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Abstract 

 

This thesis reports the investigation on the material properties of New Zealand’s heritage 

clay brick unreinforced masonry (URM) buildings. 

The primary focus of this doctoral investigation was to establish a methodology to 

determine the material properties of existing New Zealand URM buildings. Although 

researchers from Europe, USA, India and Australia have previously studied the material 

properties of clay brick unreinforced masonry, knowledge on New Zealand URM 

material properties was poor at the time the study commenced. Therefore, a research 

programme that primarily focused on the testing of samples extracted from existing New 

Zealand URM buildings was undertaken. 

Vintage clay bricks and irregular mortar samples were extracted from existing New 

Zealand URM buildings, and were subjected to a series of non-destructive tests before 

being tested in compression. The relationships between the non-destructive test results 

and the clay brick and mortar compressive strengths were studied, and non-destructive 

testing techniques that were most suitable for estimating clay brick and mortar 

compressive strengths in-situ were proposed. Also, a methodology for the compression 

testing of irregular mortar samples that are extracted from existing URM buildings and a 

technique to normalise the irregular mortar compression test results were developed.  

The compressive strength and compressive stiffness of masonry were studied using 

masonry prisms that were both extracted from existing buildings and were constructed in 

the laboratory. Empirical relationships relating the brick unit, mortar and masonry 

compressive strengths as well as relating the masonry compressive strength to the 
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masonry Modulus of Elasticity were derived. Also, numerical models for the compression 

stress-strain relationship of masonry were proposed. 

The flexural bond strength and shear bond strength of masonry were studied using field 

extracted and laboratory constructed masonry prisms. Empirical relationships relating the 

mortar compressive strength to the flexural bond strength and to the bed joint cohesion 

were derived. Finally, a procedure to assess the material properties of existing New 

Zealand URM buildings was recommended. 
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CHAPTER 1 
 

1 Introduction 

  

 

 

Unreinforced masonry (URM) is a construction type that was commonly used in New 

Zealand between the 1880s and 1930s. These New Zealand URM buildings typically 

consisted of clay bricks that were laid on a bed of mortar without reinforcement. URM 

construction is evidently vulnerable to high magnitude earthquakes (Drysdale et al. 1999; 

Megget 2006; Paulay and Priestley 1992). Overseas examples of this vulnerability were the 

1989 Newcastle earthquake (New South Wales, Australia) (Page 1996) and the 1994 

Northridge earthquake (California, United States) (Klingner 2006). In New Zealand, the 

vulnerability of URM construction to earthquake loading was clearly demonstrated in the 

1931 Hawke’s Bay earthquake, where many URM buildings in the city of Napier were 

destroyed during the event, killing nearly 260 people (Dowrick 1998; Scott 1999). The 

popularity of URM construction in New Zealand subsequently declined and this 

construction type was finally outlawed in 1965 (NZSI 1965).  

The most recent New Zealand examples of the vulnerability of URM buildings to 

earthquakes were the 4 September 2010 Darfield earthquake and the 22 February 2011 

Christchurch earthquake, where most URM buildings in the Christchurch area were 

severely damaged (see Figure 1.1 for examples) and more than 150 people were killed 
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during the earthquake in 22 February 2011. Today, many URM buildings still exist in 

various parts of New Zealand, and due to their poor earthquake performance, seismic 

assessment and retrofit of these remaining URM buildings is necessary as these buildings 

not only represent a significant architectural heritage, but also occupy a significant 

proportion of the nation’s building stock. 

 

  
 

(a) Example 1, Darfield earthquake 
 

 
(b) Example 2, Darfield earthquake 

  
 

(c) Example 3, Christchurch earthquake 
 

(d) Example 4, Christchurch earthquake 
 

Figure 1.1: Examples of building damages from 4 September 2010 Darfield earthquake and 22 

February 2011 Christchurch earthquake 

  
The minimum strength requirements for all buildings in New Zealand are specified in the 

New Zealand Building Act 2004 (New Zealand Parliament 2004), which mandates that all 

existing buildings must be assessed and if necessary seismically retrofitted to meet at least 

1/3 of the seismic performance requirements set in the current loadings standard. To 
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comply with this Act, the New Zealand Society for Earthquake Engineering (NZSEE) 

published a guideline detailing how to assess these existing buildings.  

The NZSEE guideline (2006) contains the URM material property recommendations to 

be used for preliminary seismic assessment. However, these recommendations are 

generic and were developed based on limited experimental data, whilst detailing 

individual brick unit and mortar properties separately but providing no recommendation 

for masonry assemblage properties. Design practitioners have communicated the 

importance of obtaining better material data for URM buildings in order to improve the 

accuracy, and therefore cost effectiveness of their seismic assessments, computer 

modelling and retrofit designs.  

The study reported in this thesis concentrates specifically on the material properties of 

pre-1950s New Zealand URM buildings that were constructed using solid, uncored clay 

bricks having approximate dimensions of 230 mm × 110 mm × 76 mm, and lime-based 

mortar (in alignment with Russell (2010)). This construction type is still largely used in 

developing countries such as India and Indonesia (Basoenondo 2008; Deodhar 2000; 

Gumaste et al. 2006; Kaushik et al. 2007a), and researchers from USA, Australia and 

Europe have previously studied the material properties of clay brick unreinforced 

masonry. However, knowledge on New Zealand URM material properties was poor at 

the time this study commenced. A clay brick unreinforced masonry assemblage is a non-

homogeneous, inelastic and orthotropic material, which properties are influenced by both 

the brick unit and mortar properties. Therefore, this study aims to investigate the brick 

unit and mortar properties separately, and then to relate the brick unit and mortar 

properties to the masonry assemblage properties.  
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1.1 Past studies on URM material properties 

1.1.1 Studies on clay brick properties 

Clay bricks are a principal structural component of unreinforced clay brick masonry 

buildings, and researchers (Darayatnam 1987; Gumaste et al. 2006; Kaushik et al. 2007a) 

have commonly used the clay brick compressive strength as one of the parameters to 

predict masonry compressive strength. However, extraction of clay bricks from heritage 

URM buildings for compression testing is often prohibited due to the building’s heritage 

significance. NZSEE (2006) recommends the use of physical properties such as colour to 

classify clay bricks, whilst overseas researchers (Brozovsky and Zach 2007; Brozovsky et 

al. 2008) have suggested different techniques such as the Schmidt hammer test and the 

ultrasonic pulse velocity test. However, the feasibility of the above techniques to 

characterise New Zealand heritage clay bricks had not been rigorously verified. 

 

1.1.2 Studies on mortar properties 

Mortar is a structural component of URM buildings that acts as a “connector” and bonds 

clay bricks together. The mortar compressive strength is also used by a number of 

researchers (Darayatnam 1987; Gumaste et al. 2006; Kaushik et al. 2007a) for the 

prediction of masonry compressive strength. However, mortar samples extracted from 

existing URM buildings are always in irregular shapes, and thus these samples are not 

suitable for standardised compression testing. Procedures for the compression testing of 

irregular mortar samples have been studied by a number of authors (Magalhães and Veiga 

2009; Válek and Veiga 2005), and Drdácký et al. (2008) have performed laboratory 

experiments and finite element modelling to investigate the influence that sample 

dimensions had on the measured value of the mortar compressive strength. Other 

authors have investigated procedures to estimate the mortar aggregate to binder ratio 

(Biggs and Forsberg 2001) and to predict the mineral constituents of mortar (Moriconi et 

al. 1994; Moropoulou et al. 1995; Sabbioni et al. 2001). The need to verify these findings 

was one of the motivating factors for the study reported herein. 
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1.1.3 Masonry assemblage 

An unreinforced masonry (URM) assemblage is a non-homogeneous, inelastic and 

orthotropic material constructed using individual brick units and mortar. The material 

properties of a masonry assemblage have previously been often studied using a single 

leaf, stack bonded brick/mortar composite of a given brick-height (referred to as 

“masonry prism”). Kaushik et al. (2007a) used laboratory constructed masonry prisms to 

study the relationships between brick unit compressive strength, mortar compressive 

strength, masonry compressive strength, masonry compression stress-strain behaviour 

and masonry Modulus of Elasticity, whilst other authors (Sarangapani et al. 2005; Venu 

Madhava Rao et al. 1996) used laboratory constructed masonry prisms to relate the brick 

unit, mortar and masonry compressive strengths to the masonry flexural bond strength 

and shear bond strength. However, it is noted that these studies mostly focused on newly 

made laboratory constructed samples, and thus the applicability of these studies for New 

Zealand heritage URM needed to be investigated.  

 

1.2 Thesis outline    

As stated above, the URM material property recommendations provided in NZSEE 

(2006) are based on limited experimental data. Also, the knowledge regarding New 

Zealand URM material properties was poorly documented at the time this research 

commenced, and therefore an experimental programme that focused mainly on the 

testing of brick units, mortar and masonry prisms collected from heritage New Zealand 

URM buildings was commenced with an aim to develop a revised version of the URM 

material property recommendations prescribed in NZSEE (2006). 

Chapter 2 presents the investigations performed to characterise New Zealand heritage 

clay bricks. A literature study was conducted to explore the relationship between brick 

colour and compressive strength, and different types of non-destructive tests were 

performed to identify a suitable non-destructive assessment technique to predict the 

compressive strength of New Zealand heritage clay bricks in-situ. Also, expressions 
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relating the brick unit compressive strength to the brick unit Modulus of Rupture 

strength and to the Modulus of Elasticity were derived. 

Chapter 3 describes the investigations performed to study the mortar in New Zealand 

heritage URM buildings. A procedure for the compression testing of non-standard 

mortar samples was developed, and an alternative non-destructive assessment technique 

to estimate mortar compressive strength in-situ was suggested. In addition, 

supplementary techniques to estimate the mortar aggregate to binder ratio and to predict 

the presence of cement in the mortar mix were studied. Chapter 4 describes the 

laboratory experiments and finite element modelling performed to investigate the 

influence that sample dimensions have on the mortar compressive strength. A 

normalisation technique to adjust irregular mortar compressive strength based on the 

sample aspect ratio and footprint dimensions was developed and is prescribed in 

Chapter 4. 

Chapter 5 describes the investigations performed to study the masonry compressive 

strength, masonry stress-strain relationship and masonry Modulus of Elasticity. Field 

extracted and laboratory constructed three brick high masonry prisms were compression 

tested. Predictive expressions relating masonry compressive strength to the brick unit and 

mortar compressive strengths and to the masonry Modulus of Elasticity were developed 

based on the experimental results. Masonry compression stress-strain numerical models 

were also proposed to enable the prediction of masonry compression stress-strain 

behaviour.  

Chapter 6 describes the study conducted to investigate the relationships between the 

compressive strength, flexural bond strength and shear bond strength of masonry. Field 

extracted and laboratory constructed masonry prisms were subjected to bond wrench 

tests, triplet shear tests and in-situ shear tests, and the relationships between mortar 

compressive strength, masonry compressive strength, flexural bond strength and bed 

joint cohesion were studied. 

Chapter 7 compiles the outcome of the studies described in Chapter 2 to Chapter 6 and 

presents this compilation as a revised URM material property assessment procedure that 

improves on the NZSEE (2006) URM material property recommendations. A summary 
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of the conclusions drawn from this doctoral study is presented in Chapter 8. It is noted 

that this thesis does not contain a stand-alone, comprehensive literature review chapter 

due to the diversity of the work presented herein. Therefore, the review of previous 

studies on each topic is presented separately in each chapter.   

 
 



Chapter 2: Properties of New Zealand heritage clay bricks 

 

2-8 
 

 

 

CHAPTER 2 
 

2 Properties of New Zealand 

heritage clay bricks 

 

 

Clay bricks are a principal structural component of unreinforced clay brick masonry 

buildings, and therefore an understanding of the material properties of clay bricks is 

essential in order to understand the structural behaviour of this type of building. For 

example, clay brick compressive strength is used in the prediction of masonry 

compressive strength, which furthermore is the basis for estimating masonry Modulus of 

Elasticity and stress-strain behaviour (Kaushik et al. 2007a). However, destructive 

compression testing is often impractical, especially when dealing with heritage 

unreinforced masonry (URM) buildings. The colour of clay bricks is a physical property 

that is occasionally used to categorise clay bricks, such as used in the procedure detailed 

in NZSEE (2006) (see Table 2.1), and therefore a literature study was conducted to 

explore the relationship between brick colour and brick compressive strength. In 

addition, factors affecting the brick unit level of porosity, texture and durability were 

investigated. 
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Table 2.1: Recommended brick properties in NZSEE (2006) 

Type Description     (MPa)      
(MPa) 

   
(GPa) 

  

Soft Weathered, pitted, distinct colour 
variation with depth, bright orange, 
possibly under fired 

1.0 – 5.0 0.1 – 0.5 4 0.35 

Stiff Common brick, can be scored with a 
knife, red 

10.0 – 20.0 1.0 – 2.0 13 0.2 

Hard Dense, hard surface, well fired, dark 
reddish brown 

20.0 – 30.0 2.0 – 3.0 18 0.2 

where     = brick compressive strength;      = brick tensile strength;    = brick Modulus of 
Elasticity; and   = Poisson’s ratio 

 
 
Non-destructive testing techniques such as the ultrasonic pulse velocity test, Schmidt 

hammer test, porosity test and scratch test were investigated to identify a suitable non-

destructive assessment technique to predict the in-situ material properties of vintage solid 

clay bricks. Table 2.1 shows that NZSEE (2006) also provided recommendations for the 

brick unit tensile or modulus of rupture strength and the brick unit Modulus of Elasticity. 

During the experimental programme, the brick unit Modulus of Rupture strength and 

Modulus of Elasticity were determined and related to the brick unit compressive strength 

to check the validity of the NZSEE (2006) recommendations. 

 

2.1 History of clay bricks in New Zealand 

The use of clay bricks in New Zealand occurred relatively late in comparison to many 

other countries. Clay bricks were shipped from Australia during the early 19th century, 

and the production of clay bricks in New Zealand was first attempted in 1819 (Lee 1983). 

Brick making became more common throughout New Zealand by the 1830s, and it was 

believed that the early brick making practice used clamp kilns instead of permanent brick 

kilns, where freelance brick makers worked on-site from one project to another. 

Permanent kilns became popular in the 1840s (Best 1995), where newspaper 

advertisements from that time period (National Library of New Zealand 2009) revealed 

the physical address of the kiln, and therefore showed the existence of a permanent 

structure (see Figure 2.1). 
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(a) Newspaper Ad in 1842 (1) 
 

(b) Newspaper Ad in 1842 (2) 

 
 

 

 
 

(c) Newspaper Ad in 1844 (1) (d) Newspaper Ad in 1844 (2) 

 
Figure 2.1: Newspaper advertisements for bricks in the 1840s (reproduced from National Library of 

New Zealand (2009)) 

 
The popularity of clay bricks for building construction continued to rise, and by the 

1880s, there were nearly 130 brick making companies in the Auckland region. 

