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ABSTRACT 
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ABSTRACT 

Approximately two thirds of the fatalities caused by earthquakes in the last one hundred 

years have resulted due to the collapse of unreinforced masonry (URM) buildings. Poor 

performance of URM buildings was also observed in recent earthquakes such as the 2005 

Pakistan earthquake, the 2008 Sichuan earthquake, the 2009 L‟Aquila earthquake and the 

2010/2011 Canterbury (New Zealand) earthquake sequence. The New Zealand URM 

building stock consists of mostly pre-1931 structures, with many of these buildings 

contributing to the country‟s architectural heritage. It was revealed in a recent survey that 

many of New Zealand‟s URM buildings have insufficient capacity to endure even a 

moderate earthquake but the concerns of heritage preservation makes demolition of these 

historic URM buildings undesirable, which results in seismic retrofit being necessary. 

Many seismic retrofit solutions have already been implemented in New Zealand, but the 

experimental database on their seismic behaviour is scarce. Consequently, the research 

reported here was undertaken to investigate the performance of URM walls when 

seismically retrofitted using three strengthening techniques, which were selected after an 

extensive literature review. The selected strengthening techniques are (i) unbonded 

posttensioning using threaded steel rods and sheathed greased strands, (ii) near surface 

mounting of high strength twisted stainless steel bars (NSM-TS), and (iii) surface 

application of polymer textile reinforced mortar (TRM). The selected seismic 

strengthening techniques were adapted for New Zealand URM buildings, and the 

performance of URM walls seismically strengthened using the adapted strengthening 

techniques was investigated by performing numerous full scale laboratory based and field 

tests. Based on the results of the experimental program empirical design equations were 

derived and checked for accuracy by comparing with current design equations and with 

experimental results. Finally, case studies were conducted to demonstrate application of 

these strengthening techniques for the seismic retrofit of historic URM buildings. 
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SYMBOLS AND NOTATION 

ROMAN CHARACTERS 

a Length of equivalent rectangular stress block at nominal strength level, m 

Abp Area of bearing plate or block, m
2
 

Afi  Cross-sectional area of a single polymer textile roving, m
2
  

Afh  Effective cross-sectional area of polymer textile in horizontal direction, m
2
 

Afv  Effective cross-sectional area of polymer textile in vertical direction, m
2
 

Ah Effective cross-sectional area of a single TS bar, m
2
 

An Net cross-sectional area of URM panel along shearing plane, m
2
 

 (usually calculated as An = lwbw for rectangular in-plane loaded URM section) 

Av  Effective cross-sectional area of NSM-TS reinforcement in vertical direction, m
2
 

Aps Effective cross-sectional area of tendon, m
2 

B  Grade 500 threaded steel bar 

bf  Thickness of surface applied polymer sheet/textile, m 

bw Effective wall (section or wallette) thickness, m 

c Distance of neutral of axis from the extreme compression fibre, m 

COV Coefficient of variation, ratio 

C(0) Site hazard coefficient for Tp = 0 sec, fraction of g 

c1  Parameter for the calculation of interfacial fracture energy, constant 

C1  Shear coefficient dependent upon the geometry of the URM panel, constant 

C2  Shear coefficient introduced to account for vertical acceleration and dynamic 

 effects, constant 

Cc Masonry creep ratio, ratio 

C'c  Extrapolated masonry creep ratio, ratio 

Cfe  Parameter representing usable polymer strain at nominal shear strength, constant 

Cfh Parameter representing efficiency of horizontal polymer rovings, constant 

Cfv  Parameter representing efficiency of vertical polymer rovings, constant 

Chr  Parameter representing efficiency of horizontal NSM-TS reinforcement, 

 constant 

CHi Floor acceleration coefficient for level i, constant 

Ci(Tp) Part spectral shape factor at level i, constant 
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Cm Masonry cohesion, MPa 

Cp(Tp) Horizontal acceleration coefficient, fraction of g 

Cvr  Parameter representing efficiency of vertical NSM-TS reinforcement, constant  

d Distance between reinforcement centroid and the extreme compression fibre, m 

di  Distance  between tendon centroid and the extreme compression fibre on either 

 side of the wall for the i
th

 storey, m 

db Outer diameter of tendon/TS bar, m 

d' Distance of the outermost TS bar from edge of the URM panel, m 

dcs Depth of cut surface groove for NSM bonding of TS bar, m 

DS Diagonal shear 

E Modulus of elasticity, GPa 

Eb Brick modulus of elasticity, GPa 

ED  Energy dissipation in a complete cycle, MPa 

Ef  Modulus of elasticity for polymer textile, GPa 

Em  Masonry Young‟s modulus, GPa 

Eps Modulus of elasticity for posttensioning tendon, MPa 

Es  Modulus of elasticity for TS bar, MPa 

Eso  Area of right angle triangle with perpendicular equal to maximum force (for each 

 cycle of loading) and base equal to corresponding displacement, MPa 

Exu  Unrestrained expansion when fully cured, % 

F Applied lateral shearing force, kN 

Fmax Maximum applied lateral shearing force, kN 

f'b Brick compression strength, MPa 

f'j Mortar compression strength, MPa 

ffe  Effective polymer tensile stress at nominal strength, MPa 

ffu  Ultimate tensile stress in polymer textile, MPa 

f'm Masonry compressive strength, MPa 

fmb  Compression stress at the wall base, MPa 

fmi  Initially applied prestress, MPa 

fps Tendon stress at nominal strength, MPa 

fpsi Initial tendon stress, MPa 

f'ng  Strengthening grout compressive strength after n days, MPa 

fr Masonry flexural bond strength, MPa 

fs Averaged shear strength of TS bar, MPa 
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f't Masonry tensile strength, MPa 

fu  Ultimate tensile strength of TS bar, MPa 

fy 0.2% proof tensile yield strength of TS bars, MPa 

fpy 0.1% proof tensile yield strength of tendon, MPa 

fpu Ultimate tensile strength of tendon, MPa 

fse Effective tendon stress after all losses, MPa 

g Acceleration due to gravity, m/sec
2
 

gl Gauge length, m 

G Modulus of rigidity, GPa 

GR Grid pattern 

he Effective wall (or wallette) height, m 

hei  Effective wall height for the i
th

 floor, m 

hi Height of the wall mid-height hinge measured from ground, m 

hn Total height of the structure measured from ground, m 

HL Horizontal pattern 

IP In-plane 

k Parameter used to calculate flexural strength at hinge formation limit state, ratio 

kc Masonry creep parameter (also known as specific creep), µε/MPa 

k'c  Extrapolated masonry specific creep, µε/MPa 

kde  Strength reduction factor accounting for de-bonding failure, constant  

ken  Strength reduction factor accounting for environmental exposure, constant 

Ki Initial wall stiffness, kN/m 

Ke Secant wall stiffness, kN/m 

kr Tendon relaxation parameter, MPa /MPa 

ksh Masonry shrinkage parameter, µε/MPa 

ldb Required development length for NSM-TS bar, m 

lw Wall (or wallette) effective length, m 

M
*
 Required flexural strength, kN.m 

M'c  Experimentally measured analogous moment at first cracking, kN.m  

Mc   First cracking flexural strength of the wall, kN.m 

Mn  Nominal flexural strength of the wall, MPa 

Mu Experimentally measured maximum analogous moment, kN.m  

MOR Brick modulus of rupture, MPa 
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N(0,D) Near-fault factor, constant 

Nb Axial load at the base of the wall, kN 

Nt Overburden weight, kN 

OOP out-of-plane 

p Masonry poison‟s ratio, ratio 

P Applied diagonal force, kN 

Pmax Maximum applied diagonal force, kN 

Ppsi Initial posttensioning force, kN 

Pe Effective posttensioning force, kN   

R Return period factor, constant 

Rp Part risk factor, constant 

S  Seven wire, sheathed and greased strand (also referred to as monostrand) 

Sh Spacing of horizontal NSM-TS bars, m 

Sv Spacing of vertical NSM-TS bars, m 

t Time from the application of prestress, days 

T Wall toughness modulus, kN.m 

Tp Natural period of the wall, seconds 

tpt Thickness of plaster on tension face, m 

tpc Thickness of plaster on compression face, m 

Twa  Tensile force capacity of wall-diaphragm anchor, kN 

V Vertical pattern 

vo
*
 Design out-of-plane pressure, kN/m

2
 

Vo* Design out-of-plane lateral force, kN 

V
*
 Design shear force at section, kN 

Vc  Lateral force analogous to first cracking flexural strength, kN 

V'c  Experimentally measured lateral force at first cracking, kN  

Vdt Shear resistance corresponding to diagonal tension failure mode, kN 

Vdt,m Diagonal shear contribution from masonry, kN 

Vm  Masonry shear strength contribution, kN 

Vn Nominal shear resistance of a URM panel, kN 

V'n  Lateral force analogous to nominal flexural strength, kN  

Vo Experimentally measured maximum lateral force for as-built tested wall, kN.m  

Vr  Shear strength contribution from strengthening reinforcement, kN 



SYMBOLS AND NOTATION 

-xxiii- 

V'r  Experimentally measured nominal shear strength contribution from 

 strengthening, kN 

Vs Shear resistance corresponding to bed-joint sliding failure mode, kN 

Vs,m  Bed joint sliding shear contribution from masonry, kN 

Vtc Shear resistance corresponding to toe crushing failure mode, kN 

Vu Experimentally measured maximum lateral force, kN.m  

Vwa  Shear force capacity of wall-diaphragm anchorage, kN 

wcs Width of cut surface groove for NSM bonding of TS bar, m 

Ww Self-weight of posttensioned URM wall, kN 

Z Seismic hazard factor, constant 

 

GREEK CHARACTERS 

α Parameter representing fraction of f‟m at nominal strength limit state, constant 

β  Parameter representing fraction of centroid depth at nominal strength limit state, 

 constant 

χ  Aging coefficient for time dependent masonry creep calculation, constant 

δ Shear strain, µε 

Δ Wall displacement, m 

Δc Wall displacement at first cracking, m 

Δy Effective wall yield displacement corresponding to extrapolation of the first 

 cracking when considering a bi-linear elasto-plastic system, m 

Δu Wall displacement at nominal strength, m 

Δfcr Prestress loss due to masonry creep, MPa 

Δfpl  Total prestress losses, MPa 

Δfpr Prestress loss due to steel relaxation, MPa 

Δfsh Prestress loss due to masonry shrinkage, MPa 

ΔS  Diagonal shortening along the axis of applied diagonal force, m 

ΔL  Elongation measured perpendicular to the axis of applied diagonal force, m 

ε(t) Total masonry shortening strain after time t from the application of prestress, µε 

εcu Total measured time dependent masonry creep strain, µε 

εc(t)  Sum of elastic shortening strain and the continued creep shortening at time t after 

 the application of prestress, µε 

εfe  Effective strain in textile at nominal strength, µε 
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εfu  Ultimate polymer tensile strain, µε 

εi Initial elastic masonry strain, µε 

εi,t  Theoretical initial elastic masonry strain, µε 

εmu Compression strain in masonry at nominal strength, µε 

εo Masonry strain attributed to changes in environmental conditions, µε 

εs Tendon strain at nominal strength, µε 

εpu Tendon strain at breakage, µε 

εtu Total measured time dependent masonry strain, µε 

ϕmv Shear strength reduction factor, constant 

ϕmf Flexural strength reduction factor, constant 

γ Modal participation factor, constant 

γf  Factor of safety used for polymer based strengthening design, constant 

γm Masonry density, kg/m
3
 

γu Maximum measured drift ratio, % 

θ Wall drift ratio, % 

µ Pseudo-ductility, ratio 

µf Masonry coefficient of friction, constant 

ρh Horizontal reinforcement ratio, ratio 

ρv Vertical reinforcement ratio, ratio 

ζn Initial compressive stress at crack location, MPa 

Γf   Interfacial fracture energy, kN.m 

υ Shear stress, MPa 

ξ  Equivalent viscous damping ratio, ratio 

λ  Parameter related to delayed strain response of masonry, constant 

 

Note: Units shown are representative of typical unit conventions and units of calculated 

values should be established with respect to the units used for input parameters. 
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CHAPTER 1. INTRODUCTION 

 

 

Unreinforced masonry (URM) load bearing wall buildings represent a large proportion of 

the historic building stock worldwide, but it is also well established that the majority of 

these buildings are prone to collapse in a moderate to large magnitude earthquake that not 

only poses a safety risk to building occupants and nearby pedestrians but also poses a 

considerable risk of collateral damage to adjoining buildings. It has been estimated that 

roughly two thirds of the fatalities caused by earthquakes in the last one hundred years 

have resulted due to the collapse of URM buildings (Coburn and Spence 1992). It is also 

well known that the collapse of URM buildings not only results in human loss but also 

causes long lasting adverse socioeconomic effects on the community as a whole. The 

seismic risks associated with these earthquake prone URM buildings can be mitigated by 

either demolition or by the implementation of a seismic retrofit, with the latter option 

being preferred for buildings having important heritage value.  

The specific objective of a strengthening intervention is to limit the damage that occurs in 

moderate sized earthquakes (often achieved by increasing the strength capacity of the 

building) and to prolong the onset of building collapse in the event of one-in-a-lifetime 

strong earthquakes (often achieved by ensuring a reliable load path and by increasing the 

ductility capacity of the building), giving building occupants ample time for evacuation. 

However, a superior performance is often required for buildings of notable heritage value 

and for public buildings. The aim of this doctoral study was to advance the understanding 

of strengthening techniques for such seismic retrofit of URM buildings and to provide 

experimental data regarding the performance of three selected strengthening techniques. 
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(a) aerial view of Napier city  

 

(b) view down Hastings Street  

Figure 1.1. Photographs showing buildings damaged during the 1931 Hawke’s Bay 

earthquake and fires (Alexander Turnbull Library) 

1.1. PREVALENCE OF URM BUILDINGS IN NEW ZEALAND 

URM was one of the most common construction materials in New Zealand before the 

M7.8 1931 Hawke‟s Bay earthquake (Dowrick 1998) that caused widespread devastation 

to URM buildings in the city of Napier, resulting in 256 fatalities (refer Figure 1.1). The 

popularity of URM in New Zealand decreased because of the poor seismic performance 

of URM buildings observed during the earthquake and the use of masonry was 

subsequently restricted under government regulations. The current New Zealand masonry 

design standard NZS 4230-04 (2004a) refers only to reinforced masonry structural 

elements. URM buildings also performed poorly during the M6.8 2007 Gisborne (New 

Zealand) earthquake, resulting in the collapse of 22 parapets and damage to numerous 

buildings (refer Figures 1.2a and 1.2b).  

  
 

(a) toppled parapet 

 

(b) out-of-plane failure of a gable wall 

Figure 1.2. Photographs of URM buildings damaged during the 2007 Gisborne 

earthquake 
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More recently, numerous URM buildings partially or completely collapsed during the 

2010/2011 Canterbury (New Zealand) earthquake sequence (Ingham et al. 2011; Ingham 

and Griffith 2010; Ingham and Griffith 2011b), further highlighting the seismic risk 

associated with  URM buildings. The author was also involved in a project investigating 

the performance of strengthened URM buildings during the 2010/2011 Canterbury (New 

Zealand) earthquake sequence, and performed post-earthquake inspections as a member 

of a team comprising of four doctoral students. The author was responsible for certain 

aspects of the project and details of the aspects investigated by the author are presented in 

appendix A and chapter 2. 

Russell and Ingham (2010a) estimated that there existed 3590 pre-1930 URM buildings in 

New Zealand at the time of publication (prior to the Canterbury earthquake sequence), 

with their population distributed across the country depending upon the economic 

situation of that region during 1880-1930. The study further highlighted that of these 

3590 URM buildings 1386 are earthquake prone (having a strength of less than 33% of 

that of an equivalent modern building designed using current building standards) and 

2010 are earthquake risk (having a strength of less than 67% of that an equivalent modern 

building designed using current building standards). It is noted that the numbers reported 

in the aforementioned study included both those buildings that have subsequently either 

undergone a seismic retrofit and those that collapsed or were demolished due to 

2010/2011 Canterbury (New Zealand) earthquake sequence.  

It can be concluded from the results of the aforementioned analysis that the New Zealand 

building stock consists of a significant number of pre-1931 URM buildings, with many of 

these buildings constituting a significant portion of the country‟s architectural heritage 

but also collectively constituting a seismic hazard to New Zealand‟s citizens such that 

these buildings merit seismic strengthening. 

1.2. PROVISIONS FOR SEISMIC STRENGTHENING OF URM BUILDINGS 

The current New Zealand Building Act of 2004 (New Zealand Parliament 2004) requires 

territorial authorities to have a policy regarding the seismic strengthening of earthquake 

prone URM buildings and most major cities and towns took up the legislation. For 

establishing the seismic vulnerability of existing URM buildings the New Zealand 

Society for Earthquake Engineering guidelines (NZSEE 2006) are used for initial 
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evaluation and also for detailed analysis. The initial evaluation procedure (IEP) is used as 

a course screening procedure and to decide whether a detailed analysis is required for the 

building. In an IEP, the building is assigned a percentage compliance with New Building 

Standards (%NBS) and based on the allocated %NBS the building is categorised as 

potentially earthquake prone, potentially earthquake risk or unlikely to be of significant 

seismic risk. Subsequently, a detailed analysis is performed for potentially earthquake 

prone buildings (in some cases for potentially earthquake risk buildings as well) and a 

decision is made on the level of strengthening required. 

1.3. RESEARCH MOTIVATION 

The prevalence of a significant number of seismically deficient URM buildings and the 

high seismicity of New Zealand developed notable interest to investigate the seismic 

behaviour of strengthened URM buildings. The wholesale replacement of seismically 

deficient URM buildings with new “earthquake-resistant structures” is neither feasible 

nor desirable and furthermore the concerns of heritage preservation make such 

replacement highly undesirable. Therefore, the research work presented herein was 

undertaken as a part of the Seismic Retrofit Solutions project funded by the Foundation 

for Research Science and Technology (FRST), seeking to develop guidelines for the 

seismic strengthening of URM buildings. The significance of the research reported herein 

was further highlighted during the recent Canterbury (New Zealand) earthquake sequence 

and the findings of the research have been largely appreciated by practicing engineers. 

Seismic strengthening of URM buildings is a delicate task and considerable care must be 

given to envisage the seismic performance of the strengthened building well in advance 

during the design phase. Although many strengthening techniques have already been used 

for the seismic retrofit of URM buildings, experimental data on the performance of URM 

walls strengthened using these techniques has not yet been substantially documented in 

technical literature, resulting in further experimental studies being necessary in order to 

facilitate a well-conceived seismic retrofit design. Moreover, little or no experimental 

results were found in current technical literature that involved the use of real or close 

replication of historic URM materials. The use of vintage clay bricks and a mortar 

accurately replicating the physical characteristics of historic URM materials is one of the 

unique features of the research reported here. 
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1.4. RESEARCH OBJECTIVES AND METHODOLOGY 

The objectives of the research reported herein were to study the seismic behaviour of 

strengthened URM walls, with a particular focus on three selected strengthening 

techniques and consequently to compile design guidelines for these strengthening 

techniques. The selected strengthening techniques for detailed investigation are: 

 Unbonded posttensioning (UBPT) 

 Near surface mounted twisted steel bars (NSM-TS) 

 Textile reinforced mortars (TRM) 

The major part of this doctoral thesis was an experimental program to investigate the 

performance of URM walls seismically retrofitted using the selected strengthening 

techniques. The experimental program involved material testing, full scale in-plane wall 

testing, and full scale out-of-plane wall testing. Numerous parameters pertaining to the 

seismic behaviour of strengthened URM walls were established, which were then used to 

develop conceptual models to predict the seismic behaviour of strengthened URM walls 

when subjected to earthquake induced lateral forces. Finally, case studies on field 

implementation of the selected strengthening techniques were carried out and information 

on contemporary practices for seismic strengthening of URM buildings are reported. 

1.5. THESIS OUTLINE 

The thesis is organised into 10 main chapters, of which Chapters 3 to 9 were written as 

independent journal articles but were accordingly slightly modified from the original 

submission to maintain coherence in the thesis and to avoid repetition. The thesis is 

organised in the following main sections: 

Chapter 2 presents a review of existing strengthening techniques where discussion is 

provided on design concepts, implementation procedures and heritage conservation 

considerations associated with each of the contemporary seismic strengthening 

applications. The seismic performance of strengthened URM buildings is briefly 

discussed and, where possible, illustrated with examples. 

Time dependent prestress losses in historic URM walls strengthened using unbonded 

posttensioning are discussed in Chapter 3, with a particular emphasis on masonry 

shortening resulting due to creep and shrinkage. Findings of an associated experimental 
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program are reported, with the experimental program involving continuous monitoring of 

masonry shortening occurring in prestressed URM wallettes over a period of 180 days. 

The test wallettes were extracted from a real historic URM building and were subjected to 

varying magnitudes of prestress, representing axial stresses that would be developed at 

the wall base when strengthened using unbonded posttensioning. A rheological model is 

proposed for predicting masonry creep shortening, which was subsequently used to 

predict time dependent posttensioning losses.  

In Chapter 4, the seismic behaviour of out-of-plane loaded URM walls strengthened using 

unbonded posttensioning is discussed and results from an associated experimental 

program are reported. A total of eight full scale two-wythe thick solid URM walls, 

constructed of vintage clay bricks, were subjected to uniformly distributed one directional 

and reverse cyclic out-of-plane loading. Of these, two walls were tested as-built and six 

walls were seismically strengthened prior to testing using unbonded posttensioning.  

Theoretical considerations for predicting the seismic response of in-plane loaded 

perforated URM walls strengthened using posttensioning are discussed in Chapter 5 and 

an overview is reported of an associated experimental program that involved reverse 

cyclic in-plane testing of a full scale pier-spandrel assemblage. 

An overview of the in-plane shear testing of URM wallettes strengthened using NSM-TS 

is provided in Chapter 6. A total of seventeen two-wythe thick URM wallettes, each being 

1.2 m ×  1.2 m in size, were structurally tested in induced diagonal shear. Of these, 3 

wallettes were tested as-built and 14 wallettes were tested after being strengthened using 

different patterns of NSM bonded TS bars. Provisional design provisions for seismic 

strengthening of historic URM walls were then developed and presented. 

The out-of-plane behaviour of URM walls when strengthened using NSM-TS is discussed 

in Chapter 7 and results from the in-situ and laboratory based out-of-plane cyclic testing 

of full scale NSM-TS strengthened URM walls are presented. In the first series of testing, 

two walls were strengthened and tested in-situ inside an historic URM house located in 

Wellington (New Zealand), known to be originally constructed in 1884 and having 

undergone several minor periodic alterations. In the second series of testing, the results of 

in-situ testing were further confirmed by performing laboratory based reverse cyclic out-

of-plane testing of two slender URM walls that were constructed using vintage solid clay 

bricks and a low strength hydraulic mortar, replicating typical historic URM construction. 
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The in-plane shear behaviour of URM wallettes strengthened using TRM is discussed in 

Chapter 8. A total of twelve two-wythe thick URM wallettes, each being 1.2 m square in 

size, were structurally tested in induced diagonal shear. Of these, two wallettes were 

tested as-built and ten wallettes were tested after being strengthened using different 

commercially available TRM systems.  

Results from an experimental program that was undertaken to investigate the structural 

performance of URM walls strengthened using TRM systems are presented in Chapter 9. 

The experimental program involved full scale reversed cyclic in-plane and out-of-plane 

testing of TRM strengthened URM walls. The testing was performed in two series, with 

series 1 involving in-plane testing of two pier-spandrel assemblages representing part of a 

perforated URM wall and series 2 involving out-of-plane testing of three slender walls 

having no penetrations. The study is concluded in Chapter 10, followed by list of 

references and appendices.  
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CHAPTER 2. REVIEW OF EXISTING SEISMIC 

STRENGTHENING TECHNIQUES 

 

2.1. INTRODUCTION 

In this chapter a brief introduction to a quasi-static behavioural model is presented, which 

is typically used for modelling URM walls. The seismic behaviour of URM buildings is 

briefly discussed and typical failure modes observed for in-plane and out-of-plane loaded 

URM walls are also discussed. A review of existing typical strengthening techniques is 

presented and where possible the seismic performance of strengthened URM buildings is 

illustrated using examples. Possible architectural impacts of each strengthening technique 

are also discussed.  

2.2. SEISMIC BEHAVIOUR OF URM BUILDINGS 

In the event of an earthquake, load bearing URM walls may be subjected to out-of-plane 

and/or in-plane lateral loading as well as vertical compression due to wall self-weight and 

the overburden weight. Unreinforced masonry exhibits characteristics of a quasi-brittle 

material, which when subjected to a gradually increasing deformation fails due to 

progressive growth of internal cracking in a localised location, causing the rest of the 

structural member to unload (Laurenco 1996). Figures 2.1a to 2.1c show idealised stress-

strain curves for quasi-brittle masonry assemblages when subjected to tension, 

compression or shear stresses respectively. The failure modes of in-plane loaded URM 

walls can be either flexural controlled or shear controlled, with the former mode 

characterised by toe crushing and the latter mode characterised by either sliding along a 

mortar joint (step joint or bed joint) or by diagonal shear cracking. Of these in-plane 

failure modes, the sliding and flexural failure modes allow some deformation capacity 
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and may be tolerable to some extent. Figure 2.2 shows some examples of these failure 

modes. 
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(a) masonry subject to tensile stresses 
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(b) masonry subject to compression stresses 
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(c) masonry subject to shear stresses 

Figure 2.1. Quasi-brittle behaviour of unreinforced masonry 
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(a) toe crushing 

 

(b) sliding failure 

 

     
 

(c) diagonal cracking 

 

(d) spandrel cracking resulting due to pier rocking 

Figure 2.2. Examples of in-plane failure modes observed after the M6.3 Canterbury 

(New Zealand) earthquake of 22
nd

 February 2011 

It must be appreciated that out-of-plane loaded URM walls act as cantilever walls in the 

absence of adequate wall-diaphragm restraints and can result in a catastrophic sudden 

collapse when loaded during a large magnitude earthquake, whereas URM walls with 

adequate wall-diaphragm anchorage exhibit either one way or two way bending failure 

modes depending upon the specifics of the boundary restraints. Figure 2.3 shows typical 

characteristic force-displacement curves for out-of-plane loaded URM walls with and 

without adequate wall restraints. Figure 2.4 shows some examples of out-of-plane failure 

of URM walls. However, it is noted that despite the consistent poor seismic performance 

of wall-diaphragm anchorage observed during the 2010/2011 Canterbury (New Zealand) 

earthquake sequence, wall anchorage systems with well-conceived design and proper 

installation performed adequately.  
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Figure 2.3. Characteristic force-displacement curves for out-of-plane URM walls 

  
 

(a) corner of Taum Street and Manchester Street 

 

(b) corner of Wordsworth Street and Colombo 

Street 

 

  
 

(c) 188 Manchester Street 

 

(d) corner of Montreal Street and Armagh Street 

Figure 2.4. Examples of out-of-plane failure modes observed after the M6.3 

Canterbury (New Zealand) earthquake of 22
nd

 February 2011 
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2.3. ARCHITECTURAL CONSIDERATIONS  

It is noted that at the onset of designing a strengthening intervention for URM buildings 

having notable heritage value, it is considered necessary to appreciate the architectural 

characteristics and heritage character of the building (Goodwin et al. 2009; Goodwin et 

al. 2011). Amongst the desirable characteristics of a good seismic strengthening solution 

for heritage URM buildings the two most critical considerations are minimal architectural 

alterations and the possibility of reversal in future. 

2.4. REVIEW OF STRENGTHENING TECHNIQUES 

A number of strengthening techniques have been used in the past to improve the seismic 

performance of historic URM buildings, which are discussed in the proceeding sections. 

However, some strengthening techniques known to be unfeasible for historic URM 

buildings such as grout injection and filling of collar joints in cavity walls have been 

intentionally excluded from the following review. 

2.4.1. Bracing of unrestrained building components 

It is noted that initial considerations required in any seismic strengthening intervention 

must be the restoration and repair of deteriorated masonry followed by the securing of 

building components that pose a falling hazard. In heritage URM buildings, unrestrained 

URM chimneys and URM parapet walls (typically the extension of URM walls above the 

roof line) respond as a cantilever when subjected to earthquake loading. Gables of 

churches and other ornamental buildings that are not properly anchored to the roof 

diaphragm respond similarly, resulting in these gable ends collapsing out-of-plane. These 

cantilever boundary conditions result in large amplification of the ground excitations, 

resulting in collapse of these unrestrained building components even at relatively small 

peak ground accelerations (PGA) when compared to that required to cause collapse of 

restrained in-plane loaded and out-of-plane loaded URM walls. However, it should be 

noted that the masonry constituent material properties, quality of construction, direction 

of ground excitation, building geometric characteristics, building orientation and the 

geological details of the underlying soil govern the critical failure mode. It was also 

observed during the M7.1 2010 Darfield (New Zealand) earthquake that the majority of 

damage to URM buildings was attributed to the collapse of unrestrained parapets and 

chimneys, while the restrained walls performed satisfactorily. The collapse of unsecured 
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building components is not something new in New Zealand as rather similar performance 

was observed during the M6.8 2007 Gisborne (New Zealand) earthquake, with the 

collapse of at least 22 URM parapet walls (Davey and Blaikie 2010). 

  

(a) successful bracing for a URM chimney  (b) successful parapet bracing type 1 

 

  
 

(c) successful parapet bracing type 2 

 

 

(d) successful parapet bracing type 3 

 

  
 

(e) failed parapet bracing (200 Madras St.) 

 

(f) parapet detached from bracing 

Figure 2.5. Failed and successful bracing details 



2. REVIEW OF EXISTING SEISMIC STRENGTHENING TECHNIQUES 

-15- 
 

Owing to the known vulnerability of URM parapet walls, in New Zealand many parapet 

walls have been strengthened either by introducing lateral bracing or by implementing 

relatively advanced retrofitting techniques involving the application of polymeric 

composites. It was established from post-earthquake observations that the majority of 

URM parapet walls or chimneys that exhibited no damage during the 2010/2011 

Canterbury earthquake sequence were provided with suitable lateral restraint, which 

typically consisted of either a channel or rectangular hollow steel section mounted along 

the entire length of the inside of the parapet wall and the adjoining perpendicular URM 

parapet walls (corners) and that was anchored to URM wall. Figures 2.5a to 2.5c show 

photographs of successful bracing systems. In several cases, it appeared that URM 

parapet walls were braced but wall-brace anchorage was not sufficient to meet the lateral 

displacement demands generated due to the large ground motion and proved unsuccessful 

(refer Figures 2.5d to 2.5f). When an unrestrained URM building component is braced 

laterally, the portion above the bracing support acts as a cantilever and the portion 

between the bracing support and roof-diaphragm anchorage acts as a simply supported 

URM member. However, it should be noted that the wall-bracing anchorages must be 

designed for lateral seismic forces calculated using the tributary area for the bracing 

support and the analogous uniform seismic lateral force (refer Appendix B for the 

calculation of lateral force). 

2.4.2. Improvement of wall-diaphragm anchorage 

Another frequently encountered problem in historic URM buildings is the absence of 

sufficient wall-diaphragm anchorage, which can result in catastrophic collapse of URM 

walls in their out-of-plane direction (see Figure 2.3). The wall-diaphragm anchorages, 

depending upon the direction of earthquake loading, act either in shear or in tension. It 

was established from a review of common US and New Zealand design practices that 

both adhesive anchors and anchors extending through the wall with an anchor plate 

washer (referred to as plate anchors) are the most commonly adopted anchorage systems. 

The adhesive anchors evolved through a series of improvements, with early adhesives 

relying on polyester that were later abandoned by the introduction of newer improved 

anchorage details and adhesive specifications. Currently, epoxy based resins and non-

shrink cementatious grouts are both being used for fixing steel anchorages into existing 

URM walls.  
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(a) bent adhesive anchors 
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(a) straight adhesive anchors 

 

 

RSA cleat bolted to joists and

anchored to wall  using threaded bar

Solid timber blocking
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Threaded bar grouted in
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New section of  plywood sheathing

connected to joist using 75 mm long

stainless steel nails @ 75 mm c/c

 
 

(c) through anchors with end plate 

Figure 2.6. Typical wall-diaphragm anchorage details 

Figure 2.6a to 2.6c show typical details of wall-diaphragm anchorage installations. The 

adhesive anchors are installed either bent at 22.5 degrees (referred to as bent anchor) or 

straight at 90 degrees to the wall, with straight anchors being mainly used for shear 

transfer and believed to have relatively lower pull out capacity than the bent adhesive 

type of anchor. The bent anchors are typically recommended for seismic strengthening of 

URM buildings in both the US and New Zealand because of their ability to engage 

multiple-wythe over the embedded length, which reduces the risk of localized mortar 

joint shear failure and also avoids masonry punching shear failure.   

Table 2.1. Codified capacities of different anchorage systems 

Reference Shear Capacity 

Vwa (kN) 

 Tension Capacity 

Twa (kN) 

 Straight M12 

anchors 

Straight M16 

anchors 

Straight M20 

anchors 

 Bent adhesive 

anchors 

Plate 

anchors 

CEBC (ICC 2010a) - - -  16.0 24.0 
12.0# 

NZSEE Guidelines (2006) 6 9 14  11 29.0 

14.5# 

ESR 2659 (ICC 2010b) 2.2 3.3 4.4  5.3 - 

Where: Vwa = shear force capacity of wall-diaphragm anchorage; and Twa = tensile force capacity of wall-diaphragm anchor. 
All values are for an embedment in a 3-wythe thick URM wall or noted otherwise and when all prescriptive quality control 

requirements are observed 
#for 2-wythe thick URM walls 
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Capacities of typical anchorage details (discussed in the following section) suggested in 

current US and New Zealand building codes (ICC 2010a; ICC 2010b; MSJC 2005a; 

NZSEE 2006) are presented in Table 2.1. It should be noted that these codified anchor 

capacities are contingent upon special inspection of the anchor installation (such as hole 

cleaning, epoxy placement with screen tubes etc) and also upon periodic on-site tension 

or torque testing. The plate anchors have codified tension capacities that are 50% to 100% 

higher than the bent adhesive anchors but some architects avoid using plate anchors due 

to the aesthetic impact associated with this type of anchorage. On the contrary, during 

discussion, some practicing engineers pinioned the bent adhesive anchor to be 

unnecessary conservatism that can crush wood blocking because of uneven bearing and 

deemed plate anchors being preferable.  

Anchorage at timber joists and the strength of related hardware to transfer forces from 

tout-of-plane loaded URM wall to backing roof member is as important as the masonry 

anchorage. A typical analysis as per US design code was performed that resulted in 

calculated tension capacity associated with bent adhesive anchors installed at a spacing of 

around 300 mm matching the capacity of a typical (light to medium-duty) timber floor 

hardware and the roof/diaphragm joist shear capacity. Additional details on the capacity 

of wall-diaphragm anchorage has been reported by Abdul Karim (2012).  

2.4.3. Introduction of secondary moment resisting frames 

One of the most common strengthening techniques is the introduction of a secondary 

moment resisting frame to resist lateral seismic forces, where a continuous reliable load 

path is ensured by connecting existing masonry walls to the secondary frame. The beams 

and columns of these frames are designed to minimize the aesthetic impact, which is 

achieved by locating the additional framing members at discrete location (often behind 

the existing masonry piers and spandrels). Braced steel frames are also used for 

strengthening URM buildings, which are typically much stiffer than moment frames and 

allow separation of physical continuity in spaces on either side of the frames. A variety of 

braced systems have been implemented in the past that include K braced frames, 

eccentrically braced frames and concentrically braced frames. Figures 2.7a to 2.7c show 

photographs of some URM buildings strengthened by adding secondary moment resisting 

frames and Figure 2.7d shows a photograph of an installed braced frame inside a URM 

building. 
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(a) steel frames connected to peripheral walls 

concealed using plywood cladding and exposed 

portal steel frames inside Smokehouse building  

(652 Ferry Road, Christchurch) 

 

(b) exposed moment resisting steel frames inside 

Joe‟s Garage Café building (194 Hereford Street, 

Christchurch) 

  

(c)  steel frames concealed using plywood cladding 

(left) and exposed steel frames (right) inside 

Christchurch Telephone Exchange building 

(15-29 Cathedral Square, Christchurch) 

(d)  installed braced steel frame inside TSB Building 

(130 Hereford Street, Christchurch) 

Figure 2.7. Examples of URM buildings strengthened using secondary frames 

Additional strengthening secondary frames can be made of either steel or concrete. It is 

noted that a careful consideration must be given to ensure sufficient wall-frame anchorage 

for such strengthening applications. Figure 2.8a and 2.8b show examples of failure caused 

by the loss of anchorage between the frame and the masonry wall. It should also be noted 

that the masonry spanning between the framing members have sufficient strength 

capacity and that the composite behaviour of a strengthened URM building should be 

well-conceived in advance to avoid masonry damage resulting due to excessive frame 

displacement or due to torsional stresses. Figure 2.8c and 2.8d show the layout plan and a 

photograph of a strengthened URM building possibly damaged due to torsional effects.  
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(a) an example of anchorage failure in a 

strengthened URM building 

(a) another example of anchorage failure in a 

strengthened URM building 
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(c) layout plan of Joe‟s Garage showing 

unsymmetrical strengthening  

(194 Hereford Street, Christchurch) 

(c) photograph of Joe‟s Garage after M6.1 2011 

Canterbury (New Zealand) earthquake  

(194 Hereford Street, Christchurch) 

Figure 2.8. Observed behaviour of URM buildings strengthened using steel frames 

2.4.4. Reduction of seismic demand using base isolation 

Base isolation has been used to a lesser extent than the aforementioned strengthening 

techniques for URM buildings, with its application to date limited to URM buildings 

having prime heritage value. Base isolation decreases the seismic demand imposed on the 

URM building and improves its seismic performance. The strengthening technique 

involves separation of the superstructure of the building from the foundation and casting 

in-situ reinforced concrete beams under the load bearing URM walls (referred to as base 

beams herein). Foundation beams are cast in-situ and subsequently a flexible layer having 

large damping characteristics (also known as base isolators) is introduced between the in-

situ cast base beams and foundation beams.  
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(a) steel reinforcement tied for a base beam and a 

foundation beam prior to casting concrete  

(b) a lead bearing base isolator installed between the 

base beam and the foundation beam  

Figure 2.9. Implementation of base isolation in Old Supreme Court building 

Figure 2.9 shows photographs of the Old New Zealand Supreme Court building located in 

Wellington New Zealand being strengthened using base isolation. Despite base isolation 

significantly reducing the seismic demand on the building, the superstructure may also 

require strengthening to some extent when URM walls are assessed to be seismically 

deficient to withstand the reduced seismic forces. Currently, a number of base isolation 

systems are commercially available for such applications and the selection of an 

appropriate base isolation system is dependent upon the intended dynamic response of the 

structure. Some common types of base isolators are elastomeric high damping rubber 

bearings, lead core rubber bearing isolators and frictional isolators. In terms of the 

dynamic behaviour of a building structure, base isolation reduces the natural frequency of 

vibration thus making the building behave as a stiff body and concentrating the 

displacements in an installed flexible layer that in turn minimises displacements in the 

superstructure.  

2.4.5. Reduction of seismic load amplification by stiffening diaphragms 

In historic URM buildings the horizontal flooring, typically consisting of timber joists 

and plywood sheathing (see Figure 2.10a), is termed a flexible diaphragm that amplifies 

and redistributes seismic forces to the load bearing walls. Inadequate diaphragms are 

often encountered in historic URM buildings that result in larger seismic force 

amplification. However, this problem can be solved by stiffening the existing diaphragms 

and ensuring safe transfer of force to and from stiffened diaphragms.  
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(a) underside of a typical wooden diaphragm 

 

(b) a diaphragm strengthened using installation of 

new plywood sheathing and steel strapping 

 

  

(c) diaphragm strengthened using steel strapping 

and blocking 

(d) newly installed steel trusses in a roof diaphragm 

Figure 2.10. Examples of diaphragm strengthening 

Typically, a diaphragm strengthening intervention also involves the addition of 

mechanical fastenings and improvement of wall-diaphragm connections. Diaphragm 

stiffening at floor levels is often performed by introducing timber blocking in the existing 

diaphragm, overlaying or replacement of floor sheathing, or by using steel strapping (see 

Figures 2.10b and 2.10c). However, in roof diaphragms the use of steel bracing elements 

and steel struts has also been implemented (see Figure 2.10d). A detailed account of 

aspects pertaining to diaphragm behaviour and techniques to strengthen them has been 

reported by Wilson (2012).  

2.4.6. Shotcrete overlay 

Shotcrete was one of the most popular strengthening techniques until the 1990s because 

the technique is conceptually similar to the addition of normal reinforced concrete shear 
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walls. However, a reasonable decline in its popularity has occurred over the past few 

decades due to the development of lightweight strengthening materials and due to 

concerns of heritage preservation. In this technique an extra thickness of concrete is 

added to existing URM walls by pneumatically spraying a workable concrete mix under 

high pressure (typically of the order of 70 MPa) over a welded fabric of steel 

reinforcement bars, with this reinforcement often conservatively designed to solely resist 

the seismic lateral forces. Additionally, adhesive anchors (epoxy based or cementitious 

grout based) that are designed to avoid de-bonding failure are also installed prior to 

shotcrete application. One downside of the strengthening technique is the large mass of 

the added shotcrete layer that may require additional foundation strengthening and also 

increases the seismic weight of the building. 

  
 

(a) a multi storey URM building strengthened using 

shotcrete overlay in combination with the addition 

of secondary steel frames 

 

 

(b) a URM building strengthened using shotcrete 

overlay on interior face of walls 

  
 

(c) URM building strengthened using shotcrete 

(Corner of Montreal and Moorhouse Streets) 

 

(d) de-bonding of outer wythe in a shotcreted URM 

wall due to earthquake effects 

Figure 2.11. Examples of URM buildings strengthened using shotcrete 
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(a) street view of the building 

 

(b) application of ECC onto URM walls 

Figure 2.12. Strengthening of Wintec building using ECC (Lin 2012) 

Figures 2.11a to 2.11c show photographs of URM buildings that have been strengthened 

using shotcrete. It was also observed following the 2010/2011 Canterbury earthquake 

sequence that the added shotcrete layer in some instances had resulted in separation of the 

exterior masonry wythe from rest of the URM wall (refer Figure 2.11d) when subjected to 

a large magnitude earthquake, which is attributed to the absence of adequate number of 

header courses interconnecting the multiple wythe of the URM walls. With recent 

developments and research on polymer composite materials, a relatively new fibre 

reinforced shotcrete named Engineered Cementitious Composite (ECC) has been 

developed.  

ECC has been reported in the technical literature to exhibit superior performance because 

of its prolonged strain hardening behaviour (Kesner and Billington 2005; Kim et al. 2004; 

Kim et al. 2003; Kyriakides and Billington 2008; Li et al. 2000; Li et al. 2004; Lim and 

Li 1997; Lin 2012; Wang and Li 2006). For the preparation of an ECC mix, cement (C), 

fly ash (0.3C), and silica sand (0.8C) are dry mixed and then water (0.4C) is added to the 

dry mixture, where C is the cement content. Subsequently, to increase the workability of 

the mix polyvinyl alcohol fibres (2% of batch volume), calcium aluminium cement (5% 

of batch volume), hydroxyl-propyl-methyl-cellulose (0.05% of batch volume), and high 

range water reducing admixture (0.75% of batch volume) are added to the mix (Li et al. 

2004). The prepared matrix is sprayed pneumatically with an air pressure of 

approximately 70 MPa over the prepared substrate surface of the wall. Additionally, to 

give a robust interaction between the substrate masonry and the strengthening ECC layer, 
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shear dowels can be installed at a spacing of 200-300 mm both ways (Li et al. 2000; Lim 

and Li 1997; Wang and Li 2006). Figure 2.12a and 2.12b show photographs of Wintec 

building, which has been seismically strengthened using ECC shotcrete and reported by 

Lin (2012). 

2.4.7. Reinforced plastering systems 

Use of reinforced plastering systems dates back to the early 1880s, when horse hair was 

used as fibre reinforcement in thick lime based plastering systems. The presence of such 

reinforced mortar is prevalent in heritage New Zealand URM building stock (see Figure 

2.13a). Amongst some traditional strengthening applications one is the use of steel 

reinforced rendering of walls (also referred to as ferrocement).  

 

Substrate Masonry

2-3 mm Thick Mortar Layer

Hardware Steel Welded Mesh

2-3 mm Thick Mortar Layer

 
(a) closer view of horse hair reinforced lime mortar 

 

(b) typical details of ferrocement 

 

  
 

(c) cracked steel mesh reinforced plaster observed 

following the 2011 February aftershock 

 

(d) TRM strengthened URM building  

(South Colombo Street, Christchurch) 

Figure 2.13. Examples of URM buildings strengthened using reinforced plasters 
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Figure 2.13b shows typical steel reinforced mortar application details. Figure 2.13c shows 

a closer view of cracked steel mesh reinforced plaster layer inside a URM building in 

Christchurch, observed following the February 2011 aftershock. For steel reinforced 

plaster applications, a 10-50 mm thick layer of mortar with 3-8% steel reinforcement 

(usually a welded steel mesh) is placed on the URM wall surface (see Figure 2.13b). A 

high strength (15-30 MPa) cement sand mortar, with a cement sand ratio of 1:1.5-3 and a 

water cement ratio of 0.4, is placed after each layer of hardware steel wire mesh and 

finally finished with mortar plaster (Rowe 1984). It is also stated in the literature that 

durability, porosity and plasticity of the plastering layer can be further improved by 

adding 10-20% low cost natural fibre. Use of improved reinforced plastering systems, 

consisting of non-corrosive and much stronger polymeric textiles (with or without a 

stainless steel mesh) and high bond strength vapour permeable water resistant mortar 

(also referred to as TRM), has now become commercially available for such 

strengthening applications. More details about such plastering systems are given in 

Chapters 8 and 9, whereas developed design provisions for TRM strengthening with a 

worked example are presented in Appendix F and Appendix G reports practical 

implementation of TRM strengthening technique in real historic URM buildings. Figure 

2.13d shows a photograph of a URM building that has been strengthened using TRM 

prior to the 2010/2011 Canterbury (New Zealand) earthquake sequence and had survived 

the strong earthquakes. 

2.4.8. Surface bonded fibre reinforced polymer sheets 

Another relatively new strengthening technique is surface bonding of an epoxy 

impregnated glass Fibre Reinforced Polymer (FRP) sheet to a prepared well cleaned and 

ground URM substrate with or without the installation of epoxy grouted FRP anchors. 

The strength and curing time for FRP overlays range between 3 to 5 days. However, 

being irreversible, use of FRP surface bonding in historic fair face masonry buildings is 

limited to application o interior surface. Other design considerations for deciding on a 

FRP strengthening scheme for historic URM walls include aspects of its performance at 

high temperature, useable strength governed by de-bonding, moisture affects and 

durability issues. Significant research has been conducted on the use of FRP for URM 

walls and can be found in the technical literature (Bae et al. 2011; Branco and Guerreiro 

2011a; Mahmood 2012; Triantafillou 1998; Triantafillou and Antonopoulos 2000). Figure 
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2.14a shows a building located in Ebensburg USA being strengthened using surface 

bonded FRP sheets. 

2.4.9. Addition of strong backs and reduction of effective height of URM walls 

There may exist situations where URM walls are assessed to provide sufficient in-plane 

strength but are prone to out-of-plane failure. In such a scenario the out-of-plane strength 

of the URM wall can be increased by the provision of vertical strong backs (being 

typically hollow steel sections) or by mounting a horizontal steel brace between two 

adjacent diaphragm levels, decreasing the effective wall height and subsequently 

increases the out-of-plane strength of the strengthened wall. For connecting such vertical 

and horizontal supporting member adhesive anchors are installed.  

  
 

(a) a URM building being strengthened using surface 

bonded FRP sheets  

(Courtesy: Town and Country FRP Corporation) 

 

 

(b) unfinished installation of strong backs inside a 

URM building being strengthened 

  
 

(c) strong backs installed inside a URM building 

located in Christchurch 

 

(d) installed strong backs supporting diaphragm 

after the wall had collapsed in a URM building 

Figure 2.14. Examples of URM buildings strengthened using surface bonded FRP 

sheets and strong backs 
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Figures 2.14b and 2.14c show examples of such strengthening implementations. The 

vertical strong backs not only provide lateral support to URM walls but also are 

conceived to support the diaphragms when the walls had collapsed during an earthquake 

(refer Figure 2.14d), being an added advantage of the strengthening technique.. 

2.4.10. Posttensioned URM walls 

In this strengthening technique, URM walls are prestressed using posttensioning, which 

allows the utilisation of masonry compression strength to compensate for earthquake or 

wind induced lateral forces. A prestress can be applied to URM walls either by placing 

posttensioned tendons inside cored circular cavities (referred to as internal posttensioning 

herein) or locating posttensioning tendons at wall corners or inside protrusions of a 

buttressed wall (referred to as external posttensioning herein). In internal posttensioning 

applications, the tendons can either be mechanically restrained using spacers or fully 

restrained by completely grouting the cored cavities.  Such grouting is performed in two 

steps. In the first step the bottom portion of the core is grouted, that serves as the dead end 

bottom anchorage for the tendon, and in the second step the remaining portion of the core 

is filled from the wall top live end under pressure after the tendon has been stressed and 

the end anchorage assembly has been installed. 

