
coupler

Prestressing
Nut

Prestressing bar Stress distribution 
plate

Load Cell

Figure 3.5 Prestressing apparatus.

(LPDTs), shown in Figure 3.6, and mechanical dial gauges. The mechanical gauges were 

used for verification purposes only. The LPDTs were calibrated using a micrometer 

accurate to 0.001 inches (0.0254 mm). Shown in Table 3.2 is the accuracy obtained 

during calibration. The mechanical dial gauges were accurate to 0.01 mm. The maximum 

stroke on both types of instruments was 100 mm.

All of the gauges were mounted on a sufficiently stiff instrument grid to provide 

adequate support during testing, and 10x10 mm sheet metal contact plates were used to 

provide a smooth contact area with the walls.
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Figure 3.6 Linear Potentiometric Displacement Transducer (LPDT).

Also, due to the large deflections encountered at mid-height of some walls, an 

additional measuring mechanism was added. As shown in Figure 3.7, it consisted of a 

wire attached to the wall and suspended over a pulley. A marker on the wire indicated the 

displacement as it moved in front of a fixed ruler, accurate to 0.5 mm. To confirm 

negligible movement of the columns, mechanical displacement gauges were used. As 

illustrated in Figure 3.7, the LPDT gauges were located at equal spacing over the height



Table 3.2 Readings from LPDTs vs. a micrometer.
Instrument # Micrometer Rdg. 

(mm)
LPDT Rdg. 

(mm)
Difference Mic.-LPDT 

(mm)
10 0.00 0.00 0.00

0.03 0.02 0.01
0.25 0.24 0.01
0.46 0.44 0.02
2.54 2.50 0.04
12.70 12.78 -0.08

11 0.00 0.00 0.00
0.25 0.06 0.19
0.13 0.12 0.01
0.38 0.40 -0.02
0.61 0.64 -0.03
5.08 4.96 0.12
15.24 15.19 0.05

12 0.00 0.00 0.00
0.03 0.03 0.00
0.20 0.20 0.00
0.46 0.45 0.01
2.54 2.54 0.00
12.70 12.77 -0.07

13 0.00 0.00 0.00
0.03 0.02 0.01
0.18 0.17 0.01
0.46 0.46 0.00
2.54 2.55 -0.01
10.16 10.20 -0.04
12.70 12.73 -0.03

17 0.00 0.00 0.00
0.03 0.02 0.01
0.23 0.22 0.01
0.48 0.47 0.01
1.27 1.26 0.01
5.08 5.06 0.02
15.24 15.32 -0.08
20.32 20.50 -0.18
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of the wall. Due to the importance of the mid-height deflection, two LPDTs were used. 

The LPDT numbers correspond to the output file instrument numbers used during testing.

Unlike measuring axial strain during prism testing, it was difficult to adapt the 

LPDTs to measure bending strain, possibly because it was impossible to mount then 

directly on the surface of the wall. Mechanical strain gauges were used instead. As will 

be shown in the next section, the offset of the strain gauge points and LPDTs from the 

mid-width of the walls was adopted to avoid interference with other hardware.

Three load cells, calibrated in a testing machine, were used to measure the applied 

load. These monitored the lateral, axial, and prestressing forces. Instruments 9, 10, and 

11, in the output files, correspond respectively to the prestressing force, axial force, and 

lateral force. To periodically verify the proper functioning of the load cells, the readings 

were checked in a compression test machine. Tables 3.3, 3.4, and 3.5 contain 

comparisons of the testing machine and the load cell readings, giving an indication of the 

cells' accuracy.

The signals from all the electronic instruments were monitored by the data 

collector, shown in Figure 3.8. The software allowed for instrument calibration as well as 

real time visual output. The data was stored on a diskette for later analysis.
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Figure 3.7 Typical wall instrumentation.
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Table 3.3 Readings from the compression machine and the load cell monitoring prestress.

Compression Machine 

Reading 

(kN)

Load Cell Monitoring 

Prestress Force 

(kN)

Difference Between 

Load Cell and Comp. 

Machine (kN)

Difference Between 

Load Cell and Comp.

Machine as % of 
Comp. Machine Force

0 0.4 0.4 na
0 0.2 0.2 na

0 0.4 0.4 na

50 49.5 -0.5 -0.9
200 198.6 -1.4 -0.7
300 298.5 -1.5 -0.5
400 400.0 0.0 0.0

0 0.4 0.4 na
0 0.7 0.7 na
0 0.4 0.4 na

Note: The compression machine scale used was readable to 250 N/division.
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Table 3.4 Readings from the compression machine and the load cell monitoring axial load.

Compression 
Machine Reading 

(kN)

Load Cell Monitoring 
Axial Force 

(kN)

Difference Between 
Load Cell and Comp. 

Machine (kN)

Difference Between 
Load Cell and Comp.

Machine as % of 
Comp. Machine Force

0 0 0 na
0 0 0 na
0 0 0 na

25 24.6 -0.4 -1.6
50 50.5 0.5 -1.0

200 199.8 -0.2 -0.1
300 298.8 -1.2 -0.4
350 349.4 -0.6 -0.2
400 399.6 -0.4 -0.1

0 0 0 na
0 0 0 na
0 0 0 na

Note: The compression machine scale used was readable to 500 N/division.

Table 3.5 Readings from the compression machine and the load cell monitoring lateral load.

Compression 
Machine Reading 

(kN)

Load Cell Monitoring 
Lateral Force 

(kN)

Difference Between 
Load Cell and Comp. 

Machine (kN)

Difference Between 
Load Cell and Comp. 

Machine as % of 
Comp. Machine

0 0.0 0 na
0 0.0 0 na
0 0.0 0 na

2.5 2.5 -0.02 -0.9
5 4.9 -0.09 -1.9
10 9.9 -0.09 -0.9
15 14.8 -0.19 -1.2
20 19.8 -0.18 -0.9
0 0.0 0 na
0 0.0 0 na
0 0.0 0 na

Note: The compression machine scale used was readable to 100 N/division.
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3.3.3 Test Apparatus

To test the walls, the reaction frame shown in Figures 3.9 to 3.1 i was constructed.

Figure 3.9(a) Photograph of the reaction frame.
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Figure 3.9(c) Reaction frame bottom support.
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Figure 3.10 End elevation of reaction frame and test set-up.
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The apparatus consisted of a frame formed by two steel columns (W360xl62) 

joined at the top by steel channels (C380x50). The assembly was fastened to the 

laboratory floor using four bolts, two at each column. To ensure a rigid connection to the 

floor, the bolts were prestressed.

Sandwiched between the top channels and the hydraulic jack was a 50 mm thick 

plate used to transfer load to the channels. The hydraulic jack had a capacity of 1800 kN. 

The load from the jack was transferred to the specimen through a spherical seat, load cell, 

axial load distribution beam, and a pin joint assembly. The spherical seat was constructed 

from two 152x152x51 mm plates and a 38 mm diameter ball. The axial load distribution 

beam was made from a W360x45 section and was strengthened by stiffeners.

The pin joint assembly was welded to the lower flange of the axial load 

distribution beam. It consisted of a 38 mm diameter bar set into two grooved plates. To 

ensure that the pin joint assembly would not separate under lateral load, a link assembly 

connected the bar and the plates. Figure 3.12 shows an end view of this portion of the 

apparatus. To provide space for the prestressing components, a 350 mm gap was 

provided in the joint assembly. To connect the two halves of the pin assembly, a 55 mm 

square bridging tube was used. This permitted easier placement of the specimens and 

ensured the same center of rotation for both rollers. The bottom pin support consisted of 

a similar arrangement.

To ensure stability of the axial load distribution beam and to prevent lateral 

displacement at the top of the wall, adjustable stabilizer channels were used to connect the 

axial load distribution beam to the frame columns. The stabilizer assembly allowed 

vertical movement but prevented rotation of the load distribution beam. This, coupled 

with the pin assembly, provided well defined support conditions. The weight of the top 

support was 2 kN.
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Figure 3.12 Connecting link for the top pin support.

To provide uniform axial load distribution along the width of the walls, all 

specimens were bedded in hydrostone. Seating bolts were used to locate and hold the 

walls in the seating channel.

As is shown in Figures 3.10 and 3.11, the lateral load was transferred from the 

hydraulic jack, reacting against the web of the frame column, to the specimen through load 

transfer HSS beams, puller rods, lateral loading beam, and load transfer angles. To allow 

rotational movement, the lateral loading beam and the load transfer angles were connected 

using spherical seat joints. Before testing, the load transfer angles were capped to ensure 

uniform transfer of the lateral load to the specimen. The distance of the load transfer 

angles from the respective ends of the wall varied according to the formula, a=A/-Js.

As can be seen from previous figures, the lateral loading system was suspended 

from adjustable hangers for easy and accurate centering on the specimen. The hangers 

allowed horizontal and vertical adjustment.
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To provide instrument access to the mid-height of the specimens, an opening was 

cut in the load transfer HSS beam, and this was bridged using shorter beam lengths on 

both sides of the opening.

Bearing blocks, constructed from a wide flange section and reinforced with 

stiffeners, were used to raise the specimen to provide space for the load cell and 

prestressing components at the base.

3.3.4 Test Procedure

The test procedure was identical for all walls. Each wall was first prestressed to 

57 kN. Prior to application of load and collection of readings, the top support was 

checked for alignment with the wall and leveled. A plumb line, suspended along the edge 

of the test specimen, was checked to ensure vertical alignment of the wall. The OPTILOG 

data collector was then initialized, initial strain readings were taken and, for the taller 

walls, the position of the steel wire on the ruler was noted.

The first load combination for each wall usually consisted of applying lateral load 

only. It was applied incrementally and readings were taken from all instruments at each 

increment: A plot of deflection versus load was made during testing to aid in estimating 

the adequacy of the data. The wall was then unloaded, final readings were taken, and a 

hard-copy of the test results was filed. Prior to repeating the procedure for the next load 

combination, the top support was checked for alignment and level, and the vertical plumb 

line was checked to ensure vertical alignment of the wall.

The tests of walls under both axial and lateral loads was similar to that discussed 

above. After the initialization of the instrumentation, the required axial load was applied, 

and readings were taken. Lateral load was then applied in increments while maintaining 

the axial load as constant as possible. Readings were taken at each increment until large
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lateral deflections occurred with little increase in the lateral load, or until a significant loss 

in the lateral load occurred.

After completion of all the axial and lateral loading combinations, the specimen 

was prestressed to the next level and the cycle was repeated. For each wall height, the 

test apparatus was adjusted accordingly.

In Chapter 4, the load combinations and test conditions for each wall are described 

in detail.



CHAPTER 4

EXPERIMENTAL RESULTS

4.1 INTRODUCTION

The results of the experimental investigation are reported in this chapter. The 

findings for each wall are discussed separately, and brief descriptions of the test conditions 

are given. The data is presented in a graphical and tabular form.

The main objectives of the experimental investigation were to document the 

behaviour of prestressed wall panels under various loading conditions, and to obtain data, 

with well known boundary conditions, to be used in future development and verification of 

mathematical models and design methods.

4.2 DATA PREPARATION

Before data from the investigation could be converted into graphical or tabular 

form, preprocessing was necessary. For this purpose a computer program called 

"Opticon" was written in the BASIC programming language. A listing of the program and 

the executable file is provided on the accompanying diskette.

Opticon consists of three main subroutines and a main routine for controlling the 

flow of the program. The three subroutines are similar in structure, but with differences to 

allow processing of Optilog data in different ways. The first subroutine converts the data 

from imperial to metric units, factors out an instrument reading magnifier, and organizes 

the data for convenient manipulation in a spreadsheet.

The second subroutine performs the same tasks as the first, except that a data filter 

has been added. This allows the user to exclude any unwanted data by selecting a 

particular instrument and entering constraints for this instrument. For example, as the

44
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lateral load was applied during testing in this investigation, the axial load did not remain 

perfectly constant due to changing geometry, and had to be regularly adjusted. Even with 

the adjustments, some of the readings deviate slightly from the specified axial load. To 

make accurate comparisons between walls for a given axial load, only data for conditions 

close to the specified axial load should be used. Hence, by selecting the axial load cell as 

the particular instrument, and placing a ±2.5% constraint on the difference between the 

specified and the actual readings, only conforming data was included.

The third subroutine is for processing strains from prism tests, and hence is 

identical to the first, except for a greater number of decimal places used in the 

calculations.

The program is menu operated, with user input verification at each step. Before 

any of the Optilog output files can be used with Opticon, markers must be put into the 

Optilog files to identify the initial readings.

Although the instrumentation was checked regularly, it was discovered that the 

LPDT monitoring the top support movement malfunctioned during testing of Walls 4, 6, 

8, and 9. To account for the top support movement in these walls, the deflections of the 

top support of Walls laux, 6aux, and Baux were examined and the results are shown in 

Figure 4.1. The correlation coefficient of 0.69 suggests a reasonable linear association 

between the lateral load and the top support movement which, in any case, was relatively 

small. Also shown in Figure 4.1 is the linear regression line used to predict the movement 

of the top support for Walls 4, 6, 8, and 9 in place of the faulty data.

To illustrate the relative significance of the top support movement, the information 

in Fig. 4.1 is replotted in Fig. 4.2 using a 30 mm abscissa. Mid-height deflections greater 

than 30 mm were common. As can be seen, the top support movement is relatively
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Slope=18.4 kN/mm

i :

Regression

Experimental

Correlation Coefficioit=0.69

Top Support Deflection (mm)

Figure 4.1 Top support movement of Walls laux, 6aux, and 8aux. (5 mm deflection axis)

Slope^ 18.4 kN/mm

Experimental

Correlation Coefficients.69

Top Suppot Deflection (mm)

Figure 4.2 Top support movement of Walls laux, 6aux, and 8aux. (30 mm deflection axis)



47

insignificant and, consequently, errors resulting from the linear approximation of the 

support deflection have a negligible effect on the test results for Walls 4, 6, 8, and 9.

Examination of the deflected shapes for all the walls suggests a possible 

malfunction or an incorrect calibration factor for the LPDT located immediately above the 

mid-height, however it has no influence in this study.

4.3 EXPERIMENTAL RESULTS

This section contains data and observations obtained during the experimental 

investigation. The interpretation and further discussion of these results is presented in 

Chapter 5. For simplicity, the results are reported separately for each wall.

4.3.1 Wall 2 (2.7 m, prestressed)

The dimensions of Wall 2 were 2.7x1.2x0.09 m. The wall was intended to 

demonstrate the behaviour of prestressed wall panels at this slenderness. Unfortunately, 

this wall failed during prestressing. As illustrated in Figure 4.3, the failure crack extended 

from near the edge of the stress distribution plate to the bottom of the wall, and occurred 

at a prestressing force of approximately 215 kN. The shown locations of the masonry 

units, mortar joints, and prestressing plate accurately represent their positions in the wall.

Given the plate dimensions of 355x210x25 mm and the thickness of the equivalent 

face shell of 26.4 mm, the failure bearing stress, calculated according to cf=F/Aiii, was 

11.5 MPa. (F=prestress force, Am^rnortared area) Prism tests at that time indicated a 

compressive strength of 23.9 MPa.