Advancements in technology and machinery led to the introduction to New Zealand of 

Hoffmann kilns, which resulted in brick making becoming more efficient without 

compromising the quality of the final product. There was an increasing demand for clay 

bricks, and the amalgamation of brick making companies became common in the late 

1920s. However, the effects of the world depression hit the New Zealand brick market 

by the 1930s, which was then made worse by the magnitude 7.2 Hawke’s Bay earthquake 

in 1931. This earthquake demonstrated the vulnerability of unreinforced masonry 

construction under dynamic ground motions, causing the New Zealand government to 

cease the use of clay bricks for schools and public buildings, and to discourage the use of 

clay bricks for structural elements. Consequently, the demand for clay bricks decreased 

rapidly, thereby forcing many brick making companies to close down (Oliver 2000; Scott 

1979). This decrease in demand marked the decline in popularity of unreinforced 

masonry construction in New Zealand, which was eventually outlawed in 1965 (NZSI 

1965).  
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2.2 Manufacturing and kilning process 

Clay bricks are made of clay and shale that consist mainly of alumina and sand or silica, 

with the frequent existence of lime, iron, salts, magnesia, organic matter and water. The 

presence of alumina gives clay its plasticity properties and sand provides the hardness and 

durability, but if present in excessive quantities will cause brittleness. The final colour of 

the fired product is influenced by the presence of lime (carbonate mineral) and iron (iron 

mineral), which are further discussed in Section 2.3. Shale is a hard clay rock that is 

ground to a powder using machinery and made plastic by adding water (McKay 1947). 

The production process for clay brick is divided into 4 different stages: preparation, 

moulding, drying and firing.  

 

2.2.1 Preparation 

The preparation stage started with mining, which involved the removal of a top soil layer 

until a reasonable exposure of clay or shale was achieved. The exposed clay was dug 

either using a hand shovel or a mechanical excavator, with the former being the common 

practice during early brick making in New Zealand. Shale was loosened using explosives 

(McKay 1947). Particles such as large stones and hard lumps were removed by hand or 

by washing the clay in a cylindrical tank. Wagons or bogies were used to transport clay or 

shale to the grinding mill and the rocky materials were ground.  

There were several types of grinding mill, one of which consisted of a revolving pan with 

rotating metal rollers. This type of grinding mill was widely used in England, where small 

stones or limestones were often found in clay, and could disintegrate the final product if 

it was not crushed. Water was poured on the clay or shale, and the crushed material was 

passed through the bottom of the revolving pan and screened before being sent to the 

moulding bench or machinery. Another type of grinding mill was the auger machine, 

which was a cylindrical container equipped with a metal screw to stir the clay and push it 

through the outlet. The ground clay was then tempered to a homogeneous paste (McKay 

1947; Scott 1979). 
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In early New Zealand brick making practice, tempering was achieved by either turning 

the clay over repeatedly using a spade, treading under the feet of human or animal, or by 

using a pug mill until the clay had sufficient plasticity (Best 1995; Salmond 1986). There 

was evidence that Rice Owen Clark, one of the most established Auckland brick makers 

in the 19th century, used a horse and a bull to tread clay in a shallow pit (Scott 1979). 

Figure 2.2 shows an example of a traditional horse driven pug mill.  

 

 
 

Figure 2.2: Horse driven pug mill (reproduced from Dobson and Searle (1921)) 

 

2.2.2 Moulding 

2.2.2.1 Hand moulded bricks 

Most early New Zealand clay bricks were hand moulded. Wooden moulds were used 

(occasionally metal lined), with inside faces being either wetted or dusted with sand to 

prevent the adhesion of clay. The tempered clay was knead into an approximately brick 

sized clay clot and pushed into the mould with sufficient force to ensure a complete fill. 

The excess clay was then removed using a wire or a flat wooden stick and the moulded 

slab was released on a pallet or a flat platform for air drying (Dobson and Searle 1921; 

McKay 1947; Salmond 1986). The bottom of the mould occasionally had a raised centre 

(referred to as a kick) that shaped the bottom of the brick unit. The shape at the bottom 
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of the brick unit is called a frog, having dimensions that varied from one manufacturer to 

another (McKay 1947). Figure 2.3 shows a typical brick mould. 

 

 
 

Figure 2.3: Metal lined brick mould (reproduced from Dobson and Searle (1921)) 

 

2.2.2.2 Wire cut bricks 

The next development in the brick moulding process was the wire cut process, where a 

bar of clay was forced through the outlet of the pug mill or auger machine and then cut 

using wires. The size of the outlet was slightly larger than the brick dimensions for 

shrinkage allowance. The cutting table, which was attached to the pug mill or auger 

machine, consisted of a frame of vertical wires spaced evenly and equal to the brick 

thickness plus the shrinkage allowance. The frame was rotated or pushed sideways to cut 

the clay bar into a number of brick slabs, which were then placed on a pallet and 

prepared for drying (Dobson and Searle 1921; McKay 1947). Bricks produced using the 

wire cut process (shown in Figure 2.4) did not have frogs.  

 

 
 

 
(a) Wire cut process showing the extrusion of clay 

bar from the auger machine (reproduced from 
McKay (1947)) 

 
(b) Cutting table used in wire cut process 

(reproduced from Dobson and Searle (1921)) 

 
Figure 2.4: Manufacturing of wire cut bricks 

Brick after 
cutting 

Auger 

roller 

Clay bar 
Die Wires 
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2.2.2.3 Pressed bricks  

The steam driven brick press was the next major improvement after the wire cut process 

(Best 1995). Brick pressing machines were initially hand operated, but technology allowed 

for the development of belt driven and steam driven presses (see Figure 2.5).  

 

 
 

 
 

(a) Simple belt driven press (reproduced from 
McKay (1947)) 

(b) Bradley & Craven steam driven brick press 
(reproduced from Dobson and Searle (1921)) 

 
Figure 2.5: Manufacturing of pressed bricks 

 
The dimensions of the clay mould were equal to the brick perimeter plus the shrinkage 

allowance. The clay clot was placed in the mould and was pressed as the plunger 

declined. The pressed clay slab was then removed after the plunger was raised (McKay 

1947). For dry or nearly dry clays, the slabs required further consolidation through a 

second (and occasionally a third) press as a single press was not sufficient to release the 

trapped air (Dobson and Searle 1921). By the 1860s, a number of brick making 

companies used a combination of different production techniques. Best (1995) reported 

that a company in Newton, Auckland Central produced a mixture of hand moulded, wire 

cut, and pressed bricks.  

 

 

Belt 
Pulley 
 

Moulding box 
 

Disc 
 

Plunger 
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2.2.3 Drying 

The drying process of the moulded clay slabs defined the brick quality, and therefore 

protecting the clay slabs against rain, wind, sun and frost during the drying period was 

critical to ensure that the slabs were dried uniformly. One method of drying used steam 

or hot air, where the moulded slabs were laid on the floor under which steam pipes were 

located, so that the slabs were slowly dried by the circulating heat (McKay 1947). The use 

of a tunnel dryer was also common, where the clay slabs were stacked on carts and were 

passed through a heated tunnel to gradually dry the clay slabs (Dobson and Searle 1921). 

 

2.2.4 Kilning 

2.2.4.1 Clamp kiln   

Early clay bricks in New Zealand were produced in clamp kilns that were relatively cheap 

and easy to build. A clamp kiln was an artificial perimeter of unused bricks, inside which 

a stack of clay slabs were placed to be fired. Each layer of the stack was covered by either 

wood or coal so that the fire baked all the slabs, and spaces (also called live holes) were 

provided at the bottom to enable fuel distribution. The clay slabs were fired slowly until 

steam rose from the top of the clamp kiln, after which the top of the kiln was 

permanently closed and the magnitude of the fire was increased. The live holes were then 

closed once the fired slabs were sufficiently hot. Thus, there was no interference to the 

firing process until its conclusion, which took up to six weeks (Dobson and Searle 1921; 

Lewis 2002). The main disadvantage of the clamp kiln was the irregularity of the fired 

product. The clay slabs located nearby the wall perimeter were often under-fired, while 

those located close to the live holes (the hottest zone) were often melted and bound 

together (Dobson and Searle 1921). Figure 2.6 and Figure 2.7 show an example of a 

clamp kiln in New Zealand and a typical cross sectional view. 
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Figure 2.6: Clamp kiln at Ruatangata (reproduced from Scott (1979)) 

 
 

Figure 2.7: Cross sectional view of clamp kiln (reproduced from Dobson and Searle (1921)) 

 
 

2.2.4.2 Hoffmann kiln 

Invented by Friedrich Hoffmann, this type of kiln introduced the principle of 

regenerative heating, which used nearly all the heat produced by the fuel, and therefore 

was more efficient than ordinary kilns. A Hoffmann kiln consisted of several chambers 

that were connected together such that the heat was transferred from one chamber to 

Live 

Holes 
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another until it was used up (Dobson and Searle 1921). Figure 2.8 shows a typical plan 

view of a Hoffmann kiln, where R is the chimney flue.  

 

 
Figure 2.8: Plan view of typical Hoffmann kiln (reproduced from Dobson and Searle (1921)) 

 
Each chamber had an outer door, holes at the top for fuel insertion, and a small flue 

which connected to the chimney flue to generate fire. The chambers were divided using 

intercepting dampers. The systematic process of clay firing in a Hoffmann kiln was as 

following:  

 Chambers number 1 and 16 were divided using the intercepting damper, while the 

doors for chambers 1 and 2 were left open for the insertion of bricks to be burned 

and for the removal of final products respectively. 

 Chambers 3 to 6 or 7 were the cooling zone, where the burned bricks were cooled 

gradually by the air entering through doors of chambers 1 and 2.  

 The next two or three chambers were the firing zone, where the bricks were fired to 

the desired temperature and fuel was added at intervals.  

 Four to five chambers after the firing zone were the pre-heating zone, where the 

slabs were subjected to an expanding waste heat from the firing zone.  

 The remaining chambers were the drying zone, where the clay slabs were gradually 

dried by the circulating hot air.  

 

The above steps took one day to complete, after which the door of chamber 1 was 

closed, and the damper separating chambers 1 and 16 was relocated to separate chambers 

1 and 2. Chamber 3 was sufficiently cooled down and was opened for the removal of the 
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final product, while chamber 2 was ready to be filled with new clay slabs (Dobson and 

Searle 1921; McKay 1947). These arrangements made the Hoffmann kiln economical and 

efficient as it not only used the surplus hot air to pre-heat the slabs prior to firing, but 

also enabled the cooling bricks to regenerate heat from the atmospheric air which entered 

the kiln from the open doors (Dobson and Searle 1921). Figure 2.9 shows an existing 

Hoffmann kiln at the Manawatu Brick Centre in Palmerston North. 

 

  
 

(a) Front view 
 

(b) Inside view 

 
Figure 2.9: Hoffmann kiln in Palmerston North 

 

2.3 Clay mineralogy and influence on properties of 

fired clay bricks 

As clay is the primary constituent of pre-1965 New Zealand clay bricks, it is evident that 

clay material characteristics strongly influence the mechanical properties of in-situ clay 

brick masonry. The mineral constituents of clays are variable. The most common clay 

minerals present are quartz and illite, whilst chlorite, kaolinite, smectite and mixed layer 

clays are also occasionally found. Other non-clay minerals that are commonly present in 

clay are feldspar, goethite and hematite (iron minerals), as well as calcite and dolomite 

(carbonate minerals) (Murray 2007). Also, the firing of clay at high temperatures is 

recognisable from the mineralogy of the fired product, with a number of authors (Ahmad 

et al. 2008; Kreimeyer 1987; Livingston et al. 1998; Sedmale et al. 2004) having reported 
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that minerals such as cristobalite and mullite were often found in clay bricks that were 

fired under high temperature. Cristobalite is a polymorph of quartz which is formed from 

high temperature firing of potassium rich clay minerals (Livingston et al. 1998), whilst 

mullite is present due to high temperature firing of alumina and silica rich clays (Ahmad 

et al. 2008; Kreimeyer 1987; Sedmale et al. 2004). The presence of these minerals in the 

brick structure can be studied using powder X-ray diffraction (XRD) analysis. 

 

2.3.1 Factors affecting brick physical properties 

2.3.1.1 Brick colour 

The main clay brick colouring agent is iron oxide, which is an iron mineral. Firing iron 

minerals at a high temperature causes the appearance of red or red-brown colours due to 

the formation of hematite (Fe2O3). Hematite’s presence in the final brick structure is 

mostly influenced by the proportion of iron oxide in the raw clay material. When the iron 

oxide proportion is low, all of the available Fe3+ is used by other minerals that are formed 

during high temperature firing, which furthermore results in a lack of hematite in the 

final brick structure and causes the formation of light brown or yellow coloured bricks. 

High iron oxide proportion leads to the formation of hematite in the final brick structure 

as the remaining Fe3+ that has not been incorporated by other minerals is present, and 

therefore reddish coloured bricks are formed (Kreimeyer 1987). 

The presence of carbonate minerals in the raw clay material is another factor that affects 

brick colour. Although carbonate minerals themselves are not colouring agents, the 

presence of a small proportion of impurities such as alkalis and lime (CaO or calcium 

oxide, which is a carbonate mineral) can cause the formation of hematite during high 

temperature firing, as minerals that do not incorporate Fe3+ within their structure are 

formed. However, Kreimeyer (1987) found that a high proportion of fine grained and 

well spread calcium oxide in the raw clay material leads to the formation of minerals that 

require Fe3+, resulting in the production of light coloured bricks due to a lack of 

hematite. For clays with coarse grained and locally enriched calcium oxide, minerals that 

incorporate Fe3+ within their structure are developed locally, hence resulting in red bricks 
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with yellow spots (Kreimeyer 1987). The relationship between brick colour and clay 

mineralogy is summarised in Figure 2.10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.10: Relationship between colour and clay mineralogy 

 
Similar observations regarding the influence of iron oxide on clay brick colour were 

reported by Cultrone et al. (2005), who found that clay bricks consisting of hematite were 

red, while those without hematite were yellow. Further analysis by Cultrone et al. (2005) 

revealed that the red bricks were likely to be made using a non-carbonate clay, whereas 

yellow bricks were made using a carbonate rich clay. The presence of carbonates in the 

clay was thought to be the reason for the formation of yellow coloured bricks, as 

carbonates inhibited the growth of iron oxide by trapping the iron present within the 

calcium silicate structure, and therefore prevented the formation of hematite. The 

presence of these minerals in the brick structure is commonly determined using powder 

XRD analysis. 

 

2.3.1.2 Brick texture 

Brick texture is a physical property which is affected by the degree of vitrification. 

Vitrification describes the formation of glassy layers in the brick structure during high 

temperature firing, resulting in clay particles bonding together (Karaman et al. 2006). As 

shown in Figure 2.11(a), a scattered texture suggests a low degree of vitrification, where 
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the texture is less even in comparison to that of a more vitrified clay (see Figure 2.11(b)) 

(Cultrone et al. 2005). 