There are several proprietary posttensioning systems available to apply prestress to URM 

walls. Of these, sheathed greased seven wire strands with live end anchorages and 

threaded steel bars with hexagonal nut-plate end anchorage assemblies are typical in 

practice. Some research studies have also investigated fibre reinforced polymer bars for 

posttensioning application in URM buildings. Unbonded posttensioning, being reversible 

to some extent, is often deemed to be a desirable strengthening solution for URM 

buildings with notable heritage value (Goodwin et al. 2009). Further details about the 

history of posttensioning, application procedure, and associated theoretical considerations 

are discussed in Chapters 3 to 5, whereas provisions for a posttensioning seismic 

strengthening design are presented in Appendix D and Appendix G reports practical 

implementation of posttensioning strengthening technique in real historic URM buildings. 

2.4.11. Near surface mounted reinforcement 

In Near Surface Mounting (NSM) applications, surface notches are cut in the substrate 

masonry and reinforcement is bonded in these cut notches using either an epoxy or a 
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cementitious grout. NSM bonding of deformed steel bars, twisted stainless steel bars, 

glass fibre reinforced polymer bars, and carbon fibre reinforced polymer strips (CFRP) 

have been used in the past to strengthen URM walls (Korany and Drysdale 2007; Turco et 

al. 2006a; Valluzzi et al. 2005a; Valluzzi et al. 2002b; Valluzzi et al. 2005c). If the cut 

slots are properly located through mortar joints (head joint or bed joint) and careful care 

is exercised to conceal the NSM notches then the finished NSM applications are barely 

noticeable. NSM bonding of twisted stainless steel bars is discussed in detail in Chapter 6 

and 7, whereas developed design provisions for NSM-TS strengthening with a worked 

example are presented in Appendix E and Appendix G reports practical implementation 

of NSm-TS strengthening technique in real historic URM buildings. 

2.4.12. Installation of energy dissipaters 

There are two main types of damping systems common in practice for strengthening 

building structures, namely hysteretic dampers and viscous dampers. Hysteretic dampers 

dissipate energy through the plastic deformation of metallic elements, whereas viscous 

dampers mobilize a restoring force (Branco and Guerreiro 2011b) by converting the 

kinetic energy generated due to seismic excitations into thermal energy and thus reduce 

the lateral displacement of the building. The use of energy dissipaters (also known as 

external dampers) for seismic strengthening applications is currently confined to high rise 

concrete or steel buildings (Ibrahim 2008; Martinez-Rodrigo and Romero 2003) and their 

use for strengthening URM buildings is not common in practice, with no URM building 

in New Zealand yet strengthened using such dampers.  

2.5. CLOSING REMARKS 

It can be stated based on the post-earthquake observations discussed in this chapter and in 

appendix A that despite the majority of URM buildings partially or completely collapsed 

during the 2010/2011 Canterbury (New Zealand) earthquake sequence, URM buildings 

that had undergone a well-conceived seismic strengthening generally performed 

satisfactorily. It is noted that when seismic strengthening of URM buildings having 

notable historic value is of interest, careful consideration should be given to retain the 

building character, historic architectural details and to allow possible reversal of the 

strengthening work in future. It should also be noted that a single URM building may 

require the implementation of one or more strengthening techniques, where the selection 
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of strengthening techniques is dictated by a number of factors including but not limited to 

financial concerns, architectural concerns, heritage concerns and structural stability 

concerns. 

2.6. SUMMARY AND CONCLUSIONS 

The structural behaviour of historic URM buildings when subjected to lateral forces 

generated due to seismic excitations is briefly discussed followed by a discussion of 

heritage preservation considerations associated with seismic strengthening of historic 

URM buildings. A brief overview of typical strengthening techniques for the seismic 

retrofit of historic URM buildings is presented and details about each strengthening 

technique are reported that include strengthening procedure, design concept, and 

performance of strengthened URM buildings during the 2010/2011 Canterbury (New 

Zealand) earthquakes sequence.  
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CHAPTER 3. PRESTRESS LOSSES IN 

POSTTENSIONED URM WALLS 

 

3.1. INTRODUCTION 

Current masonry codes provide guidelines for assessing posttensioning losses, with these 

losses typically attributed to shrinkage, creep, tendon relaxation, elastic shortening, 

anchorage seating, tendon undulation, friction and thermal effects. Of these factors, steel 

relaxation, shrinkage and creep are the most important factors that will influence the 

design and longevity of an adequate retrofit. However, for historic clay brick masonry 

walls shrinkage losses or masonry expansion are unlikely to be large because of the 

significant age of the masonry materials.  

For analysis and design of prestressed URM walls an effective prestress fse is calculated 

using Equation 3.1, which is defined as the tendon stress after all losses have occurred. In 

Equation 3.1, the total prestress loss  is the sum of prestress losses due to tendon 

relaxation, masonry shrinkage and masonry creep (refer Equation 3.2). 

 (3.1) 

 (3.2) 

where Δfpr = prestress loss due to steel relaxation, Δfsh = prestress loss due to masonry 

shrinkage, and Δfcr = prestress loss due to masonry creep shortening. More masonry 

shortening is expected in historic URM walls than in newly constructed URM walls due 

to the presence of a relatively larger amount of highly deformable bed joint mortar. 

However, as historic masonry walls have already been subjected to sustained overburden 

weights for a considerable span of time, which is likely to have resulted in expulsion of 
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water and air voids, the masonry shortening to occur following the application of 

posttensioning can be expected to be less in historic masonry than in new URM 

construction. These unique characteristics of historic URM walls suggest that prestress 

losses due to masonry shrinkage and creep shortening can be expected to be significantly 

different from that observed in new URM construction, motivating the initiation of an 

experimental investigation of masonry shrinkage and creep shortening in real historic 

URM wallettes.  

Some experimental studies have already investigated the prestress losses in historic clay 

brick masonry but because of the large variation observed between the results of these 

studies and the typical codified prestress loss parameters, there still exists considerable 

uncertainty. Therefore, an experimental program investigating the time dependent 

shortening in historical URM walls was undertaken.  

3.1.1. Prestress losses due to tendon relaxation 

Tendon relaxation losses are influenced by the tendon type (constituent steel properties) 

and the end anchorage details, which are normally quantified as a percentage of the 

initially applied tendon stress. The relaxation loss parameter is normally provided by the 

tendon manufacturer, which is experimentally determined over a period of 1000 hours. 

Literature suggests the ultimate relaxation losses to be 3 times the value suggested for 

1000 hours (CEN 2005a). The Prestressed Concrete Institute recommended Equation 3.3 

(PCI 1975) to establish relaxation loss at any given time after the application of 

prestressing, which was later adapted by Laursen (2002) to determine the ultimate 

relaxation loss for a posttensioning strand and is reproduced herein as Equation 3.4.  

 for  (3.3) 

 (3.4) 

3.1.2. Prestress losses due to masonry shrinkage and creep shortening 

Masonry undergoes deformation when subjected to sustained loading over long periods of 

time, which eventually causes axial shortening in prestressed masonry. The axial 

shortening due to sustained axial loading is termed as creep. Typically, masonry creep is 

quantified by a creep parameter, kc (also known as specific creep), which is defined as 
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creep strain per MPa of initially applied sustained prestress. Masonry specific creep 

depends upon a number of factors but largely is influenced by physical characteristics of 

the constituent masonry materials. Another widely accepted parameter for quantifying 

masonry creep shortening is the masonry creep ratio (also referred to as ultimate creep 

compliance), Cc, which is the ratio of the long term masonry shortening to the initial 

elastic masonry shortening. It should also be noted that shrinkage of masonry occurs due 

to the drying process of the mortar, which is unlikely to happen in historic URM 

buildings considered for a posttensioning seismic retrofit because of the significant age of 

the masonry. Equations 3.5 and 3.6 show the relations to evaluate the prestress losses due 

to masonry shrinkage and creep respectively.  

 (3.5) 

 (3.6) 

In addition to these long term deformations, an immediate elastic shortening occurs in 

masonry when prestress is applied, which can be calculated using the masonry elastic 

modulus. As the monitoring of masonry shortening over the entire design life of the 

structure (typically 50 years) is not practical, the creep strain monitored over a short 

period of time (only after the creep strain curve had levelled out) can be extrapolated 

using a rheological model. Figure 3.1 shows an illustration of the time dependent 

shortening occurring in prestressed masonry walls, where to is the time when prestress is 

applied and the dotted lines show the losses that can occur in new URM construction but 

that are less likely to occur in historic URM walls.  
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Figure 3.1. Time dependent masonry creep 
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(a) Maxwell model (b) Kelvin model (c) Burgers model 

Figure 3.2. Representation of basic rheological models 

Note that time dependent masonry shortening also varies due to masonry material 

degradation and that masonry shortening in realistic URM walls results in variable 

prestress instead of remaining constant (Anand and Rahman 1991), suggesting the use of 

an incremental or superposition procedure to be more appropriate to estimate masonry 

shortening than the additive approach adopted herein. However, such incremental 

analysis is laborious and its routine utilisation in design practice is questionable. 

3.1.3. Prediction of masonry creep shortening 

Based on the results of in-situ and laboratory based creep testing Leczner (1986a) 

suggested that the creep ratio for prestressed URM walls can be predicted using Equation 

3.7, where f'b is the brick compressive strength. However, Equation 3.7 was observed to 

over predict the creep strains when compared to the results of the experimental study 

presented herein. 

  (3.7) 

Rheological models represent the time-dependant visco-elastic behaviour of masonry 

using different arrangements of springs and dashpots and are typically used for predicting 

time dependent masonry creep shortening. Of these rheological models the Maxwell 

model, Kelvin model and Burgers Model are most commonly used, with the former two 

consisting of a spring and a dashpot (refer to Figure 3.2a and 3.2b) and the third 

consisting of two springs and two dashpots (refer Figure 3.2c) that is believed to allow 

better representation of the masonry creep phenomenon than do the former two.  

Equations 3.8 to 3.10 represent the Maxwell model, Kelvin model and Burgers model 

respectively in an analytical form, where εc(t) is the sum of elastic shortening strain and 
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the continued creep shortening, λ is the parameter related to delayed strain response of 

masonry, Em is the masonry modulus of elasticity, fmi is the magnitude of initially applied 

prestress, and t is the time in days after prestressing. 

  (3.8) 

  (3.9) 

  (3.10) 

Based on the results of in-situ creep testing Hughes and Harvey (1995) established 

Equation 5.11 to determine the parameter for delayed strain response of masonry, where 

Em is the masonry modulus of elasticity in MPa.  

 (5.11) 

Shrive et al. (1997) substituted for the value of λ from Equation 5.10 into a modified 

Burgers model and established Equation 3.12 for calculation of the creep ratio after t days 

from the application of prestress, Cc(t). 

 (3.12) 

where Em is the masonry modulus of elasticity in MPa, and t is the time in days from the 

application of prestress. The predicted creep ratio is then multiplied by an aging 

coefficient χ (refer Equation 3.13) to account for the significant age of the masonry that 

has already been subjected to sustained overburden loading for numerous years. The 

aging coefficient has previously been used in prestressed concrete design (Ghali and 

Favre 1986), and was determined herein empirically to match the experimental curves. 

 (3.13) 

3.1.4. Past testing on masonry creep shortening 

Several research studies have investigated the nature and magnitude of prestress losses 

that occur in posttensioned masonry, including the experimental programs briefly 
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discussed below. Schubert & Wesche (1984) proposed creep and shrinkage parameters 

for concrete and clay brick masonry, which are reported in Table 3.1.  

Lenczner (1986b) studied the creep strain of a historic URM tower block located in the 

United Kingdom over a period of eight years and found the total masonry shortening to 

be roughly twice the magnitude of initial elastic shortening. Studies have also reported 

creep strain causing failure of historic URM buildings (Binda et al. 1992), emphasising 

the importance of masonry creep when considering the longevity of posttensioning 

strengthening of historic URM buildings.  

Curtin et al. (1982) estimated prestress loss by monitoring masonry shortening strains in 

prestressed URM assemblages and suggested that a prestress loss of up to 20% can be 

expected in newly constructed clay brick masonry walls. Hughes and Harvey (1995) 

observed the creep strain in a nine storey URM building over 6000 days (with individual 

test results spanning over 400 days) and observed the creep coefficient, Cc, to range from 

0.3 to 3.0.  

Shrive et al. (1997) investigated the creep shortening occurring in clay brick masonry 

walls by monitoring creep strains of a total of 188 five brick high newly constructed clay 

brick masonry prisms subjected to varying magnitudes of prestress. The test prisms were 

constructed using different mortar compositions and were tested in moist and dry 

conditions. The test prisms were prestressed using symmetrically located high strength 

threaded steel bars. Series 1 of the testing program had strength and stiffness 

characteristics similar to prevalent heritage URM materials and therefore the results of 

series 1 are reproduced herein.  

Anand and Bhatia (1996) investigated the creep strain in URM walls, by monitoring the 

creep strain in several prestressed URM wall specimens over a period of 300 days and by 

performing micro-level finite element analysis of URM piers over an extended period of 

time. The study suggested that the long term creep strain can be conservatively estimated 

by using a masonry creep ratio of 1.5.  

Experimentally determined values of creep parameters for clay brick masonry reported in 

the aforementioned research studies, together with the codified values of these masonry 

creep parameters, are presented in Table 3.1. 
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Table 3.1. Masonry shrinkage and creep parameters 

Reference Clay Brick Masonry*  New Concrete Masonry 

Cc kc ksh  Cc kc ksh 

 Ratio µε µε  Ratio µε µε 

BS 5628 (2000) 1.5 759# 0  3.0 210## 500 

TMS 402 (2008) 0.02# 10 0  0.5## 36 100 

AS 3700 (2001) 0.5-0.6 253-304# 0  2.5 170## 700 

S 304.1 (CSA 2004) 1.0-3.0 506-1517# 0  3.0-4.0 210-280## 100-200 

EC 06 (CEN 2005a) 0.7 354# 0  1.5 105## 150 

Laursen (2002) - - -  1.5-3.4 105-282 373-388 

Wight (2006) - - -  1.7-3.4 115-282 435-738 

Schubert & Wesche (1984) 0.5-1.7 253-860# 0  - - - 

Lenczner (1986b) 2.0** 1011# 0  - - - 

Shrive et al. (1997) 0.5-1.7 253-860# 0  - - - 

Anand & Bhatia (1996) 1.5 759# 0  - - - 

Where: Cc = masonry creep ratio; kc = masonry specific creep; and ksh = masonry shrinkage parameter. 

*old masonry with weak hydraulic mortar and saturated bricks, **found experimentally over a period of 8 years in a historic URM 

building located in UK, #analogous value calculated using Em = 300f‟m and f‟m = 6.59 MPa, ##analogous value calculated using 

Em = 800f‟m and f‟m = 18 MPa (Wight 2006) 

3.2. EXPERIMENTAL PROGRAM 

A total of six URM wallettes extracted from a historic URM building known to be 

originally constructed in 1881 were subjected to varying magnitudes of prestress and the 

resulting masonry shortening was monitored over a period of 180 days. All test wallettes 

were capped using dental plaster to uniformly distribute the prestress over the entire 

contact surface, which were subsequently prestressed to represent the axial stresses 

developed at the base of a typical posttensioned historic URM wall.  

Test wallettes were given the notation WAB-N or WPT-N, where W refers to wallettes, 

AB refers to as-built control wallette, PT refers to prestressed wallettes, and N denotes the 

test number. The geometric dimensions of test wallettes and the magnitude of applied 

prestress are given in Table 3.2. 

 

Table 3.2. Masonry shrinkage and creep testing details 

Wallette lw  

(mm) 

he  

(mm) 

bw  

(mm) 

f'm  

MPa 

Ag  

mm2 

Ppsi  

(kN) 

fmi  

(MPa) 

fmi/ f'm 

(Ratio) 

WPT – 01 236 232 126 6.59 29232 30.11 1.03 0.16 

WPT – 02 239 200 140 6.59 28000 23.24 0.83 0.13 

WPT – 03 230 210 142 6.59 29820 21.77 0.73 0.11 

WPT – 04 240 235 157 6.59 36895 24.35 0.66 0.10 

WPT – 05 240 196 162 6.59 31752 11.43 0.36 0.05 

WAB – 06 230 205 132 6.59 27060 - - - 

Where: lw = wallette length; he = wallette height; bw = wallette thickness; f'm = masonry compressive strength; Ag = gross area of 

masonry under prestress; Ppsi = initial posttensioning force on each bar; and fmi = initially applied prestress. 
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3.2.1. Material properties 

Testing was conducted on URM wallettes extracted from a heritage URM building 

(hereafter referred to as the Old Supreme Court) situated in Wellington, New Zealand. 

The old Supreme Court was originally constructed in 1881 and served as the Supreme 

Court for 100 years up to 1980, when it was vacated and fell into decline. The building 

possesses considerable heritage value and is registered as a category one historic building 

(building having special historical significance) on the New Zealand Historic Places Trust 

Register. Given the historic value associated with the Old Supreme Court, the building 

was carefully strengthened in 2008 using lead bearing base isolators and by plastering the 

URM walls inside and out.  

The load bearing URM walls of the building consisted of a low strength hydraulic mortar 

and burnt clay bricks, being on average 70 mm × 110 mm × 210 mm in size. Peripheral 

walls had a strong cement based plaster on the exterior and the interior faces. In the early 

nineteenth century, as a part of one restoration effort, a bituminous coating was applied 

on the exterior face of the peripheral walls to avoid rain water ingress that in reality 

created a barrier for water vapour and contributed towards masonry deterioration. The 

masonry followed a common English bond pattern, with a header course located after 

every one stretcher course, interconnecting the multiple wythe together. Figure 3.3a 

shows a photograph of the Old Supreme Court when the building was constructed in 1881 

and Figure 3.3b shows a photograph of the Old Supreme Court when the building was 

being strengthened in 2008.  

  
 

(a) after construction in 1881 

 

(b) being strengthened in 2008 

Figure 3.3. Photographs of the old supreme court building 



3. PRESTRESS LOSSES IN POSTTENSIONED URM WALLS 

-39- 
 

  
 

(a) cutting of extracted URM section 

 

(b) further cutting to uniform size 

Figure 3.4. Preparation of test wallettes from the extracted URM section 

A URM section was extracted from the building when it was being strengthened, which 

was transported back to the civil test hall at the University of Auckland for material 

testing. The extracted masonry section was then cut into equally sized small URM 

wallettes using a wet concrete cutting saw (refer Figure 3.4).  

Masonry material properties were determined and reported by Lumantarna (2012), which 

are reproduced herein for completeness. The brick modulus of rupture was determined in 

accordance with AS/NZS 4456-03 (2003). Masonry flexural bond strength was 

determined in accordance with ASTM C1072-10 (2010a). Mortar compressive strength 

was determined in accordance with ASTM C109-11 (2011b), whereas the compressive 

strength of bricks and masonry were determined in accordance with ASTM C67-11 

(2011a) and ASTM C1314-11 (2011c) respectively. The results of masonry material 

testing are reported in Table 5.3 as mean values and corresponding coefficients of 

variation (COV). 

 

Table 3.3. Masonry material properties 

Measure f'b fr f'j f'm Cm µf Em 

 (MPa) (MPa) (MPa) (MPa) (MPa) (Ratio) (GPa) 

Mean 17.68 0.40 1.87 6.59 0.43 0.92 1.98 
CoV 0.12 0.22 0.15 0.23 - - - 

Where: CoV = coefficient of variation; f'b = brick compressive strength; fr = masonry flexural bond strength; f'j = mortar compressive 

strength; f'm = masonry compressive strength; Cm = masonry cohesion; µf = masonry coefficient of friction; and Em = masonry Young‟s 
modulus calculated as Em = 300f'm. 
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Figure 3.5. Shrinkage and creep test setup 

3.2.2. Testing details 

Test wallettes were sandwiched between a steel girder beam and a 50 mm steel bearing 

plate. Uniform axial stress (prestress) was applied to test wallettes using two externally 

located 20 mm threaded steel bars, with a heavy coil spring placed at the bottom of each 

tendon to maintain the magnitude of applied prestress and to ensure a uniform stress 

distribution. An assembly consisting of a 200 kN load cell and a 200 kN hydraulic jack 

was used for the application of pre-selected magnitudes of prestress. Typical hexagonal 

nut end anchorage assemblies were used for locking off the posttensioning. Figure 3.5 

shows the test setup used for shrinkage and creep testing.  

Elastic masonry shortening was measured during the posttensioning application process, 

over a gauge length of 100 mm at four different locations on the masonry assemblage, 

which were marked prior to the application of prestress by mounting eight demec points 

directly onto the masonry surface in the uniform stress region. For measuring the 

continuing masonry shortening strains, a demountable mechanical displacement gauge 

having a precision of 0.002 mm was used (see Figure 3.6). The displacement gauge was 

checked throughout the data collection period using an INVAR steel bar, which was 

known to have a very low coefficient of thermal expansion.  
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(a) prestressed wallettes 

 

(b) strain being measured 

Figure 3.6. Photographs of the masonry shrinkage and creep testing 

Masonry shortening measurements were made over 180 days, with these measurements 

made twice a day over the first 20 days and subsequently once a week when the masonry 

creep continued to occur at a relatively slower rate. Ambient environmental temperature 

and relative humidity were also monitored using a hand held multifunction environment 

meter. The masonry shortening curves for all wallettes were observed to stabilize by the 

time measurement was discontinued. 

3.2.3. Testing results and discussion 

A summary of test results is presented in Table 3.4. Estimates about the initial elastic 

masonry shortening were made using a masonry modulus of elasticity of 300f'm, where f'm 

is the masonry compressive strength. The predicted elastic masonry shortening values 

were found to fit well with the experimentally measured values. The maximum 

experimentally measured specific creep values were calculated by dividing the measured 

masonry creep strain by the magnitude of initially applied prestress and subsequently the 

corresponding masonry creep ratio values were calculated by dividing the ultimate 

specific creep by the initial elastic strain per unit applied prestress. It should be noted that 

these two masonry creep parameters can also be correlated as Cc = kc × Em, where Em is 

the masonry Young‟s modulus.  

A maximum shortening strain of 90 µε was also observed in the unstressed wallette, 

which was attributed to the drying of heavily water saturated wallettes (due to the wet 

cutting process). In precedent experimental programs, it was established that most of the 
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masonry creep occurs within the first year after prestressing ((Anand and Bhatia 1996; 

Anand and Rahman 1991; Ganz and Shaw 1997; Hughes and Harvey 1995; Laursen et al. 

2006; Lenczner 1986a; Lenczner 1986b; Schubert and Wesche 1984; Shrive et al. 1997). 

Therefore, the specific creep and creep ratio values were then extrapolated using the 

modified Burgers model (refer Equation 3.13) to conservatively predict the masonry 

specific creep after 2 years from the application of prestress. 

For extrapolation of masonry creep plots, the adapted rheological model shown in 

Equation 3.13 was used and appropriate aging coefficients were established (refer Figure 

3.8d), which were further observed to correlate (with a Pearson‟s correlation coefficient 

of 0.98) to the magnitude of initially applied prestress. The relation between the initially 

applied prestress magnitude and the aging coefficient was found by performing regression 

analysis, which is presented as Equation 3.14. 

 (3.13) 

3.2.3.1. Ambient temperature and relative humidity 

Figure 3.7a and 3.7b show the variation of the ambient air temperature and relative 

humidity during the testing. Strains measured in the unstressed wallette were used to 

investigate the strain attributed to environmental changes and the total experimentally 

determined shortening strain attributable to masonry creep was calculated as the 

difference between the total measured shortening strain in the prestressed wallettes and 

that from the unstressed wallette. It should be noted that the ambient environmental 

conditions during the testing (inside the civil test hall) were considered to result in strains 

exceeding those expected for walls in a realistic environment, which is characterised by a 

lower average temperature and relatively higher humidity. 

Table 3.4. Summary of masonry creep testing results 

Test Wallette fmi  

(MPa) 

εi  

(µε) 

εi,t  

(µε) 

εtu  

(µε) 

εcu  

(µε) 

kc  

(µε/MPa) 

Cc 

Ratio 

k'c  

(µε/MPa) 

C'c 

Ratio 

χ 

- 

WPT – 01 1.03 565 521 895 241 234 0.43 278 0.55 0.080 
WPT – 02 0.83 476 420 758 193 232 0.40 271 0.54 0.078 

WPT – 03 0.73 388 369 637 160 219 0.41 254 0.50 0.073 
WPT – 04 0.66 349 334 582 143 217 0.41 247 0.49 0.071 

WPT – 05 0.36 222 182 377 65 181 0.29 209 0.41 0.060 

Where: fmi = magnitude of prestress applied to the masonry wallette; εi = measured initial elastic masonry strain; εi,t = theoretical initial 

elastic masonry strain; εtu =  maximum measured total masonry time dependent strain; εcu = maximum measured masonry creep strain; 
kc = measured masonry specific creep; Cc = measured masonry creep ratio; k'c = extrapolated masonry specific creep; 

C'c = extrapolated masonry creep ratio; and χ = aging coefficient empirically determined to match the experimental curve. 
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(a) averaged ambient air temperature 

 
 

(b) averaged relative humidity 

Figure 3.7. Ambient air temperature and relative humidity 

3.2.3.2. Time dependent masonry creep shortening 

The total masonry strain at time t was plotted in Figure 3.8a against the time since the 

application of prestress, where the total masonry strain included the initial elastic 

shortening strain, the continuing masonry creep strain, and the strain attributed to ambient 

environmental changes. The total masonry strain ε(t) can be mathematically represented 

using Equation 3.14. 

 (3.14) 

where Em is the masonry modulus of elasticity, fmi is the applied prestress, kc(t) is the 

specific creep at time t, and εo is the strain attributed to ambient environmental changes 

and drying creep. Similarly, time dependent masonry creep shortening strain and masonry 

specific creep values were calculated and then plotted in Figure 3.8b and 3.8c. It was 

observed during the testing that the majority of creep shortening occurred within the first 

60 days after the application of prestress and subsequently the creep curves started to 

stabilise and masonry shortening continued to occur at a slower rate. The observed 

behaviour is consistent with that observed in precedent masonry creep testing programs. 
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(a) total masonry shortening strain 

 

(b) masonry creep strain 

  
 

(c) masonry specific creep strain 

 

(d) extrapolation up to 2 years 

Figure 3.8. Time dependent masonry shortening and prestress loss 

3.2.3.3. Posttensioning losses due to masonry creep shortening 

Figure 3.9a shows the estimated prestress loss based on the experimentally determined 

specific creep values and Figure 3.9b shows the estimated prestress loss based on the 

extrapolated specific creep values. The magnitude of prestressing loss due to masonry 

shortening was estimated by considering the masonry material properties presented in 

Table 1 and the physical characteristics of three typical tendons, being threaded steel bars 

(fpu = 680 MPa and Eps = 200 GPa), high strength threaded steel bars (fpu = 1080 MPa and 

Eps = 190 GPa), and greased sheathed seven wire strands (fpu = 1750 MPa and Eps = 170 

GPa). It is noted that the axial load ratio in real walls is calculated using total prestress 

due to both the overburden weight and the applied posttensioning, with the former 

normally being a small fraction of the latter and thus can be ignored to simplify the 

prestress loss calculations.  
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(a) after 180 days 

 

(b) after 2 years 

Figure 3.9. Estimated prestress losses 

It can be seen that a prestress loss of up to 16.4% can be expected for a normal threaded 

steel bar (fpu = 680 MPa, refer Figure 3.5a), whereas high strength steel bars (fpu = 1080 

MPa) and a monostrand (fpu = 1750 MPa, refer Figure 3.5b) are expected to result in 

relatively smaller prestress losses of up to 9.8% and 5.4% respectively when 

posttensioned to a tendon stress of 0.5fpu, where fpu is the ultimate strength of the tendon.  

3.2.3.4. Recommended posttensioning loss parameters 

Table 3.5 presents the recommended values for parameters ksh, Cc, and kr for a 

posttensioning seismic retrofit design of historic clay brick URM walls. The parameters 

were established on the basis of the aforementioned literature review (refer to Table 3.1) 

and the results from the shrinkage and creep testing reported herein.  

Table 3.5. Recommended prestress loss parameters 

Masonry ksh Cc kr 

Type µε  B S 

URM 0 0.55 0.040 0.025 

CM 400 3.00 0.040 0.025 

Where: URM = historic unreinforced clay brick masonry; CM = concrete block masonry; B = Grade 

500 threaded steel bar; S = seven wire, sheathed and greased strand; Cc = masonry creep ratio; 

kc = masonry specific creep; and ksh = masonry shrinkage parameter. 

3.3. SUMMARY AND CONCLUSIONS 

Theoretical considerations for the prediction of prestress losses and an overview of 

precedent experimental programs investigating time dependent masonry shortening were 

first presented, with a particular emphasis given to prestress losses occurring in clay brick 
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masonry walls. Existing rheological models for predicting creep shortening in newly 

constructed clay brick masonry walls were discussed and an adapted rheological model 

with an appropriate aging coefficient was proposed to predict creep shortening occurring 

in prestressed historic URM walls. An experimental program was undertaken to 

investigate time dependent masonry shortening, involving the measurement of masonry 

strains in six (6) prestressed URM wallettes over a period of 180 days. The test wallettes 

used in the experimental program were extracted from a real historic URM building, 

which was originally constructed in 1881 and possesses special historical significance. 

From the experimental results masonry creep coefficients were investigated and were 

subsequently used to predict time dependent prestress losses. The key findings of the 

experimental program are: 

 Large variations between the codified and experimentally determined masonry 

creep parameters were observed, necessitating further experimental investigations. 

 

 Initial masonry shortening matched the theoretically determined masonry elastic 

shortening. 

 

 The majority of masonry shortening occurred during the first 60 days from the 

application of prestress and subsequently the masonry shortening continued to 

occur at a relatively slower rate until the measurement was discontinued. 

 

 After 180 days from prestressing, the experimentally determined specific creep 

values ranged from 181 µε/MPa to 234 µε/MPa. 

 

 The specific creep values after 2 years from the application of prestress were 

estimated using a proposed rheological model that resulted in specific creep 

values ranging from 209 µε/MPa (analogous to a creep ratio of 0.41) to 

278 µε/MPa (analogous to a creep ratio of 0.55). 

 

 A prestress loss of 16.4% was estimated to occur when a threaded steel bar 

(having an ultimate tensile strength of 680 MPa) is posttensioned to a stress of 

0.5fpu, whereas a relatively smaller prestress loss of 5.4% was estimated when a 

sheathed, greased seven wire strand (having an ultimate tensile strength of 
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1750 MPa) is posttensioned to a stress of 0.5fpu, where fpu is the ultimate tensile 

strength of the tendon. 
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CHAPTER 4. OUT-OF-PLANE BEHAVIOUR 

OF POSTTENSIONED URM WALLS 

 

4.1. INTRODUCTION 

As unbonded posttensioning is reversible to some extent and has minimal impact on the 

architectural fabric of the building, this type of retrofit intervention is deemed to be 

desirable for buildings having important heritage value. Another advantage of unbonded 

posttensioning is its proven track record in new posttensioned concrete and concrete 

masonry construction. In existing URM walls posttensioning is applied either by placing 

tendons inside cored cavities located at the centre of the wall (referred to as internal 

posttensioning) or by placing tendons externally at discrete locations (referred to as 

external posttensioning). 

   

Figure 4.1.  Example of external posttensioning application 

Externally located Posttensioning Strands 
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Internal posttensioning application procedure involves coring a cavity from the top of the 

URM wall right through to the foundation and then placing a tendon into the cored cavity, 

which is then posttensioned. Alternatively, external posttensioning application involving 

the use of discretely located external unbonded posttensioning strands have also been 

used in retrofit projects, avoiding the coring operation. When using external 

posttensioning, tendons are typically located at re-entrant wall corners or in the recess of 

buttressed URM walls, or inside a URM cavity wall. One example of externally applied 

posttensioning is the Christchurch Arts Centre, as shown in Figure 4.1. 

4.2. HISTORY AND CODIFICATION  

Use of posttensioning in masonry buildings dates back to the 1950‟s, where the method 

was at first used to resist lateral wind loads and for structural components having unusual 

dimensions. Such applications involved prestressed fin walls, retaining walls, and storage 

tanks (Curtin et al. 1984). With subsequent developments, posttensioning was used to 

improve the seismic performance of URM walls, with several case studies of such 

applications reported by Ganz (1996). Further details on the development and history of 

prestressed masonry are reported by Schultz and Scolforo (1991).  

The research and codification of posttensioned masonry originated in Switzerland and the 

United Kingdom and led to the inclusion in BS 5628-85 (1985) of provisions relating to 

prestressed masonry walls, which were updated in 1995 to include the design of concrete 

masonry (BS 1995) and was further revised in 2000 (BS 2000). The European Code first 

included prestressed masonry provisions in EC 6-95 (CEN 1995), which were later 

updated with the issue of EC 6-05 (CEN 2005a). The Australian masonry code AS 3700-

98 (1998) included prestressed masonry for the first time, which was later revised in 2001 

(AS 2001). In the United States, a draft amendment on prestressed masonry was 

completed in the 1990‟s and was then included in TMS 402-02 (MSJC 2002), which was 

updated in 2005 (MSJC 2005b) and again in 2008 (MSJC 2008). Prestressed masonry 

design criteria were first included in the Canadian masonry code with the issue of CSA 

S304.1-04 (2004).  

The New Zealand masonry design standard NZS 4230-90 (1990) referred to the design of 

prestressed concrete masonry, being conceptually similar to the design of prestressed 

concrete. Later New Zealand research conducted on prestressed concrete masonry 
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(Laursen 2002; Wight 2006) led to the inclusion of an ultimate strength design criteria for 

prestressed concrete masonry in the New Zealand Reinforced Concrete Masonry Design 

Standard NZS 4230-04 (2004b). Unbonded posttensioning has also been referred to as a 

viable seismic retrofit solution in FEMA 547-06 (2006) and in ASCE/SEI 41-06 (2006), 

but a retrofit design criteria is not discussed directly. The research reported here was 

undertaken to investigate the development of predictive equations for posttensioning 

seismic retrofit design of URM buildings. 

4.3. PAST TESTING 

Previously performed experimental studies have investigated the out-of-plane behaviour 

of posttensioned masonry walls but were mainly focused on new construction, with no or 

minimal experimental results existing in the literature reporting the performance of 

seismically retrofitted historic URM walls subjected to out-of-plane loading. Brief details 

and key outcomes of some previously performed relevant experimental studies are 

discussed below.  

One of the earliest research studies that investigated the performance of posttensioned 

masonry walls was conducted by Al-Manaseer and Neis (1987), involving out-of-plane 

testing of six (06) full scale concrete masonry walls. Of these six walls, two walls were 

conventionally reinforced with mild steel reinforcing bars and the remaining four walls 

were posttensioned using various configurations of 12.7 mm high strength steel strands, 

with the PT strands stressed to 80% of their ultimate strength and placed inside grouted 

conduits. In all posttensioned wall tests, a single mortar joint at or near mid-height was 

observed to open on the wall tension face, being the typical out-of-plane failure mode 

also observed in other research studies. Force-displacement curves for the posttensioned 

walls revealed that the flexural capacity of the walls increased by up to 221% when 

compared to the strength of the two conventionally reinforced test walls having no 

prestress.   

Krause et al. (1996) suggested that posttensioned concrete masonry walls perform 

similarly to prestressed concrete walls when subjected to lateral loading. Their 

experimental program consisted of out-of-plane testing of masonry walls constructed 

using two-cored clay brick units aligned to allow for a continuous cavity for tendons, with 

these walls designed using code provisions of the time (MSJC 1995). All test walls were 
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posttensioned using high strength (fpy = 1000 MPa) 16 mm threaded steel bars, with an 

initial posttensioning force of 84.5 kN. All test walls exhibited a bilinear elastic behaviour 

and from test results it was established that posttensioning can be applied to clay brick 

masonry walls having a compressive strength similar to that of historic clay brick 

masonry.   

The performance of posttensioned clay brick masonry walls has more recently been 

investigated in a series of experiments documented by Bean Popehn et al. (2007). A total 

of twelve (12) half scale simply supported URM walls, each being 3540 mm high × 800 

mm long × 100 mm thick, were subjected to face loading. Of these test walls six (06) 

were built using clay brick masonry, with three (03) test walls posttensioned using 

unbonded tendons and three (03) test walls posttensioned using bonded tendons. 

Threaded steel bars were attached to the walls at their outermost edges and the seismic 

performance of posttensioned masonry walls having a large h/t ratio (38.0-40.5) was 

investigated by performing pseudo-static structural testing. The walls exhibited linear 

elastic response up to the point of cracking and drifts of approximately 6% to 10% were 

achieved without wall collapse. Tendon stresses increased upon application of lateral 

loading, attributed to tendon elongation, with lateral shifting of unrestrained tendons 

observed during testing. Strength loss at large displacement was also observed, which was 

attributed to localised crushing of mortar at crack locations. 

4.4. SEISMIC ANALYSIS AND DESIGN 

The failure mode of out-of-plane loaded URM walls, having sufficient diaphragm 

anchorage, is characterised by the formation of one or several large horizontal cracks at or 

near wall mid-height, which form when the flexural tensile strength of the wall is 

exceeded and the wall begins to rock about the mid-height crack. When cracking initiates 

at wall mid-height, stress at the tension face of the wall reaches zero and on the 

compression face reaches a stress of twice the initial applied prestress. It should be noted 

that the first cracking limit state corresponds to the elastic limit of the wall and the 

moment capacity to cause cracking, Mc, can be evaluated by considering the equilibrium 

of forces (refer Equation 4.1). 

 (4.1) 
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where lw = wall length; bw = wall thickness; Ww = wall self-weight; Nt = overburden 

weight; fse = effective tendon stress; fr = masonry flexural bond strength and Aps = cross 

sectional area of posttensioning tendon. The effective tendon stress, fse, is determined by 

subtracting prestress losses from the initially applied tendon stress, fpsi. It should be noted 

that accurate estimation of prestress losses is crucial for the longevity of a retrofit design.  

Current masonry codes (AS 2001; CSA 2004; MSJC 2008; NZS 2004b) provide 

guidelines for assessing prestress losses, with these losses typically attributed to 

shrinkage, creep, tendon relaxation, elastic shortening, anchorage seating, tendon 

undulation, friction and thermal effects. Of these factors, steel relaxation, shrinkage and 

creep are the most important factors that will influence the design and longevity of an 

adequate retrofit. Details on predicting posttensioning losses are given in Chapter 3.  

Predicting the seismic response of a posttensioned masonry wall at the nominal strength 

limit state requires accurate estimation of the maximum useable masonry strain at the 

extreme compression fibre, εmu, and increased tendon stress, fps, due to tendon elongation 

and corresponding tendon strain, εs. Figure 4.2a shows a posttensioned URM wall that is 

subjected to transverse loading and Figure 4.2b shows the resulting deformations at the 

nominal strength limit state, where the PT tendon has a modulus of elasticity, Eps, and an 

effective tendon stress, fse. 
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(a) applied forces 
 

(b) wall deformation 

Figure 4.2. Forces and deformations in out-of-plane loaded posttensioned URM wall 
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Figure 4.3. Mid-height hinge location at nominal strength 

Due to the higher deformability of prevalent weak lime mortar used in historic URM 

construction, the strain values predicted to occur at nominal strength were higher than that 

typically defined for URM i.e., 0.0035 (MSJC 2008). Therefore, the nominal strength for 

out-of-plane loaded posttensioned masonry walls is defined herein as the point when the 

out-of-plane drift, 2θ, reaches 3% and the corresponding masonry strain value is termed 

the maximum useable masonry strain (refer Figure 4.3a). At nominal strength the 

compression stress distribution at the compression face of the wall becomes non-uniform, 

which is typically approximated by an equivalent rectangular compression stress block 

(refer Figure 4.3b). Table 4.1 presents codified values of the stress block parameters 

recommended for clay brick masonry. In the current study the parameters specified in 

NZS 4230-04 (2004b) were adopted. Tendon stress at the nominal strength also increases 

due to tendon elongation and can be presented as Equation 4.2, where εs is the tendon 

strain at nominal strength. 

 ≤ min (0.85 fpy, 0.7fpu) (4.2) 

Table 4.1. Masonry stress block parameters at nominal strength 

Reference Brick Masonry 

α β 

BS 5628 (2000) 0.50 1.00 

TMS 402 (2005b) 0.50 1.00 

TMS 402 (2008) 0.80 0.80 
AS 3700 (2001) 1.10 0.85 

S 304.1 (2004) 0.85 - 

EC 8 (2005b) 0.86* - 
NZS 4230 (2004b) 0.85 0.85 

Ewing and Kowalsky (2004) 0.93 0.66 

Where: α = coefficient to find the depth of equivalent stress block; and β = width of 

equivalent stress block. 

*Calculated from inverse function as (i.e., 1/1.15 = 0.86) 
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The nominal out-of-plane flexural strength of a posttensioned URM wall, Mn, is 

calculated in accordance with Equation 4.3 based on beam theory. 

 (4.3) 

 
 

where f‟m is the masonry compression strength and d is the minimum distance between 

the PT tendon centroid and the extreme compression fibre, typically being  for a wall 

having rectangular plan geometry. The maximum tendon stress is taken as the smaller of 

0.85fpy or 0.7fpu, where 0.7fpu is generally the governing limitation, and is adopted in 

Equation 3.5. If the unbonded length of PT tendon is equal to the height of the wall, the 

rotation value is small, and both axial shortening due to elevated prestress and masonry 

deformation at the point of rotation are neglected then εs can be estimated using Equation 

4.4, which was rewritten as Equation 4.5 by stipulating a maximum base rotation, θ, of 

0.015. By substituting Equation 4.5 and values for constants α and β of 0.85 for both 

(typical in flexural design) into Equation 4.2, Equation 4.6 is obtained. 

 (4.4) 

 
(4.5) 

≤ min (0.85fpy, 0.7fpu) 
 (4.6) 

An equation similar to Equation 4.6 has been recommended and investigated by Bean 

Popehn and Schultz (2010) in a recent study using a data set from 127 finite element 

analyses and 66 test results, and was found to predict tendon stress better than current 

design expressions. However, it should be noted that Equation 4.6 is based on tendon 

elongation due to a single mid-height crack opening, whereas in walls having more than 

one hinge locations (e.g., opening of several mid-height cracks in multi-storey walls) 

tendon elongation depends upon the number of hinge locations (refer Figure 4.4).  
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Figure 4.4. Deflected multi-storey posttensioned masonry wall 

Equation 4.7 can be used to ensure that the elevated tendon stress for a multi-storey wall 

that is effectively secured at all diaphragm levels and having n number of storeys remains 

within elastic limits when in a worst case scenario cracks open at each storey level. It 

should be noted that the wall may or may not crack at each storey level and that the 

tendon stress predicted using Equation 4.7 in the latter case will result in over-predicted 

nominal strength of the wall.   

≤ min (0.85 fpy, 0.7fpu)  (4.7) 

where di is the minimum distance of tendon centroid from the extreme compression fibre 

on either side of the wall for the i
th

 storey and hei is the effective height of the wall for the 

i
th

 floor.  

4.5. EXPERIMENTAL PROGRAM 

An experimental program was undertaken to investigate the structural performance of 

clay brick masonry walls retrofitted using posttensioning, which involved material testing 

of constructed masonry assemblages and full scale out-of-plane testing of posttensioned 

slender clay brick masonry walls. The full scale out-of-plane testing program consisted of 

two series of tests (series 1 and series 2). Series 1 testing involved one directional cyclic 

out-of-plane testing of three (03) full scale slender masonry walls, each being 4.1 m high 

× 1.2 m long and 220 mm (two-wythe) thick. Series 2 testing involved two directional 
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(reverse) cyclic out-of-plane testing of five (05) full scale slender masonry walls, each 

being 3.67 m high × 1.2 m long and 220 mm (two-wythe) thick. The selected wall 

configurations were representative of common seismically deficient out-of-plane loaded 

clay brick unreinforced masonry walls, achieving a low percentage of new building 

strength when evaluated using the New Zealand Society for Earthquake Engineering 

guidelines (NZSEE 2006).  

Two (02) walls (one from each testing series) were tested as-built to serve as control 

walls, and six (06) walls were seismically strengthened prior to testing using different 

levels of posttensioning. Test walls were given the notation ABO-N or PTO-N, where AB 

refers to as-built tested walls, PT refers to posttensioned walls, O refers to out-of-plane 

testing and N denotes the test number. Test wall dimensions and posttensioning details 

are shown in Table 4.2. 

4.5.1. Materials properties 

All test walls were constructed using a common bond pattern, with one header course 

located after every three stretcher courses using roughly 15 mm thick mortar courses. The 

bond pattern was selected because of its prevalence in existing historic URM 

construction. Salvaged solid clay bricks, being 220 mm long × 105 mm wide × 75 mm 

high, and a hydraulic cement mortar with a mix ratio of 1:2:9 (cement:lime:sand) was 

used, replicating historic URM construction. The results of material testing are reported in 

Table 4.3 as mean values and corresponding coefficients of variation (COV). 

Table 4.2. Test wall specifications 

Test 

Series 

Test 

Wall 

Tendon 

Type 

he 

(mm) 

lw 

(mm) 

bw 

(mm) 

Ww 

(kN) 

Ppsi 

(kN) 

fpsi 

(MPa) 

fpsi/fpy 

(ratio) 

fmb
a 

(MPa) 

f’m 

(MPa) 

fmb/f’m 

(ratio) 

1 ABO-01 - 4100 1170 220 19.0 - - - - 10.7 - 

2 ABO-02 - 3670 1170 220 17.9 - - - - 8.7 - 

1 PTO-03 Bb 4100 1170 220 19.0 50 442 0.88 0.27 10.7 0.03 

1 PTO-04 Sc 4100 1170 220 19.0 100 1013 0.60 0.46 10.7 0.04 

2 PTO-05 Sc 3670 1170 220 17.9 50 506 0.30 0.26 8.7 0.03 

2 PTO-06 Sc 3670 1170 220 17.9 70 709 0.42 0.34 8.7 0.04 

2 PTO-07 Sc 3670 1170 220 17.9 100 1013 0.60 0.46 8.7 0.05 

2 PTO-08 Sc 4100 1170 220 19.5 100 1013 0.60 0.46 8.7 0.05 

Where: he = wall height; lw = wall length; bw = wall thickness; Ww = wall self-weight; Ppsi = applied initial posttensioning force; fpsi = 
applied initial tendon stress; fpy = tendon yield stress; fmb = compression stress at the base of the wall; and f‟m = masonry compressive 

strength. 
afmb =(Nt+Ww+fseAps)/lwbw 
b12 mm threaded steel bar (Aps = 113.1 mm2; fpy = 500 MPa; fpu = 680 MPa; Eps = 200 GPa) 
c12.7 mm sheathed, greased seven-wire strand (Aps = 98.7 mm2; fpy = 1680 MPa; fpu = 1860 MPa; Eps = 200 GPa) 
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Table 4.3. Masonry material properties 

Property 

Units 

Test 

Series 

f’b f’j f’m fr Cm µf 

MPa MPa MPa MPa MPa  

Value 1 39.4 1.4 10.7 0.09 0.1 0.47 

COV  28% 8% 33% 29% - - 

Value 2 21.4 1.4 8.7 0.08 0.1 0.67 
COV  23% 8% 30% 66% - - 

Where: f‟b = brick compressive strength; f‟j = mortar compressive strength; f‟m = masonry compressive strength; fr = tensile strength of 
masonry; Cm = masonry cohesion; and µf = masonry coefficient of internal friction. 

Masonry modulus of rupture was determined by testing 24 three brick high masonry 

prisms for flexural strength in accordance with ASTM C1072-10 (ASTM 2010a), 

typically 2 for each test wall. Mortar compressive strength was determined by testing 

twenty 50 mm mortar cubes in accordance with ASTM C109-11 (ASTM 2011b) and the 

compressive strength of bricks and masonry were determined in accordance with ASTM 

C67-11 (ASTM 2011a) and ASTM C1314-11 (ASTM 2011c) respectively, typically in 

sets of two for each test wall. Masonry cohesion, Cm, and coefficient of friction, µ, were 

investigated by bed joint shear testing of 6 three brick high prisms that were subjected to 

varying magnitudes of axial compression stress applied using externally posttensioned 

bars. Two different types of PT tendons were used for posttensioning the test walls, being 

threaded mild steel bar (with tensile yield strength of 500 MPa) and sheathed greased 

seven wire strands (with tensile yield strength of 1680 MPa). Threaded steel bars are 

typically used for straight posttensioning over short distances. The greased coating of 

strands enables high corrosion resistance and lower frictional losses, which makes them 

an ideal choice for unbonded and/or external posttensioning applications. Figures 4.5a 

and 4.5b show the representative stress-strain curves for threaded steel bars and the 

sheathed greased seven wire strands respectively. 

  

(a) grade 500 threaded steel bars (b) sheathed greased strand 

Figure 4.5. Representative stress-strain curved for threaded bar and strand 
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4.5.2. Posttensioning details 

As maximum masonry compression stresses develop at mid-height (hinge zone) when the 

slender vertically spanning masonry walls were subjected to out-of-plane seismic 

excitations, a single tendon with bearing plates was adequate to produce the required 

stresses in the hinge zone by distributing axial compression stress at an angle of 45
o
 from 

the end anchorage and into the wall. Therefore, all test walls were posttensioned using 

one tendon (threaded bar or strand) inserted inside a formed circular cavity at the centre 

of the wall, and steel bearing plates were used to avoid localized masonry crushing.  