To represent stress levels for efficient use of prestressing steel, testing was initially 

intended to begin at a steel stress level of OAf^ , producing a prestress force of 227 kN,
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and a masonry precompression of 3.6 MPa. A steel stress level of 0.6^ , providing 5.4 

MPa of masonry prestress, was to have been reached incrementally.

Figure 4.3

Stress distribution 
plate

Cracking

Location of prestressing failure of Wall 2.

After the failure, however, the prestress in the masonry was reduced to range from 

0.9 MPa to 2.7 MPa. This corresponds to steel stress ranging from 0.1fpu to 0.3fpU, 

respectively. To avoid additional loss of walls, the stress distribution plate was replaced 

by a 1.2 m long HSS (90x90x6 mm) to better distribute the prestressing force to the 

masonry.

4.3.2 Wall 3 (2.7 m, prestressed)

Wall 3 had the same dimensions as Wall 2 (2.7x1.2x0.09 m) and was originally 

intended to utilize normal reinforcement in order to provide a direct comparison for its
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prestressed counterpart, Wall 2. However, after the prestressing failure of Wall 2, the 

purpose of this wall was changed and it was prestressed.

To satisfy the objectives discussed in Chapter 1, Wall 3 was tested several times 

under various prestress and axial load combinations. These are listed in Table 4.1. In the 

file identification code, the first number after the "W" identifies the wall, the second 

number specifies the prestressing level in terms of percent of fpU (ultimate strength of the 

prestressing steel = 1030 MPa), and the third number indicates the applied axial load in kN 

excluding the support weight and self-weight. The extension "fal" indicates that the 

lateral loading of the wall was taken to material failure.

As indicated in Chapter 3, all of the walls were tested using simple support 

conditions and, for Wall 3, the concentrically applied axial load was maintained constant 

while the wall was loaded laterally, as shown in Figure 4.4.

The test results, plotted in Figures 4.5 to 4.8, show the moment due to applied 

lateral load (primary moment) and the corresponding deflection at mid-height. In the

Table 4.1 Axial load and prestress force combinations for tests of Wall 3,
File ID Code Prestressing Force (kN) Axial Load (kN)

W3-10-0 57 0
W3-10-10 57 10
W3-10-20 57 20
W3-10-30 57 30
W3-10-40 57 40
W3-20-0 114 0

W3-20-10 114 10
W3-20-20 114 20
W3-20-30 114 30
W3-20-40 114 40
W3-30-0 170 0
W3-30-10 170 10
W3-30-20 170 20
W3-30-30 170 30
W3-30-40 170 40

W3-30-40-fal 170 40
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Figure 4.4 Lateral load positions.

—x-----W3-10-0

W3-10-10

“X-----W3-10-20

W3-10-40

Deflection (mm)

Figure 4.5 Mid-height primary moment-deflection, Wall 3, h-2.7 m, prestress-57 kN.
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wB-20-0

■-----W3-20-10

-----*-----W3-20-20

W3-20-30

W3-20-40

Figure 4.6 Mid-height primary moment-deflection. Wall 3, h=2.7 m, prestress=l 14 kN.

-----X-----W3-30-0

-x-----w3-30-20

— W3-30-30

W3-30-40

Deflection (mm)

Figure 4.7 Mid-height primary moment-deflection. Wall 3, h=2.7 m, prestress-170 kN.
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------X-— w3-30-40-fal4
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10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Deflection (mm)

Figure 4.8 Mid-height primary moment-deflection. Wall 3, h=2.7 m, prestress=170 kN, 

failure.

legend, the file identification code is used to indicate the various test conditions. 

According to the load conditions illustrated in Figure 4.4, the primary moment, M=Piatxa, 

was calculated based on a simply supported member with two symmetrically placed 

concentrated loads. The distance from the concentrated loads to the respective ends of 

the wall is a=h/4$, where h is the height of the wall.

For direct comparison, the axis scales of the primary moment-deflection curves are 

the same, with the exception of the failure curve shown in Figure 4.8. The influence of 

any support movement was taken into account in plotting the deflections.

As can be seen, the response curves consist of two branches. Initially there is a 

linear relationship between the primary moment and deflection, followed by a nonlinear 

branch. Further, the axial loads had negligible effect on the response up to the nonlinear
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regions of the curves. In the nonlinear zone, however, the level of axial load had a 

significant effect and improved the response (increased primary moment for the same 

deflection). It can also be seen that, as the prestressing force increased, the transition 

from linear to nonlinear behaviour occurred at a higher primary moment.

Generally, Wall 3 exhibited flexible behaviour. However, the failure was brittle 

and sudden. As illustrated in Figure 4.9, the prestressing bar burst through the 

compression side of the wall at mid-height, causing a collapse. Cracking was heard only 

moments before failure, not allowing sufficient time for unloading. The failure of Wall 3

Figure 4.9 Failure of Wall 3.
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occurred at a primary moment of 10.0 kN-m corresponding to a deflection of 37 mm.

Shown in Figures 4.10 to 4.13 is the total moment acting on the mid-section of the 

wall versus the deflection, where the total moment is calculated as the sum of the moment 

due to the lateral forces and the moment due to the P-A effect. Included in the P-A 

calculation for all of the walls is the permanent set, the deflection caused by the 

application of the axial force, weight of the top support, and self-weight of the wall, (top 

support = 1.8 kN, self-weight = 1.4 kN/m2) Hence, the first data point corresponding to a 

zero total moment in a given curve shows the permanent set, and the second marker 

indicates the additional deflection due to the application of the axial load. While the 

effects of the axial load and prestressing on the primary moment were demonstrated in 

Figures 4.5 to 4.8, Figures 4.10 to 4.13 show the complete load-deflection history at mid- 

height of Wall 3, and facilitate determination of the secondary moment.

—-X'— w3-10-0

-'—A-— W3-10-10

f 5 -
w3-10-30

— w3-10-40

Deflection (mm)

Figure 4.10 Mid-height total moment-deflection. Wall 3, h=2.7 m, prestress=57 kN.
(The fust point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)
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W3-20-0

-x-----W3-20-20

W3-20-30

■j——!o —

Deflection (mm)

Figure 4.11 Mid-height total moment-deflection. Wall 3, h=2.7 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)

W3-30-0

W3-30-10

-----X-----W3-30-20

W3-30-30

“ W3-30-40

2 --................

1 ..........

Deflection (mm)

Figure 4.12 Mid-height total moment-deflection, Wall 3, h=2.7 m, prestress=170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application ofthe axial load.)
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12 T----------
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2 —-

Deflection (mm)

Figure 4.13 Mid-height total moment-deflection. Wall 3, h=2.7 m, prestress=170 kN 
(failure).

(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)

For ease of comparison, the data points representing the different axial loads in the 

primary and total moment-deflection plots are consistent for the two sets of figures.

Except for the failure curve, it can be seen that the P-A effect is not very large. 

Illustrated in Figure 4.14 is a typical total moment-strain relationship for Wall 3. 

The strain shown is due to the total moment, but the initial strain due to prestressing is not 

included. In the legend, the "Compression side" refers to the side of the wall which 

experiences compressive stress when the wall is loaded laterally. The largest compressive 

strain recorded for Wall 3, including prestressing, was 0.00057. It occurred during the 

test W3-20-40. As discussed in Chapter 2, masonry prism tests indicate a compressive 

strain of approximately 0.00200 at maximum stress. For safety reasons, strains were not 

measured during the failure loading, W3-30-40fal. The remaining strain data for Wall 3 is
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available in a separate document (contact Dr. Drysdale at McMaster University, Hamilton, 

Canada).

W3-20-0

Tension Side

Compression Side

------f-
-0.0001-0.0004 -0.0003 -0.0002 0.0001 0.0002 0.0003 0.0004

Strain

Figure 4.14 Typical total moment-strain results at mid-height of Wall 3.

Shown in Figure 4.15 are typical deflected profiles of Wall 3 at various primary 

moments during loading to failure. The LPDT's yielded expected results, except for the 

instrument located at the 1.8 m height, which showed a smaller deflection than its 

counterpart located at 0.9 m.

As expected, most of the cracking occurred in the region between the concentrated 

loads, where the bending moment was the highest. Upon unloading, the cracks closed and 

became difficult to identify. Despite severe cracking in this region, the wall continued to 

function and any permanent set was difficult to see with the naked eye.
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W3-30-40 fal Pri. Mom.=2kN-m

0 Pri. Mom.-4kN-m

Pri. Mom.=6kN-m

X Pri. Mom.=8fcN-m

---- *---- Pri. Mom.=9kN-m

Figure 4.15 Typical deflection profiles of Wall 3.

The force in the prestressing bar increased as the lateral load was applied. A 

typical relationship between the force in the prestressing bar and the deflection at mid- 

height is shown in Figure 4.16. The drop in the prestress force at zero deflection is due to 

the application of the axial load.

During the sequence of tests, some loss of prestress occurred in Wall 3. Table 4.2 

contains a summary of the prestress loss in the masonry at each prestress level. The losses 

were significant only at the 57 kN prestress level. Also noted in Table 4.2 are the test 

conditions that Wall 3 was subjected to.
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Figure 4.16 Force in the prestressing bar during lateral loading of Wall 3.

Table 4.2 Prestress losses during testing of Wall 3,
Prestress

Force

(kN)

Masonry 
Prestress 

at Start of Test 
(MPa)

Masonry 
Prestress 

at End of Test 
(MPa)

Loss of Masonry 
Prestress 

(MPa)

Loss of 
Prestress 

(%)

Notes

57 0.93 0.89 0.04 4.3 max. axial load = 40 kN, 
8 tests

114 1.78 1.78 0.00 0.0 max. axial load = 40 kN, 
6 tests

170 2.77 2.74 0.03 1.0 max. axial load = 40 kN, 
4 tests

4.3.3 Wall 4 (4.2 m, normally reinforced)

The dimensions of Wall 4 were 4.2x1.2x0.09 m, and the reinforcement consisted 

of a normal No.25 reinforcing bar (Ag = 500 mm2) grouted in place. The test was 

intended to provide a direct comparison to a prestressed wall with the same dimensions.
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The test was conducted using simple support conditions and the concentrically 

applied axial load was maintained constant while the wall was loaded laterally. The axial 

loads used in the testing of Wall 4 are listed in Table 4.3.

Table 4.3 Axial loads used in the testing of Wall 4.
File ID Code Axial Load (kN)

W4-0-60 60
W4-0-100 100
W4-0-170 170

Unlike the tests of Wall 3, the testing began with an axial load of 60 kN. This 

approach was taken because it was thought that expected permanent deformation from 

lesser axial loads might prevent the wall from later being tested using higher axial loads.

The primary moment due to the applied lateral load versus the resulting deflection 

at mid-height is shown in Figure 4.17. The file identification code was used to distinguish 

between the tests at various axial loads. The primary moment, M=Platxa, was calculated 

as for Wall 3, and support movement was taken into consideration in plotting the 

deflection.

As can be seen, the moment-deflection curves are similar in shape to those for Wall 

3. The sequence of tests proceeded in the same order as the file identifications appear in 

the legend. The wall was first loaded axially with 60 kN, then 100 kN, and finally 170 kN. 

The largest primary moment was achieved while carrying 170 kN axial load. This is 

unexpected because, at a 100 kN axial load, the maximum primary moment was less than 

at 60 kN. The P-A effect at the 100 kN and 170 kN axial loads appeared to cause 

maximum primary moment to be reached at lower deflections than for the 60 kN axial 

load. The wall was considered to have failed due to large permanent set when, after the
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x w4-0-60

W4-0-170

0

Figure 4.17 Mid-height primary moment-deflection. Wall 4, h=4.2 m, normal reinforcing.

third test, it could not support an axial load higher than 170 kN.

Illustrated in Figure 4.18 is the total moment (lateral load moment plus P-A effect) 

acting on the mid-height section and the corresponding deflection at mid-height. As can 

be seen, there is a significant difference between the primary moment and total moment 

curves with the latter continuing to increase due to the P-A contribution.

A typical total moment versus strain relationship for Wall 4 is shown in Figure 

4.19. The first two non-zero strain points indicate the strain due to the application of the 

axial load and, as can be seen, the compressive strain is not the same on the two sides of 

the wall. This is due to the imperfection of the wall. Thus, as the axial load was applied, a 

moment was also generated. The largest recorded compressive strain of 0.00090 occurred 

during the test with 60 kN axial load. The complete Wall 4 strain data is available in a 

separate document.



62

w4-0-60

-----*-----W4-0-170

Deflection (nun)

Figure 4.18 Mid-height total moment-deflection, Wall 4, h=4.2 m, normal reinforcing.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application ofthe axial load.)
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Figure 4.19 Typical total moment-strain results at mid-height of Wall 4.
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Shown in Figure 4.20 are typical deflected profiles for Wall 4 at various primary 

moments at an axial load of 100 kN. There is disagreement between the LPDT readings 

located at the 1.4 and 2.8 m heights.

Similar to Wall 3, most of the cracking occurred in the region between the 

concentrated lateral loads and, unlike Wall 3, the cracks remained open after unloading.

w4-0-100

Pri. Mbm.=.6kN-m

Pri. Mom.=1.9fcN-m

Pri. Mom.=2.4kN-m2.8 —i

1.4

0.7

Deflection (mm)

Figure 4.20 Typical deflection profiles for Wall 4.

4.3.4 Wall 5 (4.2 m, prestressed)

Wall 5 had dimensions of 4.2x1.2x0.09 m. Unlike Wall 4, however, prestressed 

reinforcement was used. The various axial load and prestress conditions are summarized 

in Table 4.4. The test conditions were the same as for previous walls, with simple 

supports and concentrated lateral loads equally spaced from the ends.
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The test results are presented graphically in Figures 4.21 to 4.24, showing the 

primary moment-deflection relationships at mid-height. As can be seen, low axial loads 

had a much smaller effect on the initial linear response, than on the nonlinear behaviour. 

From Figures 4.21, 4.22, and 4.23, it can be seen that, beyond the linear range, increased 

axial load had a slight beneficial effect by increasing the primary moment. Increased 

prestress, however, affected the behaviour more significantly. Increasing the prestress 

from 57 kN to 170 kN nearly doubled the primary moment resistance of the wall.

Table 4,4 Load and prestress combinations for Wall 5,
File ID Code Prestressing Force (kN) Axial Load (kN)

W5-10-0 57 0
W5-10-10 57 10
W5-10-20 57 20
W5-10-30 57 30
W5-10-40 57 40
W5-20-0 114 0
W5-20-10 114 10
W5-20-20 114 20
W5-20-30 114 30
W5-20-40 114 40
W5-30-0 170 0
W5-30-10 . 170 10
W5-30-20 170 20
W5-30-30 170 30
W5-30-40 170 40

W5-30-40-A 170 40
W5-30-50 170 50
W5-30-60 170 60
W5-30-70 170 70
W5-30-80 170 80
W5-30-90 170 90

W5-30-100 170 100
W5-30-120 170 120
W5-30-140 170 140
W5-30-160 170 160
W5-30-200 170 200
W5-30-230 170 230
W5-30-260 170 260
W5-30-300 170 300
W5-30-350 170 350
W5-30-400 170 400
W5-30-450 170 450
W5-30-500 170 500
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x w5-10-0

wS-10-10

x-----W5-10-20

W5-10-30

W5-10-40

Deflection (mm)

Figure 4.21 Mid-height primary moment-deflection. Wall 5, h=4.2 m, prestress^S? kN.