 

  
 

(a) Brick with low degree of vitrification, showing 
scattered texture 

 
(b) Brick with high degree of vitrification, 

showing even texture  

 
Figure 2.11: Brick texture from Scanning Electron Microsopy (SEM) analysis (reproduced from 

Cultrone et al. (2005)) 

 
The temperature at which vitrification occurs is related to the clay mineralogy, where the 

vitrification of carbonate rich clays generally occurs at a lower firing temperature in 

comparison to non-carbonate clays. During their investigation on carbonate and non-

carbonate clays, Elert et al. (2003) found that vitrification started at different 

temperatures for the two different clay types, where signs of vitrification was detected at 

800° C firing for carbonate rich clays, but was first observed at 900° C firing for non-

carbonate clays, and became significant at 1000° C firing and above for the latter.  

Tite and Maniatis (1975) also found that the vitrification of non-calcareous clays always 

occurred at firing temperatures that were 30° C to 60° C higher than that required for 

calcareous clays. The relationships between brick texture, clay mineralogy and degree of 

vitrification are shown in Figure 2.12. 
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        Occurence          Clay Mineralogy                                            Level          Brick Texture 
 
 
 
 
 
 
 
 
 

 
Figure 2.12: Relationship between brick texture, clay mineralogy and degree of vitrification 

 

2.3.1.3 Brick level of porosity 

The level of porosity of clay bricks in general decreases with increasing firing 

temperature, while the presence of carbonates in the raw clay material further influences 

the level of porosity of the fired product. High temperature firing of clays consisting of 

carbonate minerals, in particular calcium carbonates (CaCO3), usually results in products 

with a higher level of porosity in comparison to non-carbonate clays. Elert et al. (2003) 

found that firing calcite and dolomite (carbonate minerals) rich clays at approximately 

800° C caused the transformation of calcite to lime, which is followed by an increase in 

the level of porosity. Reactions between lime, water and carbon dioxide further increased 

the level of porosity due to the occurrence of “lime blowing” (Laird and Worchester 

1956). These transformations occur at a certain range of firing temperature, where a 

firing temperature of 700° C is not high enough to initiate the formation of lime, while 

firing at 1100° C and above forms the outer reaction rim of high temperature phases 

around the lime grains that prevents the access of water vapour, and therefore causes a 

decrease in the level of porosity (Elert et al. 2003). The relationships between brick 

porosity, clay mineralogy and firing temperature are illustrated in Figure 2.13. 
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                         Firing Temperature              Clay Mineralogy           Level of Porosity 

 
 
 
 
 
 
 
*  Increases until high firing temperature (1000° C and above) 

 
Figure 2.13: Relationship between brick porosity, clay mineralogy and firing temperature 

 

2.3.2 Factors affecting brick mechanical properties 

2.3.2.1 Compressive strength 

The brick unit compressive strength is a mechanical property which is mainly influenced 

by the firing temperature, with an increase in firing temperature leading to a higher 

degree of vitrification. Consequently, the brick unit compressive strength increases with 

an increasing degree of vitrification as the clay elements are more bound together (Elert 

et al. 2003; Karaman et al. 2006). Karaman et al. (2006) observed this compressive 

strength increase for brick units that were made using a particular Turkish clay. A slow 

gradual compressive strength increase was observed for brick units that were fired 

between 700° C and 900° C, but rapid strength increase occurred for brick units fired at 

900° C and above, which was believed to coincide with the increase in the degree of 

vitrification. This finding aligned with that of Elert et al. (2003), who found that the 

compressive strength increase coincided with the increase in the degree of vitrification 

for brick units made using two different clays. The temperature that corresponded to the 

increase in the degree of vitrification differed for the two clay types, where vitrification 

started to increase at a lower temperature for carbonate rich clays, and therefore 

produced better brick units in comparison to non-carbonate clays when the firing 

temperature was low. Non-carbonate clays produced better brick units than carbonate 

rich clays when the firing temperature was 1000° C or above (Elert et al. 2003). 

The brick unit compressive strength is also influenced by the level of porosity, with Elert 

et al. (2003) having reported that a decrease in the level of porosity increased the brick 
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unit compressive strength. It was furthermore found that the compressive strengths of 

carbonate rich clays fired at temperatures of between 800° C and 1000° C were similar. 

Within this temperature range, the transformations and lime blowing discussed in Section 

2.3.1.3 took place, and therefore caused an increase in the level of porosity, whilst the 

degree of vitrification was also increased. This phenomenon resulted in clay bricks with 

constant compressive strengths despite the increasing firing temperature. The increase in 

the compressive strengths of carbonate rich clays fired at temperatures of between 

1000° C and 1100° C coincided with the decrease in the level of porosity. A similar trend 

was observed by Tite and Maniatis (1975) on non-carbonate clays, where an increase in 

the compressive strength occurred on samples fired at 800° C and above, which 

coincided with a decrease in the level of porosity and an increase in the degree of 

vitrification (Elert et al. 2003). The relationships between compressive strength, level of 

porosity and degree of vitrification is shown in Figure 2.14. 

 
                                    Mineralogy               Porosity           Vitrification       Compressive Strength 

 
 
 
 
 
 
 
 
 
 

 *  Until high firing temperature (1000° C and above) 
 
Figure 2.14: Relationships between compressive strength, level of porosity and degree of vitrification 

 

2.3.2.2 Durability 

The durability properties of clay bricks includes the resistance to freeze-thaw cycles, 

which is influenced by the size of pores in the brick, the interaction between pore 

structure, the pore interconnection and weathering (Cultrone et al. 2005; Elert et al. 

2003). Cultrone et al. (2005) found that brick units that were more rigid and more 

vitrified with poorly connected capillaries were more prone to freeze-thaw cycles in 
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comparison to less vitrified brick units, which were more resistant to ice crystallisation 

pressure due to their more elastic structure.  

In contrast to that observed by Cultrone et al. (2005), Elert et al. (2003) observed that 

brick units that were fired at a lower temperature, and which furthermore were less 

vitrified, were less resistant to freeze-thaw cycles in comparison to those fired at a higher 

temperature. It was found that the main factor that influenced the freeze-thaw resistance 

of the brick units investigated was the level of porosity, where brick units which had a 

low level of porosity and a high proportion of large pores exhibited better durability than 

the others. This observation is in alignment with that of Winslow et al.(1988), who 

determined that brick units having a high level of porosity were more vulnerable to 

freeze-thaw cycles than those having a low level of porosity, unless a large proportion of 

the pores were more than 3 μm in diameter. 

Another cause of brick deterioration is the circulation of water in a masonry wall, as 

water can cause salt crystallisation in the brick structure. When produced inside the brick 

structure, salt crystallisation forms subflorescence a few millimetres inside the brick, 

which furthermore results in peeling that causes the brick surface to powder and flake off 

(Lewin 1981; Rodriguez-Navarro and Doehne 1999). The resistance of brick units against 

salt crystallisation is largely influenced by the level of porosity. Brick units that are fired at 

a high temperature, and therefore have a low level of porosity and high compressive 

strength, are less prone to salt crystallisation in comparison to those fired at a low 

temperature (Benavente et al. 2006; Elert et al. 2003).   

 

2.3.3 Relationship between brick physical and mechanical 

properties 

The literature study discussed earlier revealed that there is no direct relationship between 

brick unit colour and mechanical properties, although the relationships between other 

brick unit properties are evident. The brick unit level of porosity (a physical property) in 

general decreases with increasing firing temperature, which furthermore increases the 

degree of vitrification. The increase in the degree of vitrification leads to an increase in 
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the brick unit compressive strength and durability, which are both mechanical properties. 

In addition, the brick texture is also influenced by the degree of vitrification.  

Clay chemical constituents such as iron oxides and carbonates determine the brick 

colour, and to a certain extent, the change in the level of porosity. As described in 

Section 2.3.1.1, given that the firing temperature is similar, the firing of carbonate rich 

clays will result in brick units having a higher level of porosity in comparison to those of 

non-carbonate clays. Iron oxides and carbonates promote and hamper the growth of red 

colour in brick units respectively. There is no relationship between brick unit level of 

porosity and colour as the level of porosity is dependent on the firing temperature, whilst 

the brick colour is dependent on the clay chemical constituents. The summary of the 

relationships between brick unit physical and mechanical properties is illustrated in Figure 

2.15. 

The use of colour to classify clay bricks is only valid for brick units that were made using 

the same clay, where a dark colour indicates a high firing temperature, which 

consequently results in a high compressive strength. However, for brick units that were 

made using different clays, visible colour variation is due to the difference in the chemical 

constituents. Most brick units used during the construction of New Zealand vintage 

URM buildings differed from one building to another, which suggests that these brick 

units were made using different clays, and therefore their colour variation reflects the 

difference in the chemical constituents instead of the difference in the firing temperature.  
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*  Until high firing temperature (1000° C and above) 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.15: Schematic of relationships between clay brick properties 

 
Lastly, a pilot investigation was performed to confirm the literature study. Because visual 

estimation of brick colour was subjective and could vary widely, it was thought that 

having non-subjective whiteness index and yellowness index calculations to describe the 

clay brick colour would result in a more uniform estimate. The colour of randomly 

selected clay bricks was measured using a Konica Minolta CR-14 colour reader, which 
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was calibrated to follow the ASTM E 313-10 (2010a) test protocol. The colour reader 

output was the whiteness index and yellowness index, which were calculated based on the 

widely known tricolour red green blue (RGB) colour spectrum (ASTM 2010a). This 

colour reading (illustrated in Figure 2.16) was performed at four different locations within 

each clay brick, and the four whiteness index and yellowness index values were averaged 

to represent each sample. These randomly selected clay bricks were then tested in 

compression following the ASTM C 67 - 03a (2003b) half brick compression test, and 

their compressive strengths were plotted against the whiteness index and yellowness 

index as illustrated in Figure 2.17, which shows that there was no discernable relationship 

between the whiteness index, yellowness index and the brick unit compressive strength. 

 

  
 

(a) Brick sample and the Konica Minolta colour 
reader 

 
(b) Measurement of whiteness index and 

yellowness index 
 

Figure 2.16: Measurement of clay brick colour 

 
 

Figure 2.17: Relationships between whiteness index, yellowness index and brick unit compressive 

strength 

-30

-25

-20

-15

-10

-5

0

0

10

20

30

40

50

60

0 10 20 30 40 50

W
h

it
en

es
s 

in
d

ex
 

Y
el

lo
w

n
es

s 
in

d
ex

 

Brick unit compressive strength (MPa) 

Yellowness index-compressive strength relationship

Whiteness index-compressive strength relationship



Ronald Lumantarna 

 

2-29 
 

2.4 Techniques for testing clay bricks 

Destructive testing of building materials is not always possible, particularly when the 

building has heritage significance, and therefore a non-destructive assessment technique 

to predict brick unit compressive strength was sought, that did not depend upon brick 

colour. Previous authors have investigated a number of non-destructive testing 

techniques for clay bricks, as summarised below.  

 

2.4.1 Porosity test 

As mentioned in Section 2.3, Elert et al. (2003) identified the presence of a relationship 

between the brick unit level of porosity and the compressive strength. Therefore, it was 

thought that knowing the brick unit level of porosity would aid the compressive strength 

prediction. The technique to measure the material level of porosity is detailed in ASTM C 

20 - 00 (ASTM 2000b). The apparent porosity ( ), which is the ratio of the volume of 

open pores to the sample’s exterior volume, is calculated using Equation (2.1), while  , 

the brick exterior volume, is calculated using Equation (2.2): 

 
 

  
     

 
      (2.1) 

         (2.2) 

 
where   = sample suspended weight (g);    = sample saturated weight (g);    = sample 

dry weight (g); and   = exterior volume (cm3). 

 

2.4.2 Hardness tests 

Hardness has often been used to estimate the mechanical strength of metals, rocks and 

minerals (Shalabi et al. 2007; Tabor 1956). Tests associated with surface hardness are not 
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only non-destructive, but are also cheaper, quicker and easier to perform in comparison 

to destructive compression tests (Dinçer et al. 2004; Güney et al. 2005; Yilmaz and Sendir 

2002). The Waitzmann hammer test, TZUS drill test, Schmidt hammer test and Mohs 

scratch test are examples of hardness tests that are discussed below. 

 

2.4.2.1 Waitzmann hammer test 

The Waitzmann hammer test predicts the material compressive strength based upon the 

indentation hardness (Brozovsky and Zach 2007; Brozovsky et al. 2008). The Waitzmann 

hammer is equipped with a steel reference bar of a known strength (see Figure 2.18), and 

a foil is attached on the surface of the brick unit. Therefore, upon testing the hammer 

creates indentations on both the foil and the reference bar. The diameter of the 

indentation on the reference bar is compared to that on the foil, and the hardness 

parameter,  , is calculated using Equation (2.3): 

 
 

  
  

  
 √  (2.3) 

 
where    = indentation diameter on reference bar (mm);     = indentation diameter on 

foil (mm); and   = ratio between reference bar hardness and nominal steel hardness. 

 
Investigations by Brozovsky and Zach (2007) and Brozovsky et al. (2008) revealed that 

the   ratio of the Waitzmann hammer test correlated well with the brick unit 

compressive strength (see Figure 2.19). The Waitzmann hammer test apparatus is shown 

in Figure 2.18. 
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Figure 2.18: Waitzmann hammer (reproduced from Brozovsky and Zach (2007)) 

 
 

Figure 2.19: Compressive strength – β ratio relationship (reproduced from Brozovsky et al. (2008)) 

 

2.4.2.2  TZUS drill test 

The TZUS drill test uses a special device provided by TZUS (Technical and Test Institute 

for Construction, Prague) to predict in-situ clay brick compressive strength. This drill is 

equipped with a calibrated spring to ensure a constant force of 150 N per revolution, and 

the drilling depth over a fixed number of revolutions (40 revolutions for masonry unit) is 

measured (Brozovsky et al. 2008). Brozovsky et al. (2008) observed that the TZUS drill 

reference bar 
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test results correlated well with the brick unit compressive strength (see Figure 2.21). The 

TZUS drill test apparatus is shown in Figure 2.20.  

 

 

Figure 2.20: TZUS drill (reproduced from Brozovsky et al. (2008)) 

 
 

 
 
Figure 2.21: Compressive strength – TZUS drilling depth relationship (reproduced from Brozovsky et 

al. (2008)) 

 

2.4.2.3  Schmidt hammer test (also known as Swiss hammer test) 

Invented by Ernst Schmidt in 1948, the Schmidt hammer (see Figure 2.22) was originally 

intended to aid the prediction of concrete compressive strength on site (Schmidt 1951). It 

was then reported that the Schmidt hammer test can be used to predict the compressive 

strength of rocks (Barton and Choubey 1977; Dinçer et al. 2004; Miller 1965). This 
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hammer is an instrument used to determine the hardness of materials, which consists of a 

spring loaded steel mass that applies a punch with certain energy when it is pressed firmly 

against a hard flat surface. The magnitude of the hammer punch is referred to as the 

Schmidt hammer rebound number, which is measured as the distance travelled by the 

steel mass in terms of the percentage of the spring extension. The rebound number is 

shown by the sliding pointer on the Schmidt hammer (Brozovsky et al. 2008; Kolaiti and 

Papadopoulos 1993; Rilem 1998). Figure 2.23 and Figure 2.24 show various observations 

on the relationships between the compressive strength of rocks and the Schmidt hammer 

rebound number (Dinçer et al. 2004; Yilmaz and Sendir 2002). 