A flexible circular conduit (roughly 25 mm diameter) was inserted during construction to 

provide the circular cavity in the test walls, and bricks were accordingly chiselled to 

accommodate the conduit. As there was no bond between masonry and tendon, the 

conduit encased tendon behaved as if it was placed in a cored circular cavity.  

To transfer prestress to the test walls, end anchorages (flat base hexagonal nuts for 

threaded bar and standard steel barrel anchors with wedges for the strand) were locked off 

onto steel plates (each being 220 mm × 220 mm × 50 mm) at the top and bottom of the 

wall, which performed adequately and the masonry around the steel bearing plates 

sustained the compression stresses without any signs of cracking. In order to make the 

strand posttensioning reversible (i.e., to remove the strand) a 40 mm thick mild steel plate 

split in two halves was used, which was removable to destress the strand once testing was 

concluded. Threaded mild steel bars were posttensioned using a 100 kN hydraulic jack, 

which was removed after tightening of the nut that clasped the posttensioning bar. For 

posttensioning of the seven wires greased strand (also referred to as monostrand) an 

electronically operated hydraulic jack was used, and the taut strand was clasped by wedge 

interlocking. 

4.5.3. Testing details 

Series 1 testing was performed using the air bag rig shown in Figure 4.6a, consisting of a 

backing frame, a rigid steel reaction frame anchored to the concrete floor, two air bags 

capable of withstanding 15 kPa air pressure, four S shape 10 kN load cells, two pairs of 

frictionless plates, and a linear variable differential transducer with stand. The test setup 

used to perform series 2 testing is shown in Figure 4.6b.  
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Figure 4.6. Out-of-plane test setup 

For series 2 testing, four air bags were used to apply a uniformly distributed reverse 

cyclic pseudo-static loading, emulating a lateral seismic load generated in the out-of-

plane direction. A backing frame was located on each side of the wall, being supported by 

four equally spaced 10 kN S-shape load cells sandwiched between the backing frame and 

the strong reaction frame.  

In both testing series, one linear variable differential transducer was located at wall mid-

height to determine lateral displacement. When air bags were inflated using the air 

compressor, the backing frame exerted force to S-shape load cells measuring the applied 

load on the test wall. Each backing frame was placed over two pairs of smooth greased 

steel plates having negligible friction, such that the backing frame self-weight did not 

impair the test results. The rigid reaction frame acted as a backing and also supported the 

top of the wall, creating boundary conditions comparable to those when a posttensioned 

wall is connected to a floor or ceiling diaphragm.  

For all posttensioned walls a 200 kN load cell was located between the tendon anchorage 

and the top of the wall, to record the force in the PT tendon. A displacement controlled 

loading history was applied by inflating and deflating the air bags alternatively. Each 

cycle was repeated twice and displacement was increased gradually as a function of drift 

values up to a maximum of 4%. 
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Table 4.4. Results of out-of-plane testing of posttensioned URM walls 

Test 

Wall 

Mc 

kN.m 

Vc 

kN 

fps 

MPa 

Mn 

kN.m 

Vn 

kN 

M'c 

kN.m 

V'c 

kN 

Mu 

kN.m 

Vu 

kN 

Vc/V'c 

ratio 

Vu/Vn 

ratio 

γu 

% 

T 

kPa 

Vu/Vo        

% 

ABO-01 1.3 2.5 - - - 2.3 4.4 - - 1.76 - 5.1 - 100 

ABO-02 1.1 2.3 - - - 1.7 3.8 - - 1.63 - 3.0 0.27 100 

PTO-03 3.0 5.9 476 6.8 13.2 6.5 12.7 6.8 13.2 2.15 1.00 4.7 1.31 300 

PTO-04 4.9 9.5 1149 12.8 25.0 11.0 21.5 15.0 29.2 2.26 1.17 4.8 3.4 664 

PTO-05 2.9 6.3 656 7.7 16.9 3.8 8.3 9.3 20.2 1.31 1.20 4.2 0.71 532 

PTO-06 3.6 7.9 859 9.8 21.3 5.4 11.7 11.8 25.8 1.48 1.21 4.2 1.36 679 

PTO-07 4.7 10.3 1163 12.7 27.6 9.7 21.1 14.0 30.6 2.04 1.11 4.1 1.89 805 

PTO-08 4.3 9.3 1147 11.3 24.6 8.2 17.8 10.5 22.9 1.91 0.93 0.9 0.24 603 

Where: Mc = predicted nominal flexural strength; Vc = lateral force analogous to first cracking flexural strength; fps = predicted tendon 

stress at nominal flexural strength; Mn = predicted nominal flexural strength; V'n = lateral force analogous to nominal flexural strength; 

M'c = measured analogous moment at first cracking; V'c = measured lateral force at first cracking; Mu= maximum measured analogous 
moment; Vu= measured maximum lateral force; Vo= measured maximum lateral force for as-built tested wall; γu= measured maximum 

drift ratio; and T = wall toughness modulus. 

4.5.4. Testing results and discussion 

Table 4.4 gives an overview of the test results. First cracking moment, tendon stress at 

nominal strength, and nominal flexural capacity for each test wall were predicted using 

Equations 4.1, 4.3 and 4.6. The predicted values were then compared to measured 

experimental values and the validity of the proposed design equations was checked. To 

quantify the ductility of test walls a maximum measured drift ratio was defined as 

, where Δu is the maximum mid-height displacement and he is the effective 

height of the wall. Test wall PTO-03 was loaded until its post peak strength degraded to 

nearly half of the measured flexural strength, and test walls PTO-04 to PTO-07 did not 

reach their flexural capacity before testing was terminated due to safety concerns. 

Therefore, it should be noted that the maximum measured drift values reported in Table 

4.4 for walls PTO-4 to PTO-07 are not representative of the ultimate achievable drift 

values. In a previous experimental study reported by Lazzarini (2009), a maximum drift 

of up to 11.9% was observed for posttensioned masonry walls.  

4.5.4.1. Failure modes 

Figures 4.7a to 4.7c show photographs of the test setup and deflected test walls. A single 

large crack at or near mid-height was observed in all tests except PTO-08 that failed 

prematurely in shear at a location above the airbag, which was attributed to a low 

modulus of rupture and is not likely to happen when walls are subjected to a uniformly 

distributed lateral load over the entire wall height.  
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(a) setup for testing (b) series 1 testing (c) series 2 testing 

Figure 4.7. Photographs of out-of-plane testing 

A rocking failure mode without any distributed flexural cracking was observed during the 

testing, with damage concentrated at one bed joint location and the wall returning to its 

original position upon unloading. The observed damage pattern would require minor post-

earthquake repairs, which is deemed advantageous for enabling immediate occupancy 

following an earthquake. In test wall PTO-03 the threaded mild steel bar reached its 

elastic limit and possibly yielded (causing strength degradation) but no visible residual 

deflections were observed.  

4.5.4.2. Force-displacement response 

Figures 4.8a to 4.8f show the measured force-displacement response for each of the test 

walls, with a dotted line showing the predicted nominal flexural strength of the wall. All 

force-displacement histories were plotted with analogous moment and drift values on a 

secondary axis to allow comparison between the results of test walls having different 

heights. The results of the corresponding as-built tested wall are also plotted (dotted line), 

to illustrate the seismic improvement due to posttensioning. Self-centering behaviour was 

observed during testing, with walls returning to their original position upon unloading. 

Test walls PTO-04 to PTO-07 did not reach their maximum strength, which would result 

from either tendon yielding or after reaching an instability displacement at mid-height. It 

was established that the experimentally observed behaviour of posttensioned masonry 

walls shows good agreement with the values predicted using Equations 4.1, 4.3 and 4.6.  
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(a) PTO-03 

 

(b) PTO-04 

 

  
 

(c) PTO-05 

 

(d) PTO-06 

 

  
 

(e) PTO-07 

 

(f) PTO-08 

Figure 4.8. Experimental force-displacement curves 

The negatively sloped post-peak force-displacement behaviour of PTO-03 was most 

likely due to yielding of the mild steel threaded bar, with similar behaviour previously 

reported by Bean Popehn et al. (2007). The measured force-displacement hysteretic 

curves for PTO-05 to PTO-07 at small displacements show a mid-height displacement 

occurring with little or no lateral force measured, which was either due to the formation 
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of a gap on both sides of the test walls (between the backing frame and the wall) or due to 

the absence of tendon restraint. In the latter case, the wall behaved similarly to an as-built 

wall until the strand touched the conduit walls and started to elongate, resulting in 

increased flexural capacity. It was therefore established that use of mechanical restraints 

inside a cored cavity is warranted, to restrain the PT tendon. 

  
 

(a) PTO-03 

 

(b) PTO-04 

 

  
 

(c) PTO-05 

 

(d) PTO-06 

 

  
 

(e) PTO-07 

 

(f) PTO-08 

Figure 4.9. Experimental tendon force-displacement curves 
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4.5.4.3. Tendon stress variation 

Flexural bending of the out-of-plane loaded posttensioned walls generates deformation 

between the tendon anchorages at the top and bottom of the walls, which causes 

elongation of the tendon and increases the tendon tensile stress. For all test walls the 

measured tendon stress was plotted against the lateral displacement at mid-height as 

shown in Figure 4.9, with the strand stress increasing linearly without exceeding specified 

elastic limits, except for PTO-03. For test wall PTO-03, the tendon stress reached its yield 

strength at 14 mm lateral displacement, and once the bar had possibly yielded the 

maximum tendon force was reduced during subsequent loading cycles.  

A ductile and nonlinear elastic behaviour was observed in walls PTO-04 to PTO-08, with 

strand stress not exceeding the specified elastic limit and the wall returning to its original 

position. For test walls PTO-04 to PTO-08, minor stress loss was observed following the 

conclusion of testing to large displacement excursions. It was also established from 

testing results that in order for posttensioned masonry walls to exhibit ductile behaviour, 

the restoring force provided by the PT tendon must be maintained and design must ensure 

that the increased tendon stress does not exceed the tendon yield strength. 

4.5.4.4. Wall secant stiffness 

Quantification of wall stiffness is important when performing a non-linear analysis of a 

posttensioned masonry wall and therefore the variation in wall secant stiffness was 

investigated. For each displacement excursion secant stiffness was calculated using 

Equation 4.8, where F+ and F- are the maximum measured forces; and D+ and D- are the 

corresponding measured displacements.  

 
(4.8) 

The calculated wall secant stiffness values are plotted against the amplitude of 

corresponding displacement cycle in Figure 4.10. The wall secant stiffness at or prior to 

first cracking varied for the test walls and was observed to be directly proportional to the 

magnitude of applied posttensioning. The wall secant stiffness was observed to gradually 

decrease upon the application of subsequent loading cycles and was dependent on the 

extent of damage.  
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Figure 4.10. Wall secant stiffness 

Experimental results favoured the use of secant stiffness to maximum strength, rather 

than initial stiffness, for use in non-linear analysis of posttensioned clay brick masonry 

walls, which was consistent with the findings of a precedent study involving non-linear 

time history analyses and shaking table testing (Griffith et al. 2003). A procedure for 

calculating the secant stiffness for a simplified non-linear analysis of rocking walls has 

been discussed in ASCE 41-06 (ASCE/SEI 2006). 

4.5.4.5. Hysteretic energy dissipation 

Hysteretic energy dissipated in each cycle was calculated by integrating the area enclosed 

between the loading and unloading curve of each loading cycle and is plotted against the 

amplitude of the corresponding displacement cycle in Figure 4.11. In general, 

posttensioned walls exhibited a bi-linear elastic behaviour and small energy dissipation 

prior to tendon yielding, except for test wall PTO-04. The larger energy dissipation 

observed in PTO-04 may be attributed to localised material deterioration and the 

anisotropic nature of heterogeneous masonry materials. It was established from the results 

that the posttensioning seismic retrofit increased the wall capacity to withstand higher 

energy demand and that energy dissipated in a displacement excursion was a function of 

the wall damage. In seismic design of structures energy dissipation characteristics are 

crucial and are typically quantified by toughness modulus, T. The toughness modulus 

corresponding to each test wall was calculated by dividing the cumulative hysteretic 

energy by the volume of the masonry wall (refer Table 4.4). 
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Figure 4.11. Hysteretic energy dissipation 

4.5.4.6. Damping ratio 

For each displacement cycle an equivalent viscous damping ratio was calculated from 

experimental results using the method detailed by Chopra (2007), which is presented by 

Equation 4.9, where ξ = equivalent viscous damping ratio, ED = area between loading and 

unloading curve, and Eso = area of right angle triangle (with the vertical side of the 

triangle representing the maximum measured force and the horizontal side of the triangle 

representing the corresponding displacement). The calculated equivalent viscous damping 

ratios for each displacement cycle are plotted against the amplitude of the corresponding 

displacement cycle (refer Figure 4.12). 

 (4.9) 

 

Figure 4.12. Equivalent viscous damping ratio 
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It was established from the results that damping was independent of the level of applied 

posttensioning, being consistent with the analytical formulation presented by Sorrentino 

et al. (2008). Moreover, the average hysteretic damping observed for the test walls was 

similar to the code recommended value of 15% (NZS 2004a) and remained more than 5% 

throughout the testing program. Griffith et al. (2003) proposed a lower bound damping 

value of 5% for analysing the non-linear behaviour of out-of-plane loaded clay brick 

masonry walls that fits well with the observations of this experimental program. 

4.6. SUMMARY AND CONCLUSIONS 

Predictive equations were presented for a posttensioned seismic retrofit design and the 

adequacy of these predictive equations was confirmed later by comparing predicted 

response parameters with experimental results. Masonry material properties were 

determined using standardised test procedures. A total of eight (08) full scale slender 

masonry walls were tested by applying pseudo-static out-of-plane cyclic loading. Of 

these, two (02) test walls were tested as-built and six (06) test walls were seismically 

retrofitted by applying different magnitudes of posttensioning prior to testing. Uniformly 

distributed out-of-plane cyclic loading was applied by alternatively inflating and deflating 

multiple air bags (two in series 1 and four in series 2), emulating seismic forces generated 

due to wall self-weight. Numerous characteristics pertaining to the out-of-plane seismic 

behaviour of posttensioned masonry walls were investigated and are reported. The key 

findings of the experimental program are: 

 A single horizontal crack at or near mid-height was observed in all tests except 

PTO-08, confirming that the boundary conditions used in response prediction are 

appropriate and that there was no rotational restraint at the top and bottom of the 

wall.  

 

 The out-of-plane loaded posttensioned masonry walls failed in a displacement 

critical rocking mode and exhibited a self-centering response, which is 

advantageous for enabling immediate occupancy after an earthquake. 

 

 A bi-linear elastic behaviour was observed for test walls that were posttensioned 

using a strand, whereas strength degradation attributed to tensile yielding of the 

bar was observed in the wall that was posttensioned using a threaded mild steel 
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bar. It was established from the test results that a posttensioning retrofit design 

should ensure that the tendon stress will not exceed the tendon yield strength. 

 

 Structural performance of masonry walls was improved after posttensioning, with 

the flexural strength of posttensioned masonry walls ranging from 300% to 805% 

of that measured for an as-built tested wall.  

 

 Out-of-plane flexural capacity of the test walls was predicted using the proposed 

equations and was then compared to experimental results, with the results of this 

comparison showing reasonable agreement between the predicted and observed 

behaviour. 

 

 Initial stiffness of test walls varied depending upon the magnitude of initially 

applied posttensioning, with wall secant stiffness for all test walls decreasing upon 

the application of subsequent displacement cycles. Based on this observation it is 

suggested that for predicting post-cracking behaviour of posttensioned masonry 

walls, the use of secant stiffness to maximum strength is more appropriate than 

initial stiffness. 
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CHAPTER 5. IN-PLANE BEHAVIOUR OF 

POSTTENSIONED URM WALLS 

 

5.1. INTRODUCTION 

Details of the posttensioning application to historic URM walls, advantages of 

posttensioning seismic strengthening technique, and a review of the history and 

development of posttensioned masonry were reported in Chapter 4. The in-plane seismic 

behaviour of URM walls strengthened using posttensioning is discussed and an overview 

of an associated testing program is presented in this chapter. 

5.2. PAST TESTING 

A literature review was undertaken on the performance of in-plane loaded posttensioned 

masonry walls and relevant precedent research studies are briefly discussed in this 

section. A case study involving the retrofit of an historic URM church using 

posttensioning was presented by Ganz and Shaw (1997), with posttensioning 

implemented using techniques developed by proprietary construction experiences. The 

study suggested that the additional axial stress introduced in historic URM walls using 

posttensioned tendons increased their in-plane strength significantly.  

Preliminary research on the performance of prestressed masonry focused on new concrete 

masonry construction. Of these studies the research performed by Alper et al. (1982) is 

believed to be one of the earliest in-plane experimental investigations. Later the seismic 

performance of in-plane loaded posttensioned concrete masonry walls was investigated in 

a series of New Zealand based experimental studies (Laursen 2002; Wight 2006). From 

the results of the experimental investigations, it was concluded that posttensioned 
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concrete masonry walls exhibit self-centering behaviour when subjected to seismic 

loading, which is a highly desirable behaviour in the seismic design of buildings.  

Rosenboom and Kowalsky (2004) investigated the seismic performance of posttensioned 

clay brick masonry walls. The experimental program involved in-plane cyclic testing of 

five (05) posttensioned clay brick masonry piers, where posttensioning tendons were left 

unbonded and different levels of confinement were used at the compression toes of the 

test walls. From the results of the experimental program it was established that the clay 

brick masonry walls when posttensioned using unbonded tendons also exhibit self-

centring behaviour and that a posttensioning seismic strengthening technique can be used 

for historic URM walls. 

5.3. SEISMIC ANALYSIS AND DESIGN 

The failure mode of URM walls when subjected to in-plane seismic excitations depends 

upon wall aspect ratio and the characteristics of the constituent materials, and is 

characterised as either flexural controlled or shear controlled. Typically, the governing 

failure mode in posttensioned in-plane loaded URM walls is flexural controlled and 

therefore a posttensioning seismic strengthening scheme is typically designed for a 

flexural/rocking failure mode that subsequently toe crushing at the compression edge 

occurs. However, while designing the posttensioning strengthening for URM walls a 

shear strength check shall be performed in accordance with the following section such 

that a shear controlled failure mode is avoided. 

5.3.1. In-plane shear strength 

A shear strength reduction factor of  = 0.75 is used for retrofit design and the resulted 

reduced nominal shear capacity  shall be greater than or equal to the required shear 

capacity, V*. 

 (5.1) 

where design shear force, V*, is calculated using the provisions of respective design 

codes including the provisions of flexural overstrength and higher mode effects, and 

nominal shear resistance, Vn, is determined as the minimum of resistance corresponding 

to the bed-joint sliding failure mode, Vs, resistance corresponding to the diagonal tension 
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failure mode, Vdt, and resistance corresponding to the toe crushing failure mode, Vtc, as 

per Equation 5.2. 

 (5.2) 

For the determination of the shear resistance associated with each of the three failure 

modes given in Equation 5.2, axial load at the wall base, Nb, is taken to include the 

effective posttensioning force in accordance with Equation 5.3, where Nt is the 

overburden weight and Ww is the self-weight of posttensioned wall. 

 (5.3) 

5.3.2. In-plane flexural strength 

Figure 5.1a shows a URM wall retrofitted using posttensioning that is subject to a lateral 

force, V*, acting at a height, he. The wall has a length lw and Nb is the axial load at the 

wall base due to overburden weight, Nt, self-weight of the pier, Ww, and effective 

posttensioning force after losses, Pe. It should be noted that the masonry modulus of 

rupture is conservatively assumed to be zero herein. 

5.3.2.1. In-plane flexural strength at first cracking limit state 

At the first cracking limit state one end of the wall base reaches zero stress and the other 

end reaches a stress of twice the initial masonry stress at the base of the pier. At the first 

cracking limit state the moment capacity, Mc, is evaluated by considering the equilibrium 

of forces (refer Equation 5.4). Figure 5.1b shows the stress profile at the first cracking 

limit state. 

 (5.4) 

5.3.2.2. In-plane flexural strength at hinge formation limit state 

The hinge formation limit state, also referred to as the serviceability limit state, is defined 

as the point at which the stress in the extreme compression fibre reaches a limiting stress 

of kf‟m (refer Figure 5.2a), where k is a parameter and has a recommended value in NZS 

4230-04 (NZS 2004b) ranging from 0.45 to 0.55 (refer Table 5.1). By considering force 
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equilibrium and assuming that 2σn < kf‟m, Equation 5.5 was developed to evaluate the 

moment capacity at the hinge formation limit state. 

 (5.5) 
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Figure 5.1. Wall definition and force equilibrium at first cracking 

  
 

(a) at hinge formation 

 

(b) at nominal strength 

Figure 5.2. Force equilibrium at hinge formation and nominal strength 
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Table 5.1. k value at hinge formation limit state (NZS 2004b) 

Stress 

Case 

Load Category 

I II III 

k 0.40 0.45 0.55 

Where: Category I = permanent loads with variable load of long duration, 
or permanent loads with frequently repetitive loads; Category II = specified 

service loads for buildings where load category I does not apply; Category 

III = permanent loads with infrequent combinations of transient loads 

5.3.2.3. In-plane flexural strength at nominal strength limit state 

Predicting the seismic response of a posttensioned URM wall at the nominal strength 

limit state is a diligent task and requires accurate estimation of maximum useable 

masonry strain at the extreme compression fibre, εmu, and increased tendon stress, fps, due 

to tendon elongation. Figure 5.2b shows a posttensioned URM wall that is assumed to 

rock about the neutral axis, where the tendon has an effective stress, fse, and a modulus of 

elasticity, Eps. The tendon stress at the nominal strength increases due to tendon 

elongation and can be presented as Equation 5.6. The New Zealand standard NZS 4230-

04 (NZS 2004b) recommends the resulting increased tendon stress for concrete masonry 

walls having unbonded posttensioning to be calculated using Equation 5.7.  

 (5.6) 

  (5.7) 

It was found in an experimental investigation on URM materials that due to the higher 

deformability of prevalent weak lime mortar used in historic URM construction, the strain 

values observed during the testing at nominal strength were much higher than that 

typically codified for URM materials i.e., 0.0035 (MSJC 2008). At nominal strength the 

compression stress distribution becomes non-uniform, and is typically approximated by 

an equivalent rectangular compression stress block. An equivalent stress block is 

idealised herein at the compression toe, with stress block parameters recommended in 

NZS 4230-04 (NZS 2004b) i.e., α = β = 0.85. Codified values of the stress block 

parameters associated with historic clay brick masonry have been presented in Chapter 4. 

The nominal in-plane flexural strength of a posttensioned URM wall, Mn, is calculated in 

accordance with Equation 5.8, which is based on beam theory and can be developed by 

considering force equilibrium as shown in Figure 5.2b. 
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 (5.8) 

  α = 0.85 (as per NZS 4230-04) 

5.4. EXPERIMENTAL PROGRAM 

Unbonded posttensioning is typically used for the seismic strengthening of heritage URM 

buildings having an open facade (perforated street facing walls). Figure 5.3 shows the 

typical posttensioning details used for URM building having an open façade, where the 

layout of tendons is dictated by the location of piers. These posttensioned perforated 

facades behave more as a URM frame with strong posttensioned piers and weak URM 

spandrel (in the absence of any horizontal posttensioning scheme). But the behaviour of 

such URM frames is not well established and merits further investigations. Therefore, one 

full scale URM pier-spandrel assemblage (also referred to as URM frame) with 

posttensioned piers was tested when subjected to in-plane pseudo-static reverse cyclic 

loading. The test was performed in the civil test hall of the University of Auckland to 

investigate the in-plane response of posttensioned URM frames, with the test frame 

configuration selected such that it represented a typical posttensioned masonry wall 

belonging to a historic URM building having an open façade.  

 

Figure 5.3. Typical posttensioning details for open façade URM buildings  

(Courtesy: Holmes Consulting Group) 
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Figure 5.4. Posttensioned test frame details  

A displacement controlled reverse cyclic loading history was applied at the top most fibre 

of the frame and several parameters pertaining to the seismic performance of the 

posttensioned URM frame were investigated that included failure modes, force-

displacement response, tendon stress variation, masonry compression strains at hinge 

location, strength and stiffness degradation due to damage accumulation, energy 

dissipation, equivalent viscous damping, and ductility. The investigated parameters are 

used to develop idealized back bone curves for a detailed analysis and to suggest seismic 

coefficients for a simplified force based analysis procedure. 

5.4.1. Test frame specifications 

The details of the test frame are shown in Figure 5.4, and the frame was designed to 

sustain large in-plane displacements arising from moderate to severe ground excitation, 

with the tendon stress selected in order to ensure to remain within the specified tendon 

elastic limit. The test frame was constructed over two concrete pads to provide end 

restraint similar to that in walls resting over reinforced concrete foundations. The 

concrete foundation pads were anchored to the ground to avoid lateral sliding of the frame 

but allow bed joint sliding to occur. The test frame was constructed by a skilled mason 

under supervision. The test frame was 2.65 m high, having a spandrel aspect ratio (he/lw) 

of 0.77 and a pier aspect ratio (he/lw) of 1.43, which was first tested as-built and reported 

by Knox (2012). The piers were then posttensioned using two pairs of threaded steel bars 
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anchored to the strong floor, and an axial force of approximately 56 kN was applied to 

each of the piers. The cracked spandrel was also repaired using near surface bonding of 

three 6 mm twisted steel bars, with this repair scheme designed such that the repaired 

spandrel achieved shear strength similar to an uncracked URM spandrel. As the 

posttensioned frame exhibited a rocking failure mode the repair reinforcement was 

thought to have no or minimal effect on tendon stress variation and on masonry 

compression stress at wall toes, which were being investigated in particular herein. 

5.4.2. Masonry material properties 

Salvaged solid clay bricks, being 220 mm long × 110 mm wide × 75 mm high, were laid 

with roughly 15 mm thick mortar courses using a hydraulic cement mortar with a mix 

ratio of 1:2:9 (cement:lime:sand). To establish the constituent material properties, a 

random sample of 10 bricks was tested to determine their compression strength. 

Similarly, while the test wall was being constructed, mortar samples were taken and two 

50 mm square cubes were cast for each mortar batch.  

Masonry flexural bond strength was determined by performing bond wrench test on 

masonry doublets (two brick high masonry prisms) in accordance with ASTM C1072-10 

(2010a). Mortar compressive strength was determined in accordance with ASTM C109-

11 (2011b), and the compressive strength of bricks and masonry were determined in 

accordance with ASTM C67-11 (2011a) and ASTM C1314-11 (2011c) respectively. 

Masonry cohesion and coefficient of friction were investigated by bed joint shear testing 

of prestressed three brick high masonry prisms. The results of material testing are 

reported in Table 4.2 as mean values and corresponding coefficients of variation (COV). 

It is noted that the test frame was constructed at the same time when series 2 out-of-plane 

tested posttensioned URM walls were being constructed. Therefore, the data reported in 

Table 5.2 is identical to those reported for series 2 test walls in Table 4.3. 

Table 5.2. Masonry material properties 

Property 

Units 

f’b f’j f’m fr Cm µf 

MPa MPa MPa MPa MPa  

Value 21.4 1.4 8.7 0.08 0.1 0.67 
COV 23% 8% 30% 66% - - 

Where: f‟b = brick compressive strength; f‟j = mortar compressive strength; f‟m = masonry compressive strength; 

fr = masonry flexural bond strength; Cm = masonry cohesion; and µf = masonry coefficient of internal friction. 
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Figure 5.5. In-plane frame test setup  

5.4.3. Testing details 

The loading arrangement, the location of load cells, the posttensioning layout and the 

layout of portal gauges are shown in Figure 5.5. A reverse cyclic pseudo-static lateral 

loading was applied using a hydraulic ram coupled with a 500 kN load cell, which was 

located between a rigid loading steel beam and the strong wall. The loading beam was 

supported on top of the spandrel by two sets of rollers, with these rollers positioned at the 

centreline of each pier. The rollers minimized frictional resistance between the loading 

beam and the test assemblage. An electronically operated hydraulic pump was used to 

apply the lateral force at a controlled rate. Two 40 kN load cells were placed at the top 

end of the tendons (one on each pier) to observe the tendon stress history and the tendon 

stress increment due to tendon elongation. A total of 34 portal gauges were used to record 

displacements in three principal directions, being horizontal, vertical and along the 

diagonals of the piers and the spandrel. All data recording instruments were calibrated 

immediately before testing using the same data acquisition system that was used for this 

testing.  

A reverse cyclic loading with gradually increasing displacement was applied at the top 

edge of the wall, using a rigid steel beam resting over two rollers. Each displacement 

excursion was repeated twice and consisted of a push/pull cycle, with the displacement 

amplitude increased after every two excursions. Because the hydraulic jack reached its 

capacity in the pull direction, the last three excursions were only applied in the push 

direction. Figure 5.6 shows a photograph of the test being performed.  
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Figure 5.6. Photograph of in-plane testing of posttensioned frame being performed 

5.4.4. Testing results and discussion 

5.4.4.1. Failure mode 

The spandrel of the URM frame spanning over the opening failed in diagonal shear 

cracking mode and upon further application of lateral loading the width of these diagonal 

cracks continued to increase. Localised diagonal cracks also opened up at the projecting 

edges of the frame, which were attributed to local stress concentration at the interface of 

the load beam and the masonry. The frame exhibited a strong-pier-weak-beam failure 

mechanism, with pier rocking that resulted in opening of base cracks. The majority of the 

diagonal cracks in the spandrel were concentrated in mortar joints and followed a step 

pattern. As the spandrel was previously cracked and repaired, the force necessary to 

initiate first crack could not be established. The near surface bonded steel bars provided 

the shear strength to the cracked spandrel as that of an uncracked URM spandrel by 

restraining further crack opening. Figure 5.7a shows the cracked test frame at the 

conclusion of testing, with photographs in Figures 5.7b to 5.7d showing the maximum 

width of cracks. 
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(a) crack patterns 

 

   
 

(b) pier-A base crack 

 

(c) spandrel cracks 

 

(d) pier-B base crack 

Figure 5.7. Observed crack patterns 

Recorded lateral displacement values at different locations up the frame height for each 

excursion are shown in Figure 5.8a and 5.8b. The displacement profiles corresponding to 

last two excursions of 39.1 mm and 55.1 mm displacement plotted in these figures 

showed a larger lateral displacement at the top-most fibre of the frame that can result 

either due to cracking/slippage at the pier-spandrel joint or due to rotation of the spandrel. 

As no slippage was observed during the testing, the larger displacement observed at the 

top-most fibre of the frame was attributed to rotation of the spandrel.  

Figures 5.8c and 5.8d show the recorded resulting masonry deformation at the base of 

piers A and B respectively. At the compression toe of the piers, a maximum masonry 

compressive strain of 0.006 mm/mm was recorded at an applied lateral displacement of 

55.1 mm (refer Figure 5.8e) without any signs of toe crushing, suggesting typical codified 

useable masonry strain value of 0.0035 mm/mm (BS 2000; CEN 2005a; CSA 2004; 

NZSEE 2006) to avoid masonry crushing to be conservative. 
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(a) pier-A lateral    (b) pier-B lateral 

 

   

(c) pier-A base (pull) (d) pier-B base (push) (e) compression strain 

Figure 5.8. Lateral displacement profiles and opening of base cracks 

5.4.4.2. Force-displacement response 

The non-linear hysteretic behaviour of unbonded posttensioned URM walls is idealized 

by flag-shaped hysteresis, where loop size decreases in relation to the level of 

pre-compression. It is also noted that hysteretic behaviour of a URM frame with 

posttensioned piers is not well defined, where the performance of posttensioned URM 

piers is largely influenced by the relative strength and stiffness characteristics of the 

spandrel and the piers. The experimental force-displacement response of the URM frame 

when subjected to the pseudo-static displacement history is shown in Figure 5.9.  
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Figure 5.9. Experimental force-displacement response 

Analogous moment acting on the frame was calculated by multiplying the applied lateral 

force with the pier effective height (the pier clear height). The secondary horizontal axis 

presents storey drift and was calculated by dividing the maximum lateral displacement by 

the total frame height. A maximum lateral force of 102.6 kN was recorded at a storey drift 

of approximately 2% and the test frame exhibited nearly non-linear elastic behaviour up 

to a storey drift of 1%, with pinched loops demonstrating small energy dissipation. After 

the 1% drift cycle, more spandrel cracking occurred as the piers started to rock, that 

resulted in increased energy dissipation (suggested by increased loop size) and a flat 

plateau on the force-displacement curve is reached. Nominal flexural strength of the test 

frame was predicted using Equation 5.7 and 5.8, which fitted well with the experimental 

results.  

5.4.4.3. Tendon stress variation 

Each pier of the URM assemblage was stressed using a pair of threaded steel bars and the 

total posttensioning force was determined by adding the initially applied posttensioning 

force recorded by the load cell located at the top end of each tendon. Figures 5.10a and 

5.10b show the total axial force plotted against wall displacement for pier-A and pier-B 

respectively, with the secondary axis on the plot showing the drift ratio and tendon stress. 

A large tendon stress increment was observed during the test but the measured tendon 

stress remaining within the lower half of the tendon‟s elastic range. Increased tendon 

stress at nominal strength was predicted using Equation 5.7 and was shown in each plot 

by dotted line that fitted well with the experimental curves.  
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(a) prestress force-displacement curve for pier-A (b) prestress force-displacement curve for pier-B 

Figure 5.10. Experimental prestress force-displacement response 

Magnitude of residual prestress was observed to decrease towards the conclusion of the 

test, which was attributed partially to tendon shortening due to masonry cracking at 

mortar joints, and partially to relaxation losses.  

5.5. SUMMARY AND CONCLUSIONS 

A summary of precedent experimental programs was given and predictive equations were 

presented for a posttensioned seismic retrofit design of in-plane loaded URM walls. Later 

the adequacy of these predictive equations was confirmed by comparing predicted 

response with experimental results. A posttensioned pier-spandrel URM assemblage was 

tested by applying pseudo-static in-plane cyclic loading. Masonry material properties 

were determined using standardised test procedures. Gradually increasing in-plane cyclic 

loading was applied at the top most fibre of the assemblage using a rigid loading beam 

attached to an assembly consisting of a hydraulic ram and a load cell. Numerous 

characteristics pertaining to the in-plane seismic behaviour of posttensioned perforated 

URM walls were investigated and are reported. Following are the key findings of the 

experimental program: 

 Damage was mostly concentrated in the spandrel portion spanning over the 

opening, with diagonal cracks following a step pattern formed by opening of 

mortar joints. 

 The assemblage exhibited strong-pier weak-spandrel behaviour and the spandrel 

portion spanning over the openings essentially behaved as a coupling beam that 

dissipated energy while the piers rocked.  
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 A reasonable increase in displacement ductility was observed for the assemblage, 

with no signs of toe crushing due to high deformability of low strength historic 

masonry materials.  

 A notable decrease in effective posttensioning was observed, which was partially 

attributed to masonry shortening that resulted from local mortar crushing, and 

partially to seating and relaxation losses. 
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CHAPTER 6. SHEAR BEHAVIOUR OF 

NSM-TS STRENGTHENED URM WALLS 

 

The experimental program presented in this chapter consisted of two series of testing, of 

these series 1 testing was performed at the University of Newcastle by Robert B. Petersen 

and Mark J. Masia. The author analysed and plotted the experimental data and wrote a 

combined journal article for publication (Ismail et al. 2011). It is noted that the series 1 

testing is not claimed to be performed by the author and results of this testing is reported 

herein for completeness only.   

6.1. INTRODUCTION 

Many seismic strengthening techniques involving the addition of steel reinforcement have 

previously been implemented (refer Chapter 2), such as ferrocement overlays, reinforced 

surface plastering, grouted centre core steel insertion, posttensioning and near surface 

mounted (NSM) steel insertion. The addition of steel reinforcing bars in URM walls 

allows the strengthened wall to be designed and to perform as a reinforced masonry (RM) 

wall such that bars yield occurs prior to crushing of masonry.  

An improved commercially available grout-bar system was used in the testing program 

reported herein. To strengthen the test units, twisted steel reinforcement bars were 

attached to URM wallettes using the NSM technique, in which thin slots are cut into the 

surface of the masonry and the reinforcement is bonded into the slot using high bond 

strength thixotropic injectable cementitious grout. The twisted stainless steel 

reinforcement bars are commercially available and are presently used for applications 

such as bed joint reinforcement to create deep beams or lintels, structural tying between 

intersecting structural members, stitching across existing cracks in URM walls and for 
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strengthening wall ties in existing cavity and veneer masonry construction. This 

strengthening technique involving NSM bonding of twisted steel bars (NSM-TS) has 

several advantages as the seismic retrofit application involves minimal disruption and 

architectural alteration, and the cementitious grout used is easy to work with and is 

believed to be more compatible with porous heritage URM materials than polymeric 

adhesives typically used with FRP reinforcement. Moreover, twisted stainless steel bars 

have high corrosion resistance and can readily be bent/hooked if additional anchorage is 

required, the helical profile results in excellent mechanical anchorage over short bond 

lengths, the application does not increase the seismic weight of the structure, and the 

system is likely to be accepted by industry due to the proven track record of using steel 

reinforcement in reinforced masonry construction.  

It is expected that the cementitious grout has higher fire resistance when compared to its 

counterpart polymeric adhesion agents, but no experimental validation has been found to 

support this claim. From discussions with heritage masons, it was also established that the 

NSM-TS slots can be concealed in architecturally sensitive buildings using a tinted lime 

based mortar repointing, which involves filling cut slots in the brick surface using a lime 

based mortar or lime putty tinted in a colour matching the brick colour and repointing 

mortar joints with a lime based mortar matching the colour of existing mortar. 

6.2. PAST TESTING 

The use of twisted steel (TS) bars to strengthen URM walls dates back to the early 1980s, 

when the technique was mainly used for the rehabilitation of cavity walls that involved 

installation of replacement ties between the outer veneer and the backing wall. Research 

investigating the suitability of NSM-TS for rehabilitation and repair of buildings 

progressed at a slow rate, with experimental studies mostly focusing on the flexural 

behaviour of masonry deep beams supporting gravity loading.  

One such experimental program was undertaken by Štepánek and Czempiel (2011) that 

involved pull out testing and flexural testing of 18 NSM-TS strengthened laboratory built 

clay brick masonry beams, each being 600 mm deep and 2700 mm long. The test beams 

were either 250 mm wide (referred to as type A) or 380 mm wide (referred to as type B). 

From the study it was concluded that an embedment length of 300 mm provided sufficient 

anchorage to cause the tensile yielding of a 6 mm twisted steel bar, being similar to the 
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results of pull out testing reported herein. The flexural strength increase for type A beams 

was 124% when TS bars were installed on one face and 143% when TS bars were 

installed on both faces, whereas the increase in the flexural strength of type B beams for 

single sided and double sided applications was observed to be 181% and 233% 

respectively.  

The performance of URM arch bridges and masonry vault structures strengthened using a 

similar bar-grout system has also been extensively investigated (Chen et al. 2007; Garrity 

2010; Zlámal and Štěpánek 2009). Several precedent experimental programs have 

investigated the out-of-plane behaviour of clay brick masonry walls strengthened using 

NSM bonding of polymeric strips/bars (Turco et al. 2006b; Willis et al. 2010). Italian 

researchers used NSM bonding of deformed steel bars in mortar bed joints to avoid 

masonry strength degradation resulting from creep deformation (Modena and Valluzzi 

2003; Valluzzi et al. 2005b; Valluzzi et al. 2002a), which is a typical strengthening 

intervention for heritage URM buildings located in European countries.  

6.3. STRENGTHENING PROCEDURE 

Figure 6.1 shows photographs of the steel reinforcement used and the retrofit application 

being performed on a test wallette. For NSM-TS strengthening of URM walls, at the 

onset the masonry substrate surface is prepared by grinding any surface undulations and 

removing dust, paint, oil and/or any loose masonry fragments. Thin surface slots (being 

30 mm deep and 4 mm wider than the outer bar diameter) are cut into the masonry 

surface using a hand held wet circular masonry saw that typically required two closely 

spaced cuts and removal of the masonry strip formed between these two cuts using a 

chisel. Additionally, commercially available wet masonry saws can be mounted with an 

adjustable guide to maintain the depth and alignment of cutting.  

To reduce the amount of brick cutting, straight slots may be positioned to pass through a 

maximum number of mortar head joints. This cutting strategy was adopted for the 

strengthened walls reported herein, and was found to provide adequate bar anchorage. 

The cut slots are cleaned with an air blower or flushed with water and are left to dry until 

a saturated surface dry condition is reached. A water based primer can also be sprayed in 

the slots by using a blow pump to avoid moisture movement between the injected grout 

and the substrate masonry.  
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(a) twisted steel bar 

 

(b) retrofit application 

Figure 6.1. Twisted steel bar and retrofit application 
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(a) typical NSM-TS details  

(refer Table 7.3 for legends) 

 

(b) cutting slots 

 

(c) grout injection 

Figure 6.2. Typical NSM-TS details and application procedure 

An approximately 10 mm thick bead of grout is injected into the back of the slot using a 

hand held injection gun. The twisted steel reinforcing bars are inserted into the slot by 

pushing the bars with a finger trowel into the injected bead of grout, and the slot is filled 

with grout. The slot is concealed by re-pointing using a tinted hydraulic mortar to match 

the existing masonry bond pattern. Figure 6.2 shows a typical NSM-TS section and 

photographs illustrating the strengthening procedure. 

6.4. SHEAR ANALYSIS AND DESIGN 

The design concept adopted herein is based on the assumption that the in-plane shear 

capacity of a strengthened perforated URM wall can be evaluated by determining the 
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shear strength of individual URM bracing panel, where the effective height of the bracing 

panels is taken as the smaller of the adjacent openings. In this approach, the perforated 

URM walls are delineated into bracing panels for simplicity and subsequently the shear 

strength of each individual strengthened bracing panel is determined, which is also often 

represented by an equivalent strut element for seismic analysis.  

Accurate theoretical idealisation of NSM-TS strengthened URM panels is not possible 

owing to the highly anisotropic nature of URM materials. However, a good estimate of 

the shear strength of NSM-TS strengthened URM bracing panel (also referred to as 

section) can be established by using the typical design approach used for reinforced 

masonry, in which nominal strength of the reinforced URM panel is evaluated as the sum 

of the shear strength contributions from masonry and the strengthening reinforcement as 

shown in Equation 6.1. 

rmn VVV  (6.1) 

where Vn is the nominal shear strength of the panel, Vm is the masonry shear strength 

contribution, and Vr is the shear strength contribution from the strengthening 

reinforcement.  

6.4.1. Shear strength contribution from masonry 

In-plane shear failure in URM walls is invariably attributed to damage mostly 

concentrated in low strength hydraulic mortar joints, with diagonal cracking through 

bricks barely noticed during the post-earthquake assessments presented in Appendix A. 

The technical literature on the physical characteristics of historic URM buildings has also 

reported the strength characteristics of prevalent masonry mortar being significantly 

lower than that of bricks typically used in the construction of historic URM buildings and 

therefore precedent research studies recommended the use of a friction model to represent 

the shear behaviour of URM bracing panels (Lumantarna 2012). In a friction model, the 

masonry shear strength is determined as the sum of shear contributions from cohesion and 

friction, where the latter is directly dependent upon the magnitude of axial stresses acting 

normal to the shearing plane. Based on these theoretical considerations, masonry shear 

strength contribution can be represented by the following generalised equation. 

)ζμC(CACV nf2mn1m
 (6.2) 
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where Vm is the masonry shear strength contribution, C1 is a coefficient dependent upon 

the geometry of the URM panel, An is the net cross sectional area of the URM panel 

along the shearing plane, Cm is masonry cohesion, C2 is a coefficient introduced to 

account for vertical acceleration and dynamic effects, µf is the masonry coefficient of 

friction, and ζn is the axial stress due to overburden weights and the self-weight of the 

wall. The current NZSEE guidelines (NZSEE 2011) for assessment of masonry shear 

strength in existing URM walls suggest C1 of 0.5, which was basically derived by re-

arranging the shear strength equation of FEMA 273 (FEMA 1997). Substituting a C2 

factor of 0.8 in Equation 6.2 yields, 

2

NN
0.4μC0.5AV tb

fmnm
 (6.3) 

where Nb is the total axial load at the wall base and Nt is the axial load at the panel top 

due to overburden weight. A masonry coefficient of friction of 0.65 (NZSEE 2011) is 

recommended for the New Zealand URM building stock and can be used in Equation 6.3. 

However, it is recommended to establish the masonry cohesion and coefficient of friction 

by performing in-situ bed joint shear testing or by performing laboratory based shear 

sliding testing on extracted URM assemblages.  

In another study, Andersen and Priestley (1992) after reviewing the shear equations 

proposed by Shing et al. (1990) and Matsumura (1988) proposed an equation to predict 

the shear strength of reinforced clay brick masonry that also accounted for shear strength 

degradation when subjected to repeated loading beyond its elastic limits. The masonry 

contribution in the proposed equation for reinforced clay brick masonry walls not 

subjected to a ductility of more than 2% can be represented by Equation 6.4, which is 

similar to Equation 6.3 with the only exception being the use of a function of masonry 

compression strength instead of masonry cohesion. 

2

NN
0.25'0.12AV tb

nm mf  (6.4) 

A relatively recent research study reviewed the design expressions for the shear design of 

reinforced concrete masonry walls (Voon and Ingham 2007) recommended the use of a 

geometry dependent shear coefficient C1 of 0.42[4.0-1.75(he/lw)] in contrast to the FEMA 

273 (1997) suggested value of 0.5. On the basis of the literature review presented above 

Equations 6.5 and 6.6 are recommended for establishing the masonry shear strength 
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contribution corresponding to diagonal shear cracking and shear sliding failure modes 

respectively. 

2

NN
0.34μCbl

l

h
1.754.00.42V tb

fmww
w

e
mdt, where 0.25 ≤ he/lw ≤ 1.0 (6.5) 

2

NN
0.8μCbl

l

h
1.754.00.5V tb

fmww
w

e
ms,

 
(6.6) 

where Vdt,m is diagonal shear contribution from masonry, Vs,m is bed joint sliding shear 

contribution from masonry, he is effective height of the bracing panel, lw is length of the 

bracing panel, bw is thickness of the bracing panel, Cm is masonry cohesion (usually 

measured by performing in-situ bed joint sliding test), µf is masonry coefficient of friction 

(usually measured by performing in-situ bed joint sliding test), Nb is axial load at the base 

of the bracing panel, and Nt is overburden weight acting at the top end of the bracing 

panel.  

6.4.2. Shear strength contribution from NSM bonded TS bars 

As NSM bonding of TS bars provides adequate anchorage over short embedment lengths 

(as illustrated in the aforementioned technical literature and observed experimentally) and 

the ultimate shear failure of a strengthened URM bracing panel is dictated by either 

tensile yielding of the bars (without bar slippage) or the governance of another masonry 

failure mode (either flexural or sliding shear), it is suggested that the design concept of 

reinforced masonry can be used to design a NSM-TS strengthening solution for historic 

URM walls.  

Two distinctly different shear resisting mechanisms are provided by vertically and 

horizontally oriented NSM bonded TS bars, being flexural or kinking action for vertically 

oriented NSM-TS bars and dowel action for horizontally oriented bars. A common design 

concept in reinforced concrete shear walls is to provide horizontal reinforcement to resist 

shear stresses and to provide vertically oriented reinforcement to resist flexural stresses, 

whereas this concept is deemed unsuitable for the design of a NSM-TS strengthening 

scheme for URM walls because the mortar joints located between two horizontally NSM 

bonded TS bars create weak planes and thus can result in a sliding shear failure that 

necessitates the use of a vertical or a grid reinforcement pattern.  
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Table 6.1. Existing equation for predicting shear strength 

Reference Shear resistance due to steel reinforcement 

 Vertical Horizontal 

Shing et al. (1990)   

Andersen and Priestley (1992) - 0.4  

FEMA 273 (1997) - 0.5  

Voon and Ingham (2007)   

For legends refer to symbols and notations 

A number of existing predictive equations to evaluate the shear strength of reinforced 

masonry panels are presented in Table 6.1. It is noted that for URM panels strengthened 

using only a horizontal pattern of NSM-TS bars, the shear strength will be governed by 

bed joint shear strength of the masonry only, that can be evaluated using Equation 6.5. 

The effectiveness of horizontal reinforcement in clay brick masonry walls has been 

previously observed to be limited and approximately 40-50% of that assumed in a 

reinforced concrete shear wall by Andersen and Priestley (1992). The limited efficiency 

of steel bars in strengthened clay brick masonry walls, as the authors explained, is 

because the reinforcing bars remain essentially unstressed prior to crack propagation and 

shear stress is solely carried by the masonry and once cracking initiates steel bars go into 

tension and the masonry shear contribution decreases. This mechanism results in a 

smaller increase in the shear strength of the masonry bracing panel but significantly 

increases the ductility capacity. In addition, the outer most steel bars are considered to 

have a significantly smaller effect on the shear strength of the panel because of not having 

adequate development length and thus are often ignored when evaluating the shear 

strength of a reinforced URM panel (Shing et al. 1990; Voon and Ingham 2007). 