-----x-----w5-20-0

-X-----w5-20-20

wS-20-30

w5-20-40

Deflection (mm)

Figure 4.22 Mid-height primary moment-deflection. Wall 5, h=4.2 m, prestress^l 14 kN.
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------X- W5-30-0

-----*-----W5-30-20

w5-30-30

W5-30-40

Ddlection (mm)

Figure 4.23 Mid-height primary moment-deflection, Wall 5, h=4.2 m, prestress=170 kN.

wS-30-100

-----x-----w5-30-300

W5-30-500

1------ ^

Deflection (mm)

Figure 4.24 Mid-height primary moment-deflection. Wall 5, h=4.2 m, prestress=170 kN.



67

Shown in Figure 4.24 is the continuation of Figure 4.23 in terms of the additional 

levels of axial load. With increased axial load, there was initially an increase in the primary 

moment resistance. However, above 200 kN axial load, the capacity decreased. Upon 

unloading, the wall appeared to be sound.

There was no spalling of the compressive face, and cracks visible during testing 

closed upon unloading. The cracking pattern was similar to Walls 3 and 4.

Shown in Figures 4.25 to 4.28 are the total moments acting on the section at mid- 

height and the corresponding deflections. Considering axial loads up to 40 kN, there is 

only a slight difference between the total and primary moments prior to nonlinear 

behaviour. In the nonlinear portions of the curves, the P-A effect becomes significant and 

the differences between the total and primary moments are greater. Also shown in Figures 

4.25 to 4.28 is the positive effect that increasing the prestress had on the permanent set of 

Wall 5. At the end of the tests at 57 kN prestress force (Fig. 4.25), a 4 mm permanent set

w5-10-0

---- *-----W5-10-10

wS-10-30

W5-10-40

Deflection (mm)

Figure 4.25 Mid-height total moment-deflection. Wall 5,11=4.2 m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)
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W5-20-0

-----*-----W5-20-20

W5-20-30

wS-20-40 "

Figure 4.26 Mid-height total moment-deflection. Wall 5, h=4.2 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)

x-----w5-30-G
rv-x-

---- x----- W5-30-20

— W5-30-30

w5-30-40

S 4 -

Figure 4.27 Mid-height total moment-deflection, Wall 5, h=4.2 m, prestress=170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)
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Figure 4.28 Mid-height total moment-deflection, Wall 5, h=4.2 m, prestress=170kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to application of the axial load.)

resulted. After prestressing to 114 kN (Fig. 4.26), the permanent set was reduced to 2.0 

mm. A similar observation can be made by comparing the permanent set at the end of the 

testing using 114 kN prestress (Figure 4.26), and the initial permanent set at the 170 kN 

prestress (Figure 4.27). It appears that the increase in the prestressing force was able to 

close cracks thus causing the wall to partially recover its original shape.

Illustrated in Figure 4.29 is a typical total moment-strain relationship for Wall 5 at 

114 kN prestress and 20 kN axial load. Prestressing strain is not included. The largest 

compressive strain recorded, including prestressing, was 0.00136. It occurred at an axial 

load of 500 kN and a prestress of 170 kN. The complete strain data for Wall 5 is available 

separately.
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-0.001 -0.0005 0.0005 0.001
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Figure 4.29 Typical total moment-strain results at mid-height of Wall 5.

Documented in Table 4.5 are the strains due to the application of prestress. The 

first prestress increment of 57 kN produced the largest incremental strain, possibly due to 

closing of small cracks along the mortar joints. Smaller strains occurred on the 

compression side of the wall panel at all the prestressing levels. This could be because of 

the difference in tooling between the sides, (tension side was not tooled) and experimental 

error.

Table 4.5_______ Compressive strain due to prestressing of Wall 5,

Prestress Force 

(kN)

Strain

Tension

Side

Compression

Side

Average
Strain

0 0 0 0.00000
57 0.00013 0.00008 0.00010
114 0.00017 0.00013 0.00015
170 0.00022 0.00017 0.00020
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Shown in Figure 4.30 are the typical deflection profiles of Wall 5 at various 

primary moments and a 30 kN axial force. The prestressing force was 114 kN. Again, 

there is some inconsistency between the deflections at the 1.4 m and 2.8 m heights where, 

due to symmetry, similar deflections are expected.

Pri. Mom = 1.2kN-mW5-20-30

Pri. Mom.=3kN-m

Pri. Mom.=4.4kN-m

2.8 —
Pri. Mom.=5.5kN-m

1.4 —

0.7 -

Deflection (mm)

Figure 4.30 Typical deflection profiles for Wall 5.

As expected, the force in the prestressing bar increased during testing. A typical 

relationship between this force and the deflection at mid-height is shown in Figure 4.31. 

The slight decrease in prestress at zero deflection is due to the application of axial load.

Similar to Wall 3, some prestressing losses occurred during testing. These are 

presented in Table 4.6. Given that Wall 5 was tested under much larger axial forces than 

Wall 3, the prestress losses were not significantly different. The largest prestress loss of



5.7% occurred while testing under a prestress force of 170 kN but, as noted in the table, 

more tests were conducted at this prestress level than at the previous two levels.

60 -- a

« 50 --

40 --

W5-10-0

30 — —-o---- wS-10-20

wS-10-4020 —

10 —

Deflection (mm)

Figure 4.31 Force in the prestressing bar during testing of Wall 5.

Table 4.6 Prestress losses during testing of Wall 5,
Prestress

Level
(kN)

Masonry 
Prestress 

at Start of Test 
(MPa)

Masonry 
Prestress 

at End of Test 
(MPa)

Loss of 
Masonry 
Prestress 

(MPa)

Loss of 
Masonry' 
Prestress 

(%)
Notes

57 0.89 0.89 0.00 0 max. axial load = 40 kN,
5 tests

114 1.86 1.85 0.01 0.8 max. axial load = 40 kN,
5 tests

170 2.75 2.58 0.16 5.7 max. axial load = 500kN, 
21 tests
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4.3.5 Wall 6 (4.2 m, prestressed, eccentric axial load)

The dimensions of Wall 6 were 4.2x1.2x0.09 m. This wall was used to 

demonstrate the combined effects of lateral load and eccentric axial load on prestressed 

walls. The wall was tested under the same loading conditions as Wall 5. The axial load, 

however, was applied with an eccentricity of t/3 (30 mm) at both ends of the wall, 

resulting in a single curvature deflected shape. The various axial load and prestress test 

combinations are summarized in Table 4.7.

Table 4.7 Load and presl ress combinations for Wall 6.
File ID Code Prestressing Force (kN) Axial Load (kN)

W6-10-0 57 0
W6-10-20 57 20
W6-10-40 57 40
W6-10-60 57 60
W6-10-80 57 80
W6-20-0 114 0
W6-20-20 114 20
W6-20-40 114 40
W6-20-60 114 60
W6-20-80 114 80
W6-30-0 170 0
W6-30-20 170 20
W6-30-40 170 40
W6-30-60 170 60
W6-30-80 170 80

W6-30-140 170 140

The results are illustrated in Figures 4.32 to 4.34. Unlike the response of Wall 5, 

there was no advantage to increasing the axial load. The ability of the wall to resist lateral 

load decreased with the increased levels of eccentric axial load. Further, the eccentric 

axial load significantly reduced the extent of the linear response.

The crack pattern of this wall was similar to previous walls, with the majority 

occurring between the concentrated lateral loads. No spalling occurred on the 

compressive side and, upon unloading, the cracks closed. The wall was considered to
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W6-10-20

—x—

w6-10-80

—/K-----

-4---- L

Deflection (mm)

Figure 4.32 Mid-height primary moment-deflection. Wall 6, h=4.2 m, prestress=57 kN.

X-----W6-20-40
—x—

-X-—--- .

Figure 4.33 Mid-height primary moment-deflection. Wall 6, h-4.2 m, prestress-114 kN.
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w6-30-20

-----*-----W6-30-40

— w6-30-80

------

Figure 4.34 Mid-height primary moment-deflection. Wall 6, h=4.2 m, prestress=170 kN.

have reached the maximum capacity at each axial load when decreasing levels of lateral 

load produced additional deflection. However, the wall was not damaged and was still 

functional after completion of the tests.

Illustrated in Figures 4.35 to 4.37 are the total moments at mid-height due to 

lateral load and eccentric axial load versus deflection for Wall 6. The figures reveal an 

increase in total moment with an increase in prestressing, for a given axial load. The 

increases in total moment with increased levels of eccentric axial load are opposite to the 

effect of the eccentric axial load on the primary moment, indicating the strong influence of 

the 30 mm eccentricity as well as deflection.
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u —
10 --

W6-10-0

W6-10-20
g —-

-----x-----W6-10-40

4 -.......

Figure 4.35 Mid-height total moment-deflection, Wall 6, h=4.2 m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

12 r—

---- x-----w6-20-40

-----x-----w6-20-80

3 -......

Deflection (mm)

Figure 4.36 Mid-height total moment-deflection. Wall 6, h=4.2 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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n —
W6-30-0

W6-30-20
9

-----x-----W6-30-40

W6-30-60

- W6-30-80

Figure 4.37 Mid-height total moment-deflection, Wall 6, h=4.2 m, prestress=170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

A typical total moment-strain relationship for Wall 6 is shown in Figure 4.38. The 

prestressing strain is not included. The largest compressive strain recorded, including 

prestressing, was 0.00128 during the test W6-30-140, which is shown. The complete 

strain data are provided separately.

Also investigated, using Wall 6, was the strain at different locations across the 

width of the wall. Gauge points were located 25 mm (edge of the wall) and 325 mm 

(referred to as "center" in the figure 4.39 to 4.41) from the edge of the wall at mid-height. 

The results are plotted in Figures 4.39 to 4.41. There was no axial load, thus the moment 

is due to the lateral load only. As can be seen, the strains at the edge and the center of the 

wall do not differ significantly, indicating a reasonably uniform strain (and stress) 

distribution across the width of the wall during loading.
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Tension Side

Compression Side

-0.003 -0.0025 -0.002 -0.0015 -0.001 -0.0005 0 0.0005 0.001 0.0015

Strain

Figure 4.38 Typical total moment-strain results at mid-height of Wall 6.

0.001
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0.0008 --
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0.0002 —

Moment (kN-m)

Figure 4.39 Strains near the center and the edge at mid-height of Wall 6, 57 kN prestress.
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Figure 4.40 Strains near the center and the edge at mid-height of Wall 6, 114 kN prestress.

w6-30-0 edge
0.0008 --

w6-30-0 center

0.0004 -

0.0002 -

Moment (kN-m)

Figure 4.41 Strains near the center and the edge at mid-height of Wall 6, 170 kN prestress.
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Shown in Figure 4.42 are the deflected shapes of Wall 6 at various primary 

moments and a prestress of 114 kN. The axial load was 60 kN. Similar to previous walls, 

the LPDTs located immediately above and below the mid-height gave dissimilar readings.

Prin. Mom.=.8kN-m

Pri. Mom-l.okN-m

Pri. Mbm.=2.2kN-m

x Pri. Mom.=3kN-m

Deflection (mm)

Figure 4.42 Typical deflection profiles for Wall 6.

During testing, some prestress losses occurred. These are listed in Table 4.8 for 

each prestress level. The "Notes" column describes the maximum axial load used and the 

number of tests completed at each prestress level.

Table 4,8 Prestress losses during testing of Wall 6.
Prestress

Level

(kN)

Masonry 
Prestress 
at Start of 

Test 
(MPa)

Masonry 
Prestress 

at End of Test

(MPa)

Loss of 
Masonry 
Prestress

(MPa)

Loss of 
Masonry 
Prestress

<%)

Notes

57 0.91 0.86 0.05 5.2 max. axial load = 154 kN, 9 tests
114 1.85 1.80 0.05 2.7 max. axial load =170 kN, 6 tests
170 2.63 2.59 0.04 1.6 max. axial load = 202 kN, 9 tests
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4.3.6 Wall 7 (6.0 m, prestressed)

Wall 7 was prestressed and had dimensions of 6.0x1.2x0.09 m. The various 

loading conditions are summarized in Table 4.9. The support conditions were the same as 

for previous walls and the axial load was applied concentrically.

For tests ofWall 7, the amount of prestressing was increased to 227 kN which was 

the highest prestress level successfully tested. Actually, at the end of the reported tests the 

wall was prestressed to 284 kN and appeared to be supporting the prestress. However, 

prior to testing at this prestress level, the wall split similarly to Wall 3.

The test results shown in Figures 4.43 to 4.46 illustrate the relationship between 

primary moment due to lateral load and the corresponding deflection at mid-height. As 

can be seen, the axial loads had a minimal effect on the behaviour in the linear branch of 

the response curves. In the nonlinear branch, the effect was significant. At all the 

prestress levels, the resistance to primary moment decreased with increases in axial load.

Table 4.9 Load and prestress combinations for Wall 7.
File ID Code Prestressing Force (kN) Axial Load (kN)

W7-10-G 57 0
W7-10-10 57 10
W7-10-20 57 20
W7-10-30 57 30
W7-10-40 57 40
W7-10-60 57 60
W7-20-0 114 0
W7-20-20 114 20
W7-20-40 114 40
W7-20-60 114 60
W7-20-80 114 80
W7-20-120 114 120

W7-30-0 170 0
W7-30-20 170 20
W7-30-40 170 40
W7-30-60 170 60
W7-40-0 227 0
W7-40-20 227 20
W7-40-40 227 40
W7-40-60 227 60
W7-40-80 227 80
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Figure 4.43 Mid-height primary moment-deflection. Wall 7, h=6.0 m, prestress=57 kN.

- -----x-----w7-20-0

-----*— W7-20-20

w7-20-40

---- <>— w7-2G-60

-o— w7-20-80

:—|—X—X—X—X X-------x_^4_------ X-—.

Figure 4.44 Mid-height primary moment-deflection. Wall 7, h=6.0 m, prestress-114 kN.
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<—x-x-f'

---- x-----W7-30-0

W7-30-20

-----*-----W7-30-40

W7-30-60

Figure 4.45 Mid-height primary moment-deflection. Wall 7, h=6.0 m, prestress=170 kN.

---- x- W7-40-0
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Figure 4.46 Mid-height primary moment-deflection. Wall 7, h=6.0 m, prestress=227 kN.
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Depending on the prestress, an axial load was reached above which a decrease in 

primary moment occurred with additional deflection along the nonlinear branch. Similar 

to Wall 5, even though maximum capacity was reached, the wall was still functional upon 

removal of the loads. There was no noticeable spalling on the compressive side, and the 

tensile cracks closed upon unloading. As in the previous tests of prestressed walls, 

increases in prestress increased the resistance to lateral loads. The cracking occurred 

primarily between the concentrated lateral loads.

Shown in Figures 4.47 to 4.50 are the total moments acting on the section at mid

height versus the deflections for the four levels of prestress. As can be seen, where axial 

load was applied, the total moment is significantly greater than the primary moment, 

indicating the P-A effect.