Recent studies by Brozovsky et al. (2008) revealed that there was a relationship between 

the clay brick unit compressive strength and the Schmidt hammer rebound number. Two 

different types of Schmidt hammer were investigated, and the clay brick unit compressive 

strength-Schmidt hammer rebound number relationships are shown in Figure 2.25. 

 

 

Figure 2.22: Schmidt hammer (reproduced from Brozovsky et al. (2008)) 

 
 

Figure 2.23: Unconfined compressive strength – Schmidt rebound number relationship for Gypsum 

(reproduced from Yilmaz and Sendir (2002)) 

sliding 
pointer 
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Figure 2.24: Uniaxial compressive strength – Schmidt rebound number relationship for Andesite, 

Tuff and Basalt (reproduced from Dincer et al. (2004)) 

 
 

Figure 2.25: Compressive strength – Schmidt hammer rebound number relationship for clay bricks 

(reproduced from Brozovsky et al. (2008)) 

 

2.4.2.4 Mohs scratch test 

The scratch test is used to estimate material properties based on the material’s resistance 

to abrasion, and is associated with the Mohs hardness scale. Mohs numbers of 1 to 10 are 
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used to rank minerals with distinct hardness, and the scratch number assigned to the 

tested sample is equal to the Mohs number of the mineral that scratches it (Tabor 1956). 

The scratch test is principally similar to the abrasion test described by Shalabi et al. 

(2007), where the resistance of one material against another material of a different 

hardness is tested. Shalabi et al. (2007) also reported that there is a linear relationship 

between the compressive strength of rocks and their abrasion hardness. 

 
Table 2.2: Minerals used in Mohs scale 

Mohs Number Mineral 

1 Talc 

2 Gypsum 

3 Calcite 

4 Flourspar 

5 Apatite 

6 Feldspar 

7 Quartz 

8 Topaz 

9 Corundum 

10 Diamond 

 

 

2.4.3 Ultrasonic pulse velocity test 

The ultrasonic pulse velocity test was initially developed in the 1940s by Jones (1949) in 

the United Kingdom and by Leslie and Cheesman (1949) in Canada using a cathode ray 

oscilloscope to measure ultrasonic pulse travel time through a medium. After many years 

of development, the ultrasonic pulse velocity test is now frequently used as a non-

destructive testing technique to estimate concrete properties, as detailed in ASTM C 597 - 

02 (ASTM 2002), while its use for brick units, mortar joints and URM wallettes is 

described in Rilem TC 127-MS.D.5 (Rilem 1998). Lee (1969) applied this technique on 

different types of timber products, and Elvery and Nwokoye (1969) similarly observed 

that the ultrasonic pulse velocity test was reliable to estimate timber properties. 

The UPV measures a parameter that can be related to the density, Modulus of Elasticity 

and the presence of cracks in a sample. The ultrasonic pulse is transmitted from an 
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electro-acoustic transducer (T), and its travel time (  ) to a receiver (R, placed on the 

opposite of the sample) is recorded to derive the ultrasonic pulse velocity (    ) 

following Equation (2.4). The ultrasonic pulse path length ( ) is measured as the distance 

between the transducer and receiver (Rilem 1998).  

 
 

    
 

  
 (2.4) 

 
The ultrasonic pulse velocity test on clay bricks is commonly performed in two different 

arrangements: direct and semi-direct transmissions (see Figure 2.26), as described by 

Brozovsky et al. (2008). This testing technique can also be used to locate cracks and 

defects in a sample, as the presence of air-filled cracks or voids between the transducer 

and receiver will bounce the ultrasonic pulse, and therefore will result in a lower 

ultrasonic pulse travel time (Newman and Choo 2003). Brozovsky and Zach (2007) and 

Brozovsky et al. (2008) subjected clay bricks to ultrasonic pulse velocity (UPV) tests and 

found that a relationship between the brick unit compressive strength and the ultrasonic 

pulse velocity possibly existed, although the variability of the data was wide (see Figure 

2.27 and Figure 2.28). 

 
 

 (a) Direct transmission  (b) Semi-direct transmission 
 

Figure 2.26: Schematic diagram of ultrasonic pulse test (reproduced from Brozovsky et al. (2008)) 

 

 

L L 
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Figure 2.27: Relationship between brick compressive strength and direct ultrasonic pulse velocity 

(reproduced from Brozovsky et al. (2008)) 

 
 

Figure 2.28: Relationship between brick compressive strength and semi-direct ultrasonic pulse 

velocity (reproduced from Brozovsky et al. (2008)) 
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2.5 Testing programme 

An experimental programme was undertaken to identify a suitable non-destructive 

assessment technique to predict the in-situ material properties of vintage solid clay bricks. 

In addition, the brick unit Modulus of Rupture strength and Modulus of Elasticity were 

determined and related to the brick unit compressive strength to check the validity of the 

NZSEE (2006) recommendations. The experimental programme was divided into three 

stages, incorporating brick units that were extracted from different buildings. The origin 

buildings of the brick units are reported in Appendix B.  

 

2.5.1 Stage 1 of testing programme 

The ultrasonic pulse velocity test, Schmidt hammer test, porosity test and X-ray 

diffraction analysis were performed on 89 vintage solid clay brick units that originated 

from 9 different sites (referred to as “brick groups”, see Figure 2.29). These brick units 

were firstly cut into halves using a diamond tipped circular saw before being subjected to 

the non-destructive tests. Following the non-destructive tests, the half bricks were 

capped using gypsum plaster to provide a flat loading surface and were tested in 

compression following the ASTM C 67 - 03a (2003b) protocol using a 2000 kN Instron 

machine. Thus the relationships between the non-destructive test parameters and the 

brick unit compressive strength could be studied. 

It is acknowledged that the compression testing arrangement affects the measured brick 

unit compressive strength. Hughes and Bahramian (1965) performed compression testing 

of concrete samples having different aggregate types and mix proportions, and found that 

the friction between loading platen and sample surface induced lateral confinement at the 

top and bottom of the concrete test sample. The magnitude of this friction varied 

according to the platen/sample interface condition, which was influenced by the type of 

aggregate used in the concrete. Hughes and Bahramian (1965) furthermore suggested the 

addition of a low friction coefficient material between the sample and the loading platen 

to minimise friction. 
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In this experimental programme, all half bricks were capped using gypsum plaster before 

being tested in compression. Although the friction between end platen and sample 

surface was not completely eliminated, the addition of uniform layers of capping material 

at the top and bottom of the half bricks resulted in a constant magnitude of friction 

between the end platen and the sample surface. Therefore, it was ensured that all half 

brick compression tests were performed using a consistent testing arrangement and 

boundary conditions.    

 

 
 

  

(a) Brick SB 
 

(b) Brick W (c) Brick AH 

 
 

  

(d) Brick AL 
 

(e) Brick L (f) Brick HB 

 
 

  

(g) Brick RB (h) Brick NL (i) Brick H 

 
Figure 2.29: Half bricks from different sources 
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2.5.1.1 Porosity test 

The half bricks were subjected to the ASTM C 20 - 00 (2000b) porosity test. These 

samples were firstly submerged in boiling water to allow water penetration into the brick 

pores until the weight increase became negligible. The samples were then removed from 

the boiling water and weighed on a scale with ± 0.1 gram accuracy to obtain the saturated 

weight (  ), and were furthermore submerged in water and weighed again whilst being 

submerged to measure their suspended weight (  ). After weight measurements were 

recorded, the half bricks were dried in an oven until the weight loss became negligible 

and were then weighed to obtain the dry weight (  ). The brick unit level of porosity was 

calculated using Equation (2.1), and the testing process is shown in Figure 2.30. 

 

   
 

(a) Brick cutting 
 

(b) Boiling in hot water 
 

(c) Oven heating 

 
Figure 2.30: ASTM C20 – 00 (2000b) brick porosity test 

 

2.5.1.2 Ultrasonic pulse velocity test 

Following their removal from the oven, the half bricks were subjected to the ultrasonic 

pulse velocity test using the Rilem TC 127-MS.D.5 (1998) test protocol. A rubber pad 

and a 1 kg mass were positioned beneath and on top of the specimen respectively during 

testing. Following the procedure reported by Brozovsky and Zach (2007) and Brozovsky 

et al. (2008), the ultrasonic pulse velocity tests were performed in direct (D, transducers 

in series) and semi-direct (SD, transducers perpendicular to each other) arrangements, 

and when necessary the interface between the brick unit and the transducer/receiver was 

smoothened using a chisel, as surface roughness significantly influenced the ultrasonic 
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pulse travel time. For each sample, 12 direct and 12 semi-direct readings were recorded 

and averaged. Figure 2.31 illustrates the direct and semi-direct ultrasonic pulse velocity 

tests. 

   
 

(a) Ultrasonic pulse velocity test 
setup 

 

(b) Direct ultrasonic pulse 
velocity test 

 

(c) Semi-direct ultrasonic pulse 
velocity test 

 
Figure 2.31: Ultrasonic pulse velocity test 

 

2.5.1.3 Schmidt hammer test 

The Schmidt hammer test was performed on the half bricks using the Rilem TC 127-

MS.D.2 (1998) test protocol. A precompression force of between 5 kN and 10 kN was 

applied during the hammer test to simulate the in-situ condition of the brick units. The 

Schmidt hammer rebound numbers were recorded for tests performed on three different 

brick sides (5 readings on each side and averaged): two sides oriented perpendicular to 

the cut surface and one side opposite to the cut surface. The Schmidt hammer test is 

shown in Figure 2.32. 

 

 
 

 
 

(a) Schmidt hammer test parallel to the cut (b) Schmidt hammer test perpendicular to the cut 

 
Figure 2.32: Schmidt hammer test 
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2.5.1.4 Powder X-ray diffraction analysis 

Powder X-ray diffraction (XRD) analysis was performed to obtain a general knowledge 

of clay brick mineralogy. This technique has often been used by researchers (Cultrone et 

al. 2005; Elert et al. 2003) as one of the techniques to investigate the mineralogy of brick 

units and clays. However, as mentioned by Elert et al. (2003), the XRD analysis is a semi-

quantitative technique that is associated with a significant level of uncertainty. Therefore, 

this analysis was performed only to obtain supplementary information confirming the 

findings from the literature study discussed in Section 2.3. In particular, the abundance of 

iron oxide in the brick structure was correlated with brick colour, whilst the presence of 

mullite and cristobalite was correlated with the brick unit compressive strength. 

The preparation for the powder XRD analysis involved the crushing of a clay brick 

sample from each group into a fine powder using a hammer and a chisel as shown in 

Figure 2.33(a). It was found that some brick groups were brittle and had a tendency to 

crumble into small fragments when chiselled, while other groups were noticeably less 

cohesive, and therefore were easier to turn into powder (see Figure 2.33(b)). The fine 

powder of each brick group was placed on a cylindrical disc and fed into the XRD 

machine (Rigaku D/max-2500) with Cu Kα radiation at a scanning speed of 2° 2θ 

increment per minute (see Figure 2.33(c)). 
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(a) Brick powders 
 

 
(b) Different brick types during preparation 

 

  
 

(c) Placement of powder into cylindrical disc 
 

(d) Specimen in the XRD machine 

 
Figure 2.33: XRD analysis and sample preparation 

 

2.5.1.5 Optical microscopy analysis 

The texture and pore structure of brick units can be observed using optical microscopy 

(OM) analysis (Cultrone et al. 2005). The clay brick sample dimensions firstly needed to 

be trimmed to approximately 10 mm x 10 mm x 10 mm cubes (see Figure 2.34(a)). This 

trimming process was followed by encasing the samples in cylindrical plastic moulds 

using a resin solution as shown in Figure 2.34(b). The samples were then left to cure for 

24 hours and cylindrical test specimens were obtained as shown in Figure 2.34(c). The 

cylindrical test specimens were finally subjected to 5 different stages of grinding to obtain 

a smooth surface necessary for the OM analysis (see Figure 2.34(d)). The OM analysis 

was conducted by capturing microscopic images of the brick samples at three different 

levels of magnification (25x, 50x and 100x), and assessing the pore structure and texture 

of the brick groups relative to each other based on the microscopic images.  

Less 
cohesive, 

easy to 

chisel 

small 
fragments, 

more 
brittle 
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(a) Cube samples for OM analysis 
 

 
(b) Mounting samples in resin 

  
 

(c) Cylindrical test specimens 
 

(d) Fine grinding of a specimen 

 
Figure 2.34: Sample preparation for OM analysis 

 

2.5.2 Stage 2 of testing programme 

The scratch test was adopted and modified to suit use on vintage solid clay bricks 

(referred to here as the “modified Mohs scratch test”). Because the Mohs minerals are 

not commonly available, and with the aim to simplify the scratch test for possible future 

use by practitioners, materials which are known to have similar hardness values to the 

Mohs minerals (denoted as “equivalent materials”, see Table 2.3) were sourced 

(MineralTown 2010; Nicholson and Shaw 2000). The validity of adopting these 

equivalent materials were confirmed by testing 157 half bricks from 12 different sites. 

The brick surface was cleaned and levelled using a 400 grit sandpaper prior to the scratch 

test. The scratch test procedure is shown in Figure 2.35. 
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Table 2.3: Minerals used in Mohs scale showing the equivalent materials 

Mohs Number Mineral Equivalent Materials 

1 Talc Baby powder 

2 Gypsum Fingernail 

3 Calcite Copper coin 

4 Flourspar Iron nail 

5 Apatite Glass 

6 Feldspar Folding pocket knife 

7 Quartz Kitchen steel knife 

8 Topaz Sandpaper 

9 Corundum Ruby 

10 Diamond Synthetic diamond 

 
 

 
 

 
 

(a) Brick surface before and after sanding (b) Modified Mohs scratch test 

 
Figure 2.35: Modified Mohs scratch test procedure 

 
Table 2.4 shows the number of half bricks that were scratched using the actual Mohs 

minerals and the equivalent materials. It was found that the strongest brick units used in 

the experimental programme were scratched using fluorspar or an iron nail. However, the 

increment from Mohs number 2 to Mohs number 3 was too wide, as most brick units 

were scratched using calcite or a copper coin, whilst none were scratched using gypsum 

or a fingernail. Shi and Atkinson (1990) reported that aluminium has a lower hardness 

value than copper, and therefore it was decided that an aluminium pick (which was 

assigned a Mohs number of 2.5) could be used as an intermediate material having a 

hardness between that of a fingernail and a copper coin. Following the conclusion of the 

scratch tests, the half bricks were tested in compression using the ASTM C 67 - 03a 

(2003b) test protocol. 