Therefore, the contribution from outer most bars in Equation 6.7 has been postulated 

further half of that assumed for the rest of horizontal reinforcement. After reviewing the 

technical literature the following equation is proposed for establishing the shear strength 

contribution from a NSM-TS strengthening. 

h

e

hyhrmyvvrr S

2d'h
AfCf'fACV  (6.7) 

where Vr is the shear strength contribution from NSM-TS strengthening, Av is cross-

sectional area of vertically oriented NSM-TS reinforcement, Cvr is a parameter 
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representing efficiency of vertical NSM-TS reinforcement; Chr is a parameter representing 

the efficiency of horizontal NSM-TS reinforcement; fy is the 2% proof tensile yield 

strength of TS bar, f'm is masonry compressive strength, Ah is cross-sectional area of a 

single horizontal TS bar, he is effective height of bracing panel, d' is the distance of outer 

most edge of the bracing panel to the outer most NSM-TS bar, and Sh is horizontal 

spacing of NSM-TS bars. In equation 6.7 the parameters representing the efficiency of 

NSM-TS reinforcement were established statistically to match the experimental results 

presented in the following sections and their values were recommended in section 6.5.4.6.  

6.5. EXPERIMENTAL PROGRAM  

A testing program was undertaken to investigate the structural performance of URM 

walls seismically strengthened using NSM-TS, with the diagonal shear cracking mode of 

failure investigated in particular. Three as-built and fourteen strengthened URM wallettes 

were tested in induced diagonal compression (in-plane shear). Different orientations of 

stainless steel NSM reinforcement were used to retrofit the wallettes. The failure modes, 

load versus displacement response, drift at yield, ultimate drift, pseudo-ductility, shear 

strength and stiffness of tested wallettes were determined. 

6.5.1. Material properties 

Test wallettes were constructed and tested in two series (referred to herein as Series 1 and 

Series 2). Both series used solid (no holes or indentations) extruded clay bricks. Two 

different mortar compositions, replicating prevalent mortar compositions used in existing 

modern (series 1) and existing old (series 2) URM construction, were used.  

Series 1 wallettes were constructed using new bricks being 230 mm long × 110 mm 

wide × 75 mm high, with 10 mm thick mortar joints using a hydraulic cement mortar with 

a cement:lime:sand ratio (by volume) of 1:1:6 plus an air entraining admixture to the 

manufacturer‟s recommended dosage. The air entraining admixture was used to increase 

the mortar workability but also resulted in reduced masonry bond strength.  

Series 2 wallettes were constructed using salvaged solid clay bricks being 220 mm long × 

105 mm wide × 90 mm high, with 15 mm thick mortar joints using a hydraulic cement 

mortar with a cement:lime:sand ratio of 1:2:9 following prevalent masonry construction 

practices (Russell 2010).  
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Table 6.2. Masonry material properties 

Series  f’b MOR f’j f’m fr 

  MPa MPa MPa MPa MPa 

1 Value - 3.6 - 32.1 0.4 

COV  - 21% - 18% 37% 

2 Value 39.4 3.9 1.4 10.7 0.1 
COV 48% 14% 30% 33% 29% 

Where: f‟b = brick compressive strength; MOR = brick modulus of rupture; f‟j = mortar compressive strength; f‟m = masonry 

compressive strength; and fr = masonry flexural bond strength. 

Masonry unit (brick) modulus of rupture was determined by testing 24 brick prisms for 

flexural strength in accordance with ASTM C1072-10 (2010a), typically 2 for each 

wallette. Mortar compressive strength was determined by testing twenty 50 mm mortar 

cubes in accordance with ASTM C109-11 (2011b) and the compressive strength of bricks 

and masonry were determined in accordance with ASTM C67-11 (2011a) and ASTM 

C1314-11 (2011c) respectively, typically in sets of two for each wallette. The results are 

reported as mean values and associated coefficient of variation (COV) in Table 6.2.  

For strengthening the test walls, a commercially available bar-grout system was used that 

consisted of high strength austenitic stainless steel (ASTM Grade 316) reinforcement bars 

(cold worked and twisted into a helical profile) and a two component based high bond 

strength non-shrink thixotropic injectable cementitious grout. The grout used is deemed to 

be compatible with porous heritage masonry and to have high fire resistance, but no 

experimental data has been found to support this claim. In technical literature provided by 

the manufacturer it is stated that the helical profile along with the high strength allows 

self-drilling of replacement veneer ties without disrupting the building function. 

Additionally, the stainless steel bars are not susceptible to corrosion/rusting, can readily 

be bent/hooked if additional anchorage is required, have higher fire resistance than do 

normal deformed steel bars and the helical profile of the twisted steel bars results in 

excellent mechanical anchorage over short bond lengths. It was established from the 

experimental tensile stress-strain curves for the TS bars that the TS bars exhibit prolonged 

strain hardening behaviour and continue to resist the same magnitude of tensile stress up 

to a strain value of approximately 0.03 mm/mm. Figure 6.3 shows representative 

experimental stress-strain curves of the TS bars. Indicative physical characteristics of the 

TS bars and the injection grout are reported in Table 6.3. It is noted that the yield strength 

values suggested for TS bars in Table 6.3 differ from those shown in Figure 6.3 and are 

manufacturer recommended nominal specified lower 5% characteristic strength values. 
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Table 6.3. Indicative NSM-TS strengthening material properties 

Twisted stainless steel bars (ASTM Grade 316) 

db Ah fy fu fs Es 

mm mm2 MPa MPa MPa GPa 

6 7.14 902 1168 679 168 

10 14.8 892 1108 476 168 

Thixotropic injectable cementitious grout 

Binder Exu f'2g f'7g f'21g f'28g 

type % MPa MPa MPa MPa 

Cementitious 0.15 15.0 25.0 40.0 45.0 

Where: db = outer diameter of TS bar; Ah = effective cross sectional area of TS bar; fy = 2% proof tensile strength of TS bar; 

fu = ultimate tensile strength of TS bar; fs = averaged shear strength of TS bar; Es = modulus of elasticity of TS bar; Exu = unrestrained 
expansion when fully cured; f'2g = strengthening grout compressive strength after 2 days; f'7g = strengthening grout compressive 

strength after 7 days; f'21g = strengthening grout compressive strength after 21 days; and f'28g = strengthening grout compressive 

strength after 28 days. 

 

Figure 6.3. Representative experimental stress-strain curves of the TS bars  

It was established from a literature review of carbon fibre reinforced polymer NSM 

techniques that the performance of retrofitted walls is largely dependent upon the 

adhesion of the reinforcement-grout-masonry system. In order to establish the anchorage 

characteristics of the bar-grout system used, three pull out tests were performed for 2, 3 

and 4 brick length straight embedment. Of these three tests, 3 and 4 brick length 

embedment ultimately resulted in bar rupture and even the 2 brick length embedment 

resulted in approximately the expected rupture load of the bar. The peak force applied on 

the free end of the reinforcement for 2, 3 and 4 brick length embedment was 7.6 kN, 

8.6 kN and 8.7 kN respectively, being close to the nominal specified tensile strength of 

the 6 mm twisted bar that was used for the tests.  

At the conclusion of the pull out testing helix unwinding over the bar free length was 

observed, with no signs of de-bonding or grout crushing. The unwinding observed in the 

pull out tests was attributed to relatively long free lengths between the grips of the testing 
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machine and the masonry anchorage, which is unlikely to happen in actual applications 

within a strengthened wall. The development length of the TS bar can be represented 

analytically by Equation 6.8, in which it is conservatively assumed that a 300 mm length 

is required to cause tensile failure of a 6 mm TS bar. 

bdp 50dl  (6.8) 

where db is the outer diameter of the TS bar. It is noted that based on the solution of a one 

dimensional partial differential equation and results of finite element modelling, Štepánek 

and Czempiel (2011) recommended a development length ranging from 11db to 25.8db. 

6.5.2. Test wallettes 

The experimental program consisted of two series of tests that involved in-plane shear 

testing of solid clay brick masonry wallettes, with both series strengthened using identical 

twisted stainless steel reinforcing bars. Series 1 testing involved diagonal shear (DS) 

testing of ten single-wythe thick wallettes, constructed using a running bond pattern and 

series 2 testing involved DS testing of seven two-wythe thick wallettes, with masonry 

following a common bond pattern (i.e., one header course after every three stretcher 

courses). The bond patterns were selected because of their prevalence in existing modern 

(series 1) and existing old (series 2) URM construction and are shown in Figure 6.4.  
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Figure 6.4.  Wallette masonry bond patterns 
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Figure 6.5. Strengthening details (dashed lines represent bars installed on rear face) 

Three wallettes were tested as-built to serve as control wallettes, and fourteen wallettes 

were seismically strengthened prior to testing using different patterns of NSM-TS 

reinforcement (see Figure 6.5). The reinforcement patterns used were established from 

manufacturer recommendations and were designed using design equations suggested in 

existing technical literature to sustain large displacement demands. However, it should be 

noted that further investigation is required to optimise design equations. The bars were 

extended to the edges of the wallettes and were finished straight (no bend or cog).  

For series 1, both faces of each wallette were reinforced to avoid eccentricity and the 

reinforcing bars were offset on opposite sides of the wallettes to prevent through wall 

cracking between back to back slots. For the majority of heritage URM buildings, retrofit 

application on the front façade is not desirable and so series 2 involved strengthening on 

one wallette face only. 

Wallette dimensions and details of the retrofit application are shown in Table 6.4. Test 

wallettes were given the notation WXC-N or WXS-N, where W refers to Wallette, X 

denotes the test series (1 or 2), C refers to unreinforced Control specimens, S refers to 

twisted Steel NSM retrofit technique and N denotes the test number.  
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Table 6.4. Wallette dimensions and retrofit details 

Series Wallette Wallette dimensions (mm) Retrofit details 

  he  lw bw Strengthened with  

(number of  faces strengthened shown in parenthesis) 

Pattern 

1 W1C-1 1200 1200 110 - - 

W1C-2 1200 1200 110 - - 

W1S-1 1200 1200 110 4 slots equally spaced with 1TS6 in each slot (2) V 

W1S-2 1200 1200 110 4 slots equally spaced with 1TS6 in each slot (2) V 
W1S-3 1200 1200 110 4 slots equally spaced with 2TS6 in each slot (2) V 
W1S-4 1200 1200 110 4 slots equally spaced with 2TS6 in each slot (2) V 
W1S-5 1200 1200 110 4 slots equally spaced with 2TS10 in each slot (2) V 
W1S-6 1200 1200 110 4 slots equally spaced with 2TS10in each slot (2) V 
W1S-7 1200 1200 110 4 slots on one face and 3 slots on the other face with 1TS6 

in each slot (2) 
HL 

W1S-8 1200 1200 110 4 slots on one face and 3 slots on the other face with 1TS6 

in each slot (2) 
HL 

2 W2C-3 1200 1200 220 - - 

W2S-9 1200 1200 220 2 slots equally spaced with 1TS6 in each slot (1) V 
W2S-10 1200 1200 220 3 slots equally spaced with 1TS6 in each slot (1) V 
W2S-11 1200 1200 220 4 slots equally spaced with 1TS6 in each slot (1) V 
W2S-12 1200 1200 220 5 slots equally spaced with 1TS6 in each slot (1) V 
W2S-13 1200 1200 220 4 slots with 1TS6 in each slot (1) GR 

W2S-14 1200 1200 220 2 slots equally spaced with 1TS6 in each slot (1) HL 

Where: he = wallette height; lw = wallette length; bw = wallette thickness; HL = horizontal; V = vertical; GR = grid; and TS = high 
strength twisted stainless steel bar. 

6.5.3. Test setup 

ASTM E-519-10 standard guidelines (ASTM 2010b) were used to investigate the in-

plane diagonal shear strength. This test procedure provided a simple means of producing 

diagonal cracking and/or bed joint sliding failure modes and enabled the effectiveness of 

various strengthening schemes to be evaluated. Displacement controlled loading was 

applied along the diagonal of the test wallettes at a rate of approximately 0.1 mm/sec. 

Applied diagonal force and the corresponding displacements along both diagonals of the 

wallettes were recorded. For series 1, a standard test setup was used (see Figure 6.6a) that 

consisted of a 300 kN hydraulic actuator, 300 kN load cell, loading shoes and four 

potentiometers. As series 2 wallettes were heavier with a lower masonry bond strength, 

and hence were more vulnerable to damage than series 1 wallettes, a modified test setup 

was used (see Figure 6.6b).  

The diagonal force was applied to the series 2 wallettes using a 500 kN hydraulic actuator 

coupled with a 500 kN load cell, and two potentiometers were used to determine the 

diagonal shortening and elongation. Series 2 wallettes were constructed directly over the 

steel beams and bricks were directly placed over the steel beam without any mortar 

interface, allowing sliding to take place and maintaining an unrestrained edge. All 

potentiometers were attached to test wallettes along the diagonals and had a gauge length 

of 1414 mm. 
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(a) standard test setup (series-1) (b) modified test setup (series-2) 

Figure 6.6. Series 1 and series 2 test setup 

6.5.4. Experimental results and discussion 

6.5.4.1. Crack patterns 

Testing was continued until either the post-peak shear stress degraded to half of the 

maximum shear strength, or the equivalent lateral drift reached 1%. The as-built wallettes 

(W1C-1, W1C-2 and W2C-3) performed with an approximately linear behaviour up to 

first cracking and then failed suddenly along a diagonal step joint when they reached their 

diagonal tensile strength (Figures 6.7a and 6.7e).  

For the strengthened wallettes with vertically aligned reinforcement, diagonal cracking 

initiated close to peak load but was restrained by the reinforcement, resulting in more 

ductile modes of failure than observed for the URM control specimens. The resulting 

failure mode involved distributed diagonal cracking across the compressed diagonal 

region of the wallettes (Figures 6.7c and 6.7g). In the vicinity of major diagonal cracks, 

after large displacements, there was considerable local crushing of the masonry and 

cementitious grout adjacent to the reinforcing bars (Figure 6.7d).  

NSM-TS bars held the cracked masonry of strengthened test wallettes together and 

restrained the shear induced dilation mechanism, which developed along the sliding 
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portions of the cracking surfaces. This restraint to dilation increased the frictional 

resistance of the cracks, resulting in increased load and displacement capacity. Any dowel 

action was likely to be insignificant due to excessive local bending of the reinforcing bars 

across the shear cracks (Figure 6.7d).  

Despite the shear cracks crossing the bars close to the edges of the wallettes, bar slippage 

or reinforcement de-bonding was not observed in the testing, confirming that there was 

sufficient mechanical bond between the reinforcement and masonry over short 

embedment lengths. In test wallettes W1S-1 and W1S-2, during and after the tests, it was 

observed that several of the bars had ruptured, but no bar rupture was observed in the 

other tests. All strengthened wallettes failed with diagonal cracks except for W1S-7 and 

W1S-8 (series 1 wallettes with horizontally aligned reinforcement), which developed 

diagonal cracks but ultimately failed by sliding along an unstrengthened horizontal mortar 

joint (refer Figure 6.7b).  

 

 
(a) series 1 as-built 

wallette 

 
(b) series 1 

horizontally reinforced 

wallette 

 
(c) reinforcement 

supporting masonry 

together after cracking 

 

 
(d)  localised crushing 

 
(e) series 2 as-built wallette 

 
(f) series 2 horizontally 

reinforced wallette 

 
(g) series 2 vertically reinforced 

wallette 

Figure 6.7. Crack patterns observed for tested wallettes 
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Test wallette W2S-14 (refer Figure 6.7f) was also strengthened using a horizontal 

reinforcement pattern. However, when compared to W1S-7 and W1S-8, wallettes 

W2S-14 had additional compression stress applied normal to the mortar bed joints due to 

wallette self-weight, and failed with diagonal cracking. Visible out-of-plane bending of 

test wallettes having high reinforcement ratios on one face (W2S-11 and W2S-12) was 

also observed in the testing. 

6.5.4.2. Shear stress-strain response 

The experimentally measured diagonal force applied to each test wallette, P, was 

transformed into shear stress, υ, using Equation 6.9, where bw is wallette thickness, lw is 

wallette length, and he is wallette height. Measured shear strain, δ, were calculated using 

Equation 6.10, where ΔS is diagonal shortening along the axis of applied force, ΔL is 

diagonal elongation measured perpendicular to the axis of applied force, and gl is the 

gauge length. 

)l(hb

1.4P
ν

wew

 (6.9) 

l2g

ΔLΔS
δ  (6.10) 

All stress-strain curves are plotted with the measured diagonal force and the average of 

two diagonal deformations shown on the secondary axes and with the stress-strain curve 

of the corresponding as-built tested wallettes shown for comparison. A maximum 

allowable drift limit of 0.5%-0.6% is typically specified in design codes (CEN 2005a; 

CSA 2004; MSJC 2008; NZS 2004b) for URM walls, and hence curves were plotted to a 

maximum shear strain of 10 mm/m, which is analogous to 1.0% drift (refer Figure 6.8).  

The force-displacement response of the as-built tested wallettes exhibited sudden strength 

degradation once cracking had propagated. A linear-elastic behaviour up to cracking and 

then a gradual decrease in the post-peak strength was observed in all strengthened 

wallettes (see Figure 6.8a to 6.8k), except for W1S-7 and W1S-8 which failed by sudden 

sliding failure along a horizontal mortar joint (see Figure 6.8e). It is noted that typical 

URM walls are loaded axially due to their self-weight and overburden weight, and that 

bed joint sliding failure modes may not lead to sudden complete loss of strength as 

observed here. 
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(a) as-built tested wallettes 

 

(b) W1S-1 and W1S-2 

 

  
 

(c) W1S-3 and W1S-4 

 

(d) W1S-5 and W1S-6 

 

  
 

(e) W1S-7 and W1S-8 

 

(f) W2S-9 

 

  
 

(g) W2S-10 

 

(h) W2S-11 

0 2 4 6 8 10
0

0.4

0.8

1.2

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

100

200

300

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W1C-1

W1C-2

W2C-3

0 2 4 6 8 10
0

4

0.8

1.2

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

100

200

300

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W1C-1

W1C-2

W1S-1

W1S-2

0 2 4 6 8 10
0

0.4

0.8

1.2

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

100

200

300

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W1C-1

W1C-2

W1S-3

W1S-4

0 2 4 6 8 10
0

0.4

0.8

1.2

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

100

200

300

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W1C-1

W1C-2

W1S-5

W1S-6

0 2 4 6 8 10
0

0.4

0.8

1.2

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

100

200

300

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W1C-1

W1C-2

W1S-7

W1S-8

0 0.2 0.4 0.6 0.8 1
0

0.09

0.18

0.27

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

30

60

90

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W2S-9 W2C-3

0 2 4 6 8 10
0

0.09

0.18

0.27

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

30

60

90

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W2S-10 W2C-3

0 2 4 6 8 10
0

0.09

0.18

0.27

Shear Strain (mm/m)

S
h

ea
r 

S
tr

es
s 

(M
P

a)

 

 
0 2 4 6 8 10 12

0

30

60

90

Diagonal Displacement (mm)

D
ia

g
o

n
al

 F
o

rc
e 

(k
N

)

 

 

W2S-11 W2C-3



6. SHEAR BEHAVIOUR OF NSM-TS STRENGTHENED URM WALLS 

-105- 
 

 

  
 

(i) W2S-12 

 

(j) W2S-13 

 

 
Displacement

T
o
ta

l 
F

o
rc

e

Bi-linear curveVu

0.8Vu

y

Experimental curve

0.7Vu

uc

G

1

 
 

(k) W2S-14 

 

(l) elasto-plastic bilinear approximation 

Figure 6.8. Diagonal shear stress-shear strain curves 

6.5.4.3. Shear strength 

Maximum shear stress values are listed in Table 6.5, and are also expressed as a ratio of 

the shear strength of the corresponding as-built wallette. As-built tested URM wallettes 

W1C-1 and W1C-2 behaved almost linearly up to peak load and then failed suddenly at 

small deformations with a diagonal cracking failure mode. Test wallette W2C-3 cracked 

diagonally along the mortar step joint and upon further application of the diagonal 

displacement the upper portion of the wallette slid in the horizontal direction. 

In general, all three reinforcement patterns resulted in higher shear strength values, on 

average, than was measured for the as-built URM control specimens, with the combined 

horizontal and vertical grid pattern resulting in the largest strength increase. Furthermore, 

the reinforcement restrained the opening of diagonal cracks which developed during 

loading, allowing the wallettes to undergo large displacement while continuing to support 

significant load.  
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Table 6.5. Diagonal shear testing results 

Test  Wallette ρh ρv Pmax Fmax υmax υ/υo δy δu µ G E 

Series  10-3 10-3 kN kN MPa % mm/m mm/m  GPa GPa 

1 

W1C-1 0.00 0.00 157.0 111.0 0.84 - 0.3 0.3 1 2.8 7.0 

W1C-2 0.00 0.00 129.0 91.2 0.69 - 0.2 0.2 1 3.5 8.6 
W1S-1 0.00 0.43 193.0 136.5 1.03 135 0.4 0.8 2 2.6 6.4 

W1S-2 0.00 0.43 212.0 149.9 1.14 148 0.3 1.0 3 3.8 9.5 

W1S-3 0.00 0.87 212.0 149.9 1.14 148 0.3 1.9 6 3.8 9.5 
W1S-4 0.00 0.87 192.0 135.7 1.03 134 0.8 1.7 2 1.3 3.2 

W1S-5 0.00 1.79 163.0 115.2 0.87 114 0.0 2.6 26 8.7 21.8 

W1S-6 0.00 1.79 209.0 147.8 1.12 146 0.0 19.8 198 11.2 28.0 
W1S-7 0.38 0.00 105.0 74.2 0.56 73 0.1 0.8 8 5.6 14.0 

W1S-8 0.38 0.00 124.0 87.7 0.66 87 0.3 1.3 4 2.2 5.5 

2 

W2C-3 0.00 0.00 53.5 37.8 0.14 - 0.1 0.7 7 1.0 2.5 

W2S-9 0.00 0.11 91.7 64.8 0.24 171 0.3 1.7 6 0.7 1.7 

W2S-10 0.00 0.16 103.1 72.9 0.27 193 0.2 3.5 18 1.2 2.9 
W2S-11 0.00 0.22 99.3 70.2 0.26 186 0.2 9.2 46 1.3 3.1 

W2S-12 0.00 0.27 99.3 70.2 0.26 186 0.1 11.2 112 2.5 6.3 

W2S-13 0.11 0.11 99.3 70.2 0.26 186 0.4 3.6 9 0.7 1.6 

W2S-14 0.11 0.00 76.4 54.0 0.20 143 0.3 8.7 29 0.8 2.0 

Where: ρh = horizontal reinforcement ratio; ρv = vertical reinforcement ratio; Pmax = maximum applied diagonal force; Fmax = maximum 

horizontal shear force; υmax = maximum shear stress; δy = shearing strain at yield; δu = shearing strain at failure (corresponding to 0.8υ); 

 = pseudo-ductility; G = modulus of rigidity; E = modulus of elasticity; and υ/υo = ratio of the shear strength to that of the as-built 
wallette. 

All strengthened wallettes except W1S-7 and W1S-8 continued to resist load at the 

conclusion of testing. Test wallettes W1S-7 and W1S-8 failed at loads lower than 

measured for the as-built URM control specimens but this was identified to result from 

the masonry that was used to construct these two specimens having bond strength that 

was significantly lower than the series 1 mean value. The reduced bond strength of these 

two wallettes was either due to a mistake in mortar proportion or due to a longer mixing 

time than for other mortar batches, resulting in more air voids in the mortar. 

6.5.4.4. Pseudo-ductility 

Materials that can deform beyond the elastic range with a gradual drop in capacity are 

said to be ductile. In the event of an earthquake, buildings undergo lateral displacement 

and the ability of a building to deform without collapsing is termed structural ductility. As 

the shear stress-drift plots for tested wallettes did not have a distinct yield point, pseudo 

ductility was determined using an elasto-plastic bilinear approximation (see Figure 6.8l). 

The shearing strain corresponding to ultimate strength, δu, was determined as the drift 

value when the shear strength degraded to 0.8ν and the shearing strain corresponding to 

yield, δy, was determined such that the area under the bilinear curve was the same as that 

under the experimental curve. The values of ultimate and yield drift are reported in 

Table 6.5 and with these drift values the pseudo-ductility was determined using 

Equation 6.11. 
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The large increase in pseudo-ductility for strengthened wallettes was attributed to 

reinforcement holding the brick masonry together and distributing stresses over larger 

areas. Pseudo-ductility is often used in demand capacity phase diagram based design, 

where a pushover curve is generated for the building.  

Referring to Table 6.5, it is noted that the ductility factor was determined using induced 

diagonal cracking and is highly sensitive to the calculated shearing strain corresponding 

to yielding, δy, which for the current tests showed considerable variability and for many 

of the tests was calculated as a very small value. The large variations in observed δy were 

attributed to redistribution of stresses and deformations throughout the highly 

heterogeneous material during the pre-peak loading phase, resulting in the displacement 

that was measured along the compression diagonal being not representative of the true 

elastic drift. 

6.5.4.5. Stiffness 

The modulus of rigidity, G, was determined as the chord modulus to 0.7υmax of the shear 

stress-shear strain plots. The stiffness of test wallettes was quantified by the elastic 

modulus, E, which is related to the modulus of rigidity, G. For each wallette a 

corresponding elastic modulus was calculated as: 

p)2G(1E           (6.12) 

where G = masonry shear modulus and p = masonry poisson‟s ratio (adopting p = 0.25). 

The more lightly reinforced wallettes had stiffness values that were lower than their 

counterpart non-strengthened wallettes (possibly due to cut grooves in the surface of the 

wallettes), but the wallettes with higher reinforcement ratios were more stiff. The elastic 

moduli determined for all test wallettes are reported in Table 6.5. 

6.5.5. Prediction versus experimental results 

The unknown efficiency parameters of Equation 6.9 were established by statistically 

fitting the experimental data. An efficiency of horizontal NSM-TS reinforcement was 

observed to range from 70% to 80%, whereas efficiency of vertical NSM-TS 

reinforcement was observed to be only 10%. However, it is noted that vertical NSM-TS 
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reinforcement is typically required to avoid a sliding shear failure and to provide out-of-

plane strength to URM walls. Based on the observed efficiency of horizontal and vertical 

NSM-TS bars, Equation 6.13 is proposed to predict the strength of NSM-TS strengthened 

URM bracing panels.  

 (6.13) 

The shear strength contribution from NSM-TS reinforcement was predicted using 

Equation 6.13. The shear strength contribution from masonry was predicted using 

Equation 6.5, where masonry cohesion of 0.4 for series 1 wallettes and 0.1 MPa for series 

2 wallettes with a masonry coefficient of friction of 0.65 were adopted in addition to the 

material properties shown in Table 6.2 and Table 6.3.  

Total shear strength of each strengthened wallette was calculated by summing up 

calculated shear strength contributions from masonry and NSM-TS strengthening and was 

compared to the experimental results. The comparison is shown in Figure 6.8 and an 

overview of the calculated values is presented in Table 6.6. It can be seen that a good 

correlation is evident between the predicted and experimentally determined shear values 

for the strengthened wallettes. The over predicted shear strength values for two wallettes 

was attributed to low strength of the specific mortar batch, which has already been 

explained in section 6.5.4.3. 

Table 6.6. Comparison of predicted values and experimental results 

Wallette Cm µf f'm he lw bw Ah Av fy Vn Vu Vu/Vn 

MPa - MPa  mm  mm  mm mm2 mm2 MPa kN kN Ratio 

W1C-1 0.4 0.65 32.1 1200 1200 110 - - - 79.1 111.0 1.40 
W1C-2 0.4 0.65 32.1 1200 1200 110 - - - 74.0 91.2 1.23 

W1S-1 0.4 0.65 32.1 1200 1200 110 7.14 56.76 902 114.8 136.5 1.19 

W1S-2 0.4 0.65 32.1 1200 1200 110 7.14 56.76 902 118.3 149.9 1.27 
W1S-3 0.4 0.65 32.1 1200 1200 110 7.14 114.84 902 148.0 149.9 1.01 

W1S-4 0.4 0.65 32.1 1200 1200 110 7.14 114.84 902 144.3 135.7 0.94 

W1S-5 0.4 0.65 32.1 1200 1200 110 14.8 - 902 123.0 115.2 0.94 
W1S-6 0.4 0.65 32.1 1200 1200 110 14.8 - 902 131.4 147.8 1.12 

W1S-7 0.4 0.65 32.1 1200 1200 110 7.14 - 902 69.6 74.2 1.07 

W1S-8 0.4 0.65 32.1 1200 1200 110 7.14 - 902 73.1 87.7 1.20 

W2C-3 0.1 0.65 10.7 1200 1200 220 - - - 35.5 37.8 1.06 

W2S-9 0.1 0.65 10.7 1200 1200 220 7.14 29.04 902 51.1 64.8 1.27 

W2S-10 0.1 0.65 10.7 1200 1200 220 7.14 42.24 902 57.1 72.9 1.28 
W2S-11 0.1 0.65 10.7 1200 1200 220 7.14 58.08 902 61.1 70.2 1.15 

W2S-12 0.1 0.65 10.7 1200 1200 220 7.14 71.28 902 65.0 70.2 1.08 

W2S-13 0.1 0.65 10.7 1200 1200 220 7.14 29.04 902 57.7 70.2 1.22 
W2S-14 0.1 0.65 10.7 1200 1200 220 7.14 - 902 44.9 54.0 1.20 

Where: Cm = masonry cohesion; and µf = masonry coefficient of friction; f‟m = masonry compressive strength; he = wallette height; 

lw = wallette length; bw = wallette thickness; Ah =  cross-sectional area of a single TS bar; Av = cross-sectional area of vertical TS bars; 
fy = specified 0.2% proof tensile strength of TS bars; Vn = predicted nominal shear strength of strengthened wallettes; and Vu = 

measured maximum lateral force.  
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Figure 6.9. Experimental versus predicted shear strength 

6.6. SUMMARY AND CONCLUSIONS 

The in-plane shear behaviour of URM wallettes strengthened using near surface mounted 

high strength twisted stainless steel reinforcement bars was investigated. The 

effectiveness of the reinforcing schemes to restrain the diagonal cracking failure mode 

was studied. Horizontal, vertical and grid patterns of NSM-TS strengthening applied to 

single-wythe thick and two-wythe thick wallettes was considered in this study. 

Parameters pertaining to seismic behaviour were determined, including shear strength, 

drift capacity, pseudo-ductility, shear modulus and elastic modulus. The results were 

compared to as-built URM wallettes. The key findings of the experimental program were: 

 The improvement in shear strength (i.e., υ/υo) for strengthened wallettes ranged 

from 114% to 247% except for W1S-7 and W1S-8, which were strengthened 

using a horizontal pattern and showed decreased shear strength. The latter was due 

to the masonry bond strength for these two specimens being significantly lower 

than the series mean. 

 

 The horizontal reinforcement scheme was effective in bridging diagonal cracks 

which formed close to peak load, and allowed the wallettes to deform further until 

ultimate failure occurred. This behaviour resulted in a smaller increase in shear 

strength, on average, when compared to other reinforcement schemes, but a large 

increase in pseudo ductility was observed. 
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 The vertical and grid reinforcement schemes performed the best in terms of 

increases in strength and displacement capacity. The presence of vertical 

reinforcement restrained opening of the diagonal cracks which developed during 

loading, allowing the wallettes to undergo large displacement while continuing to 

support significant load, and resulted in a larger shear strength increase than when 

using the horizontal reinforcement scheme. 

 

 The effect of increasing the vertical reinforcement percentage was to reduce the 

post peak drop in load and hence increase the ductility of the wallettes. 

 

 All strengthened wallettes (except those that were strengthened using horizontal 

schemes) displayed ductile failure modes and continued to resist load at the 

completion of testing.  

 

 The primary reinforcement mechanism for vertically aligned reinforcement was 

restraint to shear induced dilation which resulted in increased frictional shear 

resistance along the shear cracks. Dowel action was likely insignificant due to the 

excessive local bending of the reinforcing bars across the shear cracks. 

 

 The helical profile of the stainless steel reinforcing bars resulted in excellent 

mechanical bond between the reinforcement and masonry over short bonded 

lengths. It was established from the results of precedent experimental studies that 

short embedment lengths (roughly 300 mm) provided sufficient anchorage to 

cause tensile yielding of the TS bars, which was further confirmed in the testing 

reported herein. 
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CHAPTER 7. OUT-OF-PLANE BEHAVIOUR 

OF NSM-TS STRENGTHENED URM WALLS 

 

7.1. INTRODUCTION 

In Chapter 6, introduction to NSM-TS strengthening technique was given, summary of 

precedent experimental programs investigating the performance of NSM-TS strengthened 

URM walls was discussed, advantages of NSM-TS strengthening technique were 

discussed, and NSM-TS strengthening procedure was reported.  

An overview of an experimental program involving out-of-plane testing of full scale 

slender NSM-TS strengthened URM walls is reported in this chapter. The experimental 

program was performed in two series of tests. Series 1 testing was performed in-situ in a 

historic URM villa as part of a large field testing program that involved masonry material 

testing, in-plane testing of as-built URM wallettes, out-of-plane testing of as-built slender 

URM walls and out-of-plane testing of URM walls strengthened using NSM-TS and 

NSM bonding of carbon fibre reinforced polymer strips.  

Field testing of Avon House was performed by four doctoral students as part of their 

doctoral studies and each of these students investigated different aspects of the structural 

response of the villa, with structural performance of out-of-plane loaded URM walls 

strengthened using NSM-TS being studied as part of this thesis and reported herein.  

Series 2 testing of the experimental program was performed in the civil test hall of 

University of Auckland by applying a reverse cyclic displacement controlled loading 

history, with relatively more rigorous instrumentation than for the in-situ tested NSM-TS 

strengthened walls and with more controlled boundary conditions. 
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7.2. MATERIAL PROPERTIES 

Series 1 testing was conducted on in-situ walls located inside a residential house 

(hereafter referred to as Avon House) situated at 44 Wallace Street Mt. Cook, Wellington, 

New Zealand. Avon House was originally constructed in 1884 and has undergone several 

minor periodic alterations, including the construction of a new retaining wall on the 

southwest side of the building. The load bearing URM walls consisted of handmade clay 

bricks, being on average 68 mm × 112 mm × 210 mm in size, and a low strength 

hydraulic masonry mortar. The walls had a rendering coat of 10-26 mm thick plaster on 

both the interior and the exterior faces. The bond pattern of the two-wythe thick brick 

masonry wall was inconsistent, with a relatively small number of header courses 

interconnecting the two wythe together. Further details about Avon House and seismic 

evaluation of the as-built building using the NZSEE 2006 guidelines are presented in 

Appendix B. 

Masonry material properties for the in-situ tested walls (series 1) were determined and 

reported by Lumantarana (2012), and are reproduced in Table 7.1 for completeness. 

Series 2 test walls were constructed using vintage solid clay bricks and a low strength 

hydraulic mortar having a volumetric mix ratio of 1:2:9 (cement:lime:sand). The vintage 

clay bricks were 75 mm × 110 mm × 220 mm in size and were salvaged from the rubble 

of a roughly 104 years old historic URM building.  

Several standardised material tests were performed for establishing masonry material 

properties. Masonry flexural bond strength was determined by performing in-situ and 

laboratory based bond wrench tests in accordance with ASTM C1072-10 (2010a). The 

brick flexural strength was determined in accordance with AS/NZS 4456-03 (2003) and 

the mortar compressive strength was determined in accordance with ASTM C109-11 

(2011b). The compressive strength of bricks and masonry were determined in accordance 

with ASTM C67-11 (2011a) and ASTM C1314-11 (2011c) respectively. Masonry 

diagonal shear strength was determined in accordance with ASTM E519-10 (2010b). The 

results of masonry material testing are reported in Table 7.1 as mean values and 

corresponding coefficients of variation (COV). For strengthening of test walls NSM-TS 

materials having same material properties as those used for strengthening the test 

wallettes reported in Chapter 6 were used. Therefore, for indicative physical 

characteristics of NSM-TS materials used herein refer to section 6.5.1. 
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Table 7.1. Masonry material properties 

Test 

series 

f'b (CoV) MOR (CoV) Eb (CoV) f'j (CoV) f'm (CoV) Em (CoV) fr (CoV) υ (CoV) 

MPa MPa GPa MPa MPa GPa MPa MPa 

1 8.8 (0.19) - - 3.3 (0.37) 3.2 (0.19) 0.4 (0.22) 0.04 (0.50) 0.09 
2 18.8 (0.33) 3.0 (0.52) 5.9 (0.44) 0.7 (0.22) 5.6 (0.34) 1.7 (0.49) 0.08 (0.66) 0.10 

Where: CoV = coefficient of variation; f'b = brick compressive strength; MOR = brick modulus of rupture; Eb = brick modulus of 

elasticity; f'j = mortar compressive strength; f'm = masonry compressive strength; Em = masonry elastic modulus; fr = masonry flexural 

bond strength; and υ = masonry diagonal shear strength. 

7.3. OUT-OF-PLANE ANALYSIS AND DESIGN 

The failure mode of out-of-plane loaded NSM-TS strengthened URM walls, having 

sufficient wall-diaphragm anchorage, is characterised by the formation of one large 

horizontal crack at or near mid-height. The primary reinforcement mechanism in a NSM-

TS strengthened URM wall subjected to out-of-plane loading is dowel action when a 

flexural failure mode governs and a horizontal crack opens up at or near the mid-height, 

the NSM-TS bars go in tension and restrain further opening of the crack. Additionally, the 

prolonged strain hardening behaviour inherent in TS bars allows the strengthened wall to 

perform in a ductile manner and be designed utilising the concept of reinforced masonry 

walls. It is noted for NSM bonded polymer reinforcement the design considerations 

become more complicated, where the design must ensure that de-bonding of NSM 

bonded polymer reinforcement is prevented in order to avoid catastrophic failure (Dizhur 

et al. 2010; Willis et al. 2009), whereas in NSM-TS strengthened walls tensile yielding of 

TS bars is likely to occur and is considered herein for establishing design equation. The 

generalised force-displacement behaviour of a NSM-TS strengthened out-of-plane loaded 

URM wall is shown in Figure 7.1.  
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Figure 7.1. Generalised force-displacement curve for NSM-TS strengthened URM 

wall when subjected to out-of-plane seismic forces 
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(a) strain profile 

 

(b) stress profile 

Figure 7.2. strain and stress profile at crack location 

Figure 7.2a and 7.2b show the strain and stress profile at crack location, being typically 

developed at or near mid-height. The tensile stresses are taken by NSM-TS bars only after 

the URM wall cracks and masonry acts in compression. The 2% offset yield strength of 

TS bars was used herein for establishing the nominal out-of-plane flexural strength of 

NSM-TS strengthened URM wall. Considering the concepts of strain compatibility and 

equilibrium of forces acting at the crack location Equation 7.1 was developed.  

                                                              (7.1) 

 
where  (the selection of equivalent stress block 

parameters has been discussed in section 3.4) 

where Mn is nominal out-of-plane flexural strength of NSM-TS strengthened URM wall, 

f'm is masonry compression strength, bw is wall thickness, a is length of equivalent stress 

block, fy is nominal specified 2% yield strength of TS bars, Av is cross-sectional area of 

NSM bonded TS bars in vertical direction (which is calculated as Av = n × Ah, where n is 

the number vertical NSM-TS bars installed that satisfy the development length 

requirement and Ah is the cross-sectional area of a single TS bar), α is a parameter 

representing the depth of equivalent stress block as a fraction of masonry compression 

strength, Nt is overburden weight, Ww is self-weight of the wall, lw is wall length, and d is 

the minimum distance between the centroid of TS bar and the extreme compression fibre, 

typically being bw – 0.5db – dcs +10 mm for a wall having rectangular plan geometry 

when a TS bar with outer diameter of db is NSM bonded into a cut slot of depth dcs.  
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7.4. EXPERIMENTAL PROGRAM 

The testing program involved cyclic out-of-plane flexural testing of four slender URM 

walls, which was performed in two series of tests. The test walls were strengthened using 

either one 10 mm or two 6 mm vertically oriented NSM-TS bars. The strengthened walls 

were then subjected to a uniformly distributed cyclic face loading and the effectiveness of 

NSM-TS as a seismic strengthening technique was established.  

Test walls were given the notation ABO-N or TSO-N, where AB refers to as-built tested 

walls, TS refers to walls strengthened using NSM-TS, O refers to out-of-plane testing and 

N denotes the test number. Test wall specifications and strengthening details are shown in 

Table 7.2.  

Table 7.2. Test wall specifications 

Test 

series 

 

Test 

wall 

 

Wall dimensions  NSM-TS strengthening details 

he 

mm 

lw 

mm 

bw 

mm 

tpt 

mm 

tpc 

mm 
 

db 

mm 

wcs 

mm 

dcs 

mm 

No. of NSM 

cut slots 

NSM-TS 

pattern 

Sv  

mm 

1 ABO-1 3325 1200 155 25b 18b  - - - - - - 
1 ABO-2 2640 1200 240 10a 20b  - - - - - - 

2 ABO-3 3760 1200 220 - -  - - - - - - 

1 TSO-4+ 3325 1200 155* 25b 18b  6 10 30 2 V 600 
1 TSO-5 2640 1200 240 10a 20b  10 14 30 1 V 1200 

2 TSO-6 3760 1200 220 - -  6 10 30 2 V 600 

Where: he = test wall height; lw = test wall length; bw = total test wall thickness; tpt = thickness of plaster on tension face; tpc = thickness 
of plaster on compression face; db = outer diameter of TS bar; wcs = width of NSM-TS cut slot; dcs = depth of NSM-TS cut slot; V = 

vertically oriented NSM-TS bars; and Sv = centre to centre spacing of vertical NSM-TS bars 
*As the mortar was severely deteriorated an effective thickness of 109 mm was used for strength prediction 
+retested after repairing wall ABO-1 
astrong cement based mortar 
blow strength horse hair reinforced hydraulic mortar 
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Figure 7.3. Location of series 1 test walls 
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Figure 7.4. Test wall specifications 

In series 1 testing a total of four full scale slender URM walls were tested in-situ, of these 

two test walls were tested as-built and two test walls were strengthened using NSM-TS 

prior to testing. The out-of-plane behaviour of as-built URM walls was reported by 

Derakhashan (2011) and the results are reproduced herein for comparison. Figure 7.3a 

and 7.3b shows a photograph of Avon House and the location of the test walls inside the 

building.  

Series 2 testing involved laboratory based reversed cyclic out-of-plane testing of two full 

scale slender URM walls, with one test wall strengthened using NSM-TS and the other 

wall tested as-built for comparison. Figure 7.4 shows the geometric dimensions of the test 

walls along with the orientation and the location of NSM-TS bars. 

7.4.1. Testing details 

For all test walls, a uniformly distributed cyclic face loading was applied by gradually 

inflating and deflating vinyl airbags that were capable of withstanding an air pressure of 

15 kN/m
2
. A gap of 80 mm was left between the wall and the backing frame that 

consisted of an assemblage of plywood sheets and steel angles. The backing frame was 

further supported horizontally with four 10 kN S-shape load cells that transferred applied 

lateral force to a rigid reaction frame. In order to ensure that the entire applied lateral 

force was transferred through the load cells, two pairs of smooth greased steel plates were 

placed underneath the plywood backing frame. The resulting lateral displacement 

occurring at wall midspan was measured using a linear variable differential transducer 

(LVDT) attached between the wall midspan and a free standing frame. The data from 
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load cells and LVDTs was collected at 50 Hz using a 10 Volt excitation data acquisition 

system. 

In order to simplify the in-situ testing (series 1) and to allow possible comparison to the 

concurrent series 2 testing of the laboratory-built walls, a 1200 mm long section of in-situ 

wall was isolated by making two vertical cuts through the in-situ walls using a concrete 

cutting chainsaw. The orientation of the vertical side cuts eliminated wedging effects after 

wall deformations had occurred. A reaction frame was constructed on site that consisted 

of vertical and diagonal timber members which were bolted to timber rails to transfer the 

horizontal load into the masonry wall located parallel to the wall being tested. 

Figures 7.5a and 7.5b show the cross section of the two test setups used for in-situ testing. 

As the wall used for testing of ABO-2 and TSO-5 was scheduled for partial demolition up 

to a height of 2700 mm, the gravity load from the above remaining brickwork was 

temporarily supported by using equally spaced timber beams which were further 

supported by two temporary timber portal frames located on both sides of the wall. To 

provide horizontal restraint at the top of the test walls and to provide horizontal stability 

to the temporary portal frames, two diagonal timber members were connected between 

the top beam of the portal frame and the joists of the existing timber floor. Once the 

propping assembly was in place, the top of the test wall section was isolated from the 

main wall by gradual removal of masonry units until a clear gap of 50 mm was formed. 

The gap allowed the wall section to behave as a one-way spanning simply supported face 

loaded URM wall during the testing and prevented arching action from occurring.  
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(a) ABO-1 and TSO-4 (b) ABO-2 and TSO-5 

Figure 7.5. Series 1 testing setup (in-situ testing) 
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(a) ABO-1 and TSO-4 

 

(b) ABO-2 and TSO-5 

 

(c) ABO-3 and TSO-6 

Figure 7.7. Photographs of test walls ready to be tested 

The cross section of the test setup used for series 2 testing is shown in Figure 7.6. In 

series 2 testing, two backing frames were positioned on either side of the wall and a 

reversed cyclic face loading was applied by alternatively inflating the air bags positioned 

on either side of the wall. Additionally, a total of six 2 mm long strain gauges were 

directly attached to the NSM-TS bars that allowed the strain distribution to be monitored 

over their entire length. Figure 7.6a and 7.6b show photographs of the in-situ test walls 

ready to be tested and Figure 7.6.c shows the test setup used for laboratory based testing.  
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Table 7.3. Testing results 

Test Test  Vc Mc Vu Mu Vu /Vo Δc Δy Δu γu µ Ki 

series wall kN kN.m kN kN.m Ratio mm mm mm % ratio kN/mm 

1 ABO-1 0.4 - - 0.2 1.0 - 3.0 62.7 3.8 20.9 0.3 
1 ABO-2 4.1 1.7 8.2 2.7 1.0 1.1 2.2 11.1 0.8 5.0 3.7 

1 ABO-3 1.7 0.8 3.6 1.7 1.0 1.9 3.8 56.2 3.0 14.8 0.9 

2 TSO-4 1.7 0.7 3.5 1.4 8.7 - 18.8 61.1 3.7 3.3 0.2 
2 TSO-5 5.9 2.4 11.7 3.9 1.4 0.7 1.4 84.0 6.4 60.9 8.5 

2 TSO-6 5.9 2.8 10.9 5.1 3.0 4.4 8.9 77.8 4.1 8.8 1.3 

2 TSO-6* 2.2 1.0 4.4 2.0 1.2 1.7 3.5 63.7 3.4 18.3 1.3 

Where: Vc = measured lateral force at first cracking; Mc = measured analogous moment at first cracking; Δy = effective yield 

displacement corresponding to extrapolation of the first cracking limit state when considering a bi-linear elasto-plastic system; 

Vu = maximum measured lateral force; Mu = maximum measured analogous moment; Δu = measured displacement at ultimate strength; 
Vo = ultimate strength of as-built tested wall; γu = measured drift at ultimate strength; µ = pseudo-ductility; and Ki= initial wall 

stiffness. 

*results of test wall in the reverse direction when NSM-TS acted in compression 

7.4.2. Testing results and discussion 

An overview of testing results is reported in Table 7.3. The experimentally measured 

maximum total applied lateral force Vu, together with the corresponding analogous 

moment Mu, are reported for each test wall, with the strength of each wall also expressed 

as a ratio with respect to the strength of the corresponding as-built wall. A first cracking 

limit state corresponding to the elastic limit of the test walls was considered to occur at an 

applied lateral force of 0.7Vu where Vu is the maximum measured lateral force, being 

consistent with typical code recommendations for the elastic limit of a bi-linear 

idealisation (ASCE/SEI 2006). The ultimate strength limit state was defined as the point 

on the experimental force-displacement curves where wall strength degraded to 80% of 

the peak wall strength.  

7.4.2.1. Failure modes 

Figure 7.8 shows the damage patterns observed at the conclusion of testing. As-built 

walls behaved linearly until a single large crack developed at or near midspan and 

subsequently excessive mortar deterioration occurred at the crack location (Figure 7.9a). 

The cracking was mostly concentrated at mortar bed joints except in wall ABO-2, where 

the crack propagated through bricks (Figure 7.9b). The observed crack propagation 

through bricks was attributed to the presence of the strong cement based plaster 

(established by performing in-situ scratch tests) on the wall tension face and the relatively 

low brick strength. Upon further application of lateral loading, the upper and the lower 

portions of the walls started to rock about the crack location until the test was 

discontinued (prior to reaching a midspan instability displacement). 



7. OUT-OF-PLANE BEHAVIOUR OF NSM-TS STRENGTHENED URM WALLS  

-120- 
 

In all strengthened wall tests, opening of one or two large horizontal cracks in the upper 

one third portion of the wall and hairline cracking in the vicinity of NSM-TS bars was 

observed. Once the cracking initiated, the NSM-TS bars started to resist lateral wall 

deformations by restraining further opening of the cracks. At large displacements the 

grout used to install the NSM-TS bars around the crack location was observed to 

deteriorate due to excessive local bending of NSM-TS bars, with bar slippage not 

observed during any test.  