-----x W7-10-0

w'7-10-20

w7-10-40

w7-10-60

Deflection (mm)

Figure 4.47 Mid-height total moment-deflection, Wall 7, h^b.O m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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i-----W7-20-120
----*'

J---- i

Deflection (mm)

Figure 4.48 Mid-height total moment-deflection, Wall 7, h=6.0 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

-----x—- W7.30-0

-----W7-30-20

W7-30-40

W7-30-60
ix-x-x-x

Deflection (mm)

Figure 4.49 Mid-height total moment-deflection, Wall 7, h=6.0 m, prestress=170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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o 8 --
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Figure 4.50 Mid-height total moment-deflection. Wall 7, h=6.0 m, prestress=227 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

Illustrated in Figure 4.51 is a typical total moment-strain relationship for Wall 7 

(prestress strains not included). The largest compressive strain, including prestressing, 

was 0.00119. It occurred at an axial load of 60 kN and a prestress of 227 kN. The 

complete strain data is available separately.

Listed in Table 4.10 are the strains due to the applications of prestress. 

Unfortunately, the strain data for the 170 kN and 227 kN prestress levels was accidentally 

lost.

Shown in Figure 4.52 are typical deflected shapes of Wall 7 at various primary 

moments and a prestress of 57 kN. Similar to previous walls, there is an inconsistency 

between the LPDT readings located immediately above and below the mid-height.
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Tension Side

Compression Side

0.0005 0.001 0.0015-0.003 -0.0025 -0.002 -0.0015 -0.001 -0.0005 0.002

Strain

Figure 4.51 Typical total moment-strain results at mid-height of Wall 7.

Table 4.10 Compressive strain due to prestressing of Wall 7.

Prestressing
(m

Strain
Tension

Side
Compression

Side
Average
Strain

0 0.00000
57 0.00005 0.00006 0.00005
114 0.00012 0.00012 0.00012

As expected, the force in the prestressing bar increased with increased lateral load. 

A typical relationship between this force and the deflection at mid-height is shown in 

Figure 4.53. The slight decreases in the prestress force at 0 mm deflection are due to the 

applications of the axial loads.
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Pri. Mom.=lkN-mW7-10-0

fti. Mom.=2kN-m

Pri. Mom.=2.5kN-m

-----x-----pri. Mom.=3kN-m

Deflection (mm)

Figure 4.52 Typical deflection profiles of Wall 7.

Deflection (mm)

Figure 4.53 Force in the prestressing bar during testing of Wall 7.
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Prestress losses after completion of the tests at each prestress level are listed in 

Table 4.11. The losses are similar to those for previous prestressed walls, and can be 

considered negligible.

Table 4,11 Prestress losses during testing ofWall 7,
Prestress

force

(kN)

Masonry 
Prestress 
at Start of 

Test 
(MPa)

Masonry 
Prestress 

at End of Test

(MPa)

Loss of 
Masonry 
Prestress

(MPa)

Loss of 
Masonry 
Prestress

(%)

Notes

57 0.94 0.93 0.00 0.5 max. axial load = 60 kN,
6 tests

114 1.76 1.75 0.01 0.8 max. axial load = 120 kN, 6 
tests

170 2.74 2.70 0.04 1.5 max. axial load = 60 kN,
4 tests

227 3.61 3.55 0.06 1.5 max. axial load = 80 kN,
5 tests

4.3.7 Wall 8 (6.0 m, prestressed, cyclic lateral load)

The dimensions of Wall 8 were 6.0x1.2x0.09 m. Wall 8 was used to demonstrate 

the effect of cyclic lateral loading on prestressed walls. The tests were performed using a 

170 kN prestress force and a 40 kN concentric axial load. A total of 20 loading cycles 

were completed. Because the deflection was measured after the application of the lateral 

load, the maximum deflections are not precisely the same for all the cycles. The test 

conditions were the same as for previous walls, with simple supports and equally spaced 

concentrated lateral loads. The concentric axial load was maintained constant as the 

lateral load was applied.

The results showing the primary moments and the corresponding total deflections 

at mid-height are shown in Figure 4.54. In the deflection calculations, the permanent set
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was included. As can be seen, the primary moment decreased as the number of cycles 

increased. After 20 cycles, there was a permanent set of 12 mm and the moment 

resistance decreased from 6.5 kN-m to 5 kN-m, Approximately 67% (8/12x100) of the 

permanent set occurred during the first cycle.

w8-30-40

w8 cycle 1 w8 cycle 3w8 cycle 2 w8 cycle 4

w8 cycle 5 —-----w8 cycle 8 “ w8 cycle 10 w8 cycle 12

\v8 cycle 16 -----x-----w8 cycle 18 w8 cycle 20

Deflection (mm)

Figure 4.54 Mid-height primary moment-deflection, Wall 8, h=6.Q m, prestress=170 kN.

There was no spalling of the compressive face, and cracks visible during testing 

closed upon unloading.

Illustrated in Figure 4.55 is a typical total moment-strain relationship for Wall 8. 

Prestressing strain is not included. The largest compressive strain recorded, including 

prestressing, was 0.00135. The complete strain data is available separately.



91

Tension Side

Compression Side

-0.003 -0.0025 -0.002 -0.0015 -0.001 -0.0005 0.0005 0.0015 0.002
Strain

Figure 4.55 Typical total moment-strain results at mid-height of Wall 8.

Shown in Figure 4.56 are typical deflected shapes of Wall 8 at various primary 

moments. As was the case for other tests, the discrepancy between LPDT readings 

immediately above and below the mid-height is thought to have been caused by some 

problem with the upper potentiometer.

Listed in Table 4.12 are the strains due to the applications of prestress. Similar to 

Wall 5, the strain due to prestressing is greater on the tension side of the wall, possibly 

due to difference in tooling or some accidental offset of the prestressing steel. The 

average strains are similar to Walls 5 and 7. The prestress loss, which occurred during 

testing of Wall 8, is shown in Table 4.13. As can be seen, after 20 cycles the prestress 

loss was 3%.
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Pri. Mom.=4kN-m

Pri. Mom.=5kN-m

Pri. Mom.=6fcN-m

2 —•

Deflection (nun)

Figure 4.56 Typical deflection profiles of Wall 8.

Table 4.12 Compressive strain due to prestressing of Wall 8,

Prestressing
(kN)

Strain
Tension

Side
Compression

Side
Average

Strain
0 0.00000
57 0.00009 0.00007 0.00008
114 0.00018 0.00010 0.00014
170 0.00024 0.00016 0.00020

Table 4,13 Prestress losses during testing of Wall 8,
Prestress Masonry

Prestress
Masonry
Prestress

Loss of 
Masonry

Loss of 
Masonry

Force at Start of 
Test

at End of Test Prestress Prestress Notes

(kN) (MPa) (MPa) (MPa) (%)
170 2.78 2.69 0.08 3.0 max. axial load = 40 kN, 

20 tests
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4.3.8 Wall 9 (6.0 m, normally reinforced)

The dimensions ofWall 9 were 6.0x1.2x0.09 m, and it was reinforced with normal 

No.25 reinforcement. It was used for direct comparison to prestressed Wall 7. The wail 

was tested under the loading conditions summarized in Table 4.14.

Table 4.14 Axial load used in testing of Wall 9.
File ID Code Axial Load (kN)

W9-0-60 60
W94-0-40 40
W9-0-AX AXIAL
W9-0-0 0

Similar to Wall 4, the test started with an axial load of 60 kN to prevent 

permanent deformation from possibly interfering with tests at higher axial loads. The wall 

was tested under simple support conditions, and a constant concentric axial load was 

maintained while the wall was loaded laterally.

The test results, shown in Figure 4.57, illustrate the relationship between the 

primary moment at mid-height and the corresponding deflection. The tests were 

completed in the order that they appear in the legend.

As can be seen from the first two tests, under axial loads of 60 kN and 40 kN, the 

primary moment reached a maximum and then decreased with further deflection. 

Although the axial load was lower in the second test than in the first, the wall was not able 

to support a greater primary moment. Not shown in Figure 4.57 is a test which followed 

directly after test W9-0-40. The purpose of the test was to document the behaviour at an 

axial load greater than 60 kN. Due to permanent set, however, it was not possible to 

reach an axial load greater than 60 kN.
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Figure 4.57 Mid-height primary moment-deflection, Wall 9, h=6.0 m, normally reinforced.

Shown in Figure 4.58 is the total moment acting on the section and the 

corresponding total deflection at mid-height. Also shown are the test results for test W9- 

0-AX, which was an attempt to increase the axial load beyond 60 kN. The total moment 

in this case is due to the P-A effect including permanent set and deflections.

Illustrated in Figure 4.59 is a typical total moment-strain relationship for Wall 9. 

The largest recorded compressive strain of 0.00062 occurred during the test W6-0-60. 

The complete strain data for Wall 9 is available separately.

Typical deflected shapes of Wall 9 are shown in Figure 4.60. As for previous 

walls, there is disagreement between the LPDT readings immediately above and below the 

mid-height.
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Figure 4.58 Mid-height total moment-deflection. Wall 9, h=6.0 m, normally reinforced.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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Tension Side
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Figure 4.59 Typical mid-height total moment-strain for Wall 9.
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Figure 4.60 Typical deflection profiles of Wall 9, axial load = 60 kN.

4.3.9 Wall 1-aux (2.7 m, prestressed, high axial load)

Wall 1-aux was recycled from the previously tested Wall 5. The dimensions were 

2.7x1.2x0.09 m. Wall 1-AUX was used to demonstrate the effects of large axial loads at 

this slenderness level. The tests were conducted with the prestress and axial force 

combinations listed in Table 4.15.

As in previous tests. Wall 1-aux was tested under simple support conditions, and 

the concentric axial load was maintained constant while the wall was loaded laterally. The 

test results are plotted in Figures 4.61 to 4.63, which show the primary moments due to 

the applied lateral loads and the corresponding deflections at mid-height. In the legend, 

the file identification code is used to indicate the various test conditions.
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Table 4.15 Axial load and prestress force combinations for Wall 1 -aux.
File ID Code Prestress Force (kN) Axial Load (kN)

Wlaux-10-100 57 100
W1 aux-10-200 57 200
W1 aux-10-3 00 57 300
W1 aux-10-400 57 400
W1 aux-10-500 57 500
W1 aux-10-600 57 600
W1 aux-10-700 57 700
W1 aux-10-800 57 800
Wlaux-20-100 114 100
Wlaux-20-200 114 200
Wlaux-20-300 114 300
Wlaux-20-400 114 400
Wlaux-20-500 114 500
Wlaux-30-100 170 100
Wlaux-30-200 170 200
Wlaux-30-300 170 300
Wlaux-3 0-400 170 400
Wlaux-30-500 170 500

----x----wl-10-100
O--- o

wl-10-200
--X X'—/y. J

—-X-— wl-10-300

—<3-----wl-10-400

—x—x-—>j<-x—x-3------X-----Xx-X X — wl-10-500

wl-10-600

wl-10-700

wl-10-800

Mid-height primary moment-deflection. Wall 1-aux, h=2.7 m, prestress=57 kN.Figure 4.61
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Figure 4.62 Mid-height primary moment-deflection. Wall 1-aux, h=2.7 m, prestress=l 14 kN.
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Figure 4.63 Mid-height primary moment-deflection. Wall 1-aux, h=2.7 m, prestress=170 kN.
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To facilitate direct comparisons, the data points for a given axial load and the axes 

scales of the moment-deflection curves are the same for all the tests. Support movements 

were considered in plotting the deflections.

As can be seen, the response curves have a similar shape to previous tests of 

prestressed walls. At increased axial load, a peak in the primary moment occurs, above 

which a decrease was observed. Except for the 57 kN prestress and an 800 kN axial load, 

the peak primary moment increased with axial load. At the 57 kN prestress and an 800 

kN axial load, a decrease in the primary moment was observed.

With the remaining tests, the axial load was not increased beyond 500 kN due to 

fear of damage to the axial loading mechanism.

Prestressing also had an effect on the maximum primary moment. It can be seen 

that, as the prestress force was increased, the nonlinear behaviour occurred at a higher 

primary moment and the primary moment resistance increased.

Figures 4.64 to 4.66 show the total moment acting on the mid-height section and 

the corresponding deflection. As previously described, the total moment was calculated as 

the sum of the moments due to the lateral force and the P-A effect.

As can be seen, an increase in the axial force results in an increase in the total 

moment at mid-height, and the significant differences compared to the primary moment 

curves indicates the P-A effect.
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wl-10-100

wl-10-200

-----x-----wl-10-300

wl-10-400

wl-10-500

o---- wl-10-600

wl-10-700

wl-10-800

Deflection (mm)

Figure 4.64 Mid-height total moment-deflection. Wall 1-aux, h=2.7 m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

wl-20-100

-----wl-20-200

w1-20-400

wl-20-500

-X—x
____ X--------

Deflection (mm)

Figure 4.65 Mid-height total moment-deflection. Wall 1-aux, h=2.7 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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-----x-----wl-30-10024 —

22 — wl-30-200

20 -----x-----wl-30-300

wl-30-400

wl-30-500 _____^r^srrrr:14 --

-------X----------X—>x—X-
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Figure 4.66 Mid-height total moment-deflection. Wall 1-aux, h=2.7 m, prestress=170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

Figure 4.67 illustrates the typical total moment-strain relationship for Wall 1-aux, 

at the 57 kN prestress force and 500 kN axial load. As in previous wall tests, the strain 

shown is due to the total moment, but prestressing strain is not included. As expected, the 

strains due to the application of the axial load were not equal on both sides of the wall due 

to permanent set. The prestressing strain due to the 57 kN prestress was 0.00008. The 

complete strain data for Wall 1-aux is available separately.

Listed in Table 4.16 are the strains due to the application of the prestress forces. 

The first prestress level of 57 kN produced the largest strain increment and the 

compression side exhibited smaller strains at all prestress levels.
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Wl-10-500 aux

Tensile Side

Compressive Side

-0.001-0.0015 -0.0005 0.0005 0.001 0.0015

Strain

Figure 4.67 Typical total moment-strain results at mid-height of Wall 1-aux.

Table 4.16 Compressive strain due to prestressing of Wall 1-aux.

Prestress
Force
(kN)

Strain
Tension

Side

Compression

Side

Average

Strain
0 0.00000
57 0.00009 0.00005 0.00007
114 0.00013 0.00009 0.00011
170 0.00019 0.00011 0.00015

The prestress losses at the completion of testing at each level of prestress are 

summarized in Table 4.17. In terms of percentages of the initial prestressing, the losses 

are significant specially at the 57 kN prestress. Also shown in Table 4.17 are brief 

summaries of the test conditions that the wall was subjected to.
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Table 4.17 Prestressing losses during testing of Wall 1 aux.
Prestress

Level

(kN)

Masonry
Prestress

at Start of 
Test 

(MPa)

Masonry
Prestress

at End of 
Test 

(MPa)

Loss of 
Masonry 
Prestress

(MPa)

Loss of

Prestress

(%)

Notes

57 0.93 0.85 0.08 8.6 max axial load = 800 kN, 
8 tests

114 1.82 1.74 0.08 4.4 max axial load = 500 kN,
5 tests

170 2.72 2.59 0.13 4.8 max axial load = 500 kN,
5 tests

In general, the wall exhibited flexible behaviour and, as expected, most of the 

cracking was found in the area between the concentrated loads. The cracking occurred 

primarily along the bed joints. Upon unloading, the cracks closed and became difficult to 

see. Despite extensive cracking near mid-height, the wall appeared to be sound when it 

was unloaded.