 

cleaned 

surface 

initial 

surface 
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Table 2.4: Comparison between the number of half bricks scratched using the Mohs minerals and 

using the equivalent materials 

Mohs 
Number 

Mineral No. of bricks 
scratched 

Equivalent 
Materials 

No. of bricks 
scratched 

1 Talc - Baby powder - 

2 Gypsum - Fingernail - 

2.5 Calcite 130 Aluminium Pick 89 

3 Copper coin 41 

4 Fluorspar 27 Iron nail 27 

 

 

2.5.3 Stage 3 of testing programme 

Recent studies on the application of near surface mounted (NSM) and surface bonded 

fibre reinforced polymers (FRP) as a retrofit solution for URM buildings have shown the 

importance of brick unit properties in the retrofit designs (Grande et al. 2011; Willis et al. 

2009). The failure of URM walls retrofitted using these techniques was often governed by 

the delamination and splitting failure of the brick units, which is related to the brick unit 

tensile or Modulus of Rupture capacity. NZSEE (2006) recommends that the brick unit 

tensile strength (    ) is equal to 10%   . Also, NZSEE (2006) suggests a non-linear 

relationship between the brick unit Modulus of Elasticity and compressive strength. 

Willis et al. (2009) adopted Equation (2.5): 

 
         √    (2.5) 

 
where     = concrete compressive strength and     = concrete tensile strength 

(MacGregor 1988), and modified the equation to relate the brick unit compressive 

strength to the tensile strength.  

An additional batch of vintage solid clay brick units was tested to further investigate the 

relationships between brick unit compressive strength, Modulus of Rupture strength and 

Modulus of Elasticity. 58 brick units and 103 half bricks were subjected to the Modulus 

of Rupture and Modulus of Elasticity tests respectively. 
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2.5.3.1 Modulus of Rupture test 

Brick units from 8 different sites were firstly subjected to the ASTM C67 - 03a (2003b) 

Modulus of Rupture test protocol, and the failure load was recorded using data 

acquisition software. The remaining brick halves from the Modulus of Rupture tests were 

cut using a diamond tipped circular saw and were used for the ASTM C 67 - 03a (2003b) 

half brick compression test, and therefore the direct Modulus of Rupture (    )-

compressive strength (  
 ) relationship of each sample was derived. Figure 2.36 shows 

the Modulus of Rupture test procedure. 

 

  
 

(a) Modulus of Rupture test 
 

(b) Brick unit at failure 
 

Figure 2.36: Brick Modulus of Rupture test 

 

2.5.3.2 Modulus of Elasticity test 

13 different brick groups were subjected to the ASTM C 67 - 03a (2003b) half brick 

compression test whilst incorporating displacement gauges on the left and right sides of 

the half bricks, allowing the brick unit stress-strain relationship and Modulus of Elasticity 

(  ) to be derived. The gauge distance was kept at 50 mm for consistency.  The stress and 

displacement values were recorded using data acquisition software, and the strain was 

calculated using the average readings from the two displacement gauges. For a similar 

reason to that described by Lumantarna et al. (2011a) (also refer to section 5.4), the brick 

unit Modulus of Elasticity was calculated using the stress and strain ordinates at 0.05  
  

and 0.70  
  instead of those located at 0.05  

  and 0.33  
 , as the initiation of visible 

damage in the tested clay bricks generally occurred at approximately 0.70  
 . The half 

brick compression test setup, incorporating displacement gauges, is shown in Figure 2.37. 
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 (a) The aluminium test rig for gauge attachment (b) Half brick compression test 

 
Figure 2.37: Preparation for destructive test of brick units  

displacement 

gauges 
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2.6 Analysis of test results 

2.6.1 Stage 1 test results 

The average level of porosity (%P), Schmidt hammer rebound number (SH) and 

ultrasonic pulse velocity (UPV) of each of the 9 brick groups and the comparison with 

the average brick unit compressive strength (  
 ) are shown in Table 2.5. The average 

brick unit compressive strength ranged between 10.1 MPa and 37.9 MPa. The average 

level of porosity and Schmidt hammer rebound number varied from 17.9% to 32.6% and 

from 39.5 to 49.6 respectively, whilst the average ultrasonic pulse velocity ranged 

between 1070.5 m/s and 2188.1 m/s. It was found that there was no clear trend relating 

the brick unit compressive strength to the brick unit level of porosity, Schmidt hammer 

rebound number and ultrasonic pulse velocity. When excluding the semi-direct ultrasonic 

pulse velocity, the coefficients of variation (CoV) of the non-destructive test results were 

mostly lower than that of the brick unit compressive strength. The relationships between 

the non-destructive test results and the brick unit compressive strength of each sample 

are illustrated in Figure 2.38 to Figure 2.41. 

 
Table 2.5: Porosity, Schmidt hammer and ultrasonic pulse velocity test results 

Brick 
Group 

Origin & year 
built 

    (MPa) 
(CoV) 

%P (CoV) SH (CoV) UPV (m/s) (CoV) Sample 
size D SD 

AH Wellington, 
1884 

10.1 (0.15) 32.6 (0.06) 39.5 (0.07) 1070.5 
(0.25) 

2022.4 
(0.34) 

7 

SB Auckland, 
1913 

11.9 (0.31) 30.9 (0.07) 41.7 (0.09) 1475.6 
(0.05) 

2188.1 
(0.22) 

10 

L Gisborne, 
1907 

13.6 (0.22) 31.2 (0.08) 45.1 (0.05) 1437.0 
(0.10) 

1511.7 
(0.24) 

10 

AL Gisborne, 
1906 

17.0 (0.26) 32.0 (0.10) 41.2 (0.09) 1440.4 
(0.13) 

1741.4 
(0.29) 

7 

RB Auckland, 
1930s 

33.0 (0.29) 23.3 (0.16) 43.9 (0.08) 1574.6 
(0.19) 

2106.1 
(0.32) 

11 

NL Auckland, 
1880s 

34.1 (0.32) 30.7 (0.19) 45.6 (0.04) 1630.2 
(0.18) 

1938.2 
(0.33) 

9 

HB Auckland, 
post 1940 

34.6 (0.14) 21.2 (0.09) 46.9 (0.04) 1905.5 
(0.09) 

1869.1 
(0.27) 

11 

W Hamilton, 
1917 

34.8 (0.21) 17.9 (0.19) 49.6 (0.08) 1472.7 
(0.08) 

1889.2 
(0.27) 

14 

H Auckland, 
2009 

37.9 (0.13) 24.1 (0.06) 47.5 (0.04) 1558.6 
(0.09) 

2081.4 
(0.32) 

10 
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Figure 2.38: Relationship between brick unit compressive strength and level of porosity 

 
 

Figure 2.39: Relationship between brick unit compressive strength and Schmidt hammer rebound 
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Figure 2.40: Relationship between brick unit compressive strength and direct ultrasonic pulse velocity 

 
 

Figure 2.41: Relationship between brick unit compressive strength and semi-direct ultrasonic pulse 

velocity 

 
Figure 2.38, Figure 2.39 and Figure 2.40 show that the relationships between the brick 

unit compressive strength and the brick unit level of porosity, Schmidt hammer rebound 

number and direct ultrasonic pulse velocity were poor, with coefficients of determination 
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(R2) of 58%, 41% and 25% respectively. Figure 2.41 shows that there was no discernable 

relationship between the brick unit compressive strength and the semi-direct ultrasonic 

pulse velocity.  

The weak relationship between the brick unit compressive strength and the Schmidt 

hammer rebound number and direct ultrasonic pulse velocity relationships were not in 

alignment with the findings previously reported by Brozovsky et al. (2008). Also, 

Brozovsky et al. (2008) found that there was a relationship between the brick unit 

compressive strength and the semi-direct ultrasonic pulse velocity. This difference in 

observation was attributed to the variability in the local vintage New Zealand solid clay 

bricks, which were likely to have been manufactured using an uncontrolled production 

process. 

The powder XRD test results were used to determine the presence of iron oxide, mullite 

and cristobalite within the brick structure. The presence of iron oxide governed the brick 

colour, whilst the presence of mullite and cristobalite generally indicated that the brick 

unit was subjected to a high firing temperature (Ahmad et al. 2008; Kreimeyer 1987; 

Livingston et al. 1998; Sedmale et al. 2004), thus resulted in a brick unit that had high 

compressive strength and low porosity. The powder XRD test results were compared 

with the brick colour, average brick unit compressive strength, and average level of 

porosity as shown in Table 2.6. The findings on the brick texture and pore structure from 

the OM analysis were also correlated with the average compressive strength and average 

level of porosity, where it was found that an even texture and non-porous matrix 

generally corresponded to a high brick unit compressive strength. The average brick unit 

compressive strengths were divided into two different categories: low for average   
  < 

25 MPa; and high for average   
  ≥ 25 MPa. Similarly, the average brick unit levels of 

porosity were categorised into low porosity for %P < 25%; and high porosity for %P ≥ 

25%. 
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Table 2.6: Powder XRD test results, showing comparison between colour and compressive strength 

Brick 
group 

Brick 
Colour 

Key constituents from XRD   
  

Category 
Average 

%P 
Category 
Average 

OM analysis 
findings 

Comments 

Iron 
oxide 

Mullite Cristobalite 

AH Red  - - Low 
10.1 MPa 

High 
32.6% 

Porous, scattered 
texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

SB Yellow    Low 
11.9 MPa 

High 
30.9% 

Porous, scattered 
texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

L Red  - - Low 
13.6 MPa 

High 
31.2% 

Porous, scattered 
texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

AL Red  - - Low 
17.0 MPa 

High 
32.0% 

Porous, scattered 
texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

RB Yellow/ 
light 

brown 

-   High 
33.0 MPa 

Low 
23.3% 

Non porous, 
even texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

NL Yellow - - - High 
34.1 MPa 

High 
30.7% 

Porous, even 
texture 

XRD analysis in alignment with colour. Without 
outliers, compressive strength & porosity in 
alignment with OM analysis  

HB Red - - - High 
34.6 MPa 

Low 
21.2% 

Non porous, 
scattered texture 

XRD analysis not in alignment with colour. 
Compressive strength not in alignment with texture 
(scattered), but in alignment with pore structure (not 
porous) and porosity test  

W Yellow -   High 
34.8 MPa 

Low 
17.9% 

Non porous, 
even texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 

H Brown -   High 
37.9 MPa 

Low 
24.1% 

Non porous, 
even texture 

XRD analysis in alignment with colour. Compressive 
strength and porosity in alignment with OM analysis 
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The powder XRD analysis (see Figure 2.42 and Figure 2.43 for typical examples) revealed 

that the presence of iron oxide in the final brick structure generally explained the brick 

colour, where brick groups which had abundant iron oxide content were red, except for 

brick group HB. Most brick groups that had mullite and cristobalite within their structure 

had high average compressive strengths (except for brick group SB), indicating that these 

bricks were subjected to high firing temperatures. Also conforming with past studies, 

Table 2.6 shows that the brick unit compressive strength is inversely related to the brick 

unit level of porosity. These findings from the mineralogical studies emphasised that the 

use of brick colour to categorise the material properties of clay bricks is not supported by 

the experimental evidence. 

The optical microscopy test results (see Figure 2.44 and Figure 2.45 for typical examples) 

were generally in alignment with the porosity and compression test results, where brick 

groups that had porous matrices and scattered textures had higher average levels of 

porosity and lower average compressive strengths when compared to those that had non-

porous matrices and even textures, except for brick group HB.  

 

 
 

Figure 2.42: Powder XRD analysis of AL bricks 
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Figure 2.43: Powder XRD analysis of W bricks 

 

   
 

(a) 25 times magnification 
 

(b) 50 times magnification 
 

(c) 100 times magnification 

 
Figure 2.44: OM analysis of SB bricks 

 
 

   
 

(a) 25 times magnification 
 

(b) 50 times magnification 
 

(c) 100 times magnification 

 
Figure 2.45: OM analysis of W bricks 
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2.6.2 Stage 2 test results 

2.6.2.1 Test results 

The average modified Mohs scratch test results and the average brick unit compressive 

strengths of the 12 different brick groups are shown in Table 2.7. It was found that an 

increase in brick unit compressive strength generally increased the Mohs scratch number. 

The Mohs scratch numbers were generally consistent within each brick group, except for 

some brick groups where slight variability in the numbers was obtained (brick groups AL, 

CFK, NL and RB). Figure 2.46 illustrates the relationship between the brick unit 

compressive strength and the Mohs scratch number. The majority of the samples were 

scratched using an aluminium pick (89 samples), whilst there were 41 and 27 samples that 

were scratched using a copper coin and an iron nail respectively.  

 
Table 2.7: Modified Mohs scratch test results 

Brick 
Group 

Origin & year built     (MPa) 
(CoV) 

MH 
(CoV) 

Scratch tool(s) Sample 
size 

AH Wellington, 1884 9.3 (0.21) 2.5 Aluminium pick 14 

SB Auckland, 1913 11.6 (0.30) 2.5 Aluminium pick 18 

L Gisborne, 1907 13.4 (0.22) 2.5 Aluminium pick 11 

AL Gisborne, 1906 14.9 (0.28) 2.53 (0.05) Aluminium pick /copper coin* 18 

CFK Auckland, 1910 18.8 (0.19) 2.89 (0.07) Aluminium pick /copper coin* 18 

D Auckland, 1940s 20.9 (0.25) 2.5 Aluminium pick 5 

TA Te Awamutu, 1946 21.1 (0.23) 2.5 Aluminium pick 9 

NL Auckland, 1880s 25.5 (0.39) 2.86 (0.13) Aluminium pick /copper coin* 18 

RB Auckland, 1930s 25.7 (0.13) 2.71 (0.10) Aluminium pick /copper coin* 7 

HB Auckland, post 1940 34.2 (0.14) 3.0 Copper coin 13 

W Hamilton, 1917 34.4 (0.20) 4.0 Iron nail 15 

H Auckland, 2009 39.2 (0.15) 4.0 Iron nail 11 
* Some bricks within the group were scratched using copper coin 

 

2.6.2.2 Statistical analysis 

The statistical analysis of the relationship between brick unit compressive strength and 

Mohs scratch number was performed using the R software package (Institute of Statistics 

and Mathematics 2010). The brick unit compressive strength-Mohs scratch number 

relationship was expressed using the box and whisker plots shown in Figure 2.46, which 
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were calculated according to Peck et al. (2009). It is noted that the group median was 

used to express each brick category (each box and whisker plot) as median is less 

influenced by data extremes than is the mean, and therefore was considered to be suitable 

when dealing with a large data population. Figure 2.46 shows that the median 

compressive strengths of brick units with scratch numbers of 2.5, 3.0 and 4.0 were 

13.3 MPa, 27.5 MPa and 37.2 MPa respectively. 

 

 

 

Scratch Number 2.5 (89 bricks) 
  Minimum = 5.7 MPa 
  Median = 13.3 MPa 
  Maximum = 30.0 MPa 
 
Scratch Number 3.0 (41 bricks) 
  Minimum = 14.2 MPa 
  Median = 27.5 MPa 
  Maximum = 45.8 MPa 
 
Scratch Number 4.0 (27 bricks) 
  Minimum = 22.1 MPa 
  Median = 37.2 MPa 
  Maximum = 52.1 MPa 

Figure 2.46: Relationship between brick unit compressive strength and Mohs scratch number 

 
The test data was further analysed to determine the presence of statistical differences 

between the three brick categories. The Tukey’s Honestly Significant Difference (HSD) 

test is a common statistical analysis performed to study the difference between the means 

of different sample groups (Black 2009). However, the Tukey’s HSD test requires that 

the variances of the sample means be equal, thus each sample group shall consist of an 

equal number of samples (Keselman and Rogan 1978). In addition, a normality test was 

performed and revealed that each brick category was not normally distributed. 