Residual displacements were observed after large displacement excursions in test wall 

TSO-5, which was partially attributed to local bending of the NSM-TS bar and partially 

to loose masonry fragments wedging into the vertical cuts made to isolate the wall section 

and engaging the remaining portion of the main wall. Figure 7.9c shows a photograph of 

one such exposed bent NSM-TS bar at the crack location. 
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Figure 7.8. Damage patterns 

 

   
 

(a) mortar deterioration 
 

(b) cracking through bricks 
 

(c) local bending of a NSM-TS bar 

Figure 7.9. Photographs of cracked wall sections 
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7.4.2.2. Force-displacement response 

Figures 7.10b to 7.10d show the experimentally measured hysteretic response for the test 

walls, with analogous moment and drift values shown on the secondary axes and the 

predicted nominal flexural strength of the wall shown with dotted line. The 

experimentally measured lateral force was transformed into analogous moment using 

Equation 7.2 and corresponding drift values were calculated using Equation 7.3, where Δ 

is the measured midspan displacement, F is the corresponding total applied lateral force 

and he is the effective wall height. In order to illustrate the seismic improvement due to 

NSM-TS strengthening, the results for the corresponding as-built wall test (dotted lines) 

are also shown for each strengthened wall.  
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Figure 7.10. Force-displacement curves 
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In general, all as-built walls exhibited linear-elastic behaviour up to cracking and 

subsequently started to behave in a ductile rocking manner, with the wall first cracking 

strength depending upon the strength of constituent masonry materials and the residual 

strength of the cracked wall being dictated by wall geometry and the magnitude of 

overburden weight. Relatively large first cracking strength and sudden post-cracking 

strength degradation was observed for test wall ABO-2, which was attributed to the 

presence of the strong plaster on the wall tension face.  

All strengthened walls exhibited a bi-linear behaviour, with post-cracking strength 

provided by the NSM-TS bars restraining further opening of the cracks. For wall TSO-4, 

it was observed that the NSM-TS repair not only increased the strength of the wall (434% 

when compared to the strength of cracked wall ABO-1) but also caused the wall to 

respond in a highly ductile manner. Test wall TSO-5 performed similarly to the as-built 

wall ABO-2 until cracking occurred but then exhibited large flexural strength (143% 

when compared to the strength of ABO-2), without any strength degradation. Small 

lateral displacement of the wall restraint at the top end of the wall was also observed to 

occur, which could have decreased the tensile stress in NSM-TS bar and thus resulted in 

lower flexural strength than that of a properly restrained NSM-TS strengthened URM 

wall.  

A more noticeable bi-linear behaviour was observed for test wall TSO-6, with the wall 

exhibiting a large flexural strength (300% when compared to the strength of ABO-3) 

when the strengthened face of the wall acted in tension, but the wall exhibited a relatively 

smaller strength gain (125% when compared to the strength of ABO-3) in the reverse 

direction when the NSM-TS bars acted in compression. 

7.4.2.3. Ultimate drift and ductility 

The ability of a laterally loaded structural member or assemblage to undergo lateral 

deformation without collapsing is termed ductility, which is a characteristic that is crucial 

in order for strengthened walls to perform adequately and to allow ample time for 

evacuation in the event of a large earthquake. The ductility of strengthened walls was 

quantified using the measured ultimate drift ratio
e

u
u h

2Δ
γ  and a pseudo-ductility value 

y

u

Δ

Δ
μ , where Δy is the effective yield displacement corresponding to extrapolation of the 
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first cracking limit state when considering a bi-linear elasto-plastic system (refer Figure 

7.10a), Δu is the midspan displacement corresponding to the ultimate strength limit state 

and H is the effective wall height.  

The behaviour of as-built tested walls ABO-1 and ABO-3 in terms of ductility was typical 

for face loaded one way spanning out-of-plane loaded URM walls, with the walls 

continuing to resist forces even at large wall drift. However, wall ABO-2 performed 

differently and exhibited sudden strength degradation after cracking. It is also noted that 

the test walls were not loaded to their displacement capacity and thus did not exhibit 

negatively sloped limb in their force-displacement curves, which was because the air bags 

reached their inflation capacity and the testing was discontinued.  

7.4.2.4. Initial wall stiffness 

Initial wall stiffness is of interest when considering the seismic behaviour of URM 

structures. The stiffness of test walls was quantified by the initial stiffness value Ki, 

which is defined as the slope of the initial linear limb (corresponding to the elastic 

response of the walls) of the force-displacement curve. The initial wall stiffness was 

calculated as a chord modulus between two points, corresponding to lateral force values 

of 0.05Vu and 0.7Vu, on the linear portion of the experimental force-displacement curves 

(refer Figure 7.9a). The determined initial stiffness values are reported in Table 7.3.  

7.4.2.5. Tensile strain in TS bars 

Tensile strain occurring in the NSM-TS bars during the testing of wall TSO-6 were 

monitored using six strain gauges mounted onto the surface of TS bars at different 

location up the height of the test wall. From the strain gauge data it was observed that 

tensile strain at all six locations remained negligibly small prior to wall cracking and 

subsequently observed to increase gradually as the testing proceeded. The stress 

distribution along the bar length further suggested that the bars restrained crack openings 

at several mortar joint locations.  

A maximum tensile strain value of 0.013 mm/mm (analogous to a tensile stress of 1220 

MPa) was recorded through strain gauge SG-4, being more than the strain analogous to 

2% offset yield strength of the bar, whilst the tensile strain in the other bar at the same 

location (0.009 mm/mm and analogous to tensile stress of 980 MPa) did not reach the 
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indicative yield strain (0.012 mm/mm). The observed difference of strain values was 

attributed to torsional twisting of the backing frame. It was also established that the TS 

bars reached roughly half of their rupture strength when testing was discontinued. 

Considering the strain compatibility at crack location and using the observed averaged TS 

bar tensile strain at crack location, an analogous masonry compression strain was 

calculated and found to be 0.0035 mm/mm. 

7.4.2.6. Predicted versus experimental flexural strength 

The flexural strength of each strengthened test wall was predicted using Equation 7.1 and 

found to fit well with the experimentally measured value. Table 7.4 gives an overview of 

the calculated values and the comparison. It was observed that the measured strength 

values were 10-30% higher than predicted strength values, where the higher experimental 

strength values were attributed to the prolonged strain hardening behaviour of TS bars 

that has already been discussed earlier in this chapter. 

Table 7.4. Comparison of predicted wall flexural strength with experimental results 

Test Test As d 0.5b'w fy f'm 0.5Ww a Mn Mu Mn/Mu 

Series Wall mm2 mm mm MPa MPa kN mm kN.m kN.m Ratio 

1 TSO-4 14.3 69.0 54.5+ 1010 3.2 3.9 4.4 1.1 1.4 0.79 

1 TSO-5 14.8 190.0 105.0+ 1104 3.2 6.8 5.0 3.7 3.9 0.96 
2 TSO-6 14.3 200.0 110.0+ 1010 5.6 8.9 2.5 3.8 5.1 0.75 

2 TSO-6* 14.3 20.0 110.0+ 1010 5.6 8.9 2.5 1.2 2.0 0.60 

Where: As = cross sectional area of NSM-TS bars; d = distance between the centroid of TS bars to the extreme compression fibre; b'w = 
wall effective thickness established by subtracting mortar thickness from total wall thickness; fy = 2% proof tensile yield strength for 

TS bars; f'm = masonry compressive strength; a = width of equivalent stress block; Mn = predicted wall flexural strength; and 

Mu = maximum measured analogous moment (experimentally determined wall flexural strength). 
*Flexural strength of test wall in the reverse direction when NSM-TS acted in compression 
+Plastering layers were subtracted from total wall thickness for calculating the effective thickness of wall as b'w = bw – tpc-tpt 

7.5. SUMMARY AND CONCLUSIONS 

Theoretical considerations for NSM-TS retrofit design were discussed and an overview of 

an associated experimental program investigating the reversed cyclic out-of-plane 

performance of slender URM walls strengthened using NSM-TS was presented in this 

chapter. The experimental program consisted of full scale out-of-plane flexural testing of 

a total of six URM walls, which was performed in two series. The test boundary 

conditions represented actual wall boundary conditions in real buildings and in particular 

allowed determination of the relative effectiveness of NSM-TS to improve the out-of-

plane flexural strength of URM walls spanning between two adjacent diaphragms. 

Numerous structural characteristics pertaining to the seismic behaviour of URM walls 
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strengthened using NSM-TS were investigated and then compared to those obtained from 

the corresponding as-built wall. The key findings of the experimental program were: 

 All strengthened walls exhibited a ductile bi-linear behaviour and did not reach an 

instability displacement before the testing was discontinued. The large ductility 

exhibited by the NSM-TS strengthened URM walls was attributed to the large 

strain capacity of the twisted stainless steel bars. 

 

 NSM-TS restrained opening of flexural cracks by acting in tension and no bar 

slippage was observed during the testing, suggesting that the NSM-TS 

strengthened walls are conceptually similar to conventional reinforced masonry 

walls. 

 

 NSM-TS repairing not only increased the strength of the cracked URM wall to 

434%, when compared to the strength of the cracked wall, but also increased the 

ductility capacity of the wall. 

 

 NSM-TS strengthening resulted in a moderate flexural strength increase for the 

wall having a large as-built first cracking strength (143% when compared to the 

strength of the as-built wall) but the subsequent rapid strength degradation was 

avoided, allowing the strengthened wall to perform in a highly ductile manner. 

 

  For the wall having NSM-TS installed on one face only an asymmetric flexural 

strength increase was observed when subjected to a reversed cyclic loading, with 

the flexural strength increase being 300% when the NSM-TS acted in tension and 

125% in the reverse direction when the NSM-TS acted in compression.  

 

 It was established that proposed design equation effectively predicted the flexural 

out-of-plane strength of NSM-TS strengthened test walls. 
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CHAPTER 8. SHEAR BEHAVIOUR OF TRM 

STRENGTHENED URM WALLS 

 

8.1. INTRODUCTION 

It has been suggested in the technical literature that polymeric composite materials offer 

several advantages over traditional retrofitting materials (such as steel) that include a 

large strength to weight ratio, faster application rate, thinner cross section, better 

corrosion and fire resistance, and easier handling (Holloway 2009). Owing to these 

advantages the potential use of polymer materials for retrofitting earthquake prone 

buildings has attracted interest from academia and practicing engineers.  

Currently, different retrofitting techniques involving use of polymeric materials are being 

implemented, that includes surface bonding of carbon fibre reinforced polymer (CFRP) 

plates, near surface insertion of CFRP strips/bars, surface bonding of organic epoxy 

impregnated glass fibre reinforced polymer (GFRP) sheets and surface overlay of a 

mortar matrix reinforced with fibre reinforced open grid textiles (referred to as TRM 

herein). Of these different techniques, TRM was selected for further investigation because 

it offers better compatibility with older weak masonry constituent materials, relatively 

larger ductility, relatively higher fire resistance, lesser handling problems, and greater 

porosity when compared to counterpart surface bonded GFRP retrofit applications 

(Papanicolaou et al. 2011; Papanicolaou et al. 2007; Papanicolaou et al. 2008; 

Triantafillou and Papanicolaou 2006). It should be noted that porosity (also referred to as 

breathability), which is the ability of a retrofit overlay to create a porous water resistant 

layer, is crucial for the longevity of a retrofit solution. Additionally, the use of an open 

grid pattern of these polymer textiles provides better surface adhesion than do GFRP 
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sheets, due to additional mechanical interlocking attributed to the mortar matrix 

protruding through the grid openings of the textile (Papanicolaou et al. 2011).  

TRM draws upon traditional steel mesh reinforced mortar applications to masonry walls, 

referred to as ferrocement, which involves the application of steel or galvanised iron mesh 

onto the masonry surface using a strong cement-sand mortar. In TRM applications, the 

conventional steel reinforcement grid is substituted by a polymer textile and an improved 

mortar matrix is used instead of a cement-sand mortar to provide adequate bonding 

between the reinforcement textile and the masonry substrate. The commercially available 

mortar matrices used for TRM applications are either cement based mortars or acrylic 

polymer based matrices, with the latter having been only recently developed. Different 

polymeric composite materials are used to make the reinforcement textiles for such TRM 

applications, including polyester fibre, fibreglass, basalt fibre, and propylene. These 

different types of polymer textiles are commercially available in a variety of textile 

configurations and densities. Currently, in New Zealand the application of TRM is limited 

to restoration and repair of URM buildings and it is expected that the experimental results 

presented in this thesis will introduce this new promising strengthening technique to local 

practicing engineers. 

8.2. PAST TESTING 

The use of TRMs dates back to the early 1980s (Papanicolaou et al. 2007), when the 

technique was mainly used in new concrete construction. Research investigating the 

suitability of TRM systems for seismic retrofitting of buildings progressed at a slow rate, 

with most experimental studies having been undertaken in the last 10 years and primarily 

being focused on retrofitting of concrete frames (Mantegazza et al. 2006; Peled 2007; 

Triantafillou and Papanicolaou 2006).  

In some relatively recent research studies, the effectiveness of TRM systems for 

retrofitting clay brick masonry walls was investigated by performing induced diagonal 

shear testing of retrofitted masonry assemblages (Faella et al. 2010; Papanicolaou et al. 

2011; Papanicolaou et al. 2007). Parisi et al. (2010) performed quasi-static testing of a 

single URM wall with openings. The wall was first tested as-built and then repaired using 

a TRM system similar to that used in this testing program. The effectiveness of the TRM 

system for repairing damaged historic URM buildings was investigated by comparing the 
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results from the as-built tested wall and the repaired test wall.  It was concluded from the 

study that TRM repairing not only restored the in-plane strength, but also led to increase 

the ductility capacity of the wall.  

The cyclic out-of-plane flexural response of small scale TRM retrofitted masonry 

assemblages has been investigated by performing pseudo-static cyclic out-of-plane testing 

(Harajli et al. 2010; Papanicolaou et al. 2008), with loading being applied using a three 

point loading arrangement. Following the above mentioned experimental studies it was 

reported that TRM is a viable seismic retrofit technique for masonry walls, and a large 

strength increment was reported for retrofitted masonry assemblages when compared to 

corresponding as-built tested masonry assemblages. 

8.3. STRENGTHENING PROCEDURE 

Figure 8.1 shows photographs representing different steps involved in a TRM retrofit 

application. The masonry surface is first prepared by removing all rendering coats down 

to the underlying brickwork, and loose materials are removed. The substrate must be 

cleaned to achieve good adhesion between the polymer textile and the masonry, free from 

disintegrated masonry fragments, dust, oil and paintwork. The cleaned substrate is made 

wet by sprinkling water and left to dry until a saturated surface dry condition is achieved. 

If a saturated surface dry condition cannot be achieved then to create a permeable layer 

between the mortar matrix and the masonry substrate, a primer coat is applied onto the 

cleaned masonry surface. 

 

    
 

(a) fixing anchor 

 

(b) mixing mortar 

 

(c) levelling mortar application 

 

(d) adhesive mortar application 

Figure 8.1. Photographs of retrofit application 
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As the adhesive mortar can only be applied up to a maximum thickness of 4-10 mm, a 

levelling mortar base coat is applied for uneven masonry surfaces. Commercially 

available levelling mortars can be applied up to a thickness of 25 mm. A galvanised steel 

mesh fixed using light capacity steel mechanical anchors is also used as additional 

reinforcement in the levelling mortar layer and to improve the de-bonding strength. For 

such applications 100 mm long expansion galvanised steel nail anchor assemblies are 

typically used, which consist of a steel nail having a diameter of 8 mm and a polyamide 

dowel sleeve with two perforated polyamide retaining plates (refer Figure 8.1a). To install 

these steel anchors, equally spaced holes (roughly 300 mm o.c. in both directions) are 

drilled in the prepared masonry substrate using a rotary drill. The dowel sleeves for 

anchors are inserted into the drilled holes, the steel mesh is placed between the retaining 

discs, and the steel anchors are driven into the pre-installed dowel sleeves. A levelling 

base coat is then applied, which covers the mounted steel mesh. Once the base coat has 

been applied, it is left to cure under normal environmental conditions for several days. It 

is recommended to leave the base coat layer until it is completely dry and may require 

more time in wet and humid environment than does in dry conditions. 

The adhesive mortar is mixed as per the manufacturer‟s recommendations and a 3-4 mm 

thick layer of the mixed adhesive mortar is uniformly applied over the dry levelling 

mortar layer using a flat metal trowel. The textile is pressed into the freshly applied 

mortar layer using a flat trowel so that mortar protrudes through the textile grid openings. 

It is suggested in technical literature that these mortar protrusions provide additional 

mechanical interlocking (Papanicolaou et al. 2011). A final rendering coat of a 2-3 mm 

thick layer of adhesive mortar is then applied over the textile and the surface is 

smoothened using a flat trowel. The recommended curing time for commercially 

available adhesive mortars for such TRM applications varies between 7 to 28 days. 

8.4. MATERIAL PROPERTIES 

All test wallettes were two-wythe thick and were constructed by an experienced brick 

layer under supervision. The masonry was laid following a common masonry bond 

pattern, with one header course after every three stretcher courses and having roughly 15 

mm thick bed joint mortar courses. In order to replicate the physical characteristics of 

historic URM materials, an ASTM type O hydraulic cement mortar having a volumetric 

mix ratio of 1:2:9 (cement:lime:sand) and salvaged solid clay bricks was used for 
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construction of the test wallettes. The clay bricks used were 220 mm long × 110 mm wide 

× 90 mm high for series 1 and 220 mm long × 110 mm wide × 75 mm high for series 2.  

Several standardised material tests were performed for establishing masonry material 

properties, with details of this testing discussed in the following paragraph. Masonry 

flexural bond strength was determined by testing 24 two brick high masonry prisms for 

flexural strength in accordance with ASTM C1072-10 (2010a). The brick flexural 

strength was measured by testing 20 bricks in accordance with AS/NZS 4456.15-03 

(2003). Mortar compressive strength was determined by testing 50 mm mortar cubes in 

accordance with ASTM C109-11 (2011b), typically in sets of three for each mortar batch. 

The compressive strength of bricks and masonry were determined in accordance with 

ASTM C67-11 (2011a) and ASTM C1314-11 (2011c) respectively, typically in sets of 

three for each test wallette. The results of material testing are reported in Table 8.1 as 

mean values and corresponding coefficients of variation (COV).  

Table 8.1. Masonry material properties 

Test Series f’b (CoV) MOR (CoV) Eb (CoV) f’j (CoV) f’m (CoV) Em (CoV) fr (CoV) 

MPa  MPa  GPa  MPa MPa GPa MPa 

1 16.4 (0.19) - - 2.4 (0.11) 12.9 (0.23) - 0.16 (0.80) 

2 18.8 (0.33) 3.0 (0.52) 5.9 (0.44) 0.7 (0.22) 5.6 (0.34) 1.7 (0.49) 0.08 (0.66) 

Where: f‟b = brick compressive strength; MOR = brick modulus of rupture; Eb = brick modulus of elasticity; f‟j = mortar compressive 

strength; f‟m = masonry compressive strength; Em = masonry elastic modulus; and fr = flexural bond strength of masonry. 

Table 8.2. Retrofit material properties 

Retrofit grid properties 

 

    

Textile type SM406 FG225 EF335 EF540 

Material Steel Fibreglass E-glass fibre E-glass fibre 

Description Welded mesh Alkali resistant Alkali resistant Alkali resistant 

Density  
(kg/m2) 

406 225 335 540 

Roving 

Spacing (mm) 

19 (Warp) 

19 (Weft) 

25 (Warp) 

25 (Weft) 

10 (Warp) 

18 (Weft) 

10 (Warp) 

18 (Weft) 

Tensile 

Strength 

(kN/m) 

17.6 (Warp) 
17.6 (Weft) 

45 (Warp) 
45 (Weft) 

94 (Warp) 
82 (Weft) 

198 (Warp) 
87 (Weft) 

Retrofit mortar properties 

Mortar  Retrofit mortar description Masonry 

adhesion 

Maximum 

thickness 

Density 

  (MPa) (mm) (kg/m3) 

LM1 Lightweight mortar with polystyrene beads - 15 1540 

RM2 Fibre reinforced pozzolan-reaction based ductile mortar 2 25 1850 

RM3 Fly ash fibre reinforced ductile mortar - 25 1620 
RM4 Pozzolan-reaction based ductile mortar 2 10 1800 

RM5 Acrylate mixed polymer dispersion based ductile mortar  >1.2 10 1600 
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For strengthening of the test wallettes, three different types of polymer textiles, three 

different types of adhesive mortars, and three different types of levelling mortars were 

used. The details of these retrofit materials are given in Table 8.2. 

8.5. SHEAR ANALYSIS AND DESIGN 

The same additive design approach as previously discussed in Chapter 6 is adopted for 

TRM strengthened URM panels, in which the shear strength of the strengthened panel is 

evaluated as the sum of contributions from masonry and TRM strengthening as shown in 

Equation 8.1. 

rmn VVV  (8.1) 

where Vn is the nominal shear strength of the panel, Vm is the masonry shear strength 

contribution, and Vr is the shear strength contribution from strengthening reinforcement. 

The masonry contribution has already been discussed in section 6.4.1. 

8.5.1. Shear strength contribution from TRM strengthening 

In normal reinforced masonry the contribution from reinforcement is evaluated as the 

product of tensile yield strength and the cross-sectional area of shear reinforcement but 

surface bonded polymer textiles are often observed to utilise a fraction of the tensile 

strength of the polymeric materials (Faella et al. 2010; Papanicolaou et al. 2007).  

Therefore, an effective strain is postulated to develop throughout the composite layer at 

nominal shear strength and is multiplied by the elastic modulus to get the effective usable 

stress, which is then used for the calculation of TRM shear strength contribution as, 

wwfefvfvhfhr blεEρCρCV  (8.2) 

wherever Vr is shear strength contribution from TRM strengthening, lw is length of 

bracing panel, bw is thickness of bracing panel, Cfh is a parameter representing efficiency 

of horizontal polymer rovings, Cfv is a parameter representing efficiency of vertical 

polymer rovings, ρh is horizontal reinforcement ratio, ρv is vertical reinforcement ratio, Ef 

is polymer modulus of elasticity, and εfe is effective polymer strain at nominal shear 

strength. The environmental effects on de-bonding strength for improved TRM system 

used herein are expected to be small (as suggested in the technical literature provided by 

the manufacturer) and are accounted for in the shear strength reduction coefficient 
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recommended to be used for TRM strengthening design. Therefore, a strength reduction 

parameter for environmental effects is incorporated within Equation 8.2. A brief account 

for existing predictive equations to evaluate shear strength contribution from surface 

bonded polymer sheets/textiles is provided in the following section that also include 

literature associated to surface bonded epoxy impregnated fibre reinforced polymer (FRP) 

sheets, being conceptually similar to TRM application. 

8.5.2. Existing predictive equations 

In a limited number of studies, design equations for a surface applied polymer textile 

based strengthening solution are proposed. A common agreement between the researchers 

is that de-bonding is the most critical failure mode for polymer based surface 

applications. However, de-bonding failure was avoided to a larger extent in the 

experimental study reported in this chapter by using additional light capacity steel 

anchors and by using a grid pattern primed polymer textile. Tomazevic et al. (1993) 

proposed a design equation (refer Equation 8.3) similar to Equation 8.3 that ignored the 

contribution from vertical polymer rovings and used an effective fibre stress of 0.4 times 

the ultimate strain for the polymer fibres.  

wwfufhr blεEρ4.0V          (8.3) 

where Vr is shear strength contribution from strengthening, lw is wall length, bw is wall 

thickness, ρh is horizontal reinforcement ratio, Ef is polymer modulus of elasticity, and εfu 

is ultimate polymer tensile strain. Triantafillou (1998) adopted a similar approach and 

ignored the contribution from vertically aligned polymer strips/rovings and proposed 

Equation 8.5 to predict the shear strength of URM walls strengthened using surface 

bonded FRP sheets. In the proposed design equation, an effective polymer strain is 

calculated using a statistically calibrated polynomial equation (refer Equation 8.4).  

2

fhfhfe Eρ0.0104Eρ0.02050.0119ε  (8.4) 

wwfefh
f

r blεEρ
γ

0.7
V  (8.5) 

where γf is a factor of safety and εfe is effective polymer strain at nominal shear strength. 

The proposed equations did not account for several factors governing the de-bonding 

failure, specifically those related to masonry characteristics.  
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In a subsequent study, Triantafillou and Antonopoulos (2000) proposed a refined shear 

strength predictive equation, relating effective fibre strain to the compressive strength of 

concrete. To extend the relation to TRM strengthened URM walls, the concrete 

compressive strength has been replaced by masonry compressive strength and is shown in 

Equation 8.6.  

wwfefh

f

r blεEρ
γ

0.9
V  (8.6) 

where 0.005
Eρ

f'
 0.00065ε

0.56

fh

0.37

m

fe  

In CNR-DT 200-04 (CNR 2004) the use of an effective polymer strain is suggested to 

establish the shear contribution from surface bonded FRP sheets in strengthened URM 

walls, which is calculated using Equation 8.7.  

wwfefh

f

r blεEρ
γ

0.6
V  (8.7) 

and
fu

ff

f

fe ε
Eb

2Γ
ε  

where bf is polymer layer thickness and Γf is interfacial fracture energy, which is 

determined from Equation 8.8 using masonry compressive strength f'm and masonry 

tensile strength f't. A value of 0.015 is recommended for coefficient c1 when polymer is 

bonded onto a URM wall and an adequate bond length is ensured. 

'

t

'

m1f ffcΓ  (8.8) 

The International Code Council has recently published design guidelines AC125-10 

(2010) for designing surface applied polymer textiles/sheets retrofit solution, suggesting a 

relatively simpler approach than for the aforementioned studies, where numeric effective 

polymer strain values of 0.004 and 0.0015 were recommended for two-sided and single-

sided surface applications respectively. Equations to predict shear strength of FRP 

strengthened URM walls that are recommended in AC125-10 (2010) were simplified and 

reproduced herein as Equations 8.9 and 8.10 for two-sided and single-sided polymer 

surface applications respectively. 

fwfr El0.008bV          (8.9) 
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fwfr El0.0001bV          (8.10) 

8.5.3. Proposed design equation 

As is typical assumption, it is assumed that the shear strength contribution from vertical 

rovings is ignored and only the horizontal rovings of the polymer textile are considered to 

contribute towards the shear strength of a strengthened URM wall. It is also assumed that 

the textile will always be applied in such a way that the textile rovings remain parallel (or 

at an angle less than 15
o
) to the axis of the wall. When simplified Equation 8.1 reduces to, 

         (8.11) 

Note that the factor of safety considered herein assumes that the TRM is competently 

applied to a well prepared URM wall surface. However, a larger factor of safety is 

recommended when the quality of installation may be compromised. In order to establish 

the effective polymer strain, an approach similar to that used by Triantafillou and 

Antonopoulos (2000) is used but the efficiency coefficient cfe was statistically calibrated 

to match the experimental results. 

 ≤ 0.8εfu       (8.12) 

where εfu is ultimate tensile strain of the polymer textile and Cfe is the coefficient 

representing the usable tensile strength of polymer textile, being 0.004 for a single sided 

TRM overlay without steel mesh and anchors, 0.01 when single sided TRM overlay is 

applied using steel mesh and anchors, and 0.05 for a two sided TRM overlay. It is also 

noted that in Equation 8.11, the polymer modulus of elasticity, Ef, is in MPa.  

The experimental data regarding the elastic modulus of TRM textile was not available 

when the experimental program was planned and therefore a value of 71 GPa was 

assumed for the glass fibre polymer textile, being typical for fibre glass reinforced 

polymer materials (Bae et al. 2011). However, it is noted that the elastic modulus of 

polymeric materials range from 60-240 GPa and correspondingly tensile elongation at 

breakage ranges from 1% to 4%. The design parameters used in the proposed predictive 

equations are calculated/established based on literature review and are reported in 

Table 8.3. 

Table 8.3. Retrofit material properties 
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Property SM406 FG225 EF335 EF540 

Afi (mm2) 0.49 0.39 0.15 0.32 

Afh (mm2/m) 26.0 15.8 32.2 67.5 

Afv (mm2/m) 26.0 15.8 28.1 29.7 

Ef (GPa) 190 71 71 71 
ffu (MPa) 680 2860 2940 2940 

Where Afi = cross-sectional area of a single polymer textile roving, Afh = effective cross-sectional area of polymer textile in horizontal 

direction, Afv = effective cross-sectional area of polymer textile in vertical direction, Ef = elastic modulus of polymer textile, and 

ffu = ultimate tensile stress in polymer textile. 

The cross-sectional area of polymer in the polymer textile used for strengthening the test 

walls herein was established by physically measuring the cross-sectional area of an 

individual textile roving and then multiplying by the number of textile rovings in a metre 

width. It is noted that the material properties shown in Table 8.3 are indicative and it is 

recommended that design parameters should be experimentally determined.  

8.6. EXPERIMENTAL PROGRAM 

A testing program was undertaken to investigate the in-plane performance of URM 

wallettes seismically retrofitted using TRM, with the diagonal shear cracking mode of 

failure investigated in particular. A total of twelve (12) masonry wallettes, each being 

1.2 m × 1.2 m in size, were subjected to induced diagonal shear to establish the 

effectiveness of different TRM systems. Of these, two (02) wallettes were tested as-built 

and ten (10) URM wallettes were retrofitted prior to testing. The testing was performed in 

two series of tests, being series 1 and series 2 (refer to Table 8.4).  

Table 8.4. Test wallette details 

Test 

Series 

Test 

Wallette 

Type of 

loading 

Wallette dimensions   Retrofit details 

he 

(mm) 

lw 

(mm) 

bw 

(mm) 

 Grid 

type 

Adhesive 

mortar 

Additional base 

coat 

No. of faces 

retrofitted 

1 ABW-01 DS 1200 1200 220  - - - - 

2 ABW-02 DS 1200 1200 220  - - - - 

1 TMW-03 DS 1200 1200 220  FG225 RM2 - 1 

1 TMW-04 DS 1200 1200 220  FG225 RM4 - 1 

1 TMW-05 DS 1200 1200 220  FG225 RM2 - 2 

1 TMW-06 DS 1200 1200 220  FG225 RM4 - 2 

2 TMW-07 DS 1200 1200 220  EF335 RM5 LM1+SM406* 1 

2 TMW-08 DS 1200 1200 220  EF540 RM5 - 1 

2 TMW-09 DS 1200 1200 220  EF540 RM5 RM3 1 

2 TMW-10 DS 1200 1200 220  EF335 RM5 - 1 

2 TMW-11 DS 1200 1200 220  EF540 RM5 - 2 

2 TMW-12 DS 1200 1200 220  EF335 RM5 LM1+SM406* 2 

Where: he = test wallette height; lw = test wallette length; bw = test wallette thickness; and DS = diagonal shear. 

*Installed using 8 mm diameter (100 mm long) steel dowel anchors  
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Figure 8.2. Test wallette details 

Figures 8.2a and 8.2b show the masonry bond patterns and geometric dimensions of the 

test wallettes. Test wallettes were given the notation ABW-N or TMW-N, where AB 

refers to as-built tested wallettes, TM refers to TRM, W refers to wallettes and N denotes 

the test number. Test wallette dimensions and strengthening details are shown in Table 

8.4.  

Different textile patterns were used to strengthen the test wallettes, which were 

established from manufacturer recommendations and from review of contemporary 

strengthening practices. The strengthened test wallettes were then subjected to induced 

diagonal shear to establish the effectiveness of different TRM systems. The results from 

testing performed on retrofitted URM wallettes were compared to their counterpart as-

built tested URM wallette and the level of structural improvement was established. 

8.6.1. Testing details 

The ASTM E519-10 standardised testing procedure (ASTM 2010b) was used to 

investigate the in-plane diagonal shear strength of the TRM strengthened URM wallettes. 

This test procedure provided a simple means of producing diagonal cracking and/or bed 

joint sliding failure modes and enabled the effectiveness of various TRM strengthening 

systems to be evaluated. A gradually increasing diagonal force was applied using a 

500 kN hydraulic actuator coupled with a 500 kN load cell, and two displacement gauges 

mounted along the diagonals were used to determine the diagonal shortening and 

elongation. The diagonal displacement gauges were attached to each test wallette over a 

gauge length of 1414 mm. Test wallettes were directly placed over the steel beam without 

any mortar interface, allowing sliding to take place and maintaining an unrestrained edge.  
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Figure 8.3. Diagonal shear test setup 

Figure 8.3 shows the test setup used for the testing, which was similar to that used in 

Chapter 6. A gradually increasing displacement controlled loading was applied along the 

diagonal of the test wallettes at a rate of approximately 0.1 mm/sec. Testing was 

continued until either the post-peak shear stress degraded to half of the maximum shear 

strength, or the shear strain reached 0.02.  

Table 8.5. Diagonal shear testing results 

Test Test Pmax Fmax υmax υmax/υo Δy Δu γu µ ED G 

Series Wallette kN kN kPa Ratio mm mm % Ratio kN.mm GPa 

1 ABW-01 57.76 40.84 154.69 1.00 0.15 1.69 0.14 11 83.45 0.9 

2 ABW-02 36.63 25.89 98.08 1.00 0.32 1.78 0.15 6 47.94 0.6 

1 TMW-03 66.06 46.70 176.91 1.14 0.01 9.48 0.79 948 557.92 13.0 

1 TMW-04 73.61 52.04 197.12 1.27 0.01 10.93 0.91 1093 727.08 10.8 

1 TMW-05 257.75 182.23 690.27 4.46 0.05 2.86 0.24 57 703.17 16.6 

1 TMW-06 270.23 191.05 723.69 4.68 0.05 2.94 0.25 59 933.62 16.1 

2 TMW-07 54.20 38.32 145.15 1.48 0.03 24* 2.00 800 905.78 2.8 

2 TMW-08 48.11 34.02 128.85 1.31 0.06 24* 2.00 400 874.20 2.5 

2 TMW-09 50.52 35.72 135.30 1.38 0.01 24* 2.00 2400 674.41 10.7 

2 TMW-10 43.06 30.44 115.31 1.18 0.06 24* 2.00 400 765.30 3.0 

2 TMW-11 166.21 117.51 445.12 4.54 0.11 7.15 0.60 65 1121.87 4.1 

2 TMW-12 176.02 124.45 471.39 4.81 0.15 3.40 0.28 23 544.21 5.1 

Where: Pmax = maximum measured diagonal force; Fmax = maximum measured horizontal shear force (Fmax = 0.707Pmax); υmax = 

maximum measured shear stress; Δy = measured displacement at first cracking; Δu = measured displacement at ultimate strength limit 

state (corresponding to 0.8υmax); γu = measured drift at failure;  = pseudo-ductility; ED = dissipated energy; G = modulus of rigidity; 
and υo = shear strength of the as-built tested wallette. 
*Post-peak stress did not degrade to 0.8υmax and maximum 2% drift was considered as limiting drift. 
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8.6.2. Testing results and discussion 

Table 8.5 gives a summary of the test results. An ultimate strength limit state was defined 

as the point when post-peak strength reached 0.8υmax. An elasto-plastic behaviour was 

idealised and the diagonal displacement corresponding to first cracking and to the 

ultimate strength limit state were determined (refer Figure 8.5f) as reported in Table 8.5. 

For each test wallette the dissipated energy, ED, was calculated as the area under the 

force-displacement curve plotted up to the ultimate strength limit state. 

8.6.2.1. Failure modes 

The as-built tested wallettes (ABW-01 and ABW-02) cracked diagonally along the mortar 

step joint (Figure 8.4a) and upon further application of the diagonal displacement the 

upper portion of the wallette slid in the horizontal direction.  

 

  
 

(a) step joint cracking 

 

(b) out-of-plane bending 

 

  
 

(c) textile rupture 

  

 (d) textile de-bonding 

Figure 8.4. Typical observed failure modes 
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In strengthened wallettes, the textile reinforcement distributed stresses over a large 

masonry area and resisted shear stresses by acting in tension. The enhanced adhesion of 

retrofit mortar and the mechanical interlocking due to mortar protruding through the open 

grid pattern of the polymer textile inhibited a de-bonding failure to some extent.  

Test wallettes having a retrofit applied on a single face only (TMW-03, 04, and 07-10) 

were observed to fail due to excessive out-of-plane bending (refer Figure 8.4b), with the 

diagonal step joint crack being visible on the other face of the wallette. However, such 

out-of-plane bending failure is unlikely to occur in actual retrofitted URM walls, which 

have more restrained boundary conditions.  

Test wallettes that had retrofit materials applied on both faces (TMW-05, 06, 11 and 12) 

exhibited no visible deformation until a sudden brittle failure occurred. Test wallettes 

TMW-05 and TMW-06 failed suddenly due to textile rupture at localised locations (refer 

Figure 8.4c), while the intact textile rovings continuing to provide minor residual 

strength. Test wallettes TMW-11 and TMW-12 exhibited a relatively ductile de-bonding 

failure mode (refer Figure 8.4d), with the bonded portion of the textile continuing to 

restrain crack opening. 

8.6.2.2. Shear stress-strain response 

Figures 8.5a to 8.5e show experimentally measured shear stress-strain curves, plotted to a 

maximum shear strain of 0.02. The experimentally measured diagonal force was 

transformed into shear stress using Equation 8.12, where bw is wallette thickness, lw is 

wallette length, and he is wallette height. Corresponding shear strain values were 

calculated using Equation 8.13, where ΔS is the measured diagonal shortening along the 

axis of applied force, ΔL is diagonal elongation measured perpendicular to the axis of 

applied force, and gl is the gauge length (which had the same value along both diagonals). 

)l(hb

1.4P
ν

ew w

         (8.12) 

l2g

ΔLΔS
δ           (8.13) 

All stress-strain curves are plotted with the measured diagonal force and the average of 

two diagonal deformations shown on the secondary axes and with the force-displacement 

response of the corresponding as-built tested wallettes shown for comparison.  
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(a) TMW-03 and 04 

 

(b) TMW-05 and 06 

 

  
 

(c) TMW-07 

 

(d) TMW-08, 09 and 10 
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(e) TMW-11 and 12 

 

(f) Bilinear definition 

Figure 8.5. Shear stress-strain curves 

A linear-elastic behaviour up to cracking and then sudden post-peak strength degradation 

was observed for as-built tested wallettes. As-built tested wallettes ABW-01 and ABW-

02 behaved almost linearly up to peak load and failed suddenly at small deformations 

with a diagonal step joint cracking failure mode. The test wallettes having a retrofit 

applied on a single face only (TMW-03, 04, and 07-10) exhibited a ductile response, with 

post-peak stress not decreasing even at large displacements (refer to Figures 8.5a, 8.5c 
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and 8.5d). Test wallettes having a retrofit applied on both faces (TMW-05, 06, 11 and 12) 

exhibited a brittle failure, resulting in a sudden decrease in their post-peak strength. Of 

these, TMW-11 and TMW-12 exhibited relatively larger ductility due to additionally 

installed steel mesh, with residual strength diminishing at a slower rate than that observed 

for TMW-05 and TMW-06. 

8.6.2.3. Shear strength 

The diagonal shear strength of each test wallette was determined as the maximum shear 

stress measured experimentally and is reported in Table 8.5. The shear strength values of 

retrofitted wallettes were then expressed as a ratio to the shear strength of the 

corresponding as-built tested wallette. The shear strength of single sided retrofitted 

wallettes (TMW-03, 04 and 07-10) was observed to range from 114% to 148% when 

compared to the strength of the corresponding as-built wallettes, whereas the shear 

strength increment for test wallettes (TMW-05, 06, 11 and 12) having a two sided retrofit 

was observed to range from 446% to 481%. The low shear strength improvement 

observed for a single sided retrofit application is attributed to unrestrained test boundary 

conditions, which resulted in out-of-plane bending of the retrofitted wallettes before they 

could reach their maximum shear strength. However, it should be noted that the shear 

strength increments reported herein due to a single sided retrofit application are 

conservative and that larger shear strength increments are expected in a wall having more 

restrained boundary conditions, where out-of-plane bending is prevented.  

8.6.2.4. Ultimate drift and ductility 

In the event of an earthquake, buildings undergo lateral deformation and their ability to 

deform without collapsing is termed ductility. A ductile failure mode is preferred in the 

seismic design of buildings and thus is desired for retrofitted walls. To quantify the 

ductility of test wallettes a maximum measured drift ratio was defined as , where 

Δu is the diagonal displacement corresponding to the ultimate strength limit state and H is 

the wallette height. The maximum measured drift values for all test wallettes are reported 

in Table 8.5 and the pseudo-ductility, µ, was determined using Equation 8.14. 

y

u

Δ

Δ
μ  (8.14) 
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The as-built tested wallettes ABW-01 and ABW-02 and retrofitted wallettes TMW-05 

and TMW-06 behaved in a brittle fashion, exhibiting sudden degradation in post-peak 

strength. Test wallettes TMW-10 and TMW-11 exhibited limited ductility owing to the 

additional installation of steel mesh. Test wallettes having a single sided retrofit 

application exhibited large ductility, with test wallettes TMW-07 to TMW-10 not 

reaching the ultimate strength limit state at a diagonal displacement of 24 mm. The 

diagonal displacements corresponding to first cracking were observed to be highly 

variable, which is attributed to redistribution of stresses and deformations throughout the 

highly heterogeneous material during the pre-peak loading phase, resulting in the reported 

diagonal displacement being not representative of the true elastic deformation.  

8.6.2.5. Stiffness 

The stiffness of masonry wallettes subjected to diagonal shear is quantified by the 

modulus of rigidity, which is defined as the slope of the initial linear limb (corresponding 

to elastic response of the wallettes) of the shear stress-strain curve. The modulus of 

rigidity was calculated as a secant modulus between two points, corresponding to shear 

stress values of 0.05υmax and 0.75υmax, on the linear portion of the stress-strain curve 

(refer Figure 8.5f). To achieve a higher level of accuracy, a linear regression analysis was 

performed over the experimental data between these two points to find the slope of the 

best fit line. The determined moduli of rigidity, G, are reported in Table 8.5. Overall, the 

retrofitted wallettes were stiffer than the as-built tested wallettes, with determined 

modulus of rigidity for retrofitted wallettes ranging from 2.1 GPa to 16.6 GPa. It should 

be noted that the reported G values are largely dependent upon the initial elastic response 

of the wallettes, which varied widely due to redistribution of stresses in the heterogeneous 

masonry. 

8.6.2.6. Predicted versus experimental shear strength values 

Equations 8.10 and 8.11 were used to predict the shear strength contribution from TRM 

strengthening for each strengthened wallette and then were compared to experimentally 

determined values, which were established by subtracting the shear strength of the 

corresponding as-built tested wallettes from the experimentally measured shear strength 

of each strengthened wallettes reported in Table 8.5. Finally, the predicted shear strength 

values were presented as a ratio to actual shear strength observed through testing.  
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Table 8.6. Comprison of prediction and experimental results 

Test Test f'm Afh lwbw Ef Cfe εfe Vr V'r Vr/ V'r 

Series Wallette MPa mm2 mm2 GPa - mm/m kN kN ratio 

1 ABW-01 12.9 0.0 264000 - - - - - - 
2 ABW-02 5.6 0.0 264000 - - - - - - 

1 TMW-03 12.9 15.8 264000 71 0.004 0.0046 3.86 5.86 0.66 

1 TMW-04 12.9 15.8 264000 71 0.004 0.0046 3.86 11.20 0.34 
1 TMW-05 12.9 31.6 264000 71 0.050 0.0389 65.38 141.39 0.46 

1 TMW-06 12.9 31.6 264000 71 0.050 0.0389 65.38 150.21 0.44 

2 TMW-07 5.6 32.2 264000 71 0.010 0.0056 9.68 12.43 0.78 
2 TMW-08 5.6 67.5 264000 71 0.004 0.0015 5.36 8.13 0.66 

2 TMW-09 5.6 67.5 264000 71 0.004 0.0015 5.36 9.83 0.55 

2 TMW-10 5.6 32.2 264000 71 0.004 0.0023 3.87 4.55 0.85 
2 TMW-11 5.6 135.0 264000 71 0.050 0.0127 90.96 91.62 0.99 

2 TMW-12 5.6 64.4 264000 71 0.050 0.0192 65.68 98.56 0.67 

Where f'm = masonry compressive strength; Afh = cross-sectional area of fibre glass reinforced polymer in horizontal direction; 
lw = wallettes length; bw = wallettes thickness; Ef = Polymer elastic modulus; Cfe = parameter representing usable polymer strain 

at nominal shear strength; εfe = effective polymer strain at nominal shear strength; Vr = nominal shear strength contribution from 

TRM strengthening; and V'r = experimentally determined nominal shear strength contribution from TRM strengthening. 

Table 8.6 presents the predicted values, experimental values and the strength ratio. It can 

be seen that on average the equations are conservative for two sided TRM application and 

gives relatively accurate prediction for single sided wallettes, which was done 

intentionally to account for larger ductility observed for single sided TRM strengthened 

wallettes and brittle behaviour exhibited by strengthened wallettes having two sided TRM 

application. 

8.7. SUMMARY AND CONCLUSIONS 

The history of research and development for polymer textile reinforced mortar matrix 

systems (referred to as TRM) is first reported, with an emphasis on repair and retrofitting 

of URM buildings. A summary of precedent experimental programs is presented and the 

gap in current knowledge is identified.  

An experimental program was undertaken to investigate the performance of URM 

wallettes retrofitted using TRM. The experimental program consisted of several 

standardised material tests and the diagonal shear testing of twelve URM wallettes. The 

test boundary conditions did not reflect typical boundary conditions in real buildings but 

did allow determination of the relative effectiveness of different commercially available 

TRM systems to restrain the diagonal shear failure mode in particular. Both single sided 

and double sided TRM applications to two-wythe thick URM wallettes were considered 

in the study, with the selected wallette thickness being the most common in historic URM 

buildings in New Zealand.  
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Numerous structural characteristics pertaining to the seismic behaviour of URM walls 

strengthened using TRM were investigated and then compared to those obtained from as-

built tested URM wallettes. The key findings of the experimental program were: 

 In general, all considered combinations of TRM systems used in the testing 

program performed similarly and resulted in a large shear strength increment. 

However, the introduction of steel mesh resulted in a minimal increase in strength 

and ductility of the retrofitted wallettes. 

 The primary reinforcement mechanism for TRM systems is the distribution of 

shear stress over a large area prior to masonry cracking and once the masonry 

started to crack (micro hairline cracking), the textile rovings crossing these cracks 

restrained further opening of these cracks by acting in tension. 

 The strengthened test wallettes having a single sided TRM overlay tilted out-of-

plane during testing, without any signs of textile de-bonding or textile rupture. 

The observed out-of-plane bending was attributed to unrestrained test boundary 

conditions. 

 The test wallettes having a TRM overlay applied on both faces failed in a brittle 

fashion, with a sudden rupture of the textile and/or textile de-bonding. Of these 

two failure modes, the latter was relatively more ductile.    

 The observed diagonal shear strength of test wallettes having a TRM applied on 

one face only ranged from 114% to 148% when compared to the shear strength of 

the corresponding as-built tested wallette. However, the shear strength values 

reported for these single sided retrofitted wallettes are expected to be less than the 

shear strength of actual URM walls retrofitted using TRM, which typically have 

restrained boundary conditions.  

 The test wallettes having TRM on both sides exhibited large shear strength, 

ranging from 446% to 481% of their as-built shear strength.  
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CHAPTER 9. PERFORMANCE OF TRM 

STRENGTHENED URM WALLS 

 

9.1. INTRODUCTION 

Several recent research studies have investigated the effectiveness of TRM systems for 

restraining the diagonal shear cracking of in-plane loaded historic URM walls but full 

scale out-of-plane and in-plane reversed cyclic testing of URM walls strengthened using 

TRM systems has not yet been reported. Therefore, an experimental program involving 

full scale reversed cyclic in-plane and out-of-plane testing with appropriate test boundary 

conditions was undertaken and numerous parameters pertaining to the seismic 

performance of TRM strengthened URM walls were investigated. Finally, the 

performance of strengthened walls was compared to that of a corresponding as-built 

tested wall and structural improvements in terms of stiffness, strength, ductility, and 

damping were established.  

9.2. TRM WALL ANALYSIS AND DESIGN 

A simplified additive approach for in-plane analysis has been explained in Chapter 8 and 

TRM strengthening design for the seismic retrofit of out-of-plane loaded URM walls is 

discussed in this section. A limit state design approach is adopted, being consistent with 

that previously adopted in Chapter 4 and Chapter 7 for the out-of-plane analysis of 

posttensioned and NSM-TS strengthened URM walls. The out-of-plane flexural capacity 

of TRM strengthened URM walls depends upon the governing failure mode, which can 

be either masonry crushing or TRM de-bonding/rupture. Given the high deformability of 

historic URM walls, TRM de-bonding/rupture is most likely to occur and therefore is 

considered herein for establishing design equations.  
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Figure 9.1. Strain and stress profile at crack location 

Figure 9.1a and 9.1b show the strain and stress profile at crack location in out-of-plane 

loaded TRM strengthened URM walls, being typically developed at or near midspan. In 

summary, the following assumptions were made to develop the design equation. 

 The tensile strains in masonry are directly proportional to the distance from 

neutral axis 

 

 The tensile strength of masonry is negligibly small when compared to the tensile 

contribution from polymer reinforcement and can be ignored at the nominal 

flexural strength limit state 

 

 Textile slip or de-bonding do not occur until a nominal flexural strength limit state 

is reached 

 

 URM constituent materials of the candidate wall are deformable and consist of 

low strength mortar with relatively rigid bricks, preventing masonry crushing 

from occurring before textile rupture occurs.  