4.3.10 Wall 6-aux (4.2 m, prestressed, high axial load)

Similarly to Wall 1-aux, Wall 6-aux was recycled from the previously tested Wall

6. The dimensions were 4.2x1.2x0.09 m. These tests were used to demonstrate the effect 

of large axial loads at this slenderness. Similar to previous walls, the tests were conducted 

with various prestress and axial load combinations. The combinations used are listed in 

Table 4.18. The behaviour of a 4.2 m wall, prestressed to 170 kN and subjected to axial 

loads up to 500 kN, had been obtained previously using Wall 5.
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Table 4.18 Load and Presitress Combinations for Wall 6- aux.
File ID Code Prestressing Force (kN) Axial Load (kN)
W6aux-10-50 57 50
W6aux-10-100 57 100
W6aux-10-200 57 200
W6aux-10-300 57 300
W6aux-10-400 57 400
W6aux-10-500 57 500
W6aux-20-50 114 50
W6aux-20-100 114 100
W6aux-20-200 114 200
W6aux-20-300 114 300
W6aux-20-400 114 400
W6aux-20-500 114 500

The test results are shown in Figures 4.68 and 4.69, which show the primary 

moments due to the applied lateral load and the corresponding deflections at mid-height. 

As can be seen, increases in the axial load initially improved the response. However, as 

the axial load was increased further, the maximum primary moment decreased. As in the 

previous tests, the peak in the primary moment capacity occurred at relatively high axial 

loads.

An increase in prestress improved the primary moment resistance, but appears to 

have had a minimal effect at the axial load of 500 kN.

Shown in Figures 4.70 and 4.71 are the total moments acting on the section and 

the corresponding total deflections at mid-height. As can be seen, increases in the axial 

load resulted in increases in the total moment at mid-height. The significant differences, 

when compared to the primary moment curves, indicate the P-A effect. As was the case 

for the primary moment, increased prestress force increased the total moment resistance.
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-----X-----W6A-10-50

‘---- W6A-10-100

-----— W6A-10-200

W6A-10-300

w6 A-10-400

W6A-10-500

Deflection (mm)

Figure 4.68 Mid-height primary moment-deflection, Wall 6-aux, h=4.2 m, prestress=57 kN.

^xyX-X-XX—X—X:>fcr><—

-----W6A-20-100

W6A-20-200

W6A-20-300

-----W6A-20-500

Figure 4.69 Mid-height primary moment-deflection. Wall 6-aux, h=4.2 m, prestress=l 14 kN.
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-----X'— W6A-10-50

W6A-10-100

W6A-10-500

Deflection (mm)

Figure 4.70 Mid-height total moment-deflection. Wall 6-aux, h=4.2 m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

W6A-20-50

W6A-20-100

-----x-----w6A-20-200

wtSA-20-300

— w6A-20-400

W6A-20-500

Deflection (mm)

Figure 4.71 Mid-height total moment-deflection, Wall 6-aux, h=4.2 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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Figure 4.72 is the total moment-strain relationship for Wall 6-aux at 114 kN 

prestress and 500 kN axial load. The strain shown is due to the axial load and the total 

moment, but the prestressing strain is not included. The prestressing strain for 114 kN 

prestress was 0.00016.

Documented in Table 4.19 are the strains due to application of prestress. The first 

prestress increment of 57 kN produced the largest strain increment and the compression 

side experienced smaller strains at both prestress levels.

Prestress losses which occurred during the tests are summarized in Table 4.20. As 

previously observed, the losses appear insignificant in terms of MPa, but in terms of 

percentages of the initial prestressing, their significance is more evident.

W6-20-500 aux

D Tension Side

Compression Side

0.0005 0.0015-0.0015 -0.001 -0.0005 0.002

Strain

Figure 4.72 Typical total moment-strain results at mid-height of Wall 6-aux.
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Table 4.19 Compressive strains due to prestressing of Wall 6 aux.
Prestress Strain

Force Tension Compression Average
(kN) Side Side Strain

0
57 0.00014 0.00005 0.00009
114 0.00022 0.00010 0.00016

Table 4.20 Prestress loss during testing of Wall 6 aux.
Prestress

Force
(kN)

Masonry 
Prestress 

at Start of Test 
(MPa)

Masonry 
Prestress 

at End of Test 
(MPa)

Loss of Masonry 
Prestress 

(MPa)

Loss of 
Masonry 
Prestress 

(%)

Notes

57 0.91 0.87 0.04 4.4 max axial load = 500 kN, 
6 tests

114 1.85 1.79 0.06 3.2 max axial load = 500 kN, 
6 tests

As noted for the previous prestressed wall tests, the behaviour was flexible and 

most of the cracking occurred in the region between the concentrated loads. Upon 

unloading, the cracks closed.

4.3.11 Wall 8-aux (6 m, prestressed, high axial load)

Similar to the previous two walls. Wall 8-aux was recycled from the previously 

tested Wall 8. The dimensions were 6.0x1.2x0.09 m. It was used to demonstrate the 

effect of large axial loads at this slenderness level. Similar to previous walls, the tests 

were conducted at various prestress and axial load combinations. These are listed in Table 

4.21.

The test results are shown in Figures 4.73 to 4.75, which show the mid-height 

primary moment due to the applied lateral load and the corresponding deflection for 

various axial loads.
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Table 4.21 Axial load and Prestress Combinations for Wall 8-aux.
File ID Code Prestressing Force (kN) Axial Load (kN)
W8aux-10-50 57 50

W8aux-10-100 57 100
W8aux-10-150 57 150
W8aux-10-200 57 200
W8aux-10-250 57 250
W8aux-20-50 114 50
W8aux-20-100 114 100
W8aux-20-200 114 200
W8aux-30-50 170 50

W8aux-30-100 170 100
W8aux-30-200 170 200
W8aux-30-250 170 250

------X-----w8 A-10-50

W8A-10-150

-O'— W8A-10-200

.^X~XX-X|—X—X—Xf-X—-x—X-
X-X-X—X—__

-X-—X

Deflection (mm)

Figure 4.73 Mid-height primary moment-deflection, Wall 8-aux, h=6.0 m, prestress=57 kN.
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-----X-----W8A-20-50

t---- W8A-20-100

-X------x+—X---- X- -X------- -------x---- X-

Deflection (mm)

Figure 4.74 Mid-height primary moment-deflection. Wall 8-aux, h=6.0 m, prestress=l 14 kN.

■X-----X--------X-X-----lx

W8A-30-50

-----A-----W8A-30-100

Figure 4.75 Mid-height primary moment-deflection, Wall 8-aux, h=6.0 m, prestress-170 kN.
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As can be seen, increases in the axial load did not improve the response. As in the 

previous wall tests, there was a peak in the primary moment for a given axial load, after 

which the primary moment decreased with increased deflection. Increased levels of 

prestress improved the primary moment resistance.

The total moment acting on the section at mid-height and the corresponding 

deflection are illustrated in Figures 4.76 to 4.78. As can be seen, increases in the axial 

force resulted in increases in the total moments at mid-height for a given deflection. The 

significant difference, when compared to the primary moment curves, indicates the P-A 

effect. Increased levels of prestress increased the total moment resistance.

12 —
w8 A-10-50

W8A-10-100

---- o-----wSA-10-200

5 6 —

Figure 4.76 Mid-height total moment-deflection, Wall 8-aux, h=6.0 m, prestress=57 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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-----x-— wSA-20-50

w8A-20-100

wSA-20-200

-x—;

Deflection (mm)

Figure 4.77 Mid-height total moment-deflection, Wall 8-aux, h=6.0 m, prestress=l 14 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)

- w8A-30-50

wSA-30-200

wSA-30-250

\- 1- i- '- 1- L---- 1---

Deflection (mm)

Figure 4.78 Mid-height total moment-deflection, Wall 8-aux, h=6.0 m, prestress-170 kN.
(The first point in each curve shows the permanent set, the second shows the additional deflection due to the application of the axial load.)
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Illustrated in Figure 4.79 is the total moment-strain relationship for Wall 8-aux, at 

170 kN prestress and 250 kN axial load. The strains shown are due to the total moment, 

but the strain due to prestress is not included. The prestressing strain for 170 kN prestress 

was 0.00028.

Documented in Table 4.22 are the strains due to the application of prestress. The 

first prestress increment of 57 kN produced the largest increment of strain and the tension 

side experienced much larger strains at all prestressing levels. Since Wall 8-aux was 

recycled, this may be due to the closure of cracks from previous testing. Prestress losses 

due to testing are summarized in Table 4.23.

W8-30-250 aux

Tensile Side

Compressive Side

-0.001 -0.0005 0 0.0005 0.001

Strain

Figure 4.79 Typical total moment-strain results at mid-height ofWall 8-aux.
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Table 4.22 Compressive strain due to prestressing of Wall 8-aux.

Prestressing
(kN)

Strain
Tension

Side
Compression

Side
Average

Strain
0 0.00000

57 0.00026 0.00000 0.00013
114 0.00039 0.00002 0.00021
170 0.00049 0.00008 0.00029

Table 4.23 Prestress losses during testing ofWal 8-aux.
Prestress

Force
(kN)

Masonry 
Prestress 

at Start of Test 
(MPa)

Masonry 
Prestress 

at End of Test 
(MPa)

Loss of Masonry 
Prestress 

(MPa)

Loss of Masonry 
Prestress 

(%)

Notes

57 0.98 .98 0.00 0.0 max axial load = 250 kN, 
5 tests

114 1.82 1.80 0.02 1.1 max axial load = 200 kN, 
4 tests

170 2.79 2.74 0.06 2.15 max axial load = 250 kN, 
5 tests

As in previous wall tests, the behaviour was flexible and most of the cracking 

occurred in the region between the concentrated loads. Upon unloading, the cracks closed 

and became difficult to find.



CHAPTER 5

INTERPRETATION OF TEST RESULTS

5.1 INTRODUCTION

The interpretation and discussion of the experimental test results are provided in 

this chapter. Specifically, the primary considerations addressed are: the influence of 

repeated loading on behaviour of prestressed walls, the interaction between axial load, 

slenderness, and prestress, as well as and the effect of axial load eccentricity. Also 

discussed are the magnitude of strains recorded during testing and qualitative 

' observations.

5.2 INTERPRETATION OF TEST RESULTS 

5.2.1 Influence of Repeated Loading on Behaviour

To obtain maximum information from each wall specimen, multiple tests were 

conducted on every wall. It is therefore necessary to consider the influence of repeated 

loading on prestressed walls to ensure appropriate interpretation of the test results.

The summary of the total permanent deflections after testing of each wall are listed 

in Table 5.1. Brief descriptions of the tests in terms of the maximum axial load used and 

the number of tests completed on each wall are also provided.

As can be seen, the normally reinforced walls were subjected to fewer tests 

compared to the prestressed walls. After being tested at 60 kN, 100 kN, and 170 kN axial 

loads, the permanent set of a 4.2 m normally reinforced wall (Wall 4) was 6 mm. The wall

115
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Table 5.1 Summary of total permanent deflections.

Wall Height

(m)

Reinforcement

Type

Total Mid-height

Permanent

Deflection (mm)

Maximum Axial

Load Used in

Testing (kN)

Number of

Tests

Performed

3* 2.7 prestressed 5* 40 16

laux 2.7 prestressed 9 800 18

4 4.2 normal 6 170 3

5 4.2 prestressed 13 500 33

6# 4.2 prestressed 7# 140 16

6aux 4.2 prestressed 5 500 12

7 6.0 prestressed 17 120 21

8K 6.0 prestressed 13K 40 20

9 6.0 normal 29 60 4

8aux 6.0 prestressed 14 250 12
* does not including failure test
# axial load eccentricity = 30 mm 
k repeated loading

was assumed to have failed and the testing was terminated when, after testing at the 170 

kN axial load, it was not possible to further increase the axial load. By comparison, the 

prestressed wall, Wall 6aux, had a smaller permanent set than Wall 4, even though more 

tests were conducted and greater axial loads were applied.

The 6.0 m normally reinforced wall (Wall 9) exhibited a 29 mm permanent 

deflection, which is approximately twice as large as for its prestressed counterparts. It 

was able to support about half of the axial load sustained by the prestressed Wall 7. 

Testing was terminated when it was not possible to further increase the axial load.

Although the amount of permanent set is influenced by the magnitude of the axial 

load and the number of tests, the prestressed walls continued to function after many tests 

and at higher axial loads compared to normally reinforced walls, indicating the superior 

resistance of the prestressed walls to repeated loading.
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As was shown in Figure 4.54, a total of 20 almost identical loading cycles were 

completed on Wall 8 using a 170 kN prestress and a 40 kN axial load. Approximately 8 

mm of the 13 mm total permanent set occurred in the first cycle, which is 62% of the total 

set. The remaining 38 % of the set occurred gradually over the next 19 cycles. The slow 

accumulation of permanent set of prestressed walls after the first test can also be seen in 

the figures in Chapter 4 illustrating the total moments and deflections.

For Wall 8 (Figure 4.54), there are several probable reasons for the decrease of 1.5 

kN-m in mid-height primary moment over 20 repetitions. This is 23% of the maximum 

primary moment of 6.5 kN-m observed in the first cycle. The permanent set of 13 mm in 

combination with a 40 kN axial load accounts for 0.5 kN-m of the mid-height moment. 

As well, there was a decrease in the prestressing force from 173.5 kN to 168.3 kN over 

the 20 cycles which could have further reduce the moment resistance. In addition, if the 

steel, prestressed to a 170 kN force, shifted in the cavity toward to the compression side 

of the wall by a few millimeters, a further reduction in primary moment could have 

occurred.

In summary, both normally reinforced and prestressed walls sustained permanent 

deflections upon unloading. The significant difference was that the prestressed walls 

accumulated set less rapidly and therefore this was less of a factor for repeated testing. 

Further, despite the permanent set, prestressed walls were able to sustain relatively high 

axial loads in comparison to normally reinforced walls. Although permanent set 

contributes to the P-A effect and, therefore, reduces the primary moment resistance, the 

slow accumulation of permanent set after the first test provides a range of axial loads for 

which P-A is relatively constant and hence comparisons between tests can be made. At 

relatively high axial loads, however, permanent set may interfere in test comparisons and 

conclusions about primary moment capacities must be drawn cautiously.
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In practice, construction imperfections occur and, hence, from a practical point of 

view, the presence of permanent set in these tests may indicate realistic capacities where 

the effects of initial crookedness are represented by permanent set.

5.2.2 Interaction Between Slenderness, Axial Load and Prestress

Demonstrated in Figures 5.1 to 5.3 are the influences of slenderness and axial load 

on the responses of prestressed walls. Primary moment versus deflection is plotted for 

various axial loads and heights. The permanent set (not shown) results in decreased 

primary moment. Hence, the values are lower than those that would be found for walls not 

previously loaded. If the values were used for design, a conservative and thus safe 

estimate of the primary moment resistance would be obtained.