Feir-Walsh and Toothaker (1974) suggested that the Kruskal-Wallis test be performed 

instead of the Tukey’s HSD test when the group variances are not equal and the data is 

not normally distributed. Being principally similar to the Tukey’s HSD test, the Kruskal-

Wallis test has a null hypothesis that the medians or means of the sample groups are the 
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same (Bartoszyński and Niewiadomska-Bugaj 2008; Kottegoda and Rosso 2008). The 

current experimental data had a p-value of zero when subjected to the Kruskal-Wallis 

test, which implied that there was very strong evidence against the null hypothesis. 

Therefore, the Kruskal-Wallis test revealed that each brick category originated from 

samples having a distinct median, suggesting that the modified Mohs scratch test is an 

adequate technique to categorise brick units according to their compressive strengths, 

although each Mohs scratch number represents a wide compressive strength range.  

 

2.6.3 Stage 3 test results 

The average brick unit Modulus of Rupture and compressive strengths of the 8 different 

brick groups are shown in Table 2.8. The brick unit Modulus of Rupture strength 

generally increased with increasing brick unit compressive strength. The average brick 

unit compressive strength ranged between 10.0 MPa and 28.9 MPa, whilst the average 

brick unit Modulus of Rupture strength varied from 0.9 MPa to 3.8 MPa. The CoV 

values of the Modulus of Rupture strength were generally higher than those of the brick 

unit compressive strength (CoV     ranging from 0.15 to 0.39 and CoV     ranging 

between 0.17 and 0.30). Figure 2.47 illustrates the brick unit Modulus of Rupture 

strength-compressive strength relationship. It was established that the brick unit Modulus 

of Rupture strength can be satisfactorily equated to 0.12   , and the associated R2 value of 

73% was deemed to be satisfactory, especially when considering the variability of New 

Zealand vintage solid clay bricks. 

 
Table 2.8: Brick unit Modulus of Rupture test results 

Brick 
group 

Origin & year built     (MPa) 
(CoV) 

    (MPa) 
(CoV) 

Sample 
size 

AU Auckland, 1886 10.0 (0.30) 0.9 (0.39) 7 

AH Wellington, 1884 11.4 (0.17) 1.2 (0.29) 5 

SB Auckland, 1913 12.1 (0.28) 1.5 (0.29) 8 

AL Gisborne. 1906 15.4 (0.18) 1.9 (0.23) 9 

D Auckland, 1940s 17.7 (0.21) 2.6 (0.26) 11 

CFK Auckland, 1910 21.9 (0.21) 2.9 (0.20) 4 

NL Auckland, 1880s 27.4 (0.24) 2.7 (0.37) 6 

RB Auckland, 1930s 28.9 (0.17) 3.8 (0.15) 8 
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Figure 2.47: Relationship between brick Modulus of Rupture strength and compressive strength 

 
The average brick unit Modulus of Elasticity and compressive strength of each of the 13 

brick groups are shown in Table 2.9. The brick unit Modulus of Elasticity generally 
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Modulus of Elasticity was found to be more variable than the brick unit compressive 
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0.28). Figure 2.48 illustrates the relationship between brick unit Modulus of Elasticity and 
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Table 2.9: Brick unit Modulus of Elasticity test results 

Brick 
Group 

Origin & year built    (MPa) 
(CoV) 

    (MPa) 
(CoV) 

  /

    

Sample 
size 

AH Wellington, 1884 1,067 (0.43) 9.2 (0.20) 126 9 

AU Auckland, 1886 1,581 (0.31) 13.3 (0.22) 118 5 

SB Auckland, 1913 1,884 (0.32) 10.0 (0.25) 198 10 

L Gisborne, 1907 3,858 (0.33) 14.6 (0.18) 264 7 

AL Gisborne, 1906 2,693 (0.32) 15.6 (0.28) 177 10 

CFK Auckland, 1910 3,011 (0.38) 17.3 (0.22) 177 10 

D Auckland, 1940s 6,226 (0.29) 18.7 (0.10) 333 4 

TA Te Awamutu, 1946 8,249 (0.16) 20.7 (0.24) 415 8 

NL Auckland, 1880s 7,627 (0.29) 29.6 (0.23) 259 14 

RB Auckland, 1930s 9,612 (0.35) 30.5 (0.16) 310 6 

HB Auckland, post 1940 13,600 (0.14) 34.6 (0.15) 370 7 

W Hamilton, 1917 11,009 (0.26) 36.7 (0.14) 302 8 

H Auckland, 2009 14,487 (0.11) 40.7 (0.06) 382 5 

 

 
Figure 2.48: Relationship between brick Modulus of Elasticity and compressive strength 
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2.7 Discussions 

The series of non-destructive tests performed during the experimental programme 

confirmed that it was possible to predict brick unit mechanical properties using a non-

destructive testing technique. The modified Mohs scratch test has an advantage over the 

other non-destructive testing techniques as it is both cheap and easy to perform whilst 

the accuracy in the predictions is not significantly compromised. 

Tests such as the ultrasonic pulse velocity test can be difficult to perform when dealing 

with multi-leaf masonry walls, whilst the ultrasonic pulse instrument is not commonly 

available. The Schmidt hammer test requires the necessary apparatus, and the porosity 

test requires the extraction of brick units, and if sample extraction is permitted then the 

more accurate destructive compression test can be readily performed instead. The 

modified Mohs scratch test is the simplest and most cost effective non-destructive testing 

technique in comparison to the others, as the modified Mohs scratch test does not 

require sample extraction and uses scratch tools that are widely available. Also, weak 

correlations to the brick unit compressive strength shown by the other non-destructive 

test results emphasised that performing complicated and expensive non-destructive tests 

is often not justifiable, especially when the accuracy of the predictions is no better than 

that obtained when the modified Mohs scratch test is performed.   

The Kruskal-Wallis test showed that each Mohs scratch number statistically represented a 

distinct group of samples, emphasising that the modified Mohs scratch test is an adequate 

technique for the categorisation of clay bricks. However, each Mohs scratch number 

represents a wide brick unit compressive strength range. Therefore, this testing technique 

should be reserved for application to heritage buildings or cases where there is no budget 

available for destructive testing. The predictive expression for the brick unit Modulus of 

Rupture strength derived using the current experimental data (    = 0.12   ) is similar 

to the 10%    value previously recommended in the NZSEE (2006) document. 
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2.8 Summary and conclusions 

Mineralogical studies and different types of non-destructive tests were conducted to 

explore the factors that influence the properties of solid clay bricks, and to provide 

experimental justification for a proposed assessment technique to predict the in-situ 

material properties of vintage solid clay bricks. The following conclusions were drawn: 

Clay brick colour is mainly governed by the presence of iron oxide within the brick 

structure, whilst the brick unit compressive strength is determined by the firing 

temperature. These different governing factors showed that the use of brick colour to 

categorise vintage solid clay bricks could lead to inaccurate predictions of clay brick 

mechanical properties. 

It was determined that the relationships between the brick unit compressive strength and 

the brick unit level of porosity, Schmidt hammer rebound number and direct ultrasonic 

pulse velocity were poor (R2 values of 58%, 41% and 25% respectively), whist there was 

no discernable relationship between the brick unit compressive strength and the semi-

direct ultrasonic pulse velocity. Powder XRD analysis revealed that the presence of iron 

oxide in the final brick structure generally explained the brick colour, where brick groups 

which had abundant iron oxide content were mostly red. Brick groups that had 

cristobalite and mullite within their structure generally had high average compressive 

strengths, indicating that these bricks were subjected to high firing temperatures. In 

addition, the optical microscopy test results were generally in alignment with the porosity 

and compression test results, where brick groups that had porous matrices and scattered 

textures had higher average levels of porosity and lower average compressive strengths 

when compared to those that had non-porous matrices and even textures. 

Results obtained using the modified Mohs scratch test indicated that there was a trend of 

increasing brick unit compressive strength with increasing Mohs scratch number. The 

Kruskal-Wallis test revealed that each Mohs scratch number statistically represents a 

distinct group of samples and that the modified Mohs scratch test is an adequate 

technique to categorise clay bricks. However, each Mohs scratch number represents a 
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wide brick unit compressive strength range, and therefore it is recommended that this 

testing technique be reserved for cases where destructive testing is not permitted. 

The brick unit Modulus of Rupture strength can be satisfactorily equated to 0.12   , 

which is similar to the 0.10    value recommended in NZSEE (2006). A good linear 

relationship between the brick unit Modulus of Elasticity and the brick unit compressive 

strength was derived using the experimental results, where    is equal to 301   . 
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3 Properties of mortar in New 

Zealand URM buildings 

 

 

 

Mortar is a principal structural component of URM buildings, and therefore the 

mechanical properties of mortar need to be understood in order to study the seismic 

behaviour of this type of building. Similar to that of clay bricks, the mortar compressive 

strength is used in the prediction of masonry compressive strength, which furthermore is 

the basis for estimating masonry Modulus of Elasticity and stress-strain behaviour 

(Kaushik et al. 2007a). However, the determination of compressive strength of in-situ 

mortar has long been known to be difficult. Previous researchers (Cizer et al. 2008; 

Moropoulou et al. 2000; Moropoulou et al. 2005; Papayianni 2006) have focused 

primarily on the chemical and microstructural analyses of mortar, which enabled in-depth 

characterisation of the mineralogical and chemical constituents of the mortar. This focus 

on the chemical and microstructural analyses was due to the difficulty in extracting 

mortar samples of a representative quantity from existing buildings, and thus performing 

compression tests was not justified as knowledge regarding the compression testing of 

mortar samples having non-standard dimensions was lacking (Drdácký et al. 2008; 
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Magalhães and Veiga 2009). Also, mortar samples that are extracted from existing 

buildings are almost always in irregular shapes. 

A number of authors (Drdácký et al. 2008; Magalhães and Veiga 2009; Válek and Veiga 

2005) have investigated different methods for the compression testing of non-standard 

mortar samples and have attempted to interpret the compression test results. Also, 

methods to predict mortar compressive strength in-situ were proposed by previous 

researchers (Rilem 1997a; b; Rocky Mountain Masonry Institute et al. 1999), for potential 

applications in situations when sample extraction is not permitted.  

NZSEE (2006) provides the recommended mortar properties for preliminary assessment 

of URM buildings, as shown in Table 3.1. A field assessment procedure for in-situ mortar 

characterisation that measures the penetration depth of a standard carpenter 3 mm 

diameter nail driven with a standard carpenter hammer for 6 blows is also prescribed in 

NZSEE (2006). However, this characterisation technique is difficult to quantify as the 

nail penetration depth is highly dependent on the force applied by the hammer blow. 

 
Table 3.1: Table of recommended mortar properties 

Mortar 
Grade 

Visual Characteristics   
(MPa) 

    
  

(MPa) 

   

(GPa) 

  

Stiff High Portland cement content, punch 
test < 10 mm 

0.4 0.8 8.0 12 0.11 

Firm Lime based, not weathered, punch test 
< 20 mm 

0.2 0.6 4.0 9 0.07 

Soft Lime binding mildly leached, can be 
raked out, punch test < 30 mm 

0.1 0.4 1.0 7 0.05 

Non 
Cohesive 

Lime based, heavily leached and 
weathered, sand like, easily raked out 
by hand, unbound aggregate 

0.0 0.0 0.0 0.0 0.0 

where   = cohesion;   = friction coefficient;   
  = compressive strength;    = Modulus of Elasticity; 

and   = Poisson’s ratio  

 

It is noted that the mortar in New Zealand heritage URM buildings is likely to be variable 

due to irregularity of the constituent materials and a lack of control during the mortar 

mixing process. Therefore, a study was commenced to seek an improved characterisation 

procedure for New Zealand heritage mortar, to be used by design practitioners to 
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improve the accuracy of their seismic assessments, computer modelling and retrofit 

designs. A non-standard mortar compression test procedure was developed, and an 

alternative in-situ assessment technique to estimate mortar compressive strength was 

investigated. Supplementary tests to estimate the mortar aggregate/binder ratio and to 

predict the presence of cement in the mortar as suggested by previous authors (Biggs and 

Forsberg 2001; Middendorf et al. 2005; Moropoulou et al. 1995; Sabbioni et al. 2001) are 

also discussed. 

 

3.1 Mortar constituent materials 

Mortar is a product of a proportioned mixture of water, sand and a binder (lime and/or 

cement) that is used as the linking material in masonry structures, and therefore mortar 

properties are mostly governed by the characteristics of the binder (McKay 1947; 

Mulligan 1942; Palomo et al. 2004). The superiority of mortars made using a mixture of 

water, sand and lime was already known in approximately 2000 BC (Speweik 1997). 

Ancient Greeks and Romans produced lime mortar by firing limestone, mixing it with 

water and furthermore with sand. The presence of historic buildings and monuments is 

evidence of the efficiency and durability of traditional lime mortars. After the invention 

of Portland cement in the late 19th century, both pure cement and cement-lime mortars 

became more commonly used due to their rapid strength development (Mortar Industry 

Association 2004; Speweik 1997; Tate 2005). 

 

3.1.1 Lime 

3.1.1.1 Lime production and kilning 

Lime is a traditional mortar binder made by firing quarried chalk or limestone at a very 

high temperature (over 850°C). Traditionally, limestone was fired in a flare kiln as shown 

in Figure 3.1, where alternate layers of crushed limestone and fuel were added from the 

top of the kiln and fired from the fireplace. The firing process lasted for several days and 
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fuel was added at intervals until the limestone was completely burnt (McKay 1947; 

Mortar Industry Association 2004; O'Sullivan and Downey 2005).  