 

 The candidate URM wall has adequate wall anchorage at diaphragm levels and 

can be assumed to behave under simply supported boundary conditions. 

Utilizing concepts of force equilibrium and strain compatibility, the nominal flexural 

strength of an out-of-plane loaded URM walls strengthened using TRM can be evaluated 

using the following set of equations. 
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 (9.1) 

 
(refer to section 3.4 for details about the 

selection of equivalent stress block parameters) 

 (9.2) 

where Mn is nominal flexural strength of strengthened URM wall, Nt is overburden 

weight, Ww is self-weight of strengthened wall, bw is wall thickness, a is width of 

equivalent stress block, ff is polymer tensile stress at nominal strength, Afv polymer cross-

sectional area in vertical direction, α is a parameter representing fraction of masonry 

compressive strength for establishing depth of an equivalent stress block, εmu is maximum 

usable masonry strain, εfe is effective polymer strain at nominal strength limit state, c is 

neutral axis depth, and d is the distance between the centroid of strengthening 

reinforcement centroid and extreme compression fibre. Considering Equations 9.1 and 

9.2, a relation to establish the neutral axis depth (refer Equation 9.3) can be developed 

and subsequently used to find the effective stress in the polymer textile at failure (refer 

Equation 9.4).  

 (9.3) 

 (9.4) 

A factored polymer textile tensile strength (usable strength) is used as an upper limit to 

predict the nominal flexural strength of TRM strengthened URM walls using Equation 

9.4. The effective polymer stress is determined by multiplying the ultimate tensile 

strength of polymer textile by two strength reduction factors kde and ken, the former 

accounting for de-bonding failure and the latter accounting for further bond strength 

degradation due to environmental exposure. A value of 0.75 for both strength reduction 

factors is recommended herein. 

9.3. EXPERIMENTAL PROGRAM 

An experimental program comprised of two series of tests was undertaken to investigate 

the performance of TRM strengthened URM walls. Series 1 involved pseudo-static 
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reversed cyclic in-plane testing of two (02) TRM strengthened full scale pier-spandrel 

assemblages (representing part of a perforated URM wall, also referred to as a URM 

frame) and series 2 involved reversed cyclic out-of-plane testing of three (03) full scale 

slender URM walls. Series 2 testing was further performed in two stages, with the first 

stage involving the testing of walls subjected to reversed cyclic loading up to a drift of 

roughly 4% and the second stage of testing involving walls loaded in one direction only 

until the wall collapsed. Because the majority of heritage URM buildings have exposed 

brickwork on their exterior façade and therefore a strengthening application is only 

desirable on the interior wall face, as is the norm for earthquake strengthening of historic 

URM buildings. Therefore, only one sided TRM strengthening was considered in the 

experimental program. 

9.3.1. Test wall specification 

Test wall dimensions and strengthening details are shown in Table 9.1. Test walls were 

given the notation ABX-N or TMX-N, where AB refers to as-built tested walls, TM refers 

to test walls strengthened using TRM, X denotes the loading direction (I refers to in-plane 

and O refers to out-of-plane) and N denotes the test number. It should be noted that test 

assemblage ABI-1 was tested and reported by Knox (2012) and details of the as-built test 

wall are reproduced herein for comparison only, with the tested assemblage subsequently 

repaired by repointing the spandrel cracks and having a single sided TRM full surface 

overlay applied on the spandrel (the repaired assemblage is referred to as test assemblage 

TMI-2). Because the piers of assemblage TMI-2 were completely intact at the conclusion 

of testing, for the construction of test assemblage TMI-3 the existing piers were reused 

and a new spandrel was reconstructed.  

Table 9.1. Test wall details 

Test 

Series 

Test Wall Type of 

loading 

Wall dimensions   Strengthening details 

he 

(mm) 

lw 

(mm) 

bw 

(mm) 

 Grid 

type 

Adhesive 

mortar 

Additional base 

coat 

No. of faces 

strengthened 

1 ABI-1+ IP see Figure 1a 220  - - - - 
1 TMI-2 IP see Figure 1a 220  FG225 RM2 - 1 

1 TMI-3 IP see Figure 1a 220  EF335 RM3 LM1+SM156 1 

2 ABO-4 OOP 3670 1200 220  - - - - 
2 TMO-5 OOP 3670 1200 220  FG225 RM2 - 1 

2 TMO-5‟ OOP 3670 1200 220  FG225 RM2 - 1 

2 TMO-6 OOP 3670 1200 220  EF335 RM3 LM1+SM156 1 
2 TMO-6‟ OOP 3670 1200 220  EF335 RM3 LM1+SM156 1 

Where: he = test wall height; lw = test wall length; bw = test wall thickness; IP = in-plane; and OOP = out-of-plane. 

„Test wall loaded in out-of-plane direction up to destruction 
+As-built perforated wall was tested and reported by Knox [17] 
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Figure 9.2.  Test wall geometric configuration 

Figure 9.2a shows the geometric dimensions of series 1 pier-spandrel assemblages. The 

test assemblages were constructed over two concrete footings, which were anchored to 

the laboratory strong floor to avoid lateral sliding of the piers but allow bed joint shear 

sliding to potentially occur at the pier base. It was observed in previously performed 

testing of such as-built pier-spandrel URM assemblages (Knox 2012) that damage was 

mostly concentrated in the unsupported middle span of the spandrels. Therefore, to limit 

such damage, the spandrel of both test assemblages was strengthened by applying a full 

TRM overlay on one face and the piers were left unstrengthened. Figure 9.2b shows the 

geometric dimensions of series 2 test walls, which were strengthened by applying a full 

TRM overlay on one face. 

9.3.2. Material properties 

All test walls were constructed by an experienced brick layer under supervision. The 

masonry was laid following a common bond pattern, with roughly 15 mm thick mortar 

bed joints between two successive brick courses. In order to replicate the physical 

characteristics of historic URM walls, a low strength hydraulic cement mortar having a 

volumetric mix ratio of 1:2:9 (cement:lime:sand) and vintage solid clay bricks were used. 

The vintage clay bricks used were 220 mm long × 110 mm wide × 75 mm high, which 

were recycled from the rubble of two different historical URM buildings (one source for 

each series of testing) known to have been built between 1900 and 1910. Hence the bricks 

were approximately 100 years old.  
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Table 9.2. Masonry material properties 

Test Series f'b (CoV) f'j (CoV) f'm (CoV) fr (CoV) 

MPa MPa MPa MPa 

1 39.4 (0.39) 1.3 (0.26) 10.7 (0.33) 0.09 (0.66) 

2 21.3 (0.28) 1.4 (0.18) 6.5 (0.30) 0.08 (0.80) 

Where: f'b = brick compressive strength; f’j = mortar compressive strength; f’m = masonry compressive strength; and fr = flexural bond 

strength of masonry. 

Physical characteristics of the constituent masonry materials were determined using 

standardised testing procedures. Masonry flexural bond strength was determined by 

testing masonry prisms in accordance with ASTM C1072-10 (2010a). Mortar 

compressive strength was determined by testing 50 mm mortar cubes in accordance with 

ASTM C109-11 (2011b). The compressive strength of bricks and masonry were 

determined in accordance with ASTM C67-11 (2011a) and ASTM C1314-11 (2011c) 

respectively. The test results are reported in Table 9.2 as mean values and corresponding 

coefficients of variation (COV).  

Two different types of commercially available TRM systems were selected for 

strengthening series 1 and series 2 test walls, with summary details of these strengthening 

materials given in Table 9.1 and full material properties reported in Chapter 8. The 

selection of TRM strengthening materials was based on the results of the diagonal shear 

testing reported in Chapter 8. 

9.3.3. Strengthening procedure 

The masonry surface that was to receive seismic strengthening was first prepared by 

removing all disintegrated masonry fragments, dust, oil and paintwork. The cleaned 

substrate was made wet by sprinkling water and was then left to dry until a saturated 

surface dry (SSD) condition was achieved. As the masonry surface was uneven, a 

levelling mortar layer being 5-15 mm thick was applied over the cleaned SSD masonry 

surface. 

 In test walls TMI-03 and TMO-06 an additional galvanised steel mesh was fixed using 

100 mm long light capacity steel mechanical anchor assemblies, to avoid TRM 

de-bonding. To install these steel anchors, dowel sleeves were inserted into equally 

spaced pre-drilled holes (roughly 300 mm o.c. in both directions). The steel mesh was 

placed between the retaining discs and the steel anchors were driven into the dowel 

sleeves. The levelling mortar layer was then left to cure for three days until it was 
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completely dry. A 3-4 mm thick layer of a commercial adhesive mortar was uniformly 

applied over the dry levelling mortar layer using a flat metal trowel. The textile was 

pressed into the freshly applied adhesive mortar layer so that mortar protruded through 

the textile grid openings. Finally, a 2-3 mm thick rendering coat of adhesive mortar was 

applied. The recommended curing time for commercially available adhesive mortars for 

such TRM strengthening applications varies between 7 to 28 days. 

9.3.4. Testing details 

9.3.4.1. Series 1 testing 

Figure 9.3 shows the test setup used for series 1 testing, where LC refers to load cell; P 

refers to pier (suffix A and B identify the pier location); S refers to spandrel; H refers to 

horizontal; V refers to vertical; X refers to diagonal; PC refers to pier-spandrel 

connection; B refers to pier base; and Z refers to control displacement gauges recording 

the lateral displacement. A gradually increasing displacement controlled reversed cyclic 

loading history was applied at the topmost fibre of series 1 test assemblages using a rigid 

steel loading beam, with each displacement excursion repeated twice. The displacement 

was increased as a function of drift values, with an increment step of 0.2% drift between 

two consecutive excursions. The testing of strengthened assemblages was continued until 

either the hydraulic ram reached its stroke capacity or the post-peak strength of the 

assemblage degraded to 80% of the peak strength.  
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Figure 9.3.  Test setup used for full scale in-plane testing of TRM strengthened 

URM pier-spandrel assemblage (series 1 testing) 
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The loading beam was supported on top of the spandrel by two sets of rollers, with these 

rollers positioned at the centreline of each pier. The rollers minimized frictional resistance 

between the loading beam and the test assemblage. The reversed cyclic pseudo-static 

lateral loading was applied using a hydraulic ram coupled with a 500 kN load cell, which 

were together positioned between the loading beam and the strong wall. An axial force of 

44 kN was applied to each pier using two external posttensioned (PT) threaded bars, 

replicating the overburden weight as if the test assemblages were located at the lower 

storey of a two storey URM building. The magnitude of applied axial load was 

maintained by placing a spring at the bottom of each PT tendon, between the strong floor 

and the end anchorage plates. Additionally, posttensioning tendon stress variation was 

monitored by placing a 40 kN load cell at the top end of each tendon. A total of 34 portal 

gauges were used to record deformations in the piers and the spandrel and two control 

displacement gauges (Z1 and Z2) were attached to the spandrel at one end and to a free 

standing steel frame at the other end.  

9.3.4.2. Series 2 testing 

Reversed cyclic out-of-plane testing was performed using the test setup shown in 

Figure 9.4a. In the first stage of testing a pair of air bags was positioned on each side of 

the wall between the test wall and a backing frame to apply a uniformly distributed 

pseudo-static load. The backing frames were placed over two pairs of smooth greased 

steel plates having negligible friction, such that the backing frame self-weight did not 

impair the test results.  

One linear variable differential transducer (LVDT) was located at wall mid-height to 

determine lateral displacement and eight 10 kN S-shape load cells (with four on each side 

of the wall) were used to determine the magnitude of applied lateral force. The strong 

reaction frame acted as a backing and also supported the top of the wall, creating 

boundary conditions that were comparable to those when a strengthened wall is connected 

to a floor or ceiling diaphragm.  

Gradually increasing displacement controlled cyclic loading was applied by alternatively 

inflating and deflating the air bags. Displacement amplitude for every third loading cycle 

was increased gradually as a function of wall drift, with each displacement cycle 

consisting of a push and pull excursion.  
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(a) reversed cycling testing (b) one directional cyclic testing 

Figure 9.4. Test setup used for out-of-plane testing of TRM strengthened URM walls  

The reversed cyclic testing was continued until the test wall came into contact with the 

backing frame. Therefore, in the second stage of testing, one backing frame was removed 

and the strengthened walls were tested up to collapse by applying one-directional cyclic 

loading (refer to Figure 9.4b). This loading arrangement enabled the behaviour of TRM 

strengthened URM walls to be established when loaded out-of-plane to beyond the 

collapse prevention limit state, which is not well documented in technical literature. 

9.3.5. Test results and discussion 

The first cracking limit state corresponds to the elastic limit of the test walls, which was 

observed to occur at an applied lateral force of approximately 0.7Vu and is consistent with 

typical code recommended elastic limits for a bi-linear idealisation (ASCE/SEI 2006; 

CEN 2005b). The ultimate strength limit state was defined as the point on the 

experimental force-displacement curves when post-peak strength degraded to 80% of the 

peak strength. Ductility was quantified using the measured ultimate drift ratio, calculated 

as  for in-plane loaded walls and as  for out-of-plane loaded walls, where 

Δu is the lateral displacement corresponding to an ultimate strength limit state and he is 

the effective height of the wall.  
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Table 9.3. Results from testing of full scale TRM strengthened URM walls 

Test Test Wall Vc Vu Mu Vu /Vo Δy Δu γu µ 

Series 
 

kN kN kN.m Ratio mm mm % ratio 

1 ABI-1 34.44 74.38 - 1.00 10.5 40.3 1.51 3.8 
1 TMI-2 68.37 93.74 - 1.28 12.8 38.5 1.39 3.0 

1 TMI-3 52.58 101.83 - 1.36 10.6 36.8 1.36 3.0 

2 ABO-4 3.64 3.64 1.67 1.00 8.42 56.2 3.06+ 6.7 
2 TMO-5 15.04 22.15 10.16 6.09 10.43 81.4 4.44+ 7.8 

2 TMO-5‟ - 20.92 9.60 5.75 - 89.6 4.88 8.6 

2 TMO-6 10.94 26.18 12.01 7.19 14.38 90.9 4.95+ 6.3 
2 TMO-6‟ - 28.62 13.13 7.86 - 101.1 5.51 9.2 

Where: Vc = measured lateral force at first cracking; Δy = effective yield displacement corresponding to extrapolation of the first 

cracking limit state; Vu = maximum measured lateral force; Mu = maximum measured analogous moment; Δu = measured displacement 
at ultimate limit state; Vo = strength of as-built tested wall; γu = measured drift at ultimate limit state; and µ = pseudo-ductility. 

An overview of testing results is reported in Table 9.3. Additionally, a pseudo-ductility 

value  was calculated for each test wall, where Δy is the effective yield 

displacement corresponding to extrapolation of the first cracking limit state when 

considering a bi-linear elasto-plastic system (refer Figure 7.10a). It should be noted that 

as the bi-directional cyclic testing was stopped before the walls reached their ultimate 

strength limit state, the maximum measured drift values determined for test walls ABO-4, 

TMO-5 and TMO-6 give conservative ultimate drift values. 

9.3.5.1. Failure modes 

Series 1 testing 

Figures 9.5 shows damage patterns observed at the conclusion of series 1 testing. The as-

built tested wall ABI-1 exhibited a strong-pier weak-beam failure mechanism, with pier 

rocking resulting in opening of horizontal cracks at the base of each pier and diagonal 

shear cracks forming in the middle portion of the spandrel. Some localised cracking was 

also observed at the projecting edges of the spandrel, which was attributed to stress 

concentration at the interface between the masonry and the edge of the loading beam.  

The damage pattern observed for test wall TMI-2 was similar to that for as-built tested 

wall ABI-1, being rocking induced cracking in the middle portion of the spandrel. The 

majority of cracks were observed to propagate through mortar joints, which were 

attributed to the low ratio of mortar strength to brick strength. A horizontal bed joint 

crack at the unstrengthened spandrel-pier connection was also observed to widen before 

the textile rovings that crossed the spandrel cracks started to rupture and resulted in rapid 

loss of wall strength.  



9. PERFORMANCE OF TRM STRENGTHENED URM WALLS 

-157- 

Strong floor

Concrete footing Concrete footing

Pier A Pier B

 

Strong floor

Concrete footing Concrete footing

Pier A Pier B

 

Strong floor

Concrete footing Concrete footing

Pier A Pier B

 
(a) ABI-1 (b) TMI-2 (c) TMI-3 

 

  
 

(d) photograph of TMI-2 

 

(e) photograph of TMI-3 

Figure 9.5. Observed damage patterns (series 1) 

Test wall TMI-3 exhibited pier rocking until one of the piers failed in a step joint sliding 

shear failure mode, without any visible cracking in the spandrel. It was established from 

the failure mode observed for TMI-3 that careful consideration was necessary regarding 

the amount of strength increase applied to the spandrel, with respect to the assessed pier 

strength, in order to avoid such brittle shear failure of the piers. Alternatively to avoid 

pier diagonal shear failure, TRM strengthening of URM piers at selected locations could 

also be performed, such that the strength corresponding to all three possible failure modes 

(pier cracking, spandrel cracking and cracking at the spandrel-pier connection) is greater 

than the seismic demand corresponding to a moderate earthquake and in the event of a 

large magnitude earthquake the spandrel-pier connection fails before either of the piers or 

the spandrel reaches ultimate strength. 
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Series 2 testing 

Figure 9.6 shows the damage patterns observed at the conclusion of stage 1 and stage 2 of 

series 2 testing. The as-built tested wall ABO-4 behaved linearly until a single large 

horizontal crack developed at a location that was three courses above wall mid-height, 

separating the wall into two portions. Upon further application of lateral out-of-plane 

loading, the upper and the lower portions of the wall started to rock about the crack 

location and continued to exhibit this rocking phenomenon until the test was stopped 

prior to reaching an instability mid-height displacement. 

In test walls TMO-5 and TMO-6, when subjected to face loading causing compression 

stresses in the TRM layer, a horizontal crack developed near the top end of the wall that 

started to widen upon further application of face loading in the same direction. When the 

strengthened walls were subjected to face loading in the opposite direction, the textile 

reinforcement acted in tension and distributed stresses over a large masonry area, 

resulting in the formation of several hairline horizontal cracks on the TRM surface. The 

second stage of series 2 testing was continued until the walls collapsed. Test wall TMO-

5‟ continued to resist the applied loading, with opening of several distributed hairline 

flexural cracks until rupture of the polymeric textile rovings that crossed a single bed joint 

crack located near mid-height (refer Figure 9.7a), resulting in sudden wall collapse. Test 

wall TMO-6‟ exhibited a similar failure mode but the additional steel mesh reinforcement 

provided some lateral resistance even after the polymeric textile reached its ultimate 

capacity, thus avoiding collapse of the test wall (refer Figure 9.7b). 
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Figure 9.6. Observed damage patterns (series 2) 
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(a) TMO-5‟ (b) TMO-6‟ 

Figure 9.7. Photographs of series 2 walls 

9.3.5.2. Force-displacement curves 

Figures 9.8a to 9.8f show the measured hysteretic response for the test walls, with 

secondary axes to allow comparison of experimental results for walls of different height. 

The secondary horizontal axis represents drift values, calculated as  for in-plane 

loaded walls and as  for out-of-plane loaded walls, where Δ is the lateral 

displacement and H is the wall/assemblage height. Additionally, analogous moment 

values are shown on the secondary vertical axis for out-of-plane loaded walls, calculated 

as  where V is the total applied lateral force and he is the wall height. The result 

for the corresponding as-built tested wall (dotted line) is also included on each plot, to 

illustrate the seismic improvement due to TRM strengthening.  



9. PERFORMANCE OF TRM STRENGTHENED URM WALLS 

-160- 

  

(a) ABI-1 and TMI-2 (b) ABI-1 and TMI-3 

 

  

(c) ABO-4 and TMO-5 (d) ABO-4 and TMO-5' 

 

  

(e) ABO-4 and TMO-6 (f) ABO-4 and TMO-6' 

Figure 9.8. Force-displacement curves 

Series 1 testing 

The as-built tested wall ABI-1 responded linearly until cracking occurred in the spandrel, 

resulting in narrow hysteretic loops which are typical for psueudo-static rocking 

structures, where no account is made for radiation damping due to dynamic rocking. The 

test wall did not exhibit any loss of strength and continued to resist lateral force even at 
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large displacement excursions until the hydraulic ram reached its stroke capacity and the 

testing could not be continued further.  

In test wall TMI-2, the TRM layer resisted crack openings by distributing stresses over a 

large masonry area until textile rovings spanning across cracks started to rupture at a 

lateral displacement of 38.5 mm. As a result the repaired wall TMI-2 exhibited larger 

energy dissipation than the as-built tested wall ABI-1, resulting in larger hysteretic loops. 

The strengthened test wall TMI-3 exhibited a rocking response and resulted in relatively 

pinched hysteretic loops. The strengthened spandrel of TMI-3 did not reach its cracking 

strength before one pier failed in diagonal shear at a lateral displacement of 36.8 mm, 

which led to rapid post-peak wall strength loss. Figure 9.9a shows the comparison 

between the maximum excursion curves of series 1 walls.  

Series 2 testing 

For the bi-directional cyclic testing (ABO-4, TMO-5 and TMO-6), testing of all walls 

was discontinued prior to reaching ultimate strength and post-peak strength was not 

observed for any of the test walls, as shown in the experimental force-displacement plots. 

The as-built tested wall ABO-4 behaved linearly up to cracking and then started to exhibit 

rigid body rocking without further strength gain.  

Test walls TMO-5 and TMO-6 exhibited a bi-linear response, with both walls having 

minor flexural cracking and returning to their original positions without any residual 

displacement. The flexural strength of these walls was observed to be notably higher than 

for the as-built wall ABO-4 when the TRM layer acted in tension, but when the walls 

were loaded in the reverse direction and the TRM acted in compression, the strengthened 

walls performed similarly to the as-built test wall ABO-4. The observed asymmetric 

strength increment for single sided strengthened walls suggested that a two sided TRM 

strengthening strategy should be performed for URM walls, which could either be applied 

as a full surface overlay or as vertical strips offset on each side of the wall.  

In the second stage of testing, strengthened walls TMO-5‟ and TMO-6‟ continued to 

exhibit a bi-linear behaviour, similar to that observed in the first stage, until the tensile 

strength of the reinforcement textile was exceeded and the walls collapsed. Figure 9.9b 

shows the comparison between the maximum excursion curves for series 2 walls.  
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(a) series 1 comparison 
 

(b) series 2 comparison 

Figure 9.9. Maximum excursion curves for series 1 and series 2 test walls 

In general, the strengthened walls exhibited similar behaviour, with the governing failure 

mode being brittle and the ultimate strength of the walls dictated by the tensile strength of 

the polymer textile. Test wall TMO-6‟ performed relatively better than test wall TMO-5‟ 

and failed at a larger out-of-plane force in a relatively more ductile failure mode, which 

was partially attributed to the introduction of additional steel mesh. 

9.3.5.3. Stiffness degradation and energy dissipation 

To quantify stiffness degradation that occurred in each test wall, the wall secant stiffness 

for each loading cycle was determined as the secant modulus between the maximum 

excursion points of a hysteretic loop. The determined wall secant stiffness is plotted in 

Figures 9.10a and 9.10b against the displacement amplitude of the corresponding loading 

cycle. The energy dissipated in each cycle was determined by integrating the area 

bounded by the loading and unloading curves of each loop and the cumulative dissipated 

energy is plotted in Figures 9.10c and 9.10d. Equivalent hysteretic damping ratios were 

calculated from experimental results using Equation 9.5 proposed by Chopra  [28], where 

ξ = equivalent viscous damping; ED = area between loading and unloading curve; and 

ESO = area of right angle triangle with perpendicular equal to maximum force and base 

equal to corresponding displacement. The calculated hysteretic viscous damping ratios for 

each loading cycle were then plotted against the amplitude of the corresponding loading 

cycle (refer to Figures 9.10e and 9.10f). 
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(a) secant stiffness (series 1) 

 

 

(b) secant stiffness (series 2) 

  
 

(c) dissipated energy (series 1) 

 

 

(d) dissipated energy (series 2) 

 

  
 

(e) damping ratio (series 1) 

 

(f) damping ratio (series 2) 

Figure 9.10. Stiffness degradation and damping characteristics 

9.3.5.4. Predicted versus experimental flexural strength 

Equations 9.1 to 9.4 were used to predict the flexural strength contribution from TRM 

strengthening for each out-of-plane loaded strengthened wall, which were then compared 

to experimentally determined values reported in Table 9.3.  
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Table 9.4. Prediction versus experimental values 

Test Afv d 0.5bw ρfv c ffe f'm 0.5Ww a Mn Mu Mn/Mu 

Wall mm2 mm mm - mm MPa MPa kN mm kN.m kN.m Ratio 

TMO-5‟ 15.8 220 110 60×10-6 0.036 1609 6.5 7.9 0.004 6.40 9.6 0.67 

TMO-6‟ 28.1 220 110 106×10-6 0.024 1654 6.5 7.9 0.007 10.90 13.13 0.83 

Where Afv = cross-sectional area of polymer textile in vertical direction; d = distance between the centroid of textile rovings to the 
extreme compression fibre; bw = wall effective thickness; ρfv = vertical polymer reinforcement ratio; c = depth of neutral axis from 

compression face; ffe = effective polymer textile stress; f'm = masonry compressive strength; a = width of equivalent stress block; 

Mn = predicted wall flexural strength; and Mu = maximum measured analogous moment (experimentally determined wall flexural 
strength). 

Table 9.4 presents the predicted values, experimental values and the strength ratios. To 

predict the nominal out-of-plane flexural strength of TRM strengthened test walls, an 

elastic modulus of 71 GPa was used along with a maximum masonry usable strain of 

0.005. The predicted out-of-plane strength values were also presented as a ratio to 

experimental out-of-plane strength values.  

9.4. SUMMARY AND CONCLUSIONS 

The history and development of TRM systems is briefly discussed. A summary of 

precedent experimental programs was presented, with regard to repair and strengthening 

of masonry structures and a gap in the current technical literature was identified. An 

overview of an associated experimental program was provided that was undertaken to 

investigate the performance of URM walls strengthened using TRM. The experimental 

program consisted of several small scale standardised material tests, pseudo-static reverse 

cyclic testing of two (02) large scale TRM strengthened URM assemblages (series 1), and 

out-of-plane flexural testing of three (03) large scale slender URM walls (series 2). Two 

commercially available TRM systems, selected on the basis of a precedent study, were 

used to strengthen the test walls. Numerous structural characteristics pertaining to the 

seismic behaviour of TRM strengthened historic URM walls were investigated and then 

compared to those obtained from as-built tested URM walls. The key findings of the 

experimental program were: 

 In general, the two TRM systems performed similarly and resulted in similar 

strength increments. However, the introduction of steel mesh in addition to the 

TRM resulted in a small increase in the strength and ductility of the test walls. 

 

 The primary reinforcement mechanism for TRM systems is the distribution of 

stresses over a large area prior to masonry cracking and once the masonry began 
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to crack (micro hairline cracking), the textile rovings spanning these cracks acted 

in tension to resist further opening of these cracks. 

 

 The in-plane strength of pier-spandrel assemblages having a TRM strengthened 

spandrel ranged from 128% to 136% when compared to their as-built strength.  

 

 Two different failure modes were observed for in-plane loaded strengthened pier-

spandrel assemblages, the first being the rupture of textile rovings spanning 

masonry cracks and the second being shear failure of unstrengthened piers without 

any spandrel cracking. 

 

 It was established that in-plane loaded URM pier-spandrel assemblages should be 

strengthened at selected locations, with a strengthening scheme selected such that 

the strength corresponding to all three possible failure modes (pier cracking, 

spandrel cracking and cracking at the spandrel-pier connection) is greater than the 

strength demand corresponding to a moderate earthquake and that in the event of a 

large magnitude earthquake the spandrel-pier connection fails before either of the 

piers or the spandrel reach their ultimate shear/flexural capacity, such that a pier 

rocking mechanism is expected. 

 

 The out-of-plane strengthened walls behaved in a bi-linear fashion until rupture of 

the textile rovings that crossed the mortar joint located at or near mid-height 

(maximum moment point). 

 

 The out-of-plane flexural strength of strengthened walls was observed to range 

from 575% to 786% of the strength of the as-built tested wall when the TRM 

strengthened face of the wall acted in tension. However, the out-of-plane strength 

was similar to that of the as-built wall when the TRM strengthened face acted in 

compression. The results demonstrate the need to strengthen both faces of the wall 

rather than one face for improved out-of-plane performance. 
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CHAPTER 10. DISCUSSION AND 

CONCLUSIONS 

 

 

It was observed during the 2010/2011 Canterbury (New Zealand) earthquake sequence 

(refer to Appendix A) that URM buildings that have undergone well-conceived seismic 

strengthening generally performed satisfactorily. Seismic strengthening of URM 

buildings is not a new concept and many seismic strengthening techniques have already 

been used around the world to improve the earthquake performance of URM buildings, 

but limited experimental data is currently available in the technical literature on the 

seismic performance of historic URM walls strengthened using these techniques. 

Additionally, recent research and development in the field of materials science has led to 

the development of improved seismic strengthening materials that offer numerous 

advantages over traditional steel reinforcement. The lack of experimental data and the 

development of improved strengthening materials (that have not yet been fully 

experimentally validated) motivated the research study reported in this thesis, that is one 

of only a few studies where full scale cyclic testing of strengthened URM walls was 

performed, and where the test walls were constructed using real or close replication of 

prevalent historic URM materials.  

On the basis of an extensive review of the technical literature associated with existing 

contemporary strengthening techniques, three techniques were selected for further 

detailed investigation. Additionally during the selection of these strengthening 

techniques, a careful consideration was given to the use of commercially available 
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generic seismic strengthening materials such that the findings of the research can be 

utilised by practicing engineers for actual seismic strengthening of historic URM 

buildings. A brief description of the selected strengthening techniques is given below. 

Unbonded posttensioning has routinely performed reasonably well during large 

magnitude earthquakes and has attracted notable interest from heritage architects because 

the method allows future reversal to some extent and has a limited impact on the 

architectural fabric of the building. Posttensioning utilises the inherent compression 

strength of URM materials and allows prestressed URM walls to exhibit self-centering 

rocking behaviour. Additionally in this study, a greased sheathed seven wire strand with 

live end anchorage assemblies was used to apply prestress to URM walls, which is known 

to have high tensile strength, high elongation capacity, low relaxation and frictional 

losses, and high corrosion resistance (due to greased plastic coating).  

The second selected strengthening technique was near surface mounting of twisted 

stainless steel bars (NSM-TS), that allows the strengthened wall to perform and be 

designed as a reinforced masonry wall. The NSM-TS strengthening technique involves 

minimal disruption and architectural alteration, and can be concealed in architecturally 

sensitive URM buildings. Additionally, the twisted stainless steel (TS) bars are resistant 

to corrosion, can readily be bent/hooked to provide additional anchorage or to connect 

intersecting walls, and provide good anchorage over short embedment lengths. 

The third selected strengthening technique was the surface overlay of a polymer textile 

reinforced mortar (TRM), which is deemed advantageous for the seismic retrofit of URM 

buildings having curved architectural details and/or having plastered URM walls. The 

TRM materials were carefully selected for further investigation as these materials are 

expected to be more compatible with historic URM materials than are epoxy impregnated 

surface bonded polymer sheets. Additionally, the finished TRM surface can be tinted in a 

variety of colours to match the colour of existing plaster and can be made barely 

noticeable in plastered URM walls. Moreover, the selected TRM creates a vapour 

pervious water resistant layer that prevents water ingress and consequently the 

deterioration of URM materials. 
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10.1. SUMMARY OF CONCLUSIONS 

The study reported in this thesis provided a large data set on the seismic performance of 

historic URM walls seismically retrofitted using three relatively new strengthening 

techniques. A detailed review of the key findings of each chapter is provided below. 

10.1.1. Prestress losses in posttensioned URM walls - Chapter 3 

In current technical literature, large variations were observed in codified prestress loss 

parameters and there existed a notable uncertainty about the time dependent behaviour of 

prestressed historic URM walls. Therefore, URM assemblages were extracted from a real 

historic URM building, transported to the laboratory, prestressed to varying realistic 

levels of axial compression stress, and shortening strains were monitored continuously for 

numerous days. The experimental campaign allowed the adaptation of an existing 

rheological model to predict the time dependent masonry shortening strains that could 

occur in prestressed historic URM walls and allowed accurate estimation of prestress loss 

parameters for posttensioning seismic retrofit design of historic URM walls.  

Initial masonry shortening matched the theoretically determined masonry elastic 

shortening calculated using the masonry Young‟s modulus. It was also established from 

the results of the experimental study that the majority of URM shortening occurred during 

the first 60 days following the application of prestress and subsequently the masonry 

shortening continued to occur at a relatively slower rate until the measurement was 

discontinued. The specific creep values after 2 years from the application of prestress 

were estimated by extrapolating the experimental curves using an adapted rheological 

model that resulted in specific creep values ranging from 209 µε/MPa (analogous to a  

creep ratio of 0.41) to 278 µε/MPa (analogous to a creep ratio of 0.55). Using these 

experimentally determined values of masonry creep parameters, estimates were 

established about the prestress losses and it was inferred that a prestress loss of 16.4% can 

be expected when a threaded steel bar (having an ultimate tensile strength of 680 MPa) is 

posttensioned to a stress of 0.5fpu and a relatively smaller prestress loss of 5.4% can be 

expected for a sheathed, greased seven wire strand (having an ultimate tensile strength of 

1750 MPa) when stressed to 0.5fpu, where fpu is the ultimate tensile strength of the tendon. 
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10.1.2. Out-of-plane behaviour of posttensioned URM walls - Chapter 4 

In the technical literature, there existed limited experimental data on the full scale out-of-

plane behaviour of posttensioned historic URM walls where sheathed posttensioned 

strands are located inside cored circular cavities. Therefore, an experimental program 

investigating the out-of-plane behaviour of posttensioned historic URM walls was 

undertaken. The experimental program involved reverse cyclic out-of-plane testing of 

eight full scale posttensioned URM walls, with test details selected to cover a range of 

practicable prestress levels. Three different limit states were defined and design equations 

to predict the strength of posttensioned URM walls corresponding to each of these limit 

states were proposed. 

It was established from the testing results that when posttensioned URM walls are 

subjected to out-of-plane loading, a single large horizontal crack at or near mid-height 

opens up and that the walls exhibit self-centering rocking response until tendon yielding 

occurs. The localised nature of damage observed in out-of-plane loaded posttensioned 

URM walls suggested that damaged posttensioned URM walls following an earthquake 

can be repaired without interrupting building function. It was also inferred that 

posttensioned URM walls perform in a bi-linear manner when tendon yielding is 

prevented. Therefore, a maximum initial tendon stress of 0.7fpu was recommended for 

posttensioning of URM walls to avoid tendon yielding occurring before the nominal 

strength limit state is reached.  

It was established that the out-of-plane flexural strength of historic URM walls can be 

increased up to 805% by using a posttensioning seismic strengthening technique and that 

the proposed design equations can be used to predict the out-of-plane flexural strength of 

posttensioned URM walls with reasonable accuracy.  

Stiffness characteristics of posttensioned URM walls were observed to be directly related 

to the magnitude of applied posttensioning, with wall secant stiffness gradually 

decreasing upon the application of lateral displacement cycles. Based on this observation 

it was suggested that for predicting post-cracking out-of-plane behaviour of posttensioned 

URM walls, the use of secant stiffness to maximum strength is more appropriate than 

initial stiffness. 
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10.1.3. In-plane behaviour of posttensioned URM walls - Chapter 5 

A full scale pier-spandrel URM assemblage (also referred to as a URM frame) with 

posttensioned piers was subjected to an in-plane cyclic loading history and corresponding 

performance of the assemblage was investigated. The test provided experimental data 

regarding the in-plane seismic behaviour of typical posttensioned perforated URM walls.  

In summary, it was established from the test results that a URM frame having a small to 

medium spandrel depth and posttensioned piers will exhibit strong-pier weak-spandrel 

behaviour, where the spandrel spanning over the opening essentially will behave as a 

coupling beam that dissipates energy while the piers rock.  

It was observed during in-plane testing of posttensioned URM frame that in posttensioned 

historic URM walls toe crushing did not occur even up to a masonry strain of 0.006 

mm/mm, where the high strain capacity of historic URM materials was attributed to the 

presence of highly deformable low strength mortar. Therefore, it was established that a 

reasonable increase in the ductility capacity of perforated URM walls can be achieved 

when failure of piers in a diagonal shear failure mode is prevented by applying 

posttensioning. It was also observed that the magnitude of applied prestress notably 

decreased towards the conclusion of testing when test assemblage was subjected to cyclic 

lateral loading, which was attributed partially to URM frame shortening that occurred due 

to masonry cracking/crushing and partially to tendon relaxation and seating losses. This 

observation suggested that the posttensioning force must be checked following the 

occurrence of an earthquake and if required then the posttensioning tendons be restressed 

to the design posttensioning level. 

10.1.4. Shear behaviour of NSM-TS strengthened URM walls - Chapter 6 

In this chapter an overview of an experimental program investigating the shear behaviour 

of NSM-TS strengthened URM walls was presented and the development of design 

provisions was discussed. A total of fourteen URM wallettes were strengthened and 

tested in induced diagonal shear.  

It was established from results of the wallette testing that a shear strength improvement 

ranging from 114% to 247% can be achieved using NSM-TS strengthening, where NSM-

TS bars essentially remains unstressed until cracking occurs and the reinforcement bars 

go into tension to restrain further crack opening while the contribution from masonry 
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decreases. This behaviour results in a limited increase in shear strength but a notable 

increase in the ductility capacity of the strengthened URM walls. 

In general, vertical and grid NSM-TS reinforcement schemes performed the best in terms 

of earthquake improvement. The primary reinforcement mechanism for vertically aligned 

NSM-TS bars was restraint to shear induced dilation that resulted in increased frictional 

shear resistance along the shear cracks, whereas dowel action was insignificant due to 

excessive local bending of the reinforcing bars. The effect of increasing the vertical 

NSM-TS reinforcement was to reduce the post-peak strength degradation. It was also 

established from the testing results that the helical profile of the NSM-TS bars resulted in 

excellent mechanical bond between the reinforcement and masonry over short bonded 

lengths, with a 300 mm embedment depth providing sufficient anchorage to cause 

yielding of a 6 mm TS bar. 

10.1.5. Out-of-plane behaviour of NSM-TS strengthened URM walls - Chapter 7 

The out-of-plane flexural behaviour of NSM-TS strengthened URM walls was discussed 

in Chapter 7 and an overview of an associated experimental program was presented. The 

experimental program comprised of in-situ out-of-plane testing of four slender URM 

walls and laboratory based reverse cyclic out-of-plane testing of two full scale URM 

walls. In-situ tests allowed investigation of the seismic performance of real historic URM 

walls strengthened using NSM-TS having real boundary conditions, whereas extensive 

instrumentation and the controlled test conditions of laboratory based testing allowed 

validation of in-situ testing results and the investigation of additional seismic response 

parameters.  

In general, NSM-TS strengthened URM walls exhibited a bi-linear behaviour up to a drift 

value of 4% when testing was discontinued. The large ductility capacity exhibited by 

NSM-TS strengthened URM walls was attributed to the large strain capacity of the TS 

bars. It was observed during the testing that NSM-TS bars restrained further opening of 

flexural cracks by acting in tension without any signs of bar slippage. The observed 

reinforcement mechanism suggested that the NSM-TS strengthened URM walls are 

conceptually similar to conventional reinforced masonry walls. It was also observed that 

NSM-TS repairing not only increased the strength of a cracked URM wall by 334%, 
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when compared to the strength of the cracked wall, but also significantly increased the 

wall ductility capacity. 

NSM-TS strengthening resulted in a moderate flexural strength increase for the wall 

having a large as-built first cracking strength (143% when compared to the strength of the 

as-built wall) but prevented subsequent rapid strength degradation, increasing the 

ductility capacity of the strengthened wall. An asymmetric flexural strength increase was 

observed for the wall having NSM-TS installed on one face only, where the flexural 

strength increase was 300% when the NSM-TS acted in tension and was 125% in the 

reverse direction when the NSM-TS acted in compression.  

Theoretical considerations for a NSM-TS seismic strengthening design were presented 

and the out-of-plane strength of each test wall was predicted using the proposed design 

equations. The predicted values were compared to experimental results and it was 

established that the proposed equation effectively predicted the flexural out-of-plane 

strength of NSM-TS strengthened test walls. 

10.1.6. Shear behaviour of TRM strengthened URM walls - Chapter 8 

A total of twelve URM wallettes were tested to investigate the in-plane shear behaviour 

of TRM strengthened URM walls and a summary of the experimental program was 

presented in Chapter 8. A variety of commercially available TRM systems were used to 

strengthen the test wallettes and the effectiveness of each of these TRM systems to 

restrain diagonal shear cracking in URM walls was investigated.  

In general, all considered TRM systems performed similarly and resulted in a large shear 

strength increment. However, the introduction of additional steel mesh resulted in larger 

increases in strength and ductility capacity of the strengthened wallettes than was 

measured for strengthened wallettes having polymer textile only. TRM reinforcement in 

strengthened URM walls distributed shear stresses over a large area prior to masonry 

cracking and once masonry cracking had occurred (micro hairline cracking), the textile 

rovings bridging these cracks acted in tension to resist further opening of these cracks. 

It was established that failure of URM walls having a TRM overlay applied on both faces 

typically resulted due to a sudden rupture of the textile and/or textile de-bonding in a 

brittle manner, with the latter failure mechanism resulting in limited ductility being 
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measured. It was also established that unrestrained single sided TRM strengthened URM 

walls could twist out-of-plane due to asymmetric stiffness of the strengthened wall when 

subjected to shear stresses and that the shear strength increase for such single sided TRM 

strengthened URM walls can be expected to range from 114% to 148% of their as-built 

shear strength. However, this twisting behaviour would be expected to be restrained in 

real buildings having transverse walls connected at the wall ends, was principally a 

feature of the laboratory test setup. Conversely, it was measured that a large shear 

strength increment ranging from 446% to 481% can be achieved when a TRM overlay is 

applied to both faces of the URM wall.  

10.1.7. Performance of full scale TRM strengthened URM walls - Chapter 9 

Following the in-plane shear testing reported in Chapter 8, a full scale testing program 

was undertaken to investigate the performance of TRM strengthened in-plane loaded 

perforated URM walls and of TRM strengthened out-of-plane loaded URM walls. The 

experimental program consisted of pseudo-static reverse cyclic in-plane testing of two 

full scale TRM strengthened URM pier-spandrel assemblages and reverse cyclic out-of-

plane flexural testing of three full scale slender URM walls. Two commercially available 

TRM systems were used to strengthen the test walls, which were selected on the basis of 

wallette testing results presented in Chapter 8. In summary, both of the selected TRM 

systems performed similarly and resulted in similar strength increments.  

The in-plane strength of pier-spandrel assemblages having a single sided TRM 

strengthened spandrel ranged from 128% to 136% when compared to their as-built 

strength. Two different failure modes were observed for in-plane loaded strengthened 

pier-spandrel assemblages, the first being the rupture of textile rovings that crossed 

masonry cracks of the spandrel and the second being shear failure of the unstrengthened 

pier without any signs of cracking observed in the strengthened spandrel. It was 

established that in-plane loaded perforated URM walls should be strengthened at selected 

locations, with a strengthening scheme selected such that the strength corresponding to all 

three possible failure modes (pier cracking, spandrel cracking and cracking at the 

spandrel-pier connection) is greater than the strength demand corresponding to a 

moderate earthquake and in the event of a large magnitude earthquake the spandrel-pier 

connection fails before either of the piers or the spandrel reach their ultimate 

shear/flexural capacity, such that a pier rocking mechanism is expected. 
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TRM strengthened slender URM walls, when subjected to reverse cyclic out-of-plane 

loading, exhibited a bi-linear behaviour until rupture of the textile rovings that crossed the 

crack located at or near mid-height (maximum moment point). The out-of-plane flexural 

strength of TRM strengthened walls was observed to range from 575% to 786% of their 

as-built strength when the TRM strengthened face of the wall acted in tension, whereas 

the out-of-plane strength in the reverse direction would remain the same as that of an as-

built URM wall when the TRM strengthened face acts in compression.  

10.2. FUTURE RESEARCH 

The shrinkage and creep study presented in Chapter 3 provided time dependent prestress 

loss parameters and an estimate for the magnitude of prestress losses that could occur in 

prestressed historic URM walls. However, in-situ monitoring of shrinkage and creep 

shortening strains in actual posttensioned historic URM walls over an extended period of 

time would provide valuable experimental data, particularly when posttensioned URM 

walls are expected to be exposed to extreme ambient environmental conditions. 

The studies reported in Chapter 4 and Chapter 5 led to better understanding of the seismic 

behaviour of posttensioned historic URM walls and allowed the development of provision 

to design a posttensioning seismic retrofit solution for historic URM walls. The study was 

focused on URM walls posttensioned using unbonded posttensioned strands inserted 

inside circular cored cavities being typically located at the centre of a URM wall. 

However, the influence of additional P-Δ effects exacerbated due to eccentric externally 

located posttensioning strands such as in buttressed URM walls or in cavity URM walls 

was not investigated and would provide a valuable addition to the experimental database. 

Additionally, the influence of horizontal posttensioning, flange effects due to intersecting 

walls and the effects of diaphragm stiffness on the global behaviour of posttensioned 

URM building is yet to be investigated.  

The structural testing reported in Chapters 6 and 7 demonstrated the effectiveness of 

NSM-TS for strengthening historic URM walls and led to the development of provisional 

design equations. It is noted that full scale testing of a URM building and further 

experimental studies towards optimising the design equations can be a possible future 

research work. Additionally, dynamic testing to update predictive computer model of a 
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strengthened URM building would provide a useful experimental data set on the dynamic 

behaviour of NSM-TS strengthened URM buildings. 

The structural testing results reported in Chapters 8 and 9 contributed to the existing 

experimental data set on the seismic behaviour of a relatively new strengthening 

technique involving TRM surface overlay. However, more experimental studies are 

warranted to further optimise the design provisions and in particular research studies to 

explore the aspects of damage avoidance design can be topics for future research. 

The studies reported in this thesis have generated a large set of experimental results was 

provided that expanded the international data set on the seismic performance of URM 

walls strengthened using relatively new strengthening techniques, and equations were 

presented for the prediction of the seismic response of strengthened URM buildings using 

these experimental results. It is suggested that the data set presented in this thesis can also 

be used in a number of ways to develop design concepts for the seismic retrofit of URM 

buildings and that the seismic response parameters reported in the thesis also offer an 

opportunity to develop analytical computer models to expand the data set on seismic 

performance of strengthened URM buildings. Moreover, the experimental results could 

be used as a basis for a detailed analytical predictive hysteretic model that could be used 

for extrapolating the experimental results to other wall configurations and for parametric 

studies for the development of optimised design guidelines. 
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APPENDIX A. OBSERVATIONS FROM THE 2010/2011 

CANTERBURY (NZ) EARTHQUAKE SEQUENCE 

 

As the research presented in this thesis was focused on the seismic performance of 

strengthened URM buildings, following the main earthquake of September 2010 and for 

the second time following the aftershock of February 2011 inspection of building 

performance was conducted on strengthened URM buildings by the author as a member 

of a team comprising of four doctoral students. Interrogation of a part of the assessment 

data and investigation about the performance of strengthened URM buildings was the 

author‟s specific contribution to a large project investigating the performance of URM 

buildings during the 2010/2011 Canterbury (New Zealand) earthquake sequence and are 

presented in this appendix. It is also noted that the observations presented herein were 

made prior to the large amount of demolition of URM buildings that occurred after the 

aftershock of 13 June 2011.  

A.1. PREVALENCE OF URM BUILDINGS IN THE CANTERBURY REGION 

URM buildings represent a large proportion of historic construction worldwide, with 

roughly 3950 URM buildings believed to exist in New Zealand (Russell and Ingham 

2010b). According to an estimate by Christchurch City Council, the Canterbury region of 

New Zealand had 958 earthquake prone URM buildings prior to the M7.1 2010 Darfield 

earthquake, of which 595 URM buildings were located in Christchurch city (CCC 2010; 

Wells 2010). Following the Darfield earthquake inspection of building performance was 

conducted on 595 URM buildings out of 958 URM buildings reported to exist in 

Canterbury by Christchurch City Council. General characteristics of the assessed URM 

building stock are represented in Figure A.1.  
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(a) number of storeys (b) footprint area 

 

  

(c) year of construction (d) occupancy 

Figure A.1. Building characteristics derived from interrogation of the inspection 

database 

It can be seen in Figure A.1 that the majority of URM buildings (78%) were either 1 or 2 

storey high. It can also be established that the majority of URM buildings located in 

Christchurch (67% of total buildings assessed) were used as commercial properties. 