As indicated in the legend of each figure, the solid markers represent a 2.7 m wall 

for various axial loads, the star markers represent a 4.2 m wall, and the lines represent a 

6.0 m wall. The first number in the curve identification code stands for the wall number 

("A" stands for Auxiliary test), the second number indicates the prestress force as a 

percent of the ultimate strength of the prestressing bar (10 ^ 57 kN, 20 = 114 kN, 30 = 

170 kN), and the last number indicates the axial load in kN. For clarity, curves for some 

of the axial loads were omitted. Shown, however, are the curves for the highest and the 

lowest axial loads, and some intermediate values. For ease of comparison, the curve 

markers for each axial load for a given slenderness and the scale are the same in all three 

figures.
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wSA-10-50
solid markers represent a 2.7 m wall 

star markers represent a 4.2 m wall 

lines represent a 6.0 m wall.........T"

..... wSA-10-100

----- W8A-10-200

x-----W6A-10-100

...-----*-----w6A-10-300

wl-10-100

-♦-----wl-10-200

wl-10-300

wl-10-400

wl-10-500

Influence of slenderness and axial load at 57 kN prestress.

wSA-20-50solid markers represent a 2.7 m wall 

star markers represent a 4.2 m wall 

lino, represent a 6.0 m wall
w8A-20-100

wSA-20-200

x-----W6A-20-100

- -----x-----W6A-20-300

W6A-20-500

wl-20-100

♦— wl-20-200

wl-20-300

®-----wl-20-400

wl-20-500

Deflection (mm)

Figure 5.2 Influence of slenderness and axial load at 114 kN prestress.
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j... solid markers represent a 2.7 m wall 

star markers represent a 4.2 m wall 

i lines represent a 6.0 m wall10 --

- - w8A-30-200

----x---- wS-30-m

W5-30-500

wl-30-100

wl-30-200

-----4-----wl-30-300

wl-30-400

wl-30-500

0

Deflection (mm)

Figure 5.3 Influence of slenderness and axial load at 170 kN prestress.

As can be seen, slenderness had a strong influence on behaviour. As the height of 

the walls increased, the increase in bending moment due to the P-A effect resulted in a 

decrease in the primary moment resistance. For example, in Figure 5.2 at 300 kN axial 

load, the moment capacity decreased from 8.5 kN-m to 5.5 kN-m as the height was 

increased from 2.7 m (Wall 1) to 4.2 m (Wall 6A). The permanent sets of Wall 1 and Wall 

6A were 3.9 and 4.1 mm, respectively, before appheation of the 300 kN axial load. 

Therefore, the eccentricities of axial loads were quite similar.

Depending on slenderness, axial load had either a positive or a negative effect on 

the primary moment resistance. For the 2.7 m wall, increases in axial load increased the 

primary moment resistance. For the 4.2 m wall, however, increased axial loads up to 300 

kN increased the maximum value of the primary moment, whereas at 500 kN sizable
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decreases were observed. At the 6 m height all increases in axial loads resulted in 

decreased primary moment capacities.

Although axial load can either increase or decrease the maximum primary moment 

capacity depending on slenderness, it can be seen from Figures 5.1 to 5.3 that increases in 

prestress always increased capacity. Therefore, as was expected, prestress does not 

contribute to the secondary moment when the tendon is restrained (i.e. prevented from 

changing position in the cross-section as the wall deflects).

Table 5.2 is a summary of the maximum primary moments for several axial loads 

as the prestress was increased from 57 kN to 170 kN. Also shown in Table 5.2 are the

Table 5,2 Summary of the maximum primary moments for various heights.

Height

(m)

Axial Load
(kN)

Maximum primary moment,
permanent set before application

of load (kN-m, mm)

% Increase in

maximum
primary moment

57 kN

Prestress

170 kN

Prestress

100 5.7, 0 8.6,0 51

2.7 200 6.4,2 8.8, 6 38
300

00 9.6, 7 23

400 8.6,2 10.6, 7 23

100 3.7, 3 7.2,7 95

4.2 200 4.5,3 7.5, 8 67

300 4.7, 4 7.5, 9 60

400 4.5,5 6.8, 11 51

50 2.5,6 5.2, 11 108

6.0 100 2.1,8 4.1, 12 95

200 0.9,9 1.9, 12 111
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permanent sets and the percent increases in the maximum primary moments corresponding 

to the increase in prestress. As can be seen, the percent increase in maximum primary 

moment increased with height. Except for the 6 m wall with axial load of 200 kN, the 

percent increase in maximum primary moment decreased with increased axial load. Thus, 

prestressing was more effective at greater slenderness, and less effective as axial load 

increased.

Since permanent set was always greater at the 170 kN prestress level, the increases 

in maximum primary moments with prestress are conservative and may be greater for 

undisturbed walls. Therefore, due to permanent set, the benefit of increase in prestress is 

underestimated.

The interaction between slenderness, axial force, and prestress is summarized in 

Figure 5.4. The prestress force and the height of the wall are indicated for each curve.

800 —

700 —

600 —

IWkN; 2.7m
500 -- 170kN, 4.2m'

57kN, 4.2m 170kN, 2.7m
300 —

170kN, 6m
-114kN, 6m-200 —■

steel broke through the wall
100 -

57kN, 6m

Primary Moment (kN-m)

Figure 5.4 Interaction between slenderness, axial load, and prestress.
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For the prestress levels tested, it can be seen that slenderness is the most critical 

factor influencing the behaviour. With increased slenderness, the primary moment 

capacity decreased. Increases in prestress, however, increased the capacity and, to some 

extent, overcame some of the decrease caused by an increase in slenderness. This is most 

notable in the 4.2 m wall prestressed to 170 kN, where the capacity overlaps the 2.7 m 

wall prestressed to 57 IcN. This overlap is also observed for the 6 m wall, prestressed to 

170 kN, and the 4.2 m wall, prestressed to 57 kN. All walls failed by reaching a maximum 

primary moment, with the exception of Wall 3, which failed due to the prestressing bar 

bursting through the wall.

A notable feature of the behaviour is demonstrated by inspecting the interaction 

diagram of the 4.2 m wall (Wall 5) prestressed to 170 kN. The interaction curve for this 

wall is duplicated in Figure 5.5 for ease of discussion.

500 --
Section 3

170kN, 4.2m
400

Section 2200 —

Section 1

100 —

Primary Moment (kN-m)

Figure 5.5 Interaction diagram for a 4.2 m wall prestressed to 170 kN (Wall 5).
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As can be seen, at axial loads less than 100 kN (Section 1 of the interaction 

diagram), the primary moment decreased with increased axial load. For this range of axial 

loads, the greatest compressive strain in the masonry, including prestress and axial load, 

was 0.00111, which is approximately half of the strain corresponding to the maximum 

masonry stress. Thus, nonlinear material behaviour or material failure can be discounted 

as a possible factors. The explanation for the unexpected behaviour of Section 1, 

however, can be obtained by inspection of Figure 5.6. Illustrated in Figure 5.6 is the 

primary moment and the corresponding deflection for the 4.2 m (Wall 5) prestressed to 

170 kN

10 -i—

-----x- - w5-30-40

-- wS-30-50

-----W5-30-8Q

- W5-3Q-100

Figure 5.6 Mid-height primary moment deflection, Wall 5, h=4.2 m, prestress=170 kN.

and subjected to axial loads up to 100 kN. These experimental curves were used to 

construct Section 1 of the interaction diagram in Figure 5.5. Because there was no more
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increase in the primary moment with deflection the capacity had been reached. Although 

the axial loads are relatively small (compared to the axial capacity), in combination with 

the large deflections, the secondary moments are significant. For example, the 40 kN axial 

force and a 65 mm mid-height deflection creates a 2.6 kN-m secondary moment. This is 

equivalent to 30 % of the primary moment. Consequently, this and the discounting of the 

nonlinear material behaviour suggests that the decrease in moment with increased low 

axial load (Section 1 in Figure 5.5) is caused by the P-A effect.

Because permanent set was present and contributed to the P-A effect, the 

possibility that permanent set could cause the decrease in capacity with increase in axial 

force as shown in Section 1 of Figure 5.5 must be considered. However, this does not 

appear to be the case. If it is assumed that the decrease in Section 1 is caused by the 

permanent set being sufficiently large to control the P-A effect then, as the testing 

proceeded with increases in axial load and permanent set accumulated, it would be 

expected that the primary moment would continue to decrease with increased axial load. 

This was not the case. For axial loads greater than 100 kN (Section 2), the trend of the 

interaction curve changed and an increase in the primary moment occurred. 

Consequently, permanent set could not have been the controlling factor in Section 1. This 

conclusion is further supported by the fact that the permanent set for axial loads in Section 

1 (Figure 5.5) did not exceed 15% of the total deflection and, hence, could not have been 

the controlling portion of the P-A effect.

The interaction curves for the 4.2 m and 2.7 m walls (Figure 5.4) prestressed to 

114 kN are not complete, but they also tend toward showing that, at relatively low axial 

loads, a decrease in primary moment can be expected with increased axial loads, as was 

more clearly shown at the 170 kN prestress, and for all levels of prestress for the 6.0 m 

walls. In the case of the 2.7 m wall prestressed to 170 kN, the failure at the lowest axial
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load shown in Figure 5.4 was governed by a type of material failure (the prestressing bar 

burst through the wall), but this does not alter the observation.

Sections 2 and 3 of the interaction diagram in Figure 5.5 are also affected by the P- 

A effect. In Section 2, there is an increase in moment with increasing axial force, and in 

Section 3 there is a decrease in moment with increase in axial load. Because of relatively 

high axial loads, permanent set is important in the behaviour in Section 3. For example, 

for the 4.2 m wall (Wall 5) prestressed to 170 IcN, the primary moment capacity at 300 kN 

axial load is 7.4 kN-m, and occurs at a deflection of 17.5 mm (Figure 4.24). The total 

moment at 17.5 mm deflection plus 9 mm permanent set is 15.1 kN-m (Figure 4.28), (300 

kN axial load x (9 mm +17.5 mm = 26.5 mm deflection) = total moment of 15.1 kN-m). 

Subtracting the primary moment from the total moment, gives a P-A moment of 7.7 kN-m. 

The mid-height moment due to the 9 mm permanent set is 2.7 kN-m, which is 35% of the 

P-A moment.

In summary, it was found that, except for Wall 3, the primary moment capacity 

was governed by the P-A effect. Increases in slenderness had the most dramatic impact on 

behaviour by decreasing the primary moment capacity and, depending on the magnitude, 

increased axial load both increased and decreased the capacity. At relatively low axial 

loads, however, there was an unexpected decrease in primary moment capacity with 

increased axial load due to the P-A effect. Increases in prestress always increased the 

capacity. This indicates that the restraint of the prestressing bar, keeping it in the center of 

the section, was sufficient to prevent the prestress force from noticeably contributing to 

the P-A effect.
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5.2.3 Influence of Axial Load Eccentricity

To examine the influence of eccentric axial load on prestressed walls, the primary 

moments of Walls 5 and 6 (both 4.2 m) are compared in Table 5.3 at specified mid-height 

deflections. During testing of Wall 5, the axial load was applied concentrically, whereas in 

Wall 6 the axial load was applied at a 30 mm eccentricity as the wall was loaded laterally. 

As was seen in Chapter 4, the permanent set deflections are similar for Walls 5 and 6 at 

the axial loads and prestress forces shown in Table 5.3.

Table 5.3 Comparison of Wall 5 and Wall 6 test results.
Prestress

(kN)
Axial Load 

(kN)
Mid-Height
Deflection

(mm)

Wall 5 Primary 
Moment (kN-m)

Wall 6 Primary 
Moment (kN-m) 

(eccentric axial load)

Difference as % of 
Wall 5 Primary 

Moment
57 20 15 3.6 1.7 -53
57 40 8 3.3 1.4 -58
114 40 15 5.5 3.3 -40
170 20 15 6.9 5 -28
170 40 15 7.1 4.6 -35

As can be seen, there was a significant reduction in the primary moment when the 

axial load was applied eccentrically. For the axial loads shown in Table 5.3, the greatest 

decrease occurred at the lowest prestress of 57 kN and an axial load of 40 kN, where the 

reduction in primary moment was 58%. The eccentric axial load in this case produced a

1.2 kN-m moment (30 mm x 40 kN axial load) which accounts for 63% ( 1.2 / (3.3-1.4) x 

100 ) of the decrease in the primary moment. The remaining 37% decrease in capacity 

may be attributed to the P-A effect. Additional discussion regarding the expected decrease 

in capacity due to eccentricity of axial load is presented in Section 5.3.4.

Generally, as the prestress was increased, the decrease in primary moment became 

smaller but was still evident. As expected, increases in axial load caused further decreases 

in primary moments for the eccentrically loaded wall. Consequently, the possibility of
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eccentric axial load should be treated with caution as it can cause a large decrease in 

primary moment capacity of slender prestressed brick walls.

5.2.4 Strains

5.2.4.1 Prestressing Strains

Illustrated in Figure 5.7 are the mean wall strains at mid-height, due to the 

application of the prestress forces. To show the relative magnitude of the prestress 

strains and the strain corresponding to the maximum masonry stress, the range of the 

"Masonry Strain" axis is up to 0.002, corresponding to the peak masonry stress. The

cov 25.9%

? 2 -

cov 24.2%

0.0015 0.0020.001

Masonry Strain

0.0005

Figure 5.7 Mean wall strain at mid-height after application of prestress.

strain at each prestress level is an average of strains taken from various walls and, thus, 

the coefficient of variation (COV) is shown near each prestress level. Even with relatively 

high COVs at all prestress levels, a reasonably linear relationship exists between prestress
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and strain. Further, use of only up to 10% of the compressive strain corresponding to a 

peak compressive stress was necessary to significantly improve the performance of the 

prestressed walls over normally reinforced walls. This indicates the effective use of 

prestressed reinforcement to improve the performance of the compression strong - tension 

weak masonry material.

S.2.4.2 Maximum Strains Recorded During Testing

Listed in Table 5.4 are the maximum compressive strains recorded during testing 

of each wall. This is also shown as a percentage of the 0.002 strain corresponding to the 

peak masonry stress. At the conditions when testing was terminated due to the inability to 

support any further axial load, it can be seen that lower strains were reached in the 

normally reinforced walls compared to the prestressed walls. This suggests that 

prestressing allows the compressive strength of masonry to be used more effectively. 

However, even for the prestressed walls, the maximum compressive strength was not fully 

utilized and, had it been possible, it would have been advantageous to increase prestress 

further to enhance the flexural capacity.

Table 5.4 Maximum compressive strain recorded during testing.
Wall ID & Test 

Description
Maximum

Strain
% Of Usable 

Strain
Brief Description

w3-20-40 0.000573 29 prestressed, h=2.7m
w4-0-60 0.000901 45 normally reinforced, h=4.2m

wS-30-500 0.001359 68 prestressed, h=4.2m
W6-30-140 0.001280 64 prestressed, h=4.2m
w7-40-60 0.001190 60 prestressed, h=6.0m
w8-30-40 0.001347 67 prestressed, h=6.0m
w9-0-60 0.000624 31 normally reinforced, h=6.0m

wlaux-30-100 0.001465 73 prestressed, h=2.7m
w6aux-20-300 0.001189 59 prestressed, h=4.2m
w8aux-30-250 0.000948 47 prestressed, h=6.0m
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5.2.5 Qualitative Observations

All of the prestressed walls exhibited highly flexible behaviour. When the loads 

were removed, the prestressed walls returned close to their original position and 

permanent deflections were noticeable to the naked eye only after several tests. Tensile 

cracking was concentrated between the lateral loading points. However, when the walls 

were unloaded, the cracks closed and became difficult to find. This is advantageous for 

aesthetic purposes and the closure of cracks may also help in preventing moisture 

infiltration into the wall. There was no spalling on the compression side and, after 

completion of tests, the prestressed walls appeared to be undamaged. With the exception 

of permanent set, there were no signs of distress.