  
(a) Side view (b) Front view 

 
Figure 3.1: Traditional flare lime kiln (reproduced from McKay (1947)) 

 
The second type of traditional lime kiln was the draw kiln (see Figure 3.2). This type of 

kiln was similar to the flare kiln, with the main difference being that the arching blocks 

above the fireplace in flare kilns were replaced by a permanent perforated sieve, on top of 

which alternating layers of limestone and fuel were stacked. The burnt limestone passed 

through the sieve upon firing, and more layers of fuel and limestone were added until the 

desired amount of lime was produced (O'Sullivan and Downey 2005).  

 

 
 

Figure 3.2: Traditional draw lime kiln (reproduced from O’Sullivan and Downey (2005)) 

Fuel 
layer 

Limestone layer 

Fireplace 

Opening for 
unloading 

Arch 
blocks 

Perforated sieve 
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Another type of traditional lime kiln was the Hoffmann continuous kiln, which was 

similar to that used to fire clay bricks (McKay 1947). The Hoffmann kiln was the least 

labour intensive whilst being the most efficient in comparison to flare and draw kilns 

(O'Sullivan and Downey 2005). Although a proportion of New Zealand’s heritage clay 

bricks were made using the Hoffmann continuous kiln (see section 2.2), it was thought 

that traditional pot-shaped lime kilns (see example in Figure 3.3) were instead more 

commonly used in New Zealand to produce lime. The Kakahu lime kiln shown in Figure 

3.3 was a top loader kiln, where lime and fuel were added from the top of the kiln using a 

ramp on the inclined hillside, which therefore suggests that this kiln was either a flare or a 

draw kiln (New Zealand Heritage Places Trust 2010).   

 

 
 

Figure 3.3: 1880s Kakahu lime kiln (reproduced from New Zealand Heritage Places Trust (2010)) 

 

3.1.1.2 Types of lime  

There are two different types of lime that are commonly used for making mortar: non-

hydraulic and hydraulic limes. Non-hydraulic lime is produced by firstly firing limestone 

or other calcium carbonate rich materials at a high temperature to obtain calcium oxide 

(referred to as quicklime) (McKay 1947; Mortar Industry Association 2004; Mulligan 

1942). Quicklime can then be processed into two different types of product: lime putty 

and hydrated lime.  

Quicklime is slaked by adding water to the lime in a pit, and the mix is left for several 

days or weeks to form lime putty. The production process of hydrated lime is similar to 
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that of lime putty, but to produce hydrated lime, the amount of water added needs to be 

controlled so that it is just enough to accommodate chemical processes required for 

producing hydrated lime, but is insufficient to produce putty (McKay 1947; Mulligan 

1942). Hydrated lime often comes as a pre-bagged lime powder. Non-hydraulic lime is 

also referred to as air hardening lime, where the lime hardens as a result of a reaction 

with atmospheric carbon dioxide (Palomo et al. 2004). 

Hydraulic lime is produced by firing impure limestone that is rich in clay. The role of clay 

in the limestone is to provide lime with hydraulic properties, and therefore the resulting 

lime has the ability to harden under water (Collepardi 1990; Sabbioni et al. 2001). The 

main difference between non-hydraulic lime and hydraulic lime is in the way in which the 

lime reacts with water in the production process. In the production of non-hydraulic 

lime, water is only used to facilitate the mixing process and does not interfere with the 

chemical reactions, whilst water influences the chemical reactions during the production 

of hydraulic mortar (Palomo et al. 2004).  

 

3.1.2 Sand 

Sand is a visible rock particle that is too small to be regarded as a stone or a pebble. The 

sand used in the mortar production process needs to be well graded, and the cleanliness 

of the sand also has to be monitored as the presence of impurities and organic matter 

inhibits the bond development between sand and lime, which furthermore reduces the 

mechanical strength of the final mortar mix. Sand is commonly obtained from quarries, 

river beds and beaches. Sands originating from these sources are suitable for the mortar 

production process because they are well graded and cleaned before being used (McKay 

1947).   
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3.1.3 Cement 

Cement is made from a mixture of limestone and clay or shale, with lime, silica and 

alumina as its main constituents. The type of cement that is commonly used by 

bricklayers is Portland cement (McKay 1947). The process of cement production can be 

described as follows:  

 Chalk or limestone is quarried and moved to the manufacturing plant to be crushed 

into particles having a maximum diameter of 20 mm.  

 Clay or shale is excavated, mixed with the crushed chalk and ground in a mill to 

produce a chalk-clay slurry, which is then sieved before being fed into a rotary kiln. 

 The chalk-clay slurry is subjected to a gradually increasing level of heat as it enters the 

kiln, and therefore it is dried, heated and finally is burnt as it reaches the end of the 

kiln, forming a hard clinker.  

 The clinker is ground in a dry grinding mill to produce a grey coloured fine powder 

and then sieved. The final product is referred to as cement powder (McKay 1947). 

 

3.2 Types of mortar 

3.2.1 Lime mortar 

An ordinary lime mortar is made from a mixture of sand, water and quicklime, either in 

the form of hydraulic lime or non-hydraulic lime. Lime and sand are firstly mixed 

thoroughly on a platform or in a container to avoid contact with impurities. When lime 

putty is used, the lime putty is sieved prior to mixing with sand. Water is added during 

the mixing process and the consistency of the mix is monitored to ensure that it is neither 

too plastic nor too stiff (McKay 1947; Mortar Industry Association 2004; Mulligan 1942). 

The main difference between hydraulic lime mortar and non-hydraulic lime mortar lies in 

the hardening process, which is attributed to the properties of lime as discussed in 

Section 3.1.1. The main properties of lime mortar are as following (Mortar Industry 

Association 2004; Palomo et al. 2004): 
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 It has a low mechanical strength and high deformation capacity, and therefore it 

allows for small movements within a structure 

 It has a high workability and an autogeneous healing ability, which is the ability to 

automatically repair micro cracks in the mortar joints. 

 

Hydraulic lime mortar is generally less permeable than non-hydraulic lime mortar, and 

therefore hydraulic lime mortar provides better thermal insulation and protection against 

water penetration. However, hydraulic lime mortar commonly has a higher compressive 

strength and lower deformation capacity than non-hydraulic lime mortar, resulting in 

little allowance for internal movements (Hanley and Pavía 2008; Mortar Industry 

Association 2004; Mulligan 1942; Tate 2005). 

 

3.2.2 Cement mortar 

Cement mortar became popular following the invention of Portland cement in the 19th 

century. Cement mortar is made by initially dry mixing Portland cement and sand. Water 

is added once the cement and sand are thoroughly mixed, and the mixing process is 

continued until the mortar has the desired workability. Cement mortar sets quickly and is 

known to have a high mechanical strength and low level of porosity (McKay 1947; 

Mulligan 1942; Palomo et al. 2004). Although cement mortar is arguably stronger than 

lime mortar, URM buildings that were constructed using an excessively strong mortar 

often experienced undesired cracking within the brick units. On occasions, when strong 

winds or ground movements occur, a strong mortar tends to prevent structural 

movements until major cracks are formed. These structural movements are better 

accommodated by the lime mortar, which has a higher deformation capacity than cement 

mortar (Mortar Industry Association 2004; Tate 2005).  
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3.2.3 Cement – lime mortar 

This type of mortar is made from a proportioned mixture of lime, Portland cement, sand 

and water. Due to the fast hardening property of Portland cement, lime and sand are first 

mixed, and the cement is added to the mix shortly before the mortar is used. Cement-

lime mortar has the merits of both pure cement mortars and lime mortars, where it has 

the workability, deformation capacity and autogeneous healing ability of a lime mortar 

whilst also having the bond quality and compressive strength of a cement mortar. These 

properties can be varied by altering the cement:lime proportion (McKay 1947; Tate 

2005). ASTM C 270 - 08a (2008a) presented the categorisation of cement-lime mortars 

into five different groups according to their mix proportions by volume, as shown in 

Table 3.2. 

 
Table 3.2: Five letter mortar classification and the recommended compressive strength (reproduced 

from ASTM C 270 - 08a (2008a)) 

Mortar 
Type 

Proportion by volume Binder:Aggregate Recommended 28 days 
compressive strength (MPa) Cement Lime Sand Ratio 

M 4 1 15 1:3 17.2 

S 2 1 9 1:3 12.4 

N 1 1 6 1:3 5.2 

O 1 2 9 1:3 2.4 

K 1 3 12 1:3 0.5 

 
 
 

3.2.4 Lime – pozzolan mortar 

Lime-pozzolan mortar is essentially a lime mortar that also contains pozzolanic materials. 

The reaction between pozzolanic materials and lime enhances the mechanical strength of 

the mortar, and therefore lime-pozzolan mortar generally has a higher mechanical 

strength than an ordinary lime mortar. However, lime-pozzolan mortar has a higher level 

of porosity, and consequently a lower compressive strength than cement based mortars. 

Lime-pozzolan mortar also has similar deformation characteristics to lime mortar, and 

therefore lime-pozzolan mortar can accommodate small movements within a structure 
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(Martinez-Ramirez and Thompson 1999; Palomo et al. 2004; Papayianni and Stefanidou 

2006).  

 

3.3 Factors affecting mortar condition 

The condition of mortar is determined by complex mechanisms which are affected by 

factors such as the original material constituents and climatic variations. Therefore, 

quantification of the mortar condition is difficult, particularly for old heritage buildings 

which have been subjected to many years of seasonal variations such as snow, rain, wind 

and pollution (Moriconi et al. 1994). However, factors that cause the degradation of 

mortar can be addressed, and it is agreed by several authors (Collepardi 1990; Moriconi et 

al. 1994) that water in any form plays an important part in the alteration process of 

mortar. Water is involved in all chemical reactions within mortar, and water has the 

ability to transport one mortar compound towards another, which indirectly initiates 

chemical reactions between the two components (Collepardi 1990). The types of mortar 

degradation that are directly or indirectly initiated by water are described below. 

 

3.3.1 Freeze-thaw cycles 

One of the causes of mortar degradation is freeze-thaw cycles. Water, either in the form 

of liquid or vapour, penetrates mortar through its pore structure. The volume of water in 

the mortar pore structure increases upon freezing. This increase in volume generates 

pressure and consequently can cause damage in the mortar pore structure if no space for 

expansion is available. In addition, freezing of water in the mortar pore structure may 

occur frequently, and therefore can possibly lead to a fatigue effect that weakens the 

mortar after a number of cycles. Mortars having a high level of porosity, such as lime 

mortars, are more prone to freeze-thaw cycles when compared to cement rich mortars 

(Palomo et al. 2004; Smits et al. 2008). 
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3.3.2 Water leaching 

Water penetrates through the mortar pore structure and dissolves calcium-rich hydrated 

phases in mortar. The main constituents of most mortars are prone to dissolution when 

in contact with water. This dissolution of mortar constituents leads to an increase in the 

level of porosity and permeability, which consequently decreases the mortar mechanical 

strength. This increase in the level of porosity and permeability furthermore makes 

mortar more vulnerable to chemical attacks (Palomo et al. 2004). 

 

3.3.3 Salt crystallisation 

Ions from materials such as altered rock, brick and mortar are extracted by water as it 

travels, and due to the porous nature of mortar, water penetrates the mortar pore 

structure while carrying the ions and circulates as a diluted solution. When water 

evaporates, the solids in the diluted solution are deposited and crystallise in the pores of 

the mortar. The vulnerability of mortar against salt crystallisation mostly depends on the 

mortar level of porosity and permeability. Lime mortars in particular are porous and 

permeable, and therefore lime mortars can contain a large volume of salts and 

consequently facilitate water evaporation. Therefore, these porous and permeable 

mortars are more vulnerable to deterioration due to salt crystallisation in comparison to 

cement rich mortars (Palomo et al. 2004).  

High pressure is generated during the salt crystallisation process due to crystal growth 

and hydration. The mortar’s resistance to this pressure depends significantly on its 

mechanical strength, where mortars with high mechanical strength are less prone to 

crystallisation pressure. The mortar pore structure also needs to be considered as the 

magnitude of the crystallisation pressure is inversely related to the mortar pore size, 

where mortar with a high concentration of small pores is subjected to a more significant 

crystallisation pressure in comparison to that with a high concentration of large pores 

(Palomo et al. 2004). 
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3.3.4 Chemical interactions 

Sulphate attack is a mortar-deteriorating phenomenon that occurs due to contact 

between mortar, pollutants (including atmospheric sulphate (SO2)) and water. The main 

products of sulphate attack that cause mortar deterioration are ettringite and thaumasite, 

which are commonly studied in the chemistry of Portland cement (Collepardi 1990; 

Ludwig and Mehr 1986; Palomo et al. 2004). However, it was revealed that ettringite and 

thaumasite were occasionally formed in buildings that were constructed before Portland 

cement was invented (Collepardi 1990). 

Firstly, the mortar binder reacts with SO2 to produce gypsum, which is mostly formed at 

the mortar surface due to the reaction between sulphur in the atmosphere and carbonates 

in the mortar binder that are exposed to the polluted environment. The produced 

gypsum is then dissolved by rain and transported into the mortar pores, which 

furthermore accomodates a reaction between gypsum and calcium aluminate hydrates in 

the mortar binder to form ettringite. Although the formation of ettringite causes a 

volume increase, this formation occurs at early stages of the hydration process when the 

mortar has not yet hardened, and therefore the mortar structure is not damaged. 

However, the existence of additional free sulphates can accommodate further reactions 

with calcium aluminate hydrates and lead to the formation of new ettringite. This 

formation of new ettringite causes a high volume expansion that can result in severe 

damage to the mortar pore structure (Palomo et al. 2004; Sabbioni et al. 2001). 

Both ettringite and thaumasite are often present in mortars, although the formation of 

thaumasite generally takes place after ettringite formation. The mechanisms in the 

formation of thaumasite are similar to those of ettringite, except that the formation of 

thaumasite requires the presence of calcium carbonate and calcium silicate hydrates, 

instead of calcium aluminate which is needed to form ettringite (Collepardi 1990).  

With the existence of pollutants that often contain SO2, the compounds required for the 

formation of ettringite and thaumasite are present in cement mortar, hydraulic lime 

mortar and lime pozzolan mortar. However, the formation of gypsum, ettringite and 

thaumasite depends highly on other factors such as the original mortar constituents and 
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environmental variations. This dependence has been emphasised in previous studies 

(Moriconi et al. 1994; Sabbioni et al. 2001) which have shown that no general conclusion 

on mortar deterioration mechanisms can be made. 

 

3.3.5 Bio deterioration 

Another type of mortar deterioration is caused by the growth of living organisms in the 

mortar surface or pore structure, which is also referred to as biological colonisation 

(Ariño and Saiz-Jimenez 1996; Palomo et al. 2004). Living organisms that have been 

frequently encountered are cyanobacteria, algae and lichens. The growth of each type of 

living organism depends largely upon the environmental variations, including exposure to 

sun and the moisture level (Ariño and Saiz-Jimenez 1996). 