A.2. DETAILS OF DAMAGING EARTHQUAKES 

The M7.1 Darfield (New Zealand) earthquake of 4
th

 September 2010 and subsequent 

aftershocks resulted in the partial or complete collapse of many URM buildings. Amongst 

the several hundred aftershocks having a magnitude of 5.0 or above, the M6.3 aftershock 

of 22
nd

 February 2011 generated the largest magnitude ground acceleration that resulted 
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in collapse (damage beyond repairable extent) of many URM buildings or necessitated 

demolition of several partially collapsed URM buildings. However, the aftershocks of 

26
th

 December 2010 and 13
th

 June 2011 also resulted in additional damage to some URM 

buildings and necessitated their demolition. The large damage observed during the 

February 2011 aftershock was attributed firstly to large frictional resistance of the 

associated fault and secondly to the location of the epicentre, which was in close 

proximity of Christchurch (GNS 2011). Figure A.2a and A.2b show 5% damped response 

spectra for the main shock of September 2010 and for the February 2011 aftershock 

respectively, being recorded in two orthogonal directions (referred to as H1 and H2) at 

three different sites located close to the central business district of Christchurch. The town 

of Christchurch is mainly founded on soft soils with pockets of gravely soil, which 

resulted in short duration earthquake ground motion. In general, the main earthquake of 

4
th

 September 2010 represented 67-100% of the design level event, whereas the 

aftershock of 22
nd

 2011 represented 200-300% of the design level event (SMC 2011). 

  

(a) September 2010 Darfield earthquake (b) February 2011 aftershock - horizontal 

  
 

(c) median and NZS1170.5 response spectra   (d) February 2011 aftershock - vertical 

Figure A.2. Details of earthquake ground motion 
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As a result of the large peak ground acceleration observed in the February 2011 

aftershock, the recommended seismic hazard factor for Christchurch was changed from 

0.22 to 0.30 (New Zealand Parliament 2011). Figure A.2c shows a comparison of the 

median response acceleration (calculated using the larger of H1 and H2 from each site) 

and the response spectra drawn using the loading standards NZS 1170.5 (NZS 2004a) for 

seismic hazard factors of 0.22 and 0.30. Figure A.2d shows the response spectrum for 

recorded vertical ground acceleration that also contributed to the large observed damage. 

A.3. GENERAL OBSERVATIONS ON URM BUILDINGS PERFORMANCE 

The nature of damage to URM buildings observed after the 2010/2011 Canterbury (New 

Zealand) earthquake sequence was consistent with that anticipated after earthquakes of 

such characteristics, with damage mostly attributed to toppled chimneys and URM 

parapets, out-of-plane failure of gable ends and face-loaded walls, and in-plane damage to 

perforated masonry walls (Ingham and Griffith 2011b). Despite the observed poor seismic 

performance of URM buildings was consistent with that exhibited by URM buildings 

during past earthquakes of large magnitudes, there still existed an opportunity to learn 

from the experience, to identify critical deficiencies in prevalent historic URM buildings 

and to improve current earthquake strengthening practices. Of many important lessons 

learnt from the performance of URM buildings, the following are the few most significant 

observations: 

 Unrestrained URM chimneys and URM parapet walls performed poorly, resulting 

in the collapse of a large number of parapets and chimneys. In many instances, 

these falling unrestrained building components also resulted in the collapse of 

awnings and/or damage to diaphragms. 

 

 In-plane loaded perforated URM walls mostly exhibited a rocking mode of failure 

where cracking was observed to concentrate in spandrels spanning over door or 

window openings. In some cases, diagonal shear cracks in piers were also 

observed and were attributed to the relative geometric characteristics of the piers 

and spandrels of the wall. 

 

 Numerous URM walls (also including gable end walls) were observed to collapse in their 

out-of-plane direction, which is attributed to a number of factors that include low strength 
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characteristics of masonry, wide wall-diaphragm anchorage spacing and/or insufficient 

embedment of wall-diaphragm anchors. In general, the out-of-plane failure of URM walls 

was the most common failure type observed to occur. 

 

 A secondary damage mode caused by insufficient wall anchorage was the loss of lateral 

parapet bracings. It was also observed that in most of the successful parapet bracing 

systems a structural steel channel section or rectangular hollow section was mounted 

along the entire length of the inside of the parapet, including around corners. 

 

 In some instances, it was evident that the excessive lateral displacement of excessively 

flexible diaphragms resulted in the collapse of the URM parapet wall. Hence, it was 

established that a careful consideration of diaphragm displacement is required when 

seismic strengthening solution for URM buildings is designed.  

 

 There were also cases where the damage to URM buildings potentially resulted because 

of differential ground settlement or because of pounding with adjoining building. 

A.4. DAMAGE STATISTICS BASED ON LEVEL 1 ASSESSMENT 

During the level 1 post-earthquake assessment, based on the extent of damage each 

building was assigned either of a Green, Yellow or Red colored placard (refer Figure A.3 

for allowed usage associated with each of the placards). Post-earthquake assessments 

were conducted after the M7.1 Darfield earthquake and subsequently following each 

damaging aftershock. Figure A.4 shows the placard distribution for URM buildings 

following the M7.1 Darfield earthquake of 4
th

 September 2010 and the M6.3 after shock 

of 22
nd

 February 2011, with these distributions established from the interrogation of 

damage assessment records of Christchurch City Council.  

It can be seen that even though the earthquake of 4
th

 September 2010 had a larger 

magnitude, it resulted in lesser damage, with only 21% of URM buildings tagged Red, 

whereas during the assessment following the aftershock of 22
nd

 February 2011 the 

damage was much more extensive and resulted in 82% of URM buildings being declared 

unsafe for occupancy. A detailed interrogation of the assessment data is shown in Figure 

A.5, showing the damage value for the assessed URM buildings following the two main 

earthquakes.  
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(a) green placard (b) yellow placard (c) red placard 

 Figure A.3. Useability placards assigned to URM buildings  

  

(a) after the earthquake of 4
th

 September 2010 

(based on records of 595 URM buildings) 

(b) after the aftershock of 22
nd

 February 2011  

(based on records of 337 URM buildings) 

Figure A.4. Useability placard distribution for URM buildings 

 

Figure A.5. Damage value observed in URM buildings 

Green 

47% 

Yellow 

32% 

Red 

21% 

Green 

1% 

Yellow 

17% 

Red 

82% 

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

100-60 60-30 30-10 10-1 0

P
er

ce
n

ta
g
e 

o
f 

B
u

il
d

in
g
s 

S
u

rv
ey

ed
 

Extent of Damage to Building 

Aftershock of 22 February 2011

Earthquake of 4 September 2010



APPENDIX A 

-197- 

 

Figure A.6. Comparison of damage observed in strengthened and unstrengtehend 

URM buildings  

It can be seen in Figure A.5 that the damage distribution for the dataset associated to the 

September 2010 earthquake suggest that the majority of URM buildings performed 

satisfactorily (with damage ranging from 0-30%), whereas the damage distribution 

associated with the February 2011 earthquake had a significant shift towards the larger 

damage, suggesting the majority of URM buildings were notably damaged. 

A.5. PERFORMANCE OF STRENGTHENED URM BUILDINGS 

In general, retrofitted URM buildings performed better than URM buildings having no 

strengthening, with minor or no earthquake damage observed after the September 2010 

earthquake. Partial or complete collapse of parapets and chimneys were amongst the most 

prevalent damage observed in retrofitted URM buildings at that time, and was attributed 

to insufficient lateral support of these building components. Out-of-plane separation of 

the façade from the side walls was prevalent in some strengthened URM buildings, and 

was the result of insufficient wall-diaphragm anchorage. However, partial or complete 

collapse of some strengthened URM buildings was also observed after the February 2011 

aftershock.  

Figure A.6. shows the damage value observed in unstrengthened and strengthened URM 

buildings, established by interrogating the post-earthquake assessment records associated 

with the February 2011 aftershock and reported by Ingham and Griffith (2011a). Most of 

the retrofitted URM buildings had a notable heritage value because of their significant 
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age and aesthetic quality and therefore a carefully considered, minimally invasive retrofit 

solution had been preferred. The addition of a secondary structural system was found to 

be a common retrofit solution, with fewer buildings adopting alternative solutions such as 

steel strapping, shotcreting, textile reinforced mortar overlay, surface bonding of fibre 

reinforced polymer (FRP) sheets, and posttensioning.  

Case study examples of the performance of retrofitted URM buildings that were inspected 

following the 2010/2011 Canterbury (New Zealand) earthquake sequence are reported 

herein. It is noted that a large data set on the performance of strengthened URM buildings 

has been made available since then and was reported by Ingham and Griffith (2011a). 

A.5.1. The Malthouse, 71 Colombo Street 

The Malthouse is a stone masonry building that was constructed in 1867-1872. It is one of 

New Zealand‟s oldest buildings and has been recognised as a category two heritage 

building by the New Zealand Historic Places Trust (2010). The building has three levels, 

with a half basement, timber diaphragms and an irregular floor plan as shown in Figure 

A.7a.  The building was used as a Malthouse until 1955, when it was converted to the 

Canterbury Children‟s Theatre. The building went through several architectural 

renovations between 1972 and 1984 that included seismic retrofit. The roof was raised in 

two stages: the first stage involved raising half of the roof in 1992 and the second stage 

involving raising the remainder of the roof in 2003. Seismic retrofit of the Malthouse in 

2003 was found to be insufficient and consequently the building‟s lateral load resisting 

system was again updated in 2008. The seismic retrofit involved injecting grout into the 

rubble masonry walls, installing new wall-diaphragm anchors (see Figure A.7d), 

strengthening of the floor diaphragms by replacing the plywood and introducing 

additional timber blockings as shown in Figure A.7c, and strengthening the roof by 

introducing new steel trusses (see Figure A.7b). It was gathered from discussions with the 

manager that the cost of retrofit was approximately $NZ 750,000. The building performed 

well and no signs of damage were observed following the September 2010 earthquake, 

whereas damage to one of the newly constructed concrete masonry wall was observed 

following the February 2011 aftershock, which was attributed to large differential 

settlement also resulting in notable damage to the concrete floor in the basement of the 

building. Figure A.8 show photographs of the Malthouse taken during the post-

earthquake inspection conducted after the aftershock of 22
nd

 February 2011. 
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(a) street view of the building 

 

(b) interior view of the building 

 

  
 

(c) additional blocking added to the 

diaphragm 

 

(d)  newly installed wall to diaphragm 

connections 

Figure A.7. The Malthouse, 69-71 Colombo Street 

  
 

(a) cracked concrete masonry wall 

 

(b) cracked concrete floor resulted due to large 

differential settlement 

Figure A.8. Damage observed at the Malthouse following the February aftershock 
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A.5.2. The Smokehouse, 650 Ferry Road 

The Smokehouse located at 650 Ferry Road is a two storey isolated URM building as 

shown in Figure A.9a. The building‟s exact construction date is unknown but can be 

confirmed as pre-1930, and the building has been categorised as a heritage building by 

the Christchurch City Council. The building‟s foot print is approximately square, having 

dimensions of 13 m along Ferry Road and 10 m along Catherine Street. The original 

mortar is a weak lime/cement mortar with large grain size sand. In places, the original 

mortar was re-pointed with strong cement mortar.  

  
 

(a) street view of the building 

 

(b) interior view of the building showing the added 

steel frame 

 

Added Steel Frames

Newly Constructed Extension

Old URM Section

Added Steel Frames

 
 

(c) building layout plan and the location of added steel frames 

Figure A.9. The Smokehouse, 650 Ferry Road 
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(a) building after the February aftershock 

 

(b) closer view of damaged lintel 

Figure A.10. Damage observed at the Smokehouse following the February 2011 

aftershock 

The Smokehouse was seismically retrofitted in 2007 by introducing secondary moment 

resisting steel frames. This retrofit also included alterations to the internal layout, which 

involved partial removal of the original external walls and replacement with moment 

resisting steel frames that created openings into the adjoining new section of the building 

(see Figure A.9b and A.9c), and also infilling of one window at the second floor level. 

The retrofit design of the building won the New Zealand Architectural Award in 2008 for 

initiative in retention, restoration and extension of a significant building and its adaption 

to new usage. 

The Smokehouse performed well during the September 2010 earthquake, with no signs of 

earthquake damage observed on the exterior of the building. However, some minor 

vertical cracks at the wall corners, minor cracks around the perimeter of the in-filled 

window, and one minor horizontal crack slightly above the base of one pier at the second 

floor level were observed during internal inspection. Following the aftershock of 22
nd

 

February 2011, the building was tagged yellow because of cracking in one of the lintels 

above window openings and bulging of brick around steel anchors and subsequently 

formwork was put in place (refer Figure A.10). 

A.5.3. X Backpackers, 56 Cathedral Square 

This four storey URM building located in the northeast corner of Cathedral Square was 

constructed in 1902 (see Figure A.11a). The building, formerly known as the Lyttelton 

Times building and now occupied by X Backpackers, was the last in a row of multi-story 

buildings on Gloucester Street and was next to the original Canterbury Press building.  
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The building‟s exterior aesthetics were similar to the nineteenth century Chicago high-

rise buildings (i.e., Romanesque style), with heavy vertical URM piers ending in round 

headed arches on the front façade and two-wythe thick solid brick URM walls on the 

periphery. The building was registered as a category one heritage building with the New 

Zealand Historic Places Trust in 1997 and therefore an application for its demolition was 

declined at that time and the building was instead purchased by the Christchurch Heritage 

Trust (NZHPT 2010). The building was constructed using bright red burnt bricks, laid in 

a common bond pattern. From preliminary scratch tests it was established that a weak 

lime/cement mortar was used in construction, with variation in the mortar strength in 

upper floors.  

   
 

(a) front facade 

 

(b) X steel brace fixed into the 

wall 

 

 

(c) parapet restraint 

   
 

(d) steel frame inside the building 

 

(e) façade separation 

 

(f) spandrel cracking 

Figure A.11. X Backpackers, 56 Cathedral Square 
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The former Lyttelton Times building was seismically retrofitted in 2001 using steel 

moment resisting frames. During the inspection conducted following the September 2010 

earthquake, steel straps anchored to the side walls in an X pattern were also observed 

(shown in Figure A.11b) and were possibly part of an earlier retrofit scheme. As part of 

the seismic retrofit scheme, the parapets were tied back to the roof structure using hollow 

steel circular sections (see Figure 11.c). The moment frames as seen from the fourth floor 

of the building are shown in Figure A.11d.  

When inspected following the September 2010 earthquake, some minor internal cracks 

were observed on the side of the building facing Cathedral Square, and large interior 

cracks at the top of the façade (separation of front facade from the in-plane walls of 

nearly 100 mm) were attributed to insufficient wall-diaphragm anchorage (refer Figure 

A.11e). Damage to the wooden partition interior walls was also observed, which provided 

evidence that large out-of-plane deformation of the front façade wall occurred. As a post-

earthquake hazard mitigation measure, the front façade was secured by introducing 

temporary steel rod anchors and the unstable façade top was tied to the diaphragm at the 

roof level. Figure A.11f shows minor in-plane cracks which were also observed in the 

spandrel of the front facade wall at ground level.  

As the building was located in the cordoned area, access to the building after the February 

2011 aftershock was not possible, however it was established from the assessment records 

of Christchurch City Council that the front façade of the building collapsed out-of-plane 

and that the building has since been demolished. 

A.5.4. Joe’s Garage (Café), 194 Hereford Street 

This building is known to have been constructed in the 1920‟s and stood at 194 Hereford 

Street until it was demolished following the February 2011 earthquake. The building at 

the time of construction was the end building in a row of two storey buildings but when 

inspected following the September 2010 earthquake was categorised more appropriately 

as a two storey isolated URM building, which was occupied by Joe‟s Garage (Café) and 

Miles Construction and was isolated from the neighbouring building by a seismic gap 

(see Figure A.12a).  

The original structural system consisted of load bearing external URM walls, with timber 

diaphragms and a concrete lintel beam running the full length of the building on the 
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Hereford Street and Liverpool Street sides. The street-facing facade walls were perforated 

URM walls whereas the rear of the building consists of stiff solid shear walls.  The 

building has a sloping roof and the parapet height varies from zero to about 1 m at the 

side adjacent to the neighbouring building. From preliminary scratch tests it was 

established that a lime based weak mortar having coarse aggregate was used in the 

original construction. The building was seismically retrofitted in 2004 using large steel 

portal frames oriented in the transverse direction of the building, that are spaced at 

approximately 4 m centres. The building floor plan with the location of added portal 

frames is shown in Figure 12.b. Diaphragm strengthening was not observed in the interior 

of the building.  

The retrofit increased the stiffness in one direction only, creating differential stiffness 

between the building‟s two principal axes which may have accentuated the building‟s 

torsional response, resulting in diagonal shear cracks at the rear face of the building 

during the September 2010 earthquake as shown in Figure A.13a, whereas the building 

was more extensively damaged during the February 2011 aftershock that was possibly 

resulted to torsional response of the building. Some localised punching of bricks away 

from the steel moment frame was also observed when inspected after the September 2010 

earthquake and was attributed to the frame pounding against the URM wall at the 

locations adjacent to the beam-column joint (refer Figure 13.b). However, no cracks were 

visible at the ground floor level at that time.  
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(a) street view of the building 

(photo taken after the September 2010 earthquake) 

 

(b) layout plan of the building with location of steel 

frames 

Figure A.12. Joe’s Garage (Café), 194 Hereford Street 
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(a) cracking at rear end of the 

building due to torsional effects  

 

(b) brick punching due to 

frame pounding against the 

masonry wall  

 

 

(c) temporary securing of parapet wall  

(photos shown in Figures a to c were taken following the September 2010 earthquake) 

 

 

  
 

(d) front view of the building following the February 

2011 aftershock 

 

(e) rear view of the building following the 

February 2011 aftershock 

 

Figure A.13. Damage observed at 194 Hereford Street 

The parapet of the building was cracked at the roof line and had been temporarily 

strengthened using steel tie backs to the roof (see Figure A.13b), which failed to provide 

lateral restraint to the cracked parapet and the parapet collapsed during the February 2011 

aftershock. The occupants stated that the parapet crack appeared in the M5.0 aftershock 

of Wednesday 8
th

 September 2010 (Geonet 2010), and that the displacement amplitude of 

the building was small with high frequency vibrations. Pounding damage was also 

observed due to twisting of the building towards the neighbouring building, which 

exceeded the seismic gap allowance. Observed damage following the earthquake 

sequence is shown in Figure A.13. 
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A.5.5. Environment Court Ministry of Justice, 282-286 Durham Street North 

The Environment Court building is a one storey isolated URM building that was 

constructed in the 1890‟s. The building was originally constructed as an art gallery, with 

street facades divided into a series of bays and decorated with patterned cornices. A 

wooden truss supports a gable roof and rests on load bearing URM walls. Due to the 

building‟s historic value it is identified as a Category one historic place on the New 

Zealand Historic Places Trust register (NZHPT 2010). The building was seismically 

retrofitted in 1972 by the Justice Department. The seismic retrofitting scheme involved 

the addition of cross walls and visually intrusive strapping of the building with steel 

plates, as shown in Figure A.14a to A14c.  The building performed well during the 

sequence of earthquakes and no cracking or signs of damage were observed when 

inspected after the September 2010 earthquake and subsequently after the February 2011 

aftershock. 

  
 

(a) Street view of the building (photo taken after the 

September 2010 earthquake) 

 

(b) strap details around openings (photo taken after 

the September 2010 earthquake) 

 

  
 

(c) backside view with gable (photo taken after the 

September 2010 earthquake) 

 

(d) condition of building after the February 2011 

aftershock 

Figure A.14. Environment Court Ministry of Justice, 282-286 Durham Street North 
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A.6. SUMMARY AND CONCLUSIONS 

Details of the ground motion records of the September 2010 earthquake of the February 

2011 aftershock were presented and briefly discussed with a brief note on the resulting 

change in seismic hazard factor for Christchurch. General features of the URM building 

stock located in Canterbury region were established by interrogating the level 1 

assessment records of Christchurch City Council and were briefly discussed. The 

following are the key findings of the research reported in this appendix. 

 Christchurch City Council has so far undertaken a passive approach towards 

seismic assessment and subsequent retrofit of the city‟s building stock, having 

established that approximately 958 earthquake prone URM buildings existed in 

Christchurch. 

 

 The majority of URM buildings in Canterbury region, prior to the occurrence of 

earthquakes, were small to medium in terms of covered area and were either 1 or 2 

storey high. The most common occupancy of these buildings was either 

commercial or offices. 

 

 The observed damage to URM buildings in the 2010 Darfield earthquake was 

consistent with the expected seismic performance of this building form, and 

consistent with observed damage to URM buildings in past earthquakes both in 

New Zealand and overseas. The main failures types observed were: parapet 

failure, chimney failure, out-of-plane facade wall failure and in-plane damage. 

 

 Strengthened URM buildings performed better than unstrengthened URM 

buildings, with minor to medium levels of earthquake damage observed in the 

majority of strengthened URM buildings but some examples of poor strengthening 

practices were also observed that resulted in partial or complete collapse of some 

strengthened URM buildings.  

 

 Observations on the performance of representative selected strengthened URM 

buildings were made and presented. 
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APPENDIX B. AVON HOUSE DESCRIPTION AND 

ASSESSMENT 

 

B.1. BUILDING DESCRIPTION  

Demolition and reconstruction of the case study building named “Avon House” were 

uneconomical and undesired tasks, due to its historical and cultural importance. Figure 

B.1 shows the pictorial view of the building. This building was constructed by early 

British migrants in 1880‟s and is a single storey four bedroom house with British 

architecture and construction techniques. The subject building is situated on the northern 

side of Hargreaves Street and western side of Wallace Street in Wellington. A reinforced 

concrete retaining wall facing Hargreaves Street was constructed after the failure of the 

old stone masonry gravity retaining wall.  

 

Figure B.1. Pictorial view of Avon House 
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The geological formation under the subject building is a moderately to slightly weathered 

Greywacke rock (Raisbeck 1973) and the house is a double-gabled building with a 

covered porch and a footprint area of 142.85 m
2
. The main gable runs along Hargreaves 

Street with the sloping gable end facing Wallace Street. The closest neighbouring 

building is 5 m to the east. 

The roof of the house is steeply pitched, timber framed and clad with corrugated iron 

sheets supported on wooden sarkings spaced at 925 mm on centres. The sarkings are 

further supported by rafters spaced at a centre to centre spacing of 800 mm with runners 

resting on walls. Exterior walls are typical cavity walls with a single-wythe thick veneer 

and a two-wythe bearing wall having a 50 mm cavity between these two walls, tied with 

steel bar ties which were deteriorated. These walls consist of handmade brick masonry 

laid in lime mortar with a cement rendered weather coat on the exterior surface and set 

over brick foundations. The interior walls are both one-wythe thick and two-wythe thick. 

All the interior walls are plastered with lime-sand mortar and painted with plastic 

emulsion. The brick masonry was laid in common bond with every sixth course of 

masonry as a header course and stretcher courses running between these header courses. 

The mortar used in the masonry is a soft lime mortar with a sand base, which can be 

scratched with a finger nail. Metal bar ties were used to hold the veneer walls at the outer 

periphery, but have corroded and must be replaced.  

 

 

 

 

Figure B.2. Layout plan of the building structure and facade numbering 

  

 2 

 

 1
 

  4   3 
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(a) handmade bricks 

 

(b) mould-made convict brick 

Figure B.3. Bricks used in construction 

Figure B.2 shows the layout plan and facade numbering with all dimensions in 

millimetres. Two types of bricks were used in the construction. Figure B.3 shows features 

of the extracted brick samples from this building, suggesting that they were handmade.  

One of the more obvious signs is the rough surface of the bricks themselves. In the 

process of making bricks by hand, sand was often placed into the mould to prevent the 

clay from sticking to the sides.  This resulted in the imprint of the sand remaining on the 

brick surface, giving the brick a rough face. The second type of bricks is the mould-made 

bricks manufactured by convicts, which is evident from the Arrow stamp and impressions 

of tightened bolts that are visible on the bricks. The soft nature of the bricks indicates that 

they were burnt at a low firing temperature. The observed characteristics of the bricks are 

indicators of early brick production and of significant age of the bricks.  

B.2. INITIAL EVALUATION USING NZSEE 2006 GUIDELINES 

The New Zealand Society for Earthquake Engineering (NZSEE) initial evaluation 

procedure (IEP) was used to assess the percentage compliance of Avon House with the 

current building standard, which is referred to as the percentage of New Building 

Standard (%NBS) (NZSEE 2006). The IEP began with the collection of general 

information about the building structure. The underlying geotechnical stratum for Avon 

House was slightly to moderately weathered sandstone rock and can be categorised as A 

or B rock. The building is from a cluster of structures that were built before 1935. Using 

this information and a calculated period of 0.12 sec for this URM building structure, a 

nominal %NBS is calculated.  
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Table B.1. Evaluation based on percentage New Building Standard (NBS) 

Direction Baseline NBS = Nom. NBS × a × b × c × d × e 

% 

Performance achievement ratio 

(PAR) = A × B × C × D × E × F 

NBS 

% 

Nom.  

NBS 

a 

- 

b 

- 

c 

- 

d 

- 

e 

- 

Baseline 

NBS 
A B C D E F PAR 

Longitudinal 4.8 1.0 2.5 1.0 1.3 1.2 18.3 1.0 1.0 1.0 1.0 1.0 2.5 1.2 46 

Transverse 4.8 1.0 2.5 1.0 1.3 1.2 18.3 0.7 1.0 1.0 1.0 1.0 2.0 1.2 26 

Result: Building is potentially earthquake prone in the transverse direction and falls in the seismic grade d (as NBS < 33%). 

 

Avon House is within a 2 km radius of the Wellington fault line and is a single storey 

high. Therefore, a near source factor (A) of 1 was used for the IEP. The current seismic 

zonation of New Zealand (NZS 2004a) suggests a seismic hazard factor (Z) of 0.4, and 

consequently a factor B (B= 1/Z) of 2.5 was used. Building importance level is accounted 

for by the introduction of factor C in the IEP which is taken as 1 (for general occupancy 

building), whereas factors D and E represent the effects of ductility and structural 

performance in the IEP. To account for possible critical structural weaknesses, the 

performance achievement ratio is multiplied by the baseline %NBS to get the actual 

%NBS. In the last step the building structure was given a grading from the pre-set 

standard, based on its %NBS score. The IEP results are given in Table B.1. As the IEP 

score of this building in the transverse direction was less than 33% NBS and less than 

66% NBS in the longitudinal direction, the NZSEE guidelines suggest that the building is 

potentially earthquake-prone in the transverse direction and earthquake-risk in the 

longitudinal direction. 

B.3. DETAILED EVALUATION USING FINITE ELEMENT MODELING 

Several modelling techniques including macro-modelling, micro-modelling and 

homogenised finite element modelling have previously been used for the analysis of 

URM structures. The homogenised finite element modelling technique appears to be 

effective for continuum models in which structural elements are represented in detail and 

local failure can be clearly captured. The seismic behaviour of Avon House was 

determined using a finite element model with homogenised masonry and timber 

properties as recommended by NZSEE guidelines for New Zealand URM building stock. 

The values of material constants used in the homogenised model are given in Table B.2. 

The building foundations were modelled using hinged supports because the building has 

URM strip foundations resting directly onto moderately weathered rock.  
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Table B.2. Material properties used for finite element modelling 

Material Density 

(kg/m3) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

- 

Masonry 1835 5 0.2 

Timber 545 12 0.2 

 

  

 

(a) screen shot of homogenised finite element model 

in SAP2000 

 

(b) NZS 1170.5 defined 5% damped response 

spectra used for analysis 

Figure B.4. Finite element model and design response spectra 

A seismic analysis was performed with 5% damped site elastic response spectra drawn as 

per NZS 1170.5. Figure B.4 shows the finite element model and elastic response spectra. 

The flexible diaphragm was modelled with homogenised timber properties and linear 

constraints were applied at wall to diaphragm joints to restrict any moment transfer at the 

connection. However, finite element modelling of URM buildings with flexible 

diaphragm is computationally expensive and laborious, because a large number of modes 

are required to satisfy the code requirement of 90% modal mass participation in both 

orthogonal directions. The building model was analysed for 300 modes and only those 

modes which had a high mass participation from walls were considered.  

Pier-1 Pier-2 Pier-3 Pier-4 Pier-5 Pier-6

ELEVATION OF FACADE-1

 

Figure B.5. Façade 1 elevation with piers (panels) definition and numbering 
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(a) stress trajectories for lateral loading in 

longitudinal direction of the building 

 

(b) stress trajectories for lateral loading in 

transverse direction of the building 

 

Figure B.6. Stress trajectories obtained using finite element modelling when 

subjected to design spectral loading in both horizontal directions 

As mentioned previously, the calculated first mode period of the building was 

0.12 seconds and a corresponding lateral acceleration of 0.83 m/s
2 

was obtained from 

Figure B.4b. The wall stress trajectories suggested that the maximum in-plane shear 

stresses were developed in the piers of Facade number 1. The stress trajectories shown in 

Figure B.6 indicated a peak in-plane stress in piers 1, 2, 3 and 4 (refer Figure B.5 for 

panel definition) of 99 kPa, 102 kPa, 100 kPa and 89 kPa respectively. 

B.4. DETAILED EVALUATION USING NZSEE 2006 GUIDELINES 

The seismic demand (shear force) was calculated from the model results and compared 

with the in-plane strength (seismic capacity) calculated using the NZSEE guidelines 

(2006) suggested Equations B.1-B.3, where Vs, Vdt and Vbt, represents the shear strength 

of the wall pier corresponding to bed joint sliding, diagonal cracking failure through 

mortar joints and diagonal cracking failure through bricks respectively. 
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The wall piers were analysed using a calculated overburden axial stress ζn of 50 kPa and 

a shear ratio he/lw calculated from pier geometry. The values of the parameters for lime 

based firm mortar and stiff common bricks were taken as: masonry cohesion of bed joint 

Cm = 0.2 MPa, friction coefficient µf = 0.6, compressive strength of mortar f‟j = 4 MPa, 

compressive strength of bricks f‟b = 15 MPa, and brick modulus of rupture MOR = 1.5 

MPa. The in-plane strength was calculated for critical wall piers using values of constants 

taken from the NZSEE recommendations, and the shearing lateral load acting at the top of 

the pier, V*, was determined from the finite element model. The in-plane analysis results 

are presented in Table B.3, with shear strength for the critical wall piers 1-4 shown in 

Figure B.2 and Figure B.5. 

Walls 1 and 2 shown in Figure B.2 were checked for out-of-plane stability using the step-

by-step procedure, assuming that the walls are regular and that a single horizontal crack 

will be developed at mid-height. Table B.4 shows the out-of-plane analysis results for 

these walls. It was concluded that Walls 1 and 2 had insufficient capacity when subjected 

to face loading during a design level earthquake. 

Table B.3. In-plane analysis results 

Pier 

Number 

V* 

(kN) 

URM section geometry  Nominal in-plane shear strength Vn Check 

V*<Vn 

 
he 

(mm) 

lw 

(mm) 

bw 

(mm) 

he/lw 

ratio 

 Vs 

(kN) 

Vdt 

(kN) 

Vbt 

(kN) 

Pier -1 9.4 1827 2302 220 0.8  26.9 96.6 278.6 OK 

Pier -2 3.6 1827 904 220 2.0  2.6 15.1 43.6 Fails* 
Pier -3 6.2 1827 1746 220 1.0  9.4 43.2 124.4 OK 

Pier -4 8.5 1827 3053 220 0.6  26.9 96.6 278.6 OK 

Where: V* = seismic demand (shear force); he = effective section height; lw = section width; bw = section thickness; Vs = shear strength 
corresponding to joint sliding; Vdt = shear strength corresponding to diagonal shear cracking; Vbt = shear strength corresponding to 

brick cracking. 
*Pier 2 is predicted to fail in joint (bed joint or through diagonal step joints) sliding. 

Table B.4. Out-of-plane analysis results 

Wall 

number 

Nt/ lwbw 

(kN/m2) 

Soil 

type  

Z 

(g) 

URM wall geometry NBS 

% 

Wall classification 

he 

(mm) 

bw 

(mm) 

he/bw 

ratio 

Wall -1 50 
A or B 
Rock 

0.4 3350 220 15.2 52 Low Hazard+ 

Wall -2 50 
A or B 

Rock 
0.4 3350 110 30.4 24 Moderate Hazard+ 

Where: Nt = overburden weight; Z = seismic hazard factor; he = effective section height; lw = section width; and bw = section thickness. 
** categorized as per NZSEE guidelines (2006) 



APPENDIX B 

-216- 

 

B.5. DISCUSSION AND SELECTION OF RETROFIT SOLUTION 

The most common deficiencies in URM buildings are unbraced parapets and weak wall-

diaphragm connections, and most of the URM structural damage reported to occur during 

earthquakes is caused by these deficiencies. Given that Avon House is positioned on 

strong ground strata, it is assumed that there are no deficient foundations which can pose 

seismic hazard and therefore the foundations were not considered for any seismic retrofit. 

It has been shown by the detailed evaluation of the building structure that the URM walls 

were deficient for both in-plane and face loading but that out-of-plane stability was 

critical. The reversibility and architectural preservation requirements excluded use of 

surface applied retrofit techniques, hence fibre reinforced polymers and other surface 

treatments were not considered further. It was concluded from a literature review that the 

most viable option for such an architecturally sensitive building is posttensioning to 

enhance the strength capacity of the URM walls.  

B.6. SUMMARY AND CONCLUSIONS 

Initial evaluation suggested that the building was potentially earthquake prone in the 

transverse direction and requires a detailed evaluation, whilst the results of detailed 

evaluation showed that the URM walls were deficient in both their in-plane strength and 

their out-of-plane stability. However, the out-of-plane stability of the URM walls was 

more critical.  
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APPENDIX C. DESIGN ACTIONS ON OUT-OF-PLANE 

LOADED URM WALLS 

 

C.1. SCOPE 

This section details recommendations for the determination of design seismic forces for 

out-of-plane loaded walls of unreinforced masonry (URM) buildings with flexible 

diaphragms. This assessment procedure shall apply to URM bearing wall buildings with 

the following characteristics: 

 Flexible diaphragms at all diaphragm levels above the base of the structure; 

 

 A maximum of six stories above the base of the structure; 

 

 A minimum of two lines of vertical elements of the lateral load resisting system in 

each principal direction, except for single storey buildings with an open front on 

one side. 

A linear static analysis procedure, the Equivalent Static Method, is presented for 

assessing strength demands on an out-of-plane loaded URM wall when subjected to a 

design level earthquake. Although URM response is highly inelastic and nonlinear, the 

outlined detailed linear static method will provide a reasonable estimate of the seismic 

demands on an out-of-plane loaded URM wall. The procedure is adapted from New 

Zealand loading standards NZS 1170.5-04 (NZS 2004a) and NZSEE guidelines (NZSEE 

2006) for the assessment of out-of-plane loaded URM walls having uniform thickness. 

The calculated design out-of-plane force shall be uniformly distributed over the wall 

height for the calculation of out-of-plane flexural demand. The procedure is based on the 
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assumption that a single horizontal crack will form at mid-height, which may not be true 

in some cases when masonry materials have a high flexural strength or when a retrofit is 

applied and failure of the wall occurs by opening of several distributed flexural cracks. 

Therefore, the procedure shall be used with care for retrofitted URM walls and for URM 

walls constructed with stronger mortars. 

 

Figure C.1. Flowchart for the calculation of design out-of-plane actions 

Initial assessment based on 

percentage NBS 

calculations 

Calculate self-weight of the 
wall and axial load due to 

upper storeys 

Detailed assessment 

not required 

Establish factors Z, R, N(0, D) and 

Ch(0) for site location and subsoil 
characteristics in accordance with 

NZS 1170.5:2004 

Calculate C(0) 

Calculate period of the wall 

and find part spectral shape 

factor, Ci(Tp) 

Calculate period of the wall 
and find part spectral shape 

factor, Ci(Tp) 

Establish hi, hn and he  

Calculate floor acceleration 

coefficient, CHi 

Calculate horizontal 

acceleration coefficient , 

Cp(Tp) 

Calculate modal 

participation factor  

Establish part risk factor, Rp 
in accordance with 

NZS 1170.5:2004 

Calculate design lateral 

force, Vo
* 

Calculate design uniform pressure, vo
*, by 

equally distributing the total design 

lateral force over the tributary area of the 

wall i.e., vo
*= Vo

*/bwhe 
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C.2. DESIGN OUT-OF-PLANE LATERAL FORCE 

The design out-of-plane lateral force for URM walls shall be calculated using 

Equation C.1. 

 (C.1) 

Where: Cp(Tp) is the horizontal acceleration coefficient (refer Section C.2.1); γ is the 

modal participation factor for the rocking system (refer Section C.2.2) ; Rp is the part risk 

factor and is taken as 1; and Ww is the self-weight of the wall. Figure C.1 shows a flow 

chart for the determination of seismic design forces for out-of-plane loaded walls of URM 

buildings with flexible diaphragms. 

C.2.1. Horizontal acceleration coefficient 

For loads on out-of-plane unreinforced masonry shear walls supported between two 

adjacent diaphragms, a design horizontal acceleration coefficient for the level of structure 

that supports the wall, Cp(Tp), shall be calculated using Equation C.2. 

 (C.2) 

Where: C(0) is the site hazard coefficient for Tp =0 sec and is calculated in accordance 

with values suggested by NZS1170.5-04 as given by Equation C.3 (refer Section C.2.1.1); 

CHi is the floor acceleration coefficient for level i (refer Section C.2.1.2) ; and Ci(Tp) is 

the part spectral shape factor at level i (refer Section C.2.1.3). 

C.2.1.1. Site hazard coefficient (for Tp = 0 sec) 

The site hazard coefficient shall be calculated using Equation C.3, using parameters 

recommended in NZS1170.5-04. 

 (C.3) 

Where: Ch(0) is the spectral shape factor for Tp = 0 sec, values for different soil type 

profiles summarised in Table C.1, Z is the seismic hazard factor and must be determined 

in accordance with Section 3.1.4 of NZS1170.5:2004, R is the return period factor and 

must be determined in accordance with Section 3.1.5 of NZS1170.5-04 but limited such 

that ZR does not exceed 0.7, N(0,D) is the near-fault factor and must be determined in 

accordance with Section 3.1.6 of NZS1170.5-04. 
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Table C.1. Spectral shape factor 

Site subsoil class A: strong rock 

and 

B: rock 

C: shallow soil D: deep /soft soil 

and 

E: very soft soil 

Spectral shape factor  

Ch(0) 

1.00 1.33 1.12 

C.2.1.2. Floor acceleration coefficient 

Based on the experimental results presented earlier in the thesis it was established that a 

single horizontal crack forms at or near mid-height in out-of-plane loaded walls when 

adequately restrained at diaphragm levels. Therefore, the wall is assumed to form hinges 

at three locations, at top and bottom locations where effective horizontal restraint is 

applied and at mid-height between these top and bottom hinges. The floor acceleration 

coefficient, CHi, shall be calculated using either of Equations C.4 to C.6 as appropriate for 

the floor height, hi. If two height limitations are satisfied then the smaller of the two shall 

be used. 

 for all hi < 12 m                                                (C.4) 

 for hi < 0.2 hn                                                   
 (C.5) 

 for hi ≥ 0.2 hn                                                    (C.6) 

Where: hi is the height of the hinge location, which forms at mid-height in out-of-plane 

loaded walls and at the base of parapets and hn is the total height of the structure. Figure 

C.2 illustrates the definition of heights used in Equations C.4 to C.6.  

hn

hi

he

 

Figure C.2. Definition of heights 
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C.2.1.3. Part spectral shape factor 

The part spectral shape factor shall be calculated using Equation C.7. 

 and                           (C.7) 

Where: Tp is the natural period of the wall and can be estimated using Equation C.8 for 

out-of-plane loaded URM walls and using Equation C.9 for parapets. 

                          (C.8) 

 (B.9) 

Where: Ww is the self-weight of the wall, Nt is the axial load due to upper storeys, bw is 

the wall thickness and he is the wall height. 

C.2.2. Modal participation factor 

For out-of-plane loaded walls having an aspect ratio, he/bw, more than 10 and having a 

small overburden weight, a maximum modal participation factor of 1.5 can be used. 

However, for short walls with large overburden weights, a modal participation factor for 

the rocking system shall be calculated using Equation C.10. 

                           (C.10) 

For parapets a participation factor is calculated as, 

 
                          (C.11) 

Where: Ww is the self-weight of the wall, Nt is the axial load due to upper storeys, bw is 

wall thickness, and he is the wall height. 
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4100
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2500

 

Figure C.3. Building cross-section 

C.3. DESIGN EXAMPLE 

Calculate design out-of-plane lateral seismic force for two-wythe thick URM walls 

located at level 2 and for the parapet, using seismic parameters defined in NZS1170.5-04 

prior to recent changes triggered due to the 2010/2011 Canterbury (New Zealand) 

earthquake sequence. The building is founded on soil type D and is located in 

Christchurch. Building cross section is shown in Figure C.3. 

C.3.1. Calculation for the design lateral force for out-of-plane loaded URM walls 

Considering a strip of 1 m width, the self-weight of the wall is calculated as, 

Ww = Density × Volume of Masonry 

Ww = 1800 × 9.81 × 0.22 × 3.2 × 1.0 = 12.4 kN and the overburden weight is, 

Nt = 11.6 kN 

he = 3200 mm = 3.2 m 

C.3.1.1. Site hazard coefficient (for Tp = 0 sec) 
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Ch(0) = 1.12    for subsoil type D 

Z = 0.22   for Christchurch from NZS 1170.5-04 (prior to recent update) 

R = 1.0   for 1/500 probability 

N(0, D) = 1.0  for probability > 1/250 

C(0) = 0.246 

C.3.1.2. Floor acceleration coefficient 

   for hi < 12 m 

hi = 5700 mm = 5.7 m 

CHi = 1.95  

C.3.1.3. Part spectral shape factor  

 where 0.5 < Ci(Tp) < 2.0 

But first wall period is calculated as, 

 

 

Tp = 1.05 sec 

So, Ci(Tp) = 2(1.75-1.05) = 1.4  

C.3.1.4. Horizontal acceleration coefficient 

 

Cp(Tp) = 0.246 × 1.95 × 1.4 = 0.67 
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C.3.1.5. Modal participation factor 

 

C.3.1.6. Part risk factor 

 from NZS 1170.5:2004 for part representing falling hazard 

C.3.1.7. Design lateral force on out-of-plane loaded walls 

 

Vo
*
 = 0.67 × 1.5 × 1.0 × 12.4 = 12.46 kN per metre width of the wall 

Or uniform lateral pressure, vo
* 
= Vo

*
/he = 3.89 kN/m

2 

C.3.2. Calculation for the design lateral force on parapet walls 

Ww = 9.69 kN 

Nt = 0 kN 

C.3.2.1. Site hazard coefficient (for Tp = 0 sec) 

C(0) = 0.246   same as calculated for out-of-plane loaded walls 

C.3.2.2. Floor acceleration coefficient 

   for hi < 12 m 

hi = 7300 mm = 7.3 m 

CHi = 2.22 

C.3.2.3. Part spectral shape factor  

 where 0.5 < Ci(Tp) < 2.0 

But first parapet period is calculated as, 
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Tp = 1.64 sec → Ci(Tp) = 0.5 

 C.3.2.4. Horizontal acceleration coefficient 

 

Cp(Tp) = 0.246 × 2.22 × 0.50 = 0.27 

C.3.2.5. Modal participation factor 

 

C.3.2.6. Part risk factor 

  for part representing hazard to outside life from NZS 1170.5-04 

C.3.2.7. Design lateral force on parapet 

 

Vo
*
 = 0.27 × 1.38 × 1.0 × 9.69 = 3.61 kN per meter width of the parapet 

Or uniform lateral pressure, vo
* 
= Vo

*
/he = 1.44 kN/m

2 

 



APPENDIX C 

-226- 

  



APPENDIX D  

-227- 

 

APPENDIX D. DESIGN PROVISIONS FOR 

POSTTENSIONING  

 

The design provisions presented in this appendix were developed by using well known 

concepts of engineering mechanics and from review of existing literature. The design 

provisions were then experimentally validated using results of experimental studies 

presented in Chapters 3 to 5 and, where required, design parameters were established 

from the experimental results. Although the development of design equations presented in 

this appendix have already been discussed in main thesis body, this appendix was written 

for the reference of practicing engineers when designing a posttensioning strengthening 

seismic retrofit design for URM buildings. 

D.1. SCOPE 

The provisions of this appendix apply to unbonded posttensioning seismic strengthening 

design of URM walls subjected to in-plane and out-of-plane seismic ground excitations. 

Figure D.1 shows a flow chart for the posttensioning seismic retrofit design procedure of 

URM walls. 

D.2. POSTTENSIONING TENDON TYPES, STRESSES AND SPACING 

Currently, two main types of posttensioning tendons are prevalent in New Zealand, which 

are threaded steel bars (B) and sheathed greased seven wire strands (S) (referred to as 

strands herein). Threaded steel bars are typically used for straight posttensioning over 

short distances and have relatively lower tensile strength than strands. The greased 

coating of strands enables high corrosion resistance and lower frictional losses, which 

makes them an ideal choice for unbonded posttensioning applications. The added 

advantage of high corrosion resistance facilitates the use of unbonded strands for external 
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posttensioning applications by allowing strands to be positioned at discrete locations, 

typically at corners of flanged or buttressed walls.  

 

Figure D.1. Flowchart for posttensioning seismic strengthening design 

Determine %NBS and if 
retrofit required. 

Detailed URM assessment. 

Out-of-plane retrofit design 
of URM walls. 

Calculation of design 
moment.   

In-plane retrofit design of 
URM walls. 

Calculation of design 
moment. 

Establish nominal tendon spacing and 
shear check. 

Calculation of effective prestress, 
fse, and tendon stress at nominal 

strength limit state, fps, and check 
within permissable limits. 

Select larger of out-of-plane and 
in-plane and check within 

permissable limits. If not, return 
to re-establish nominal tendon 

spacing and shear check 

Calculation of effective prestress, 
fse, and tendon stress at nominal 

strength limit state, fps, and check 
within permissable limits. 

Select larger of the calculated fps 

values and check within 
permissable limits. If not, return to 

re-establish nominal tendon 
spacing and shear check. 

Calculation of 
creep losses 

Calculation of 
relaxation losses 

Calculation of 
shrinkage losses 

Calculation of initial 
posttensioning force 

Check for wall stress at wall 
bottom and at anchorage. If not 
ok, re-establish nominal tendon 

spacing and shear check. 

Design complete 
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Table D.1. Posttensioning tendon properties 

Tendon Type db (mm) Aps (mm2) fpy (MPa) fpu (MPa) Eps (GPa) εpu (%) 

B 12.0 113 500 680 180 6.0 

S 12.7 98.7 1680 1860 180-200 3.5 

Where: B = threaded steel bar; S = sheathed strand; db = the outer diameter of the tendon; Aps = effective tendon cross-sectional area; 

fpy = tendon yeild strength; fpu = tendon ultimate strength; Eps = tendon elastic modulus; and εpu = tendon elongation at breakage 

Table D.2. Recommended prestress loss parameters 

Masonry ksh Cc kr 

Type µε  B S 

URM 0 0.55 0.040 0.025 

CM 400 3.00 0.040 0.025 

Where: URM = historic unreinforced clay brick masonry; CM = concrete block 

masonry; B = Grade 500 threaded steel bar; S = seven wire, sheathed and greased 

strand; Cc = masonry creep ratio; and ksh = masonry shrinkage parameter. 

Representative specified strength and stiffness characteristics of these two types of 

posttensioning tendons are presented in Table D.1. 

D.2.1. Maximum permissible tendon stress 

For retrofit design of posttensioned URM walls the tendon stress at nominal strength shall 

not exceed the smaller of 0.85fpy and 0.7fpu. 

 (D.1) 

Where: fpy is tendon tensile yield strength and fpu is tendon ultimate tensile strength. 

D.2.2. Posttensioning losses 

The effective prestress, fse, is defined as the posttensioning stress after all losses, and can 

be presented by Equation D.2. 

 (D.2) 

Prestress losses are typically attributed to shrinkage, creep, tendon relaxation, elastic 

shortening, anchorage seating, undulation of tendon, friction and thermal effects. Of these 

factors, steel relaxation, shrinkage and creep are the most important factors that will 

influence the design and longevity of an adequate retrofit. The immediate loss of prestress 

owing to seating can be accounted for by re-stressing the posttensioning tendon up to 

design level several hours after first application of posttensioning force. It is also noted 

that if the tendon stress is checked after 90 days from the first application and 

subsequently restressed to the design prestress, about 50-60% of the time dependent 
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losses can be eliminated. The total posttensioning stress loss is the sum of individual 

contributions from shrinkage, creep and steel relaxation and can be evaluated using 

Equation D.3. Table D.2 presents the recommended values for these prestress loss 

parameters. 

 (D.3) 

Equations D.4 to D.6 show the relations to evaluate the prestress loss due to shrinkage, 

creep and relaxation respectively. 

 (D.4) 

 (D.5) 

 (D.6) 

D.2.3. Initial posttensioning force 

The magnitude of initial posttensioning force can be evaluated using Equation D.7. 

 (D.7) 

D.2.4. Maximum permissible bearing stress 

The bearing stress at anchorage is checked using Equation D.8. 

 (D.8) 

 
 

D.2.5. Maximum permissible tendon spacing 

For posttensioned URM walls not having a top beam, the maximum tendon spacing shall 

not exceed 0.4he and for posttensioned URM walls having a top beam with sufficient 

strength and stiffness to distribute pre-compression uniformly any spacing may be used. 
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D.3. IN-PLANE WALL STRENGTH 

Typically, the governing failure mode in posttensioned URM walls is flexural controlled 

and therefore posttensioned URM walls are typically designed for a flexural/rocking 

failure mode assuming that a base crack opens and toe crushing occurs at the compression 

edge. However, a shear strength check shall be performed according to Section D.3.1. 