The normally reinforced walls did not appear to be as resilient as the prestressed 

walls. As observed in prestressed walls, the tensile cracking was concentrated between 

the lateral loads but, unlike the prestressed walls, upon unloading, the cracks remained 

open. There was no spalling on the compression side.

Material failure was encountered only in Wall 3, where the prestressing rod burst 

through the compression side of the wall. This occurred by breaking the weakened face 

shell where the webs between the cores had been cut out to accommodate placing the 

brick around the prestressing rod. In this study, since the prestressing bar nearly filled the 

thickness of the cored area, it was guided by the mortar squeezed out during placement of 

the bricks. Consequently, as the walls deflected, the lateral bearing force from contact 

between the prestressing bar and the masonry was distributed to the wall through the 

mortar extruded into the bar space. It is possible that failure initiated at a particularly 

weak point, or at a point of localized high lateral load, and traveled progressively over the 

height of the wall. For this reason, provisions to ensure lateral restraint of the prestressing 

reinforcement should account for the possibility of this type of failure.
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The force between the prestressing bar and the masonry which can cause this type 

of failure can be predicted if the exact location of the prestressing bar in relation to the 

modified center brick is known. Assuming constant curvature of the wall between the 

lateral loading points, it can be shown that the bearing force from contact between the 

prestressing bar and the masonry is P = T / R (N/m) where T is the tension in the 

prestressing steel and R is the radius of curvature (see Appendix B). Thus, just prior to 

failure of Wall 3, the force between the masonry and the prestressing bar was P = 10.6 

kN/m (see Appendix B). If it is assumed that, near the middle of the wall, this force is 

uniformly distributed to each brick (0.09 m per brick), then the force on each faceshell 

where the webs between the cores had been cut out is 1 kN. This is illustrated in Figure 

5.8.

Critical Section

Figure 5.8 The bearing force from contact between the prestressing bar and the 
masonry just prior to failure of Wall 3.

Although the force is shown acting in the middle of the faceshell, the position of 

the bar can be anywhere along the faceshell depending on the course. Hence, if the 

faceshell is assumed to behave as a cantilever, the 26 mm diameter bar can bear against the 

masonry between 13 mm and 105 mm from the critical section. The applied moment at 

the critical section can therefore range from 13 N-m to 105 N-m. Based on the 

experimental modulus of rupture of 9.5 MPa (9.5 MPa for net area, and 5.3 MPa for the
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solid area as stipulated by CSA CAN3-A82.2), the critical section can resist a moment of 

96 N-m (see Appendix B). This is in the applied moment range. Alternately, it is more 

likely that the brick segment along the slot will act as a propped cantilever, resulting in a 

moment at the brick end in the order of 3PL/16 or approximately 20 N-m. However, 

concentration of the bearing on, for instance, every fifth brick would result in 

approximately 100 N-m moment being applied to one brick. Because of the brittle nature 

of behaviour, load sharing between bricks would not be possible after cracking initiated. 

Therefore it appears that the observed bursting failure is reasonably explained and designs 

should avoid the possibility of this occurring in practice.

5.3 ADDITIONAL INSIGHT FROM LINEAR ELASTIC ANALYSES

To gain some additional insight into behaviour of unbonded post-tensioned 

masonry, linear elastic analyses were conducted 1531. Specifically, sensitivity of capacity to 

small differences in material properties and loading parameters were investigated.

A 6% increase in modulus of elasticity of the masonry had relatively little effect at 

low levels of axial load. This lack of sensitivity at low axial loads is noteworthy, because 

most slender walls are likely to be used in situations where axial loads are low. However, 

at 500 kN axial load, the lateral load capacity increased by about 25% for 4.2 m high walls 

regardless of the level of prestress force.

For slender walls, eccentricity of axial load contributes to the bending of the wall. 

Therefore, to test the sensitivity, 5 mm eccentricities were introduced successively to 

investigate effects of

• placement error for the prestressing steel
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• lack of internal guide for the prestressing steel (i.e., 5 mm deflection of the wall 

occurred before the face of the cell made contact with the bar)

• initial crookedness of the wall

• eccentricity of the externally applied axial load

Table 5.5 contains a summary of the results expressed as a percent decrease in 

lateral load capacity compared to the "perfect" wall capacity, for walls similar to those 

tested and prestressed to 170 IcN force. For the 4.2 m wall subjected to a 300 kN axial 

load, the initial crookedness and axial load eccentricity had relatively large effects in 

comparison to the other variables. At the 50 kN and 100 kN axial loads, the decreases in 

capacity ranged from 4% to 13%. The influences of the prestressing bar offset and the 

gap between the prestressing bar and its guides were almost constant with increasing axial 

load. Similarly, for the 6.0 m wall, the initial crookedness and axial load eccentricity had 

relatively large effects in comparison to the other variables at 200 kN axial load. Unlike 

the results for the 4.2 m wall, however, the influences of the prestressing bar offset and the 

gap between the prestressing bar and its guides increased with increased axial load and 

were greater than for the 4.2 m wall. At the 50 kN and 100 kN axial loads, the decreases 

in primary moment capacities ranged between 5% and 16%.

Table 5.5 Influence of construction variables on the lateral load capacities of 4.2 m and 6 m walls.

Capacity Decrease (% of Perfect Wall Capacity)

Height Axial 10% 5 mm Steel 5 mm Steel - 5 mm Mid- 5 mm Axial

(m) Load Prestress Offset Masonry height Load

(kN) Decrease Gap Imperfection Eccentricity

50 -9 -11 -13 -4 -4

4.2 100 -4 -10 -12 -7 "8

300 -4 -12 -11 -22 -25

50 -5 -12 -15 -5 -5

6.0 100 -6 -16 -15 -9 -10

200 -5 -25 -22 -29 -33
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Also shown in Table 5.5 is the influence of a 10% decrease in prestressing force. 

As can be seen, the decrease in lateral load capacity was less than proportional.

Generally, the initial crookedness and axial load eccentricity became important for 

relatively large axial loads. Except for the 6.0 m wall with a 200 kN axial load, the 

variation of the factors related to the prestressing steel had relatively constant effects on 

the capacities in comparison to the axial load eccentricity and initial crookedness.



CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

The focus of this study was to experimentally investigate the out-of-plane 

structural behaviour of slender prestressed brick walls. Ten simply supported walls with 

slenderness (h/t) ranging from 30 to 67 (h = 2.7 m to h = 6.0 m) were tested in a specially 

constructed reaction frame. The 1.2 m wide walls were constructed by an experienced 

mason using 90x90x290 mm bricks. Prestress was induced using a 26 mm diameter 

threaded prestressing bar which was guided but unbonded. The masonry prestress ranged 

from 0.9 to 2.7 MPa, and axial loads up to 800 kN were applied prior to the walls being 

subjected to out-of-plane loading. To economize, while maximizing the amount of 

information obtained, multiple tests were conducted on each wall. Material properties of 

the individual wall components were determined to provide data for use in mathematical 

models.

The assessment of the structural behaviour included determining the interaction 

between slenderness, axial load, and prestress, as well as determining the influence of axial 

load eccentricity, and the effect of repeated loading. Qualitative observations and 

practical considerations were also noted. For comparison, normally reinforced walls were 

also tested.

The main contributions of this study to the understanding of prestressed masonry 

were the experimental investigation of slender prestressed brick walls, subjected to both 

axial and lateral loads, and the interpretation of test results.

135
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6.2 CONCLUSIONS AND OBSERVATIONS

The major observations and conclusions discussed in previous chapters are 

summarized in this section. These are:

1. Currently in Canada, the design of prestress masonry is not included in the 

CAN3-S304 "Masonry Design for Buildings" design code. The literature 

review showed that prestressed masonry is mainly used for retaining structures, 

with few examples of low-rise construction.

2. Prestressing enhanced the capacity of slender brick walls subjected to axial and 

out-of-plane loads. In several cases, increasing the prestress reduced the 

permanent set incurred during previous testing. When the loads were 

removed, the tensile cracks in the prestressed walls closed and became difficult 

to find. Not only is this aesthetically advantageous, but the closing of cracks 

may also help to resist moisture penetration into the wall.

3. The effectiveness of prestressing increased with slenderness and decreased with 

axial load. Prestressing is, therefore, well suited for low-rise construction, 

where the axial loads are relatively low and spans may be large, such as for 

swimming pool enclosures and warehouses.

4. The capacities of the prestressed brick walls were influenced by the magnitudes 

of the axial loads and the slenderness of the walls.
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5. Due to local material failure (splitting of the walls), the maximum prestress 

force was limited to 227 kN, although higher bending capacities could have 

been reached with additional prestress.

6. A 30 mm axial load eccentricity significantly decreased lateral load capacities, 

especially at low levels of prestress.

7. An unexpected feature of the interaction between axial load and primary 

moment was observed at relatively low axial loads. Typically, at low axial 

loads, an increase in axial load is expected to have some beneficial effect on 

capacity. However, it was observed that, due to large deflections, decreases in 

primary moment capacities occurred with increases in axial load. It had been 

previously though that slenderness could be neglected at very low axial loads.

8. The maximum capacities of all the walls, with the exception of Wall 3 (2.7 m, 

prestressed), were governed by the P-A effect. Wall 3 failed when the 

prestressing bar burst out of the wall at a relatively large deflection for a 2.7 m 

wall causing a sudden collapse.

9. Using a simple linear elastic analyses, a study of the influence of possible 

variations in construction of prestressed walls showed that, compared to the 

variations related to the prestressing steel, initial crookedness and axial load 

eccentricity are more critical as axial load increases. Therefore, these may 

require close attention during construction and possibly some minimum values 

should be assumed in design.
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10. In fabricating the prestressed walls, no special equipment or skills were 

necessary and all the tools and materials are commercially available. This 

should facilitate the transition of prestressed slender brick (masonry) walls 

from the experimental stage to practice.

In general, the findings indicate that, compared to conventional reinforcement, 

prestressing greatly improved the behaviour of the slender brick walls. At all slenderness 

levels, the walls supported axial loads comparable to those found in low-rise construction. 

Prestressed walls also exhibited a high resistance to repeated loading, which made it 

possible to perform multiple tests on each wall. The relative insensitivity to repeated 

loading may be advantageous in areas of high seismic activity.

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Although this study has shown that prestressed slender masonry walls have a great 

structural advantage over conventionally reinforced walls, it should be considered as only 

a first step in utilizing slender prestressed masonry walls as a construction system for 

buildings. The experimental investigation identified two difficulties which need to be 

addressed in future work.

The ultimate limit state may be governed by the prestressing bar bursting out of the 

wall resulting in a sudden collapse. Although this type of failure was observed only for the 

2.7 m wall with relatively low axial load, it should be examined and its prevention 

considered.
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The second difficulty, identified by the experimental work, was the distribution of 

prestress. Although some workt^ 38, 39] has been ^0^ t0 investigate the effects of 

concentrated loads on masonry, further examination of the stress concentrations near the 

prestressing plate^eam is required to accurately predict the bearing strength.

Finally, in addition to costs, other implementation considerations such as 

development of practical design equations, prestressing method, prestress distribution 

system, and detailing will need to be dealt with before prestressed masonry walls are likely 

to be commonly used in construction.

*
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Brick Properties
Dimensions

Specimen Lenth
(mm)

Height
(mm)

Width
(mm)

Hole Dia 
(mm>

Gross Area 
(mm*mm)

Net Area 
(mm*mm)

Bedded Area 
(mm*mm)

MR1 290.0 90.0 90.0 36.0 26100.0 21013.2 15660.0MR2 289.0 90.0 89.0 37.0 25721.0 20347.7 15028.0MR3 290.0 90.0 90.0 37.0 26100.0 20726.7 15370.0MR4 288.0 90.0 91.0 36.0 26208.0 21121.2 15840.0MR5 289.0 90.0 89.0 37.0 25721.0 20347.7 15028.0
MR.6 288.0 90.0 89.0 37.0 25632.0 20258.7 14976.0MR7 289.0 91.0 89.0 37.0 25721.0 20347.7 15028.0MRS 289.0 90.0 90.0 37.0 26010.0 20636.7 15317.0MR9 289.0 91.0 89.0 38.0 25721.0 20053.3 14739.0MR10 289.0 91.0 90.0 37.0 26010.0 20636.7 15317.0

Arithmetic
Mean

289.0 90.3 89.6 36.9 25894.4 20548.9 15230.3
Coeficient % 
of Variation

0.2 0.5 0.8 1.5 0.8 1.7 2.2

Modulus of Rupture Compressive Strength

Specimen Length
(mm)

Load
(LB)

Load
(N)

Gross A 
Strength 
(MPa)

Net A 
Strength 
(MPa)

Specimen Load
(N)

MR (MPa) 
(standard)

MRl 9500.0 5.2 CS1 165.0 232250.0 1033094.5 69.6 108.7MR2 10500.0 5.7 CS2 167.0 239250.0 1064231.9 70.8 109.9MR3 8750.0 4.8 CS3 165.0 243500.0 1083136.7 72.9 113.9MR4 13475.0 7.3 CS4 165.0 250500.0 1114274.1 75.0 117.2MRS 9425.0 5.1 CSS 165.0 213000.0 947466.6 63.8 99.7MRS 9075.0 4.9 CS6 165.0 235000.0 1045327.0 70.4 110.0MR7 10000.0 5.4 CS7 168.0 262000.0 1165428.4 77.1 119.2MR8 11300.0 6.1 CSS 168.0 242500.0 1078688.5 71.3 110.3MR9 7150.0 3.9 CS9 166.0 223500.0 994172.7 66.5 103.6MR10 11875.0 6.5 CS10 168.0 230000.0 1023086.0 67.7 104.7
Arithmetic 10105.0 5.5 Arithmetic 70.5 109.7Mean Mean

Coeficient % 17.6 Coeficient % 5.6 5.5of Variation of Variation

IRA

Specimen Owen Dry Dipped A IRAfe)
Mass (g) Mass (g) Mass (g) /20,000

IRA1 3275.0 3308.5 33.5 32.6
IRA2 3282.5 3318.0 35.5 34.5
IRA3 3304.0 3334.5 30.5 29.7
1RA4 3287.5 3318.5 31.0 30.2
IRA5 3329.0 3357.5 28.5 27.7

Arithmetic 30.9
Mean

Coeficient % 8.6
of Variation

Absorption (24-Hour Submersion Test-)

Specimen Owen Dry 
Mass (g)

Wetted
Mass (g)

A
Mass (g)

Absorption
c%)

IRA1 3275.0 3665.0 390.0 11.9
IRA2 3282.5 3678.0 395.5 12.0
IRA3 3304.0 3687.0 383.0 11.6
IRA4 3287.5 3686.5 399.0 12.1
IRAS 3329.0 3692.5 363.5 10.9