D.3.1. Nominal in-plane shear strength 

A shear strength reduction factor of ϕmv = 0.75 shall be used for retrofit design and the 

resulted reduced nominal shear capacity ϕmvVn shall be greater than or equal to the 

required shear capacity, V
*
. 

 (D.9) 

where design shear force, V
*

 shall be calculated using the provisions of section 4 of the 

2011 version of NZSEE guidelines (NZSEE 2011), and nominal shear resistance, Vn, is 

determined as the minimum of resistance corresponding to the bed-joint sliding failure 

mode, Vs, resistance corresponding to the diagonal tension failure mode, Vdt, and 

resistance corresponding to the toe crushing failure mode, Vtc. 

 (D.10) 

For the determination of the shear resistance in each of the three failure modes given in 

Equation D.10 refer to the 2011 version of NZSEE guidelines (NZSEE 2011), where Nb 

shall include the effective posttensioning force in accordance with Equation D.11. 

 (D.11) 

D.3.2. Nominal in-plane flexural strength 

A flexural strength reduction factor of ϕmf = 0.85 shall be used for retrofit design and the 

resulted nominal moment capacity, ϕmfMn, shall be greater than or equal to the required 

moment capacity, M
*
. 

 (D.12) 
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where design shear force, V
*
, shall be calculated using the provisions of the 2011 NZSEE 

guidelines (2011), and the nominal in-plane flexural strength of a posttensioned URM 

wall, Mn, is calculated in accordance with Equation D.13 based on beam theory. 

 (D.13) 

 and α = 0.85 

D.3.3. Tendon stress at nominal in-plane flexural strength 

The tendon stress at in-plane nominal flexural strength is evaluated using Equation D.14.  

 
 (D.14) 

D.4. OUT-OF-PLANE WALL STRENGTH 

The failure mode of out-of-plane loaded URM walls, having sufficient diaphragm 

anchorage, is characterised by the formation of one or several large horizontal cracks at or 

near mid-height of the wall, which form when the flexural strength of the wall is 

exceeded and the wall starts to rock about the mid-height crack/cracks. Hence, the 

rocking out-of-plane failure mode of posttensioned URM walls enables the utilisation of 

limit state design principles. 

D.4.1. Nominal out-of-plane flexural strength 

A flexural strength reduction factor of ϕmf = 0.85 shall be used for retrofit design and the 

reduced nominal moment capacity, ϕmfMn, shall be greater than or equal to the required 

moment capacity, M
*
. 

 (D.15) 

  

where design out-of-plane uniform pressure, vo
*
, shall be calculated using the provisions 

of Appendix C, and the nominal out-of-plane flexural strength of a posttensioned URM 

wall, Mn, is calculated in accordance with Equation D.16 based on beam theory. 
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 (D.16) 

 and α = 0.85 

C.4.2. Tendon stress at nominal out-of-plane flexural strength 

Tendon stress at out-of-plane nominal flexural strength is evaluated using Equation D.17. 

  (D.17) 

D.5. DESIGN EXAMPLE 

Design a posttensioned seismic retrofit for a URM wall that is two-wythe thick, 5.0 m 

long, and 3.2 m high. Design action calculations were performed and an in-plane shear 

force of V* = 88.6 kN and an out-of-plane uniform pressure of vo* = 5.8 kN/m
2
 were 

calculated for a maximum credible earthquake.  

Masonry material properties were investigated and the results of this material testing are 

summarised in Table D.3. It was decided by stakeholders that posttensioning tendons will 

be placed into centrally located cored cavities. The overburden axial stress due to 

supported roof was calculated to be 0.5 kN/m. 

Table D.3. Masonry material properties 

Parameter kc ksh f'b f'j f'm fr Cm µf 

 µε/MPa µε MPa MPa MPa MPa MPa  

Value 10 0 39.4 1.4 10.7 0.09 0.1 0.47 

COV - - 28% 8% 33% 29% - - 

Where: kc = masonry specific creep; ksh = masonry shrinkage parameter; f'b = brick compressive strength; f'j = mortar compressive 
strength; f'm = masonry compressive strength; fr = masonry flexural bond strength; Cm = masonry cohesion; and µf = masonry 

coefficient of friction. 

 

Table D.4. Input design parameters 

Parameter lw he bw fpy fpu Eps kr Nt 

 m m m MPa MPa GPa  kN 

Value 5.0 3.2 0.22 1680 1875 180 0.03 2.5 

Where: lw = wall length; he = wall effective height; bw = wall thickness; fpy = tendon yield strength; fpu = tendon ultimate strength; 
Eps = tendon elastic modulus; kr = tendon relaxation loss parameter; Nt = overburden weight. 
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Figure D.2. Posttensioned URM wall showing posttensioning forces, gravity loads, 

and earthquake loads 

 

D.5.1. Establishing tendon spacing 

Maximum permissible tendon spacing = 0.4he = 1.28 m. So, use a spacing of 1.25 m and 

use 4 equally spaced tendons. Table D.4 summarise the input parameters and Figure D.2 

shows details of the URM wall with applied prestress forces, gravity loading and design 

earthquake loading. 

 

D.5.2. Establishing seismic demands 

V
*
 = 88.6 kN  In-plane seismic force  

   (calculated using provisions of NZSEE 2011 guidelines) 

vo
*
 = 5.8 kPa  Out-of-plane uniformly distributed seismic force  

   (calculated using provisions of Appendix C) 

D.5.2.1. In-plane seismic demands 

  M* = 88.6 x 3.2 = 283.5 kN.m 

D.5.2.2. Out-of-plane seismic demands 
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D.5.3. Calculating tendon stress at nominal strength 

It was established from the preliminary assessment that the out-of-plane wall strength is 

more critical than in-plane strength, so is designed first in this instance. 

D.5.3.1. Nominal out-of-plane strength 

 

  

Density of Masonry = 18.0 kN/m
3
 

 = 29.7 kN 

 = 32.2 kN 

Using a permissible maximum tendon stress at nominal strength = 0.7fpu, the nominal out-

of-plane flexural strength of the wall is established as, 

Assumed 1313 MPa and  mm2 

= 129593.1.2 N or 129.6 kN 

     

 

 

Substituting the values of a and d, the equation for nominal flexural strength results in: 

 = 45.6 kNm 

As , fps assumed is sufficient to provide the wall required out-of-plane 

strength.  
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D.5.3.2. Checking for in-plane strength 

First checking for cracking moment capacity of the wall, 

  

 

where Density of Masonry = 18.0 kN/m
3
 

 = 63.4 kN 

 = 65.9 kN 

 

 

 

 

M* = 283.5 kNm 

As , fps assumed is sufficient to provide the wall required out-of-plane 

strength. 
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APPENDIX E. DESIGN PROVISIONS FOR NSM-TS  

 

The design provisions presented in this appendix were developed by using well known 

concepts of engineering mechanics and were then verified by comparing strength values 

predicted using these provisions with results of experimental studies presented in 

Chapters 6 and 7. In some instances, unknown parameters used in the design provisions 

were established from the experimental results and were reported. Although the 

development of design equations presented herein have already been discussed in main 

thesis body, this appendix was written for the reference of practicing engineers when 

designing a NSM-TS strengthening seismic retrofit design for URM buildings. 

E.1. SCOPE 

The provisions of this appendix apply to NSM-TS seismic strengthening design of URM 

walls subjected to in-plane and out-of-plane seismic ground excitations. Figure E.1 shows 

a flow chart for the NSM-TS seismic retrofit design procedure. 

E.2. RETROFIT MATERIAL PROPERTIES 

Currently, a commercially available improved bar-grout system is used  for NSM-TS 

strengthening applications, which consists of high strength austenitic stainless steel 

(ASTM Grade 316) reinforcement bars (cold formed and twisted into a helical profile) 

and a two component based high bond strength non-shrink thixotropic injectable 

cementitious grout. Representative specified strength and stiffness characteristics of 

NSM-TS materials are presented in Table E.1. However, it is recommended that physical 

characteristics of strengthening materials should be established from the results of 

material testing. 

. 
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Figure E.1. Flowchart for NSM-TS seismic strengthening design 
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Table E.1. Indicative strengthening material properties 

Twisted stainless steel bars 

db Ah fy fu fs Es 

mm mm2 MPa MPa MPa GPa 

6 7.1 1110 1206 679 168 

10 14.8 1104 1163 476 168 

Thixotropic injectable cementitious grout 

Grout Exu f'2g f'7g f'21g f'28g 

type % MPa MPa MPa MPa 

Cementitious 0.15 15.0 25.0 40.0 45.0 

Where: db = outer diameter of TS bar; Ah = effective cross sectional area of a TS bar; fy = 0.2% proof tensile strength of TS bar; 

fu = ultimate tensile strength of TS bar; fs = averaged shear strength of TS bar; Es = modulus of elasticity of TS bar; Exu = unrestrained 
expansion when fully cured; and f'ng = strengthening grout compressive strength after n days. 

E.2.1. Recommended maximum TS bar stress 

For retrofit design of NSM-TS strengthened URM walls the TS bar stress at nominal 

strength shall not exceed the 0.2% nominal specified yield strength. 

E.2.2. Recommended maximum TS bar spacing 

Maximum spacing of vertical and horizontal TS bars should not be greater than 600 mm. 

To avoid a weak plane, NSM-TS bars should be offset when applied to both faces of a 

URM wall. 

E.2.3. Recommended edge spacing 

For NSM-TS strengthening of URM walls, the distance of NSM-TS bar to the edge of 

URM wall section shall range from 200 mm to 400 mm. 

E.2.4. Development length requirements 

A minimum anchorage of 50db shall be provided when two bars need to be overlapped 

and in order to ensure the nominal specified yield strength of TS bars is fully utilised.  

E.3. IN-PLANE WALL STRENGTH 

Typically, the critical failure mode in NSM-TS strengthened URM walls is shear 

controlled and therefore URM walls are accordingly designed to restrain diagonal shear 

cracking. A shear strength check shall be performed in accordance with provisions of 

section E.3.1. 
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E.3.1. Nominal in-plane shear strength 

A shear strength reduction factor of ϕmv = 0.75 shall be used for retrofit design and the 

resulted reduced nominal shear capacity ϕmvVn shall be greater than or equal to the 

required shear capacity, V
*
. 

 (E.1) 

where design shear force, V
*

 shall be calculated using the provisions of section 4 of the 

2011 NZSEE guidelines (NZSEE 2011), and nominal shear resistance, Vn, is determined 

as the minimum of resistance corresponding to the bed-joint sliding failure mode, Vs, 

resistance corresponding to the diagonal tension failure mode, Vdt, and resistance 

corresponding to the toe crushing failure mode, Vtc. 

 (E.2) 

The shear strength of strengthened URM section corresponding to toe crushing failure 

mode shall be checked without considering any contribution from NSM-TS bars unless 

the bars cross the location of base crack and essentially resist rocking. The shear strength 

corresponding to diagonal cracking shall account for the contribution from horizontal and 

vertical NSM-TS bars (refer Equation E.3) and equation of bed joint sliding shall include 

contribution from vertical  NSM-TS bars only (refer Equation E.4). 

 (E.3) 

 

(E.4) 

Where: 0.25 ≤ he/lw ≤ 1.0, he is URM section height, lw is URM section length, bw is 

URM section thickness, Cm is masonry cohesion, µf is masonry coefficient of friction, Nb 

is total axial load at wall base, Nt is overburden weight acting at section top, ρv is vertical 

reinforcement ratio, fy is nominal specified 0.2% offset tensile yield strength of TS bars, 

f'm is masonry compressive strength, Ah is the cross-sectional area of single TS bar, d' is 

distance of outermost TS bar from edge of the URM section, and Sh is spacing of 

horizontal TS bars. 
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E.4. OUT-OF-PLANE WALL STRENGTH 

The failure mode of out-of-plane loaded URM walls, having adequate wall-diaphragm 

anchorage, is characterised by the formation of one or several large horizontal cracks at or 

near midspan of the wall, which form when the flexural strength of the wall is exceeded 

and the wall starts to rock about the mid-height crack/cracks. Hence, the same concepts as 

defined in Chapter 4 can be utilised for NSM-TS strengthened URM walls as well. 

E.4.1. Nominal out-of-plane flexural strength 

A flexural strength reduction factor of ϕmf = 0.85 shall be used for retrofit design and the 

reduced nominal moment capacity, ϕmfMn, shall be greater than or equal to the required 

moment capacity, M
*
. 

 (E.5) 

 
 

where design out-of-plane uniform pressure, vo
*
, shall be calculated using the provisions 

of Appendix B, and the nominal out-of-plane flexural strength of a posttensioned URM 

wall, Mn, is calculated in accordance with Equation E.6 established using limit state 

design procedure. 

 (E.6) 

and d = bw – 0.5db – dsc +10 mm  

Where: Mn is nominal out-of-plane flexural strength of NSM-TS strengthened URM wall, 

f'm is masonry compression strength, bw is wall thickness, a is length of equivalent stress 

block, fy is nominal specified 0.2% yield strength of TS bars, Av is cross-sectional area of 

NSM bonded TS bars in vertical direction, α is coefficient used to establish depth of 

equivalent stress block, Nt is overburden weight, Ww is self-weight of the wall, lw is wall 

length, d is the minimum distance between the centroid of TS bar and the extreme 

compression fibre (typically being bw – 0.5db – dsc +10 mm for a wall having rectangular 

plan geometry), dcs is depth of cut NSM-TS surface groove, and db is outer diameter of 

NSM-TS bar. 
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E.5. DESIGN EXAMPLE 

Design a NSM-TS seismic retrofit for a perforated URM wall that is two-wythe thick and 

have geometric dimension shown in Figure E.2. Design action calculations were 

performed and an in-plane shear force of V* = 44.3 kN and an out-of-plane uniform 

pressure of vo* = 3.8 kN/m
2
 were calculated for a maximum credible earthquake. The 

overburden axial stress due to supported roof was calculated to be 11.6 kN on per lineal 

meter of the walls. The walls are known to have adequate wall-diaphragm anchorage and 

masonry is in stable condition without any visible deterioration. Masonry material 

properties were investigated by performing in-situ testing and laboratory based testing of 

extracted masonry assemblages and results of this masonry material testing are 

summarised in Table E.2.  

Table E.2. Masonry material properties 

Parameter Em MOR f'b f'j f'm fr Cm µf 

 kN/mm2 N/mm2 N/mm2 N/mm2 N/mm2 N/mm2 N/mm2  

Value 3.2 3.9 39.4 1.4 10.7 0.09 0.1 0.65 

COV 31% 14% 28% 8% 33% 29% - - 

Where Em = masonry modulus of elasticity; MOR = brick modulus of rupture; f'b = brick compressive strength; f'j = mortar 
compressive strength; f'm = masonry compressive strength; fr = masonry flexural bond strength; Cm = masonry cohesion; and µf = 

masonry coefficient of friction. 

Table E.3. NSM-TS material properties 

NSM-TS  db fy fu fs Es Ah f'28g Exu 

system mm N/mm2 N/mm2 N/mm2 kN/mm2 mm2 N/mm2 % 

1 6 1110 1206 679 168 7.1 45.0 0.15 

2 10 1104 1163 476 168 14.8 45.0 0.15 

Where fy = specified 0.2% proof stress of reinforcement; fu = specified ultimate tensile strength of TS bar; fs = shear strength of TS 

bar; Eps = elastic modulus of reinforcement db = outer TS bar diameter; Ah = net cross sectional area of a single TS bar; 
Exu = unrestrained expansion of injected grout when fully cured; and f'28g = strengthening grout compressive strength after 28 days. 
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Figure E.2. URM wall being strengthened along with final NSM-TS bar location 
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Representative physical characteristics of NSM-TS materials are given in Table E.3. 

E.5.1. Establish NSM-TS bar location 

Considering the maximum spacing limitations intended location of possible slots are 

marked, with these slots marked such as to minimize brick cutting and minimizing 

architectural impact. 

E.5.2. Establishing seismic demands 

V
*
 = 44.3 kN  In-plane seismic force  

   (calculated using provisions of NZSEE 2011 guidelines) 

vo
*
 = 3.8 kN/m

2
 Out-of-plane uniformly distributed seismic force  

   (calculated using provisions of Appendix B) 

E.5.2.1. In-plane seismic demands 

  M* = 44.3 x 3.2 = 141.8 kN.m 

E.5.2.2. Out-of-plane seismic demands 

 

 

E.5.3. NSM-TS bar stress at nominal out-of-plane strength 

It was established from the preliminary assessment that the out-of-plane strength of wall 

is more critical than in-plane strength, so is designed first in this instance. 

E.5.4. Nominal out-of-plane strength 

 

  

URM density = 18.0 kN/m
3
 

 = 7.6 kN considering a single pier 
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 = 21.5 kN 

Using a permissible maximum NSM-TS bar stress ate nominal strength = fy, the nominal 

out-of-plane flexural strength of the wall is established as, 

1110 MPa and  mm
2
 

= 15762 N or 15.8 kN 

–      

 

 

Substituting the values of a and d, equation for nominal strength yields, 

 = 4.35 kN.m 

As , As assumed is not sufficient to provide the wall required out-of-plane 

strength.  

Use two 6 mm TS bars in each slot. 

= 31524 N or 31.5 kN 

– –      

 

 

– –   

Substituting the values of a and d, equation for nominal strength yields, 

 = 7.06 kN.m 
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As , As assumed is sufficient to provide required out-of-plane strength to the 

URM wall.  

E.5.5. Nominal in-plane strength 

Checking for shaded URM section (refer Figure E.2), 

bw = 220 mm 

lw = 1200 mm 

he = 1080 mm 

  

URM density = 18.0 kN/m
3
 

 = 5.13 kN  

+18 1.2 0.22  = 20.76 kN 

Check for diagonal shear strength, 

 

 

0.75 × 51.18 = 38.4 kN 

As , Av is not sufficient to provide required in-plane shear strength to the 

URM section and additional shear reinforcement is required. Assume three 6 mm bars are 

provided for additional shear strength. 

 

 

0.75 × 63.79 = 47.84 kN 
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As , combination of Av and Ah is sufficient to provide required in-plane shear 

strength to the URM section. 
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APPENDIX F. DESIGN PROVISIONS FOR TRM  

 

The design provisions presented in this appendix were developed by using well known 

concepts of engineering mechanics and were then verified by comparing strength values 

predicted using these provisions with results of experimental studies presented in 

Chapters 8 and 9. In some instances, unknown parameters used in the design provisions 

were established from the experimental results and were reported. Although the 

development of design equations presented herein have already been discussed in main 

thesis body, this appendix was written for the reference of practicing engineers when 

designing a TRM strengthening seismic retrofit design for URM buildings. 

F.1. SCOPE 

The provisions of this appendix apply to TRM seismic strengthening design of URM 

walls subjected to in-plane and out-of-plane seismic ground excitations. Figure F.1 shows 

a flow chart for the TRM seismic retrofit design procedure. 

F.2. RETROFIT MATERIAL PROPERTIES 

A variety of polymer textiles and bonding mortar matrices are commercially available for 

TRM strengthening applications. The retrofit material properties are often provided by the 

manufacturer of TRM systems and are either established by performing small scale 

testing. It was established from the literature review that the elastic modulus for typical 

commercially available polymer textiles range from 60 MPa to 240 MPa, with ultimate 

elongation ranging from 1% to 4%. It is also well known that the utilisation of ultimate 

tensile strength of surface bonded polymer systems is precluded because of de-bonding 

failure, and range from 30% to 60% of ultimate tensile strength of the polymer textile. 

However, the grid pattern of polymer textile and the use of additional anchors notably 

allowed utilisation of a larger fraction of textile tensile strength.  
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Figure F.1. Flowchart for TRM strengthening design 
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Table F.1. Retrofit polymer textile properties 

Property SM406 FG225 EF335 EF540 

Photo 

    
Afi (mm2) 0.49 0.39 0.15 0.32 

Afh (mm2/m) 26.0 15.8 32.2 67.5 

Afv (mm2/m) 26.0 15.8 28.1 29.7 

Ef (GPa) 190 71 71 71 

ffu (MPa) 680 2860 2940 2940 

Where Afi = cross-sectional area of a single polymer textile roving, Afh = effective cross-sectional area of polymer textile in horizontal 
direction, Afv = effective cross-sectional area of polymer textile in vertical direction, Ef = elastic modulus of polymer textile, and 

ffu = ultimate tensile stress in polymer textile. 

Table F.2. Retrofit bonding matrix properties 

Property LM1 RM2 RM3 RM4 RM5 

Description Lightweight mortar 
with polystyrene 

beads with light 

capacity 100 mm 
long sleeve anchors 

Fibre reinforced 
pozzolan-reaction 

based ductile 

mortar 

Fly ash fibre 
reinforced 

ductile mortar 

Pozzolan-reaction 
based ductile 

mortar 

Acrylate mixed polymer 
dispersion based ductile mortar 

with calibration grain 

Adhesion 

(MPa) 

- 2 - 2 >1.2 

Density 

(kg/m3) 

1540 1850 1620 1800 1600 

Cfe 
single 

sided  

0.010 0.006 0.007 0.010 0.004 
 

 

Cfe 
double 

sided  

0.075 0.108 - 0.115 0.050 

Where Cfe = parameter representing usable polymer strain.  

Amongst other considerations for the selection of a polymer strengthening systems are the 

fire resistance, resistance to alkali attacks and resistance when applied in wet conditions. 

For retrofitting of the test walls, three different types of polymer textiles, three different 

types of adhesive mortars, and three different types of levelling mortars were used. 

Representative specified strength and stiffness characteristics of these retrofit materials 

are presented in Table F.1 and Table F.2.  

F.3. IN-PLANE WALL STRENGTH 

Typically, a flexural failure mode is instigated in TRM strengthened walls by avoiding 

the shear controlled brittle diagonal cracking and allowing flexural rocking in the system. 

It can also be established by basic principles of mechanics that the flexural strength of 

TRM strengthened in-plane loaded members is marginally larger than their shear strength. 

Therefore, a TRM strengthening scheme is designed by performing a shear check in 

accordance with section F.3.1. 
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F.3.1. Nominal in-plane strength 

A shear strength reduction factor of ϕmv = 0.75 shall be used for retrofit design and the 

resulted reduced nominal shear capacity ϕmvVn shall be greater than or equal to the 

required shear capacity, V
*
. 

 (F.1) 

where design shear force, V
*

 shall be calculated using the provisions of section 4 of 2011 

version of NZSEE guidelines (NZSEE 2011), and nominal shear resistance, Vn, is 

determined as the minimum of resistance corresponding to the bed-joint sliding failure 

mode, Vs, resistance corresponding to the diagonal tension failure mode, Vdt, and 

resistance corresponding to the toe crushing failure mode, Vtc. 

 (F.2) 

For the determination of the shear resistance in flexural failure mode given in Equation 

F.2 refer to 2011 NZSEE guidelines (NZSEE 2011), whereas Vdt shall include the 

contribution from horizontal rovings of the polymer textile and can be calculated using 

the provisions of section F.3.2.  

F.3.2. Nominal in-plane shear strength  

An additive design approach is adopted for TRM strengthened URM panels, in which the 

shear strength of strengthened panel is evaluated as the sum of contribution from masonry 

and TRM strengthening as shown in Equation F.3. 

rmn VVV  (F.3) 

Where: Vn is the nominal shear strength of the panel, Vm is the masonry shear strength 

contribution, and Vr is the shear strength contribution from strengthening reinforcement. 

F.3.2.1. Nominal in-plane shear strength contribution from masonry 

Shear strength contribution from masonry shall be calculated using Equation F.4 is 

recommended for establishing the masonry shear strength contribution. 

where 0.25 ≤ he/lw ≤ 1.0 (F.4) 
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Where: Vm is shear contribution from masonry, he is effective panel height, lw is panel 

length, bw is panel thickness, Cm is masonry cohesion (usually measured by onsite joint 

sliding test and gives a good indication of masonry cohesion), µf is masonry coefficient of 

friction, Nb is axial load at panel base, and Nt is overburden weight.  

F.3.2.2. Nominal in-plane shear strength contribution from TRM 

As being a typical assumption, shear contribution from vertical rovings is ignored and 

only the horizontal rovings of the polymer textile are envisaged to contribute towards the 

shear strength of a strengthened URM wall. It is also assumed that the textile will always 

be applied parallel to the axis of the wall (having similar tensile strength both ways).  

         (F.5) 

It is noted that the factor of safety considered herein assumes that the TRM is 

competently applied to the URM wall and for a low quality installation, additional factor 

of safety is warranted. In order to establish the effective polymer textile strain, an 

approach similar to that used by Triantafillou and Antonopoulos (2000) is adopted but the 

efficiency coefficient cfe was calibrated to match the experimental results. 

 ≤ 0.8 εfu       (F.6) 

Where: εfu is ultimate tensile strain for polymer textile and Cfe is the coefficient 

representing the usable tensile strength of polymer textile, being 0.004 for single sided 

TRM overlay without steel mesh and anchors, 0.01 when single sided TRM overlay is 

applied along with steel mesh and anchors, and 0.05 for a two sided TRM overlay. It is 

also noted that in Equation F.6, the polymer modulus of elasticity is in MPa.  

E.4. OUT-OF-PLANE WALL STRENGTH 

The failure mode of out-of-plane loaded URM walls, having sufficient wall-diaphragm 

anchorage, is characterised by the formation of one or several large horizontal cracks at or 

near mid-height of the wall, which form when the flexural strength of the wall is 

exceeded and the wall starts to rock about the mid-height crack/cracks.  

A limit state design approach is adopted herein, being consistent with that previously 

employed in this thesis for analysing NSM-TS strengthened and posttensioned face 
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loaded walls. The out-of-plane flexural capacity of TRM strengthened URM walls is 

dependent upon the governing failure mode, which can be either masonry crushing or 

TRM de-bonding/rupture. Given the high deformability of historic URM walls, TRM de-

bonding/rupture is most likely to occur and therefore is considered herein for establishing 

design equations. The following assumptions were made to develop the design equation. 

 The tensile strains in masonry are directly proportional to the distance from 

neutral axis 

 

 The tensile strength of masonry is negligibly small when compared to tensile 

contribution from polymer reinforcement and can be ignored at nominal flexural 

strength limit state 

 

 Textile slip or de-bonding do not occur until a nominal flexural strength limit state 

is reached 

 

 URM constituent materials of candidate wall are deformable and consist of low 

strength mortar with relatively rigid bricks, avoiding masonry crushing to occur 

before the textile rupture occur.  

 

 The candidate URM wall has adequate wall anchorage at diaphragm levels and 

can be assumed to behave under simply supported boundary conditions. 

E.4.1. Nominal out-of-plane flexural strength 

A flexural strength reduction factor of ϕmf = 0.85 shall be used for retrofit design and the 

reduced nominal moment capacity, ϕmfMn, shall be greater than or equal to the required 

moment capacity, M
*
. 

 (F.7) 

 
 

where design out-of-plane uniform pressure, vo
*
, shall be calculated using the provisions 

of Appendix B. Utilizing concepts of force equilibrium and strain compatibility, the 
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nominal flexural strength of an out-of-plane loaded URM walls strengthened using TRM 

can be evaluated using the following set of equations. 

 (F.8) 

 
 

 (F.9) 

Where: Mn is nominal flexural strength of strengthened URM wall, Nt is overburden 

weight, Ww is elf weight of strengthened wall, bw is wall thickness, a width of equivalent 

stress block, ff is polymer tensile stress at nominal strength, Afv polymer cross-sectional 

area in vertical direction, α is a parameter representing fraction of masonry compressive 

strength for an equivalent stress block, εmu is maximum usable masonry strain, εfe is 

effective polymer strain at nominal strength limit state, c neutral axis depth, and d is the 

distance of strengthening reinforcement centroid from  extreme compression fibre. 

Considering Equation F.8 and F.9, a relation to establish the neutral axis depth (refer 

Equation F.10) can be developed and subsequently used to find the effective stress in the 

polymer textile at failure (refer Equation F.11).  

 (F.10) 

 (F.11) 

A factored polymer textile tensile strength (usable strength) is used as an upper limit to 

predict the nominal flexural strength using Equation F.11. The effective polymer stress is 

determined by multiplying the ultimate tensile strength of polymer textile by two strength 

reduction factors kde and ken, the former accounting for de-bonding failure and the latter 

accounting for further bond strength degradation due to environmental exposure as shown 

in the following equation. A value of 0.75 for both strength reduction factors is 

recommended herein. 
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F.4. DESIGN EXAMPLE 

Design a TRM seismic retrofit for a perforated URM wall that is two-wythe thick and 

have geometric dimension shown in Figure F.2. Design action calculations were 

performed and an in-plane shear force of V* = 44.3 kN and an out-of-plane uniform 

pressure of vo* = 3.8 kN/m
2
 were calculated for a maximum credible earthquake.  

Masonry material properties were investigated by performing in-situ testing and 

laboratory based testing of extracted masonry assemblages and the results of this masonry 

material testing are summarised in Table F.3. The overburden axial stress due to the 

weight of roof structure and parapet walls was calculated to be 11.6 kN on per lineal 

meter of the walls. The walls are known to have adequate wall-diaphragm anchorage and 

masonry is in stable condition without any visible deterioration.  

The URM walls had a rendering coat at the exterior and interior faces of the wall, which 

had deteriorated over time and now need to be replaced but architect in charge wants to 

minimize the effects and wants to match the colour of new rendering exactly to existing 

mortar plaster. Given the architectural requirements, an alkali resistant primed fibre glass 

reinforced polymer textile and an acrylate mixed polymer dispersion based ductile mortar 

with calibration grain were selected for TRM application. The retrofitting mortar will be 

tinted with a colour pigment to match the colour of existing rendering coat. Table F.4 

presents the physical characteristics of selected TRM materials. 
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Figure F.2. Geometric dimensions of the URM wall being strengthened  



APPENDIX F  

-255- 

Table F.3. Masonry material properties 

Parameter Em MOR f'b f'j f'm fr Cm µf 

 kN/mm2 N/mm2 N/mm2 N/mm2 N/mm2 N/mm2 N/mm2  

Value 3.2 3.9 39.4 1.4 10.7 0.09 0.1 0.65 

COV 31% 14% 28% 8% 33% 29% - - 

Where Em = masonry modulus of elasticity; MOR = brick modulus of rupture; f'b = brick compressive strength; f'j = mortar 

compressive strength; f'm = masonry compressive strength; fr = masonry flexural bond strength; Cm = masonry cohesion; and µf = 

masonry coefficient of friction. 

Table F.4. Physical chracteristics of the selected TRM system 

Retrofit Material Afi 

(mm2) 

Afh 

(mm2/m) 

Afv 

(mm2/m) 

Ef 

(GPa) 

ffu 

(MPa) 

Density 

g/m2 

Adhesion 

MPa 

Cfe 

Constant 

Polymer textile 0.15 32.2 28.1 71 2940 335 - 
0.05 

Polymeric mortar - - - - - 1600 >1.2 

Where Afi = cross-sectional area of a single polymer textile roving, Afh = effective cross-sectional area of polymer textile in horizontal 
direction, Afv = effective cross-sectional area of polymer textile in vertical direction, Ef = elastic modulus of polymer textile, 

ffu = ultimate tensile stress in polymer textile; and Cfe = parameter representing usable polymer strain. 

F.4.1. Establishing seismic demands 

V
*
 = 44.3 kN  In-plane seismic force  

   (calculated using provisions of NZSEE 2011 guidelines) 

vo
*
 = 3.8 kN/m

2
 Out-of-plane uniformly distributed seismic force  

   (calculated using provisions of Appendix B) 

F.4.1.1. In-plane seismic demands 

  M* = 44.3 x 3.2 = 141.8 kN.m 

E.4.1.2. Out-of-plane seismic demands 

 

 

E.4.2. Strength of TRM strengthened wall 

It was established from the preliminary assessment that the out-of-plane strength of wall 

is more critical than in-plane strength, so is designed first in this instance. 

F.4.2.1. Nominal out-of-plane strength 
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URM density = 18.0 kN/m
3
 

 = 7.6 kN considering a single pier 

 = 21.5 kN 

Using a permissible maximum polymer stress at nominal strength = ff, the nominal out-

of-plane flexural strength of the wall is established as, 

 mm
2 

for initial calculation d = bw and εmu = 0.005 

 

 

 

 

0.0992 m or 99.2 mm 

 

  

N/mm
2
 

As historic masonry can compress well beyond assumed masonry usable strain of 0.005, 

it can be concluded that textile de-bonding or rupture will be the governing failure mode. 

Therefore, use of 1653 MPa textile stress is more feasible in this scenario. 
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Substituting the values of a and d, equation for nominal strength yields, 

 = 10.47 kN.m 

As , single textile mesh is sufficient to provide the wall required out-of-

plane strength.  

F.4.2.2. Nominal in-plane strength 

Checking for shaded URM section (refer Figure E.2), 

bw = 220 mm 

lw = 1200 mm 

he = 1080 mm 

  

URM density = 18.0 kN/m
3
 

 = 5.13 kN  

+18 1.2 0.22  = 20.76 kN 

Shear strength contribution from masonry, 

 

 

 

 

where ≤ 0.8  
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≤ 0.8×0.025=0.02 

 

 

0.75 × 102.91 = 77.18 kN 

As , Afh is sufficient to provide required in-plane shear strength to the URM 

section and additional shear reinforcement is not required.  
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APPENDIX G. IMPLEMENTATION CASE STUDIES 

 

G.1. INTRODUCTION 

It is well established from the past experiences of large magnitude earthquakes that URM 

buildings having a well-conceived seismic strengthening application generally perform 

satisfactorily. The primary objective of this research was to develop an analytical 

framework to enable effective seismic strengthening of the remaining heritage URM 

building stock of New Zealand. The results of experimental programs presented in 

previous chapters provided an experimental database regarding the performance of 

strengthened historic URM walls and allowed a well-conceived seismic retrofit design for 

historic URM buildings. The practical implementation of the selected seismic 

strengthening techniques on real URM buildings is reported in this chapter to highlight 

the significance of the research and to provide information on good building conservation 

practices. Many New Zealand URM buildings have been seismically strengthened since 

the design guidelines and experimental data was made available publically, and some of 

these projects are discussed in the following sections. It is noted that the author did not 

have any direct involvement in the design or execution of any of the projects. 

G.2. UNBONDED POSTTENSIONING 

G.2.1. Rob Roy Tavern, Auckland (New Zealand) 

The Rob Roy Tavern (formerly known as The Birdcage Hotel) is a 125 years old two 

storey unreinforced masonry building, which was moved out of the way of the Victoria 

Park Tunnel and then returned to its original position in 2011. The peripheral walls 

consist of three-wythe thick clay brick masonry that support the three timber floor 

diaphragms. In order to avoid damage to the building, the building was strengthened prior 
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to relocation. The strengthening avoided building damage during the shift and 

incidentally improved earthquake resistance of the building for the future.  

A combination of different techniques was used for strengthening the building, which 

were selected to minimise their impact upon the architectural and historic aspects of the 

building. The rear walls were already plastered with mortar, so were shotcreted to form a 

125 mm thick steel reinforced concrete layer. A workable concrete mix was sprayed onto 

tied steel reinforcement under a pressure of 70 MPa. The chimneys were strengthened 

using near surface mounted carbon fibre reinforced polymer strips, whereas the street 

facing fair faced perforated masonry walls were prestressed using threaded steel bars 

(ultimate tensile yield strength of 1080 MPa) installed into circular cored cavities. The 

location of posttensioning tendons was dictated by the geometry of the walls and one 

posttenstioning tendon was located at the centre of each pier. Figure G.1 shows the 

location of posttensioning threaded steel bars on the building layout plan. The circular 

cavities were formed using a non-impact rotary coring operation, with alignment of the 

core monitored at several locations by removing bricks and measuring offsets from the 

wall face. Additionally, exhaust vacuums were used to collect dust at different locations.  

Ø26 high strength posttensioned

threaded bar inserted into a

50 mm circular cored cavity (typ.)

125 mm thick shotcrete

pneumatically sprayed

onto substrate masonry

15190

1
0
6
8
5

8
7
3
5

11420

8730

4780

 

Figure G.1. Building layout plan and the location of posttensioning tendons 
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(a) Rob Roy Tavern, Auckland (b) coring operation 

 

  

(c) attachment used for coring operation (d) dust exhaust system 

 

  

(e) monitoring of core alignment (f) installed posttensioning tendons 

Figure G.2. Photographs of the coring operation 

Figure G.2a shows a photograph of the building being strengthened prior to the 

relocation. Figures G.2b to G.2e show the photographs relating to the coring operation. 

Figure G.2f shows the installed posttensioned threaded bars, before they were concealed 
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during finishing. Once the coring operation was completed, the high strength threaded 

steel bars were installed into the cored cavities and the dead end of the bars was locked 

off at the bottom of the wall in a cast in-situ concrete beam. At the wall top, concrete pads 

were cast in-situ to avoid stress concentration. The inserted threaded bars were then 

posttentioned to an initial stress of 0.7fpu and live end anchorage assemblies were 

installed, where fpu is the ultimate tensile strength of the bars.  

After strengthening, the building (weighing 740,000 kg) was relocated by sliding the 

building over greased teflon coated cast in-situ concrete runway beams using two 30000 

kN hydraulic rams, which had a stroke capacity of 1.8 m. In order to compensate for 

potential differential settlement in runway beams, hydraulic flat jacks were placed 

underneath runway beams that kept the building level (horizontal) during the relocation 

process.  

  

(a) rear view of the strengthened building (b) hydraulic rams pushing the building 

 

  

(c) aerial view of the building being relocated  

(Courtesy: New Zealand Historic Places Trust) 

(d) a lateral displacement gauge attached to the wall  

Figure G.3. Photographs of the relocation and reinstating process 
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Table G.1. Significant events of Rob Roy Tavern project 

Date Event 

February, 2010 Start of work to strengthen the building 

August, 2010 Shifted from its original position 
April, 2011 Reinstated at its original position 

December, 2011 Formal opening of the building 

Figures G.3a to G.3c show some photographs of the building being relocated. 

Additionally, the resulting lateral displacement of walls was monitored during the 

movement by attaching displacement gauges at different heights to URM walls (refer to 

Figure G.3d). Table G.1 gives an overview of some significant events of the project. The 

project cost roughly 2.5 Million New Zealand dollars and it took 1 year and 2 months to 

strengthen, move and then return back the building to its original location. 

G.2.2. Auckland Art Gallery, Auckland (New Zealand) 

Auckland Art Gallery was originally constructed in 1887, with a subsequent extension 

undertaken in 1917. In 1970 an extension block was added to the building, which was 

demolished in 2009 during the strengthening project and the latest extension of the 

building. The load bearing URM walls of the Art Gallery are three-wythe thick and were 

plastered with a 20-30 mm thick horse hair reinforced low strength hydraulic mortar. The 

clay bricks were characterised as weak to medium strength bricks, whereas the mortar 

was characterised as a weak hydraulic mortar. The masonry follows a common bond 

pattern with one header course after every three stretcher courses. In 2009 the Art Gallery 

building was extended and the original heritage URM building section was preserved by 

implementing seismic strengthening, while the section added in 1970 was demolished.  

       

Figure G.4. Auckland art gallery layout plan and location of inserted threaded bars 

(Courtesy: FJMT and Archimedia) 
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(a) Auckland Art Gallery in 1884  

(Courtesy: Alexandra Turnbull Library Archives) 

 

(b) Auckland art gallery in 2006 

(Courtesy: Auckland City Council) 

 

(c) Auckland art gallery in 2011 
(d) cross-section of posttensioned window dorm wall 

(Courtesy: Holmes Consulting Group) 

Figure G.5. Photographs of Auckland Art Gallery and cross-section of a 

posttensioned URM wall 

Figure G.4 shows the layout plan of the building with location of inserted posttensioned 

threaded steel bars. Figure G.5a to G.5c show photographs of the building at different 

times and the typical cross section of a posttensioned masonry wall. The strengthening 

involved diaphragm stiffening, restoration of existing masonry materials, plastering of 

URM walls on the interior and the exterior faces, and the stabilisation of window dorms 

by inserting and grouting 20 mm posttensioned threaded steel bars into 36 mm diameter 

circular cored cavities. The circular cavities were formed using non-impact rotary coring 

from the top of the wall to the desired depth (being 1500 mm below the lower diaphragm 



APPENDIX G  

-265- 

level). Threaded steel bars were inserted into the cored cavities, which were then 

posttensioned and bonded using a non-shrinkage grout.  

G.2.3. The Francisca Club, San Francisco (USA) 

The Francisca Club has been strengthened using bonded posttensioning, where 26 mm 

diameter threaded steel bars were inserted and grouted into 100 mm diameter circular 

cavities that were core drilled from the top of masonry walls through to the reinforced 

concrete basement walls (refer Figure G.6a). Threaded steel bars were inserted into these 

circular cored cavities, which were typically located at the centre of the masonry piers 

(refer to Figures G.6b to G.6d). The inserted threaded bars were epoxy anchored into the 

reinforced concrete basement walls at the bottom and were live anchored after being 

posttensioned, with end anchorage assembly seating over a cast in-situ concrete block at 

the top of the parapet walls. 

  

(a) photograph of the building (b) plan and location of cores 

 

 

 

(c) front view (c) side view 

Figure G.6. The Francisca Club, 595 Sutter Street, San Francisco  

(Courtesy: Holmes Consulting Group) 
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G.2.4. Mount Eden Prison, Auckland (Auckland) 

The stone masonry building of Mount Eden Prisons is one of the oldest masonry 

buildings of New Zealand, which was originally built in 1917 (NZDC 2011). The stone 

masonry building is a registered category one heritage building on the New Zealand 

Historic Places Trust register. In a recently approved upgrading project, new buildings are 

planned to be constructed and the old stone masonry building of the prison is planned to 

be strengthened using external unbonded posttensioning. Figures G.7a and G.7b show 

photographs of the prison building. 

During the retrofit design for this prime heritage masonry building, careful consideration 

was given to preserve its heritage features while addressing long-standing concerns about 

the security and standards of the existing prison building. The strengthened building 

block will no longer house prisoners but will be kept in a state of readiness for use as 

emergency capacity.  

In the proposed strengthening scheme, prestressing is to be  applied to the masonry walls 

using a pair of 12.7 mm sheathed greased strands located at discrete locations (typically at 

the wall corners inside the building) at an offset of 75 mm from the walls. Each strand 

will be stressed by applying an initial posttenstioning force of 140 kN. Figure G.8a to 

G.8d show miscellaneous details of the proposed posttensioning seismic strengthening 

solution, where the posttensioning strands are anchored into the concrete foundation at 

the bottom and live end anchors are used at the top end. 

  

(a) aerial view of Mount Eden Prisons in 2010 (b) Mount Eden Prisons in early 1900  

(New Zealand Department of Corrections) 

Figure G.7. Photographs of the Mount Eden Prison building 
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(a) typical cross-section of posttensioned walls with location of details shown in figures below 

 

 

                 SECTION A             SECTION B               SECTION C 

(b) top end anchorage details 

 

 

 
THREE DIMENSIONAL VIEW OF POSTTENSIONING YOKE 

(c) connection detail at diaphragm level with yoke placed at each diaphragm level (continued over page) 

b 

c 

d 

CROSS SECTION b 

CROSS SECTION OF YOKE 
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(d) bottom anchorage details 

Figure G.8. Proposed external posttensioning details for Mount Eden Prison 

strengthening project (Courtesy: Aurecon NZ)  

G.3. NEAR SURFACE MOUNTED TWISTED STEEL BARS (NSM-TS) 

G.3.1. Flight Centre New Market, Auckland (New Zealand) 

The URM façade of the Flight Centre building located at 270 Broadway street, Auckland 

had gradually deteriorated since the time it was originally built in the early 1900s, 

resulting in masonry cracking and loss of mortar from the masonry walls. The masonry 

cracking was partially attributed to corroded veneer wall ties that reduced the effective 

wall thickness and made the masonry façade more vulnerable to an out-of-plane failure.  

  

(a) photograph of the building being strengthened (b) masonry cracking prior to strengthening 

(continued over page) 

PLAN VIEW 
CROSS SECTION 
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(c) deteriorated masonry prior to strengthening (d) corroded wall ties (left) and newly installed 

replacement wall ties (right) 

Figure G.9. Flight Centre New Market, 270 Broadway Street, Auckland 

  

(a) installation of replacement veneer wall ties (b) bed joint insertion of TS bars 

  

(c) closer view of NSM-TS bars (d) saturated lime for re-pointing (right) and 

covering with burlap bags for curing (left) 

Figure G.10. Photographs of NSM-TS strengthening application (Eric Thomson) 
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A photograph of the URM building being strengthened using NSM-TS is shown in Figure 

G.9a, with the extent of damage shown in Figures G.9b and G.9c. Figure G.9d shows a 

closer view of the corroded and the newly installed wall ties. In 2008 the masonry façade 

of the building was strengthened/repaired using NSM-TS and by installing twisted steel 

replacement veneer wall ties. Figure G.10a shows a photograph of the installation of 

replacement veneer wall ties, and Figures G.10b and G.10c show photographs of the 

NSM-TS implementation. It should also be noted that considerable care was exercised to 

match the existing lime based mortar by allowing the mortar lime to achieve saturation 

and to cure adequately when re-pointing in historic URM walls (refer Figure G.10d). 

G.3.2. Church of Jesus Christ of Latter-Day Saints , Gisborne (New Zealand) 

The Church of Jesus Christ of Latter-Day Saints (LDS), located in Gisborne, was 

strengthened to meet current New Zealand design standards. The building was known to 

be constructed in the 1960s and consists of load bearing reinforced hollow concrete 

masonry walls with pilasters, but there were many instances of non-compliant work being 

done, resulting in the building being characterised as a seismic risk. Vertical NSM-TS 

was used to strengthen the building, where the strengthening was completely concealed 

when the walls were re-pointed and painted. The design concept was to create concealed 

reinforced concrete masonry pilasters and beams, providing a reliable load path to 

transfer lateral seismic forces (Newby and Munn 2000). Figure G.11 shows some 

photographs of the LDS building located at 290 Stout Street, Gisborne.  

  

(a) street view of the strengthened building (b) a wall strengthened using NSM-TS 

Figure G.11. Photographs of LDS church located at 290 Stout Street, Gisborne 
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To experimentally validate the design concept, one strengthened wall section was tested 

in-situ by applying uniformly distributed pseudo-static face loading. The strengthened 

walls behaved elastically until twice the design loading was reached and the testing was 

discontinued (Matthews 2000). 

G.4. POLYMERIC TEXTILE REINFORCED MORTAR (TRM) 

Currently, in New Zealand the application of TRM is currently limited to restoration and 

repair of URM buildings. However, few examples of TRM strengthening applications 

were observed during the post-earthquake survey conducted following the 2010/2011 

Canterbury (New Zealand) earthquake sequence (refer Figure 2.13d) but specific 

information about the strengthening project could not be retrieved to conduct a case 

study. Therefore, a recent application of TRM system for strengthening of a historic 

URM building (located in Italy) is presented in the following section. 

  
 

(a) exterior view of the building 

 

(b) TRM application 

 

  
 

(c) strengthened arches (top view) 

 

(d) strengthened arches(interior view) 

Figure G.12. TRM application at Garibaldi Villa (Courtesy: Gianpaolo Grillenzoni) 
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G.4.1. Garibaldi Villa, Mantova (Italy) 

The historic Garibaldi Villa building is located 178 km from the town of Roncoferraro 

and is a historic URM building (refer Figure G.12a). The URM arches inside the villa 

were strengthened in 2010 by applying a TRM overly onto the upper faces of the vault 

structures (refer Figure G.12b and G.12c), which is barely noticeable when looking from 

inside the building (refer Figure G.12d). TRM offered a discrete structural strengthening 

system yet provided significant strength to the masonry vault structure, which were 

desired characteristics for the strengthening intervention. The ability of TRM systems to 

adapt to complex shapes is deemed advantageous for strengthening of vault structures and 

of URM buildings with curved architectural details.  

G.5. SUMMARY AND CONCLUSIONS 

An account of the implementation of selected strengthening techniques in historic URM 

buildings has been presented. The seismic strengthening techniques were implemented in 

a manner such that the required level of strengthening was achieved, while the historic 

architectural details were also preserved. Implementation procedures and detailing of 

unbonded (internal and external) and bonded posttensioning to existing URM buildings 

were discussed with examples. Different aspects of NSM-TS applications in URM 

buildings were discussed and examples were shown. Finally, a recent application of TRM 

strengthening technique to curve shaped historic masonry structure was discussed.  
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APPENDIX H. US-METRIC CONVERSION 

 

US Units (FPS system) Metric Units (SI System) 

For conversion from FPS System to SI System 

1 ″ (inch) 25.40 mm (mili meter) 

1 „ (foot) 304.8 mm (mili meter) 

1 lb (pound) 0.454 kg (kilo gram) 

1 lb (pound) 4.448 N (Newton) 

1 kip (kip) 4.448 kN (kilo Newton) 

1 foot/s
2
 0.305 m/s

2
 

1 ksi 6.895 MPa 

No. 4 bar size 12.70 mm 

No. 5 bar size 15.90 mm 

For conversion from FPS System to SI System 

0.039 ″ (inch) 1 mm (mili meter) 

0.003 „ (foot) 1 mm (mili meter) 

2.200 lb (pound) 1 kg (kilo gram) 

0.225 lb (pound) 1 N (Newton) 

0.225 kip (kip) 1 kN (kilo Newton) 

3.281 foot/s
2
 1 m/s

2
 

145.0 ksi 1 MPa 

0.630 inch 16 bar size 

 