Arithmetic 11.7
Mean

Coeficient % 
of Variation

4.2
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Mortar Properties
Water Retentivity (%)

71.7
Summary of Mortar Arithmetic Coeficient of Mix Proportions Summary 73.1

Properties Mean Variation (%) Mass Weight 76.2
Flow (%) 119.9 1.7 Proportion ab) 74.2

Water Retentivity 74.6 4.4 MS 9.6 41.7 74.9
Entrained Air 12.1 3.9 PC 1.0 4.3 80.2

Compressive Strength 14.4 14.7 MC 1.5 6.3 78.6
W 1.9 8.3 70.8

71.3
MORTAR DATA

Batch# Date Flow 1 Flow 2 Air Water
1

Cube Strength (kN) 
Sample#

2 3

Mean Cube 
Strength 
(MPa)

Sample

1.0 mon A26 115.0 8.6 33.2 30.3 31.0 12.6 BW 3 prisms
2.0 119.0 9.0 28.0 37.5 36.9 13.7 BW 3 prisms
3.0 118.0 9.3 44.5 40.9 33.0 15.8 Comp 3 prisms
4.0 119.0 9.6 53.2 43.5 38.9 18.1 Walter 1st course
5.0 120.0 9.6 48.2 44.2 34.4 16.9
6.0 120.0 9.6 48.5 47.0 35.0 17.4
7.0 120.5 9.6 41.7 40.2 32.6 15.3
8.0 120.5 9.6 34.9 33.0 26.0 12.5
9.0 121.0 9.6 26.0 29.7 28.0 11.2
10.0 120.0 9.5 31.0 36.7 40.0 14.4
11.0 120.5 9.5 31.0 39.8 40.4 14.8
12.0 120.0 9.5 27.5 33.2 33.6 12.6
13.0 Tue A27 120.5 9.5 36.0 41.8 42.0 16.0
14.0 121.0 9.5 36.4 45.4 45.2 16.9
15.0 119.5 9.5 39.5 45.9 52.2 18.3
16.0 120.0 9.5 41.3 27.7 34.0 13.7
17.0 120.0 86.0 26.0 26.4 29.8 11.0 BW prisms
18.0 120.5 9.5 42.0 40.0 31.2 15.1 Comp prisms
19.0 124.0 9.5 43.0 47.2 38.0 17.1
20.0 124.0 9.5 43.0 45.2 35.4 16.5
21.0 124.5 91.0 9.5 44.0 43.2 32.0 15.9
22.0 124.5 9.5 42.4 38.0 30.0 14.7
23.0 123.5 9.5 35.0 31.0 38.0 13.9
24.0 124.0 9.5 24.5 26.6 26.2 10.3
25.0 123.0 9.5 23.5 25.6 27.3 10.2
26.0 Wed A28 124.0 9.5 33.6 45.1 44.9 16.5
27.0 122.5 9.5 35.0 40.4 43.5 15.9
28.0 122.0 9.5 34.0 40.5 40.6 15.3
29.0 122.0 9.5 28.9 34.8 37.8 13.5
30.0 122.5 9.5 26.5 29.4 30.1 11.5
31.0 122.0 9.5 25.7 26.9 22.6 10.0
32.0 121.5 9.5 29.3 31.2 24.4 11.3 Comp Prisms
33.0 124.0 25.2 27.7 22.0 10.0 BW prisms
34.0 Thu A29 120.5 9Ib4oz 32.7 39.0 42.8 15.3
35.0 120.5 91b 4oz 44.3 41.0 38.1 16.5
36.0 119.5 91b 4oz 44.4 40.1 32.7 15.6
37.0 120.0 91b 4oz 32.0 38.0 30.7 13.4
38.0 118.5 91b 4oz 34.9 38.6 33.0 14.2
39.0 120.5 91b 4oz 35.4 34.3 30.0 13.3
40.0 118.5 91b 4oz 35.0 37.2 31.0 13.8
41.0 120.0 91b 4oz 34.9 35.0 33.6 13.8
42.0 119.5 91.0 91b 4oz 29.1 28.8 28.8 11.6
43.0 120.5 9Ib4oz 31.0 31.2 32.1 12.6
44.0 115.0 91b 4oz 30.9 29.7 26.7 11.6
45.0 123.0 9Ib4oz 25.4 25.7 23.8 10.0
46.0 FriA30 120.5 91b 4oz 38.6 37.0 38.9 15.3
47.0 121.5 91b 4oz 30.2 37.8 37.4 14.1 BW prisms
48.0 117.5 91b 4oz 41.3 43.0 45.6 17.3 Comp prisms
49.0 117.5 91b 4oz 38.4 42.3 42.5 16.4
50.0 118.0 91b 4oz 41.1 41.2 37.8 16.0
51.0 117.5 91b 4oz 36.0 39.5 32.0 14.3
52.0 122.0 9Ib4oz 32.7 34.0 34.8 13.5
53.0 120.0 89.0 91b 4oz 34.4 37.6 37.8 14.6
54.0 119.5 91b 4oz 40.7 42.0 40.0 16.4
55.0 118.5 91b 4oz 36.0 38.2 40.4 15.3
56.0 119.0 91b 4oz 34.8 35.7 37.8 14.4
57.0 118.0 91b 4oz 29.2 30.2 29.7 11.9
58.0 120.0 91b 4oz 28.9 30.7 27.6 11.6
59.0 Mon M3 118.5 91b 4oz 33.2 34.8 39.0 14.3
60.0 119.5 91b 4oz 29.2 30.0 33.0 12.3
61.0 121.5 91b 4oz 40.1 44.8 43.9 17.2
62.0 121.0 91b 4oz 46.0 47.2 43.3 18.2
63.0 119.5 91b 4oz 42.0 45.0 38.1 16.7
64.0 120.5 91b 4oz 38.2 37.5 32.5 14.4
65.0 120.0 91b 4oz 32.8 36.7 32.0 13.5
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66.0 121.0 91b 4oz 28.2 28.0 29.9 11.5
67.0 120.0 91b 4oz 34.2 35.8 32.3 13.6
68.0 119.5 9ib4oz 39.3 37.3 31.5 14.4
69.0 120.5 91b 4oz 37.8 38.2 32.5 14.5 BW prisms
70.0 120.0 91b 4oz 33.6 35.7 37.2 14.2 Comp prisms
71.0 121.5 91b 4oz 27.7 32.0 30.9 12.1
72.0 Tue M4 120.5 91b 4oz 33.7 35.0 33.8 13.7
73.0 119.5 89.5 91b 4oz 47.7 45.8 39.4 17.7
74.0 120.0 91b 4oz 45.0 43.0 36.0 16.5
75.0 120.5 91b 4oz 45.9 45.5 35.0 16.9
76.0 119.0 91b 4oz 42.5 47.4 34.1 16.5
77.0 120.5 91b 4oz 39.8 38.7 32.0 14.7
78.0 121.0 91b 4oz 34.8 29.1 27.7 12.2
79.0 121.0 91b 4oz 40.4 38.4 30.8 14.6
80.0 121.5 9lb 4oz 42.8 41.7 34.9 15.9
81.0 119.0 91b 4oz 41.7 39.2 32.9 15.2 BW prisms
82.0 120.0 91b 4oz 38.9 37.5 32.3 14.5 Comp prisms
83.0 119.0 91b 4oz 27.3 34.8 28.9 12.1
84.0 120.5 91b 4oz 29.0 29.4 27.3 11.4
85.0 119.0 91b 4oz 26.2 26.5 26.3 10.5
86.0 120.0 91b 4oz 31.7 34.0 38.9 13.9
87.0 WedM5 119.5 91b 4oz 36.2 41.4 38.8 15.5
88.0 119.0 91b 4oz 30.0 32.0 31.7 12.5
89.0 120.5 91b 4oz 34.4 29.0 34.2 13.0
90.0 120.0 9lb 4oz 27.0 28.9 29.5 11.4
91.0 121.0 91b 4oz 37.3 45.7 51.2 17.9
92.0 121.0 91b 4oz 36.1 45.6 48.4 17.3
93.0 120.5 91b 4oz 50.7 49.2 38.4 18.4
94.0 119.5 91b 4oz 49.4 46.2 37.4 17.7
95.0 120.0 91b 4oz 42.5 38.0 33.3 15.2
96.0 121.0 91b 4oz 28.4 27.4''- 28.6 11.3
97.0 116.0 91b 4oz 47.2 43.6 39.0 17.3 Comp prisms
98.0 119.0 91b 4oz 44.0 44.2 35.0 16.4 BW prisms
99.0 117.5 91b 4oz 40.7 38.7 33.6 14.8
100.0 Thu M6 119.0 91b 4oz 50.3 46.8 37.0 17.9
101.0 120.0 91b 4oz 45.6 42.6 33.4 16.2
102.0 120.5 9lb 4oz 33.7 33.8 29.0 12.9
103.0 122.0 91b 4oz 51.5 43.7 34.8 17.3
104.0 119.5 91b 4oz 50.3 42.5 37.3 17.3
105.0 120.5 91b 4oz 47.8 43.1 36.1 16.9
106.0 121.0 91b 4oz 51.1 48.9 38.3 18.4
107.0 120.5 91b 4oz 46.8 46.3 3" 0 17.3
108.0 118.5 91b 4oz 36.4 35.7 32.5 13.9
109.0 121.0 91b 4oz 41.2 37.0 36.3 15.3
110.0 120.5 91b 4oz 36.4 31.0 29.4 12.9
111.0 120.0 91b 4oz 37.2 35.7 32.8 14.1
112.0 112.5 91b 4oz 35.4 34.5 30.0 13.3
113.0 112.5 91b 4oz 34.9 32.8 29.7 13.0
114.0 Fri M7 118.0 91b 4oz 35.6 35.7 36.9 14.4 BW prisms
115.0 120.0 91b 4oz 33.4 36.8 32.9 13.7 Comp prisms
116.0 118.0 91b 4oz 39.3 34.0 33.9 14.3 BW prisms
117.0 119.5 91b 4oz 42.0 38.8 39.0 16.0
118.0 118.5 91b 4oz 41.4 37.8 37.3 15.5
119.0 119.5 91b 4oz 35.0 29.6 32.8 13.0
120.0 118.0 91b 4oz 33.8 33.1 32.4 13.2
121.0 120.0 91b 4oz 29.0 28.0 27.6 11.3
122.0 119.5 91b 4oz 35.8 31.7 33.5 13.5
123.0 119.0 91b 4oz 29.4 31.3 28.1 11.8
124.0 117.0 91b 4oz 28.3 27.5 26.8 11.0
125.0 MonMIO 118.5 9ib 4oz 35.7 32.1 34.0 13.6
126.0 120.0 91b 4oz 32.2 32.1 36.0 13.4
127.0 120.5 91b 4oz 35.7 34.4 36.0 14.1
128.0 118.5 91b 4oz 37.0 36.8 37.6 14.9
129.0 117.0 91b 4oz 34.1 33.5 32.0 13.3
130.0 116.0 91b 4oz 34.4 32.0 35.0 13.5
131.0 118.5 91b 4oz 32.0 30.9 32.3 12.7
132.0 120.0 91b 4oz 32.0 31.6 33.6 13.0
133.0 114.0 69.5 11.5 nntc*******^* 35.5 36.5 37.1 14.5 don't use
134.0 121.5 97.5 12.0 33.9 33.1 34.5 13.5
135.0 119.0 93.5 11.5 32.9 32.2 32.9 13.1
136.0 120.0 85.0 12.5 36.0 35.8 35.0 14.2
137.0 118.5 84.5 12.5 35.8 34.5 34.1 13.9

Arithmetic 14.4 
Mean (MPa) _______
Coeficient % 14.7
of Variation
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Prism Properties
Initial Compressive Strength

Load (lb) Ave. Net Area
Specimen Age Specimen # Strength

(days) 1 2 3 (MPa)
A26B3 44 80400 71500 86100 17.2

A27B18 50 91000 81000 na 18.6
A28B32 150 140250 100500 95000 24.2

Arithmetic 
Mean (MPa)

20.0

Coefficient of 
Variation (%)

18.6

Final Comoressive Strength

Load (lb) Ave. Net Area Ave. Bedded Area
Specimen Age Specimen # Strength Strength

(days) i 2 3 (MPa) (MPa)
A30B48 270 124000 143000 159000 30.7 41.5
M3B70 270 145500 125000 136500 29.4 39.6
M4B82 270 136000 136500 141000 29.8 40.3
M6B97 270 128000 135000 135000 28.7 38.7
M7B115 270 143000 125000 137000 29.2 39.4
M7B115 270 148000 126000 121000 28.5 38.5

w4 330 170000 179500 132500 34.8 46.9
w4 330 187250 196500 126000 36.8 49.6
w4 330 179500 189250 na 39.9 53.8

Arithmetic 
Mean (MPa)

32.0 43.2

Coefficient of 
Variation (%)

12.9 12.9

Masonry Flexural Bond Strength

Gross Area Net Area
Specimen Joint # Applied Load Flexural Tensile Flexural Tensile

(s) Strength (MPa) Strength (MPa)
A30B47 11748 0.52 0.53

2 12825 0.57 0.58
3 8870 0.39 0.40
4 11806 0.53 0.54
5 11104 0.49 0.50
6 11907 0.53 0.54

M4B81 8772 0.39 0.40
3 8291 0.37 0.38
4 5829 0.25 0.26
5 9260 0.41 0.42
6 7124 0.31 0.32

M10B120 10948 0.49 0.50
2 6898 0.30 0.31
3 14140 0.63 0.64
4 7432 0.33 0.34
5 8136 0.36 0.37
6 5539 0.24 0.2.5

M6B98 i 1785 0.07 0.08
2 6300 0.28 0.29
3 11351 0.51 0.52
4 9122 0.40 0,41
5 8826 0.39 0.40
6 3798 0.16 0.17

Arithmetic 
Mean (MPa)

0.39 0.40

Coefficient of 
Variation (%)

35.2 34.2
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FORCE BETWEEN THE MASONRY AND THE PRESTRESSING 
BAR JUST PRIOR TO FAILURE OF WALL 3
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S

T = tension in the prestressing steel 
R = radius of curvature 
P = deflecting forces 
S = length of wall segment 
d = change in deflection along the segment 
a = angle

Figure B1 Force equilibrium between the prestressing bar and the masonry at mid
height of Wall 3.

1. R2 = (R - d)2 + (S/2)2 therefore R = d/2 + S2/8d

2. for equilibrium PxS = 2xTxsin(a/2) for small angles PxS = 2xTxa/2

3. a = S/R therefore P = T/R

Force between the masonry and the prestressing bar just prior to failure 
of Wall 3:

At failure of Wall 3, d = 4.9 mm (difference in deflection between the mid-height 

sensor and the one immediately below) S = 900 mm (2 x distance between the mid-height 
sensor and one immediately below) and the tension in the prestressing steel was 220 kN.
Thus P = 10.6 kN/m. (= 10.6 kN/m x 0.09 m/brick = 1.0 kN/brick).

Moment resistance of the critical section:
Mr = oxl / y modulus of rupture = 9.5 MPa, I = (0.09x0.0263) / 12 = 132x 10"9 m4, y = 

0.026/2 m

therefore Mr = 96 N-m.