The porous nature of mortar accommodates water retention, and furthermore promotes 

the growth of cyanobacteria and algae, which contribute to the formation of small 

cavities in the surface and the interior of the mortar as calcium carbonates are dissolved 

(Ariño and Saiz-Jimenez 1996; Palomo et al. 2004). The respiration and photosynthesis of 

these living organisms affect the carbon dioxide pressure, and therefore influence the 

dissolution rate of calcium carbonate and contribute to alteration of the mortar’s internal 

structure (Ariño and Saiz-Jimenez 1996). In addition, cyanobacteria and algae 

accommodate the penetration of organic matter into the mortar, favouring the growth of 

bacteria and fungi that may negatively affect the mortar mechanical properties (Ariño and 

Saiz-Jimenez 1996; Palomo et al. 2004). Lichens cause intense pitting on the mortar 

surface due to growth of their reproductive bodies, which frequently are embedded in the 

mortar substratum (Ariño and Saiz-Jimenez 1996). 
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3.4 Review of techniques for assessing in-situ 

mortar properties 

3.4.1 Destructive tests 

The widely known standardised test for the evaluation of mortar compressive strength is 

detailed in ASTM C 109 - 08 (ASTM 2008c). However, this provision involves the testing 

of 50 mm cube mortar samples (see Figure 3.4), which generally are not attainable in 

existing buildings as most mortar joints are only 12 to 18 mm thick.  

 

  
 

(a) Mortar cubes 
 

(b) Mortar cube compression test 

 
Figure 3.4: Determination of mortar properties 

 
Válek and Veiga (2005) attempted to address the influence that sample irregularity has on 

the mortar compressive strength by performing compression tests of irregularly-shaped 

lime mortar samples that were extracted from historic structures. The top and bottom of 

these irregular field extracted samples were cut prior to compression testing to produce 

flat and parallel loading surfaces. The irregular field extracted sample test results were 

compared to the test results of the laboratory manufactured samples, which were 

produced having both standard and irregular dimensions. It was then concluded that the 

testing of irregular mortar samples only provided indicative results, and that further study 

needed to be carried out to investigate the influence of specimen size on the measured 

mortar compressive strength, before the test results could be better interpreted (Válek 

and Veiga 2005). 
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Instead of cutting the top and bottom surfaces of the irregular mortar samples, 

Magalhães and Veiga (2009) used cement based confinement mortar to cap the top and 

bottom surfaces of the irregular samples (see Figure 3.5), thus enabling the distribution of 

load over the irregular mortar area. The influence that the confinement mortar has on the 

test results was further investigated by testing laboratory manufactured samples having 

both irregular and standard dimensions. It was found that the confinement method 

produced mortar samples that were approximately 20% stronger than the standard sized 

samples. 

 

 
 

Figure 3.5: Compression testing of irregular samples with confinement mortar (reproduced from 

Magalhães and Veiga (2009)) 

 
Drdácký et al. (2008) investigated the influence that sample slenderness ratio has on the 

mortar compressive strength by performing compression tests of mortar samples having 

three different mix proportions, three varying square-shaped footprint dimensions and 

eight varying heights. In addition, 12 mm high mortar cylinders with a 60 mm diameter 

were included in the testing programme. It was found that there was an exponential 

relationship between the mortar compressive strength and the sample height to thickness 

(h/t) ratio for all square-shaped footprint dimensions and all mortar mix proportions 

investigated. Figure 3.6 shows the mortar compressive strength-h/t ratio relationships for 

lime mortar having different square-shaped footprint dimensions (Drdácký et al. 2008). 

 

Irregular 
sample 

Confinement 
mortar 
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Figure 3.6: Mortar compressive strength-h/t ratio for lime mortar (reproduced from Drdácký et 

al.(2008)) 

 

3.4.2 Finite element modelling of mortar 

Drdácký et al. (2008) performed a two dimensional finite element analysis to simulate the 

behaviour of mortar when subject to laboratory compression testing. The top and 

bottom boundary conditions of the finite element model were restrained in the 

horizontal direction, and the bottom boundary condition was fixed vertically whilst 

compression loading was performed by displacing the top boundary condition 

downwards. Strain softening material behaviour was not specified, and thus the model 

was used to predict the compressive strength of the experimental samples. The size of 

the elements in the finite element mesh was kept constant for the different sample 

dimensions in order to maintain consistency in the numerical simulations.  

Drdácký et al. (2008) calibrated the material input parameters (such as Modulus of 

Elasticity (  ), cohesion ( ) and angle of friction ( )) so that the mortar finite element 

models had similar stress-strain behaviour to cube-shaped experimental samples. It was 

also found that the finite element models were insensitive to a change in the angle of 

dilatancy ( ) and Poisson’s ratio ( ). Figure 3.7 illustrates the vertical compression stress 

distribution of finite element models having high and low slenderness ratios.  

 



Chapter 3: Properties of mortar in New Zealand URM buildings 

 

3-80 

 

 

 

 

 

 
(a) Thickness = 40 mm 

 
(b) Thickness = 14 mm 

 
Figure 3.7: Side view of comparison between stress distribution of 40 mm × 40 mm footprint 

mortars having high and low slenderness ratio (reproduced from Drdácký et al.(2008)) 

 
Figure 3.7 shows that the failure mechanism of the two models was different, where the 

failure lines were more clearly defined for the high slenderness ratio model in comparison 

to those for the low slenderness ratio model. This difference in failure mechanism 

resulted in variation of the measured compressive strength of these two models (Drdácký 

et al. 2008). Figure 3.8 illustrates the results from the numerical simulations performed by 

Drdácký et al. (2008) to investigate the mortar compressive strength-slenderness ratio 

relationships. The numerical simulations were able to capture the influence that sample 

slenderness ratio had on the mortar compressive strength, where it was shown that the 

numerical models generally predicted the experimental results with sufficient accuracy, 

especially when the sample slenderness ratio was ≥ 0.4. Drdácký et al. (2008) also 

described that the influence of footprint dimensions on the mortar compressive strength 

was less significant than the influence of sample slenderness ratio on the mortar 

compressive strength. 
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(a) 20 mm × 20 mm footprint mortar 

 

 
 

(b) 40 mm × 40 mm footprint mortar 
 

 
Figure 3.8: Comparison between numerical simulations and experimental mortar compressive 

strengths (reproduced from Drdácký et al.(2008)) 

 

3.4.3 Non-destructive tests 

3.4.3.1 Pendulum hammer test 

The pendulum hammer test is performed using a special type of hammer (referred to as 

Schmidt Pointing Hardness tester PM, see Figure 3.9) following Rilem TC 127-MS.D.7 

(Rilem 1997a). The working mechanism of this type of hammer is principally similar to 

that of an ordinary Schmidt hammer, as described in section 2.4. The pendulum hammer 

test is usually used to measure the overall quality of mortar. Previous researchers (Rocky 

Mountain Masonry Institute et al. 1999) attempted to relate the pendulum hammer test 

results with the compressive strength of different types of mortar, and found that the 

hammer test results increased with increasing mortar compressive strength. 

(c) 60 mm × 60 mm footprint mortar 
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Figure 3.9: Pendulum hammer test (reproduced from Rilem TC 127-MS.D.7 (Rilem 1997a)) 

 

3.4.3.2 Pull-out test 

The pull-out test measures the load required to pull a 6 mm diameter helical tie out of a 

mortar joint (see Figure 3.10) as described in Rilem TC 127-MS.D.9 (Rilem 1997b). This 

test is usually used to assess the general quality, variation and the strength increase over 

time of mortar. The mortar joint tested shall be not less than 8 mm thick, and the test is 

limited by the tensile yield strength of the helical tie.  

 

  

Figure 3.10: Schematic diagram of pull out test (reproduced from Rilem TC 127-MS.D.9 (Rilem 

1997b)) 
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3.4.3.3 Mohs scratch test 

As described in section 2.4, the Mohs scratch test is used to estimate material properties 

based on the material’s resistance to abrasion. This scratch test is associated with the 

Mohs hardness scale, which is represented by a mineral with a distinct hardness (see 

Table 2.2). Mohs numbers of 1 to 10 are used to rank the hardness of the different 

minerals, and the scratch index assigned to the tested sample is equal to the Mohs 

number of the mineral that scratches it (Tabor 1956). 

 

3.4.4 Supplementary tests 

3.4.4.1 Acid digestion test 

The acid digestion test is a technique that is used to estimate the mortar aggregate to 

binder (A/B) ratio (Biggs and Forsberg 2001; Middendorf et al. 2005). Knowledge on the 

mortar aggregate to binder ratio is useful for restoration projects, where close replication 

of the original mortar of a building is often required. Biggs and Forsberg (2001) 

conducted the acid digestion test, which was a simplified version of that prescribed in 

ASTM C 1324 – 10 (2010b), to separate the binder and aggregate contained in a mortar 

sample. The mortar was first ground into a powder, and a diluted hydrochloric acid 

(HCL) solution having water:HCL ratio = 3:1 was used as a digestive agent. The ground 

mortar was weighed to obtain the aggregate + binder weight, placed in a beaker and 

mixed with the diluted HCL solution. The mixture of ground mortar and diluted HCL 

solution created a fizz, and the fizzing stopped as the mortar binder was dissolved. Only 

the aggregate was left on the beaker after the liquid was drained, and the aggregate weight 

was measured after the aggregate was completely dried (Biggs and Forsberg 2001). 

However, the acid digestion test shall not be performed when the mortar aggregate 

consists of calcareous sand, as the calcareous sand will also be digested by the diluted 

HCL solution, resulting in an inaccurate estimation of the mortar A/B ratio (Biggs and 

Forsberg 2001; Middendorf et al. 2005). Figure 3.11 illustrates the acid digestion test 

performed by Biggs and Forsberg (2001). 
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Figure 3.11: Acid digestion test setup (reproduced from Biggs and Forsberg (2001)) 

 
An acid digestion test procedure similar to that adopted by Biggs and Forsberg (2001) 

was prescribed in Rilem TC 167-COM (Middendorf et al. 2005), except that Rilem TC 

167-COM recommended a water:HCL ratio of 15:1 as opposed to a water:HCL ratio of 

3:1 as used by Biggs and Forsberg. Rilem TC 167-COM (Middendorf et al. 2005) also 

recommended that 10 grams of ground mortar sample shall be prepared for the acid 

digestion test. 

 

3.4.4.2 Powder X-ray diffraction analysis 

The powder X-ray diffraction (XRD) analysis is a testing technique used to identify the 

mineralogical constituents of mortar. However, due to variability in the constituent 

materials of heritage mortars, previous researchers (Coroado et al. 2010; Marques et al. 

2006; Moriconi et al. 1994; Moropoulou et al. 1995; Pérez et al. 1983; Riccardi et al. 1998; 

Sabbioni et al. 2001) encountered different powder XRD analysis results.  

Arandigoyen and Alvarez (2007) and Pérez et al. (1983) observed that dicalcium silicate 

(C2S), tricalcium silicate (C3S), and calcium aluminate ferrite (C4AF) were commonly 

present in cement, whilst several authors (Marques et al. 2006; Moriconi et al. 1994; 

Puertas et al. 2006; Sabbioni et al. 2001) identified that tricalcium aluminate (C3A), C2S, 

C3S and C4AF were the phases that were commonly present in cement-consisting mortar 
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or pure cement mortar. However, it is noted that some of these phases were also present 

in lime (Lanas et al. 2004; Mertens et al. 2007), and therefore, whilst considering the 

semi-quantitative nature of the powder XRD analysis, the powder XRD analysis results 

have to be analysed carefully in conjunction with the compression test results and should 

only be used as an indication. Sabbioni et al. (2001) performed XRD analysis on heritage 

mortar samples and found that other phases that were commonly present in heritage 

mortar were calcite, quartz, plaglioclase, feldspar and gypsum. Leucite, analcite, nepheline 

and pyroxenes such as diopside and augite were also found in mortars extracted from 

existing buildings when natural pozzolanic aggregates were used (Sabbioni et al. 2001). 

Moropoulou et al. (1995) also reported that typical heritage lime mortars were mainly 

composed of calcite and quartz.     

  

3.5 Testing programme 

An experimental programme was undertaken to determine the compressive strength of 

mortar samples extracted from existing New Zealand URM buildings and to identify a 

suitable non-destructive assessment technique to predict the mortar compressive strength 

in-situ. The influence that sample dimensions have on the mortar compressive strength 

was investigated using experimental testing of laboratory constructed mortar samples, 

and finite element modelling as discussed in Chapter 4. The experimental programme 

was divided into two stages, and the buildings from which the field extracted mortar 

samples were sourced are described in Appendix B. 

 

3.5.1 Stage 1 of testing programme 

The Mohs hardness test and the irregular mortar compression test were performed on 

365 irregular mortar samples that originated from 60 existing New Zealand URM 

buildings. Similar to that performed by Válek and Veiga (2005), the irregular mortar 

samples were cut using a diamond tipped circular to form parallel top and bottom 
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loading surfaces. These samples were furthermore trimmed to form approximately 

rectangular test pieces as shown in Figure 3.12. The cutting process was controlled to 

minimise disturbance to the mortar samples, which were then capped using gypsum 

plaster to ensure a flat loading surface.  

In their experiments on concrete samples having different dimensions, Hughes and 

Bahramian (1965) observed that the measured concrete compressive strength varied 

according to the sample h/t ratio, where the measured concrete compressive strength 

increased with decreasing h/t ratio. Hughes and Bahramian (1965) then found that the 

addition of a low friction coefficient material between the sample and the loading platen 

could help reduce the influence of specimen dimensions on the measured concrete 

compressive strength, as confinement effects and friction at the top and bottom of the 

specimen were minimised.  

The gypsum capping of irregular mortar samples not only ensured a flat loading surface, 

but also ensured uniformity in the test setup, where all irregular mortar samples were 

tested using a consistent testing arrangement and boundary conditions. Although 

confinement effects and friction were not completely eliminated by the gypsum capping, 

consistency in the testing arrangement and boundary conditions minimised the influence 

of variation in the mortar constituents and sample dimensions.     

 

   
 

(a) Irregular mortar samples in 
original state 

 
(b) Cutting mortar using 

circular saw 

 
(c) Irregular mortar samples 

after cutting 
 

Figure 3.12: Preparation of irregular mortar samples 
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Prior to compression testing, the rectangular test pieces were subjected to the Mohs 

scratch test, which was preferred to the pendulum hammer test and the pull-out test as 

the Mohs scratch test was already chosen an alternative assessment technique for brick 

units (see Chapter 2). Also, the pendulum hammer test and the pull-out test require 

specific tools that are not commonly available among practitioners, and therefore these 

techniques were considered to be not ideal.  

Similar to that conducted for clay bricks, the Mohs scratch test was modified to suit use 

on heritage mortars (referred to here as the “modified Mohs scratch test”, refer to section 

2.5.2). The mortar surface was cleaned and levelled using a 400 grit sandpaper prior to 

performing the scratch test. The scratch test procedure is shown in Figure 2.35. 

 

 
 

Figure 3.13: Modified Mohs scratch test procedure 

 
Table 2.4 shows the number of mortar samples that were scratched using both the actual 

Mohs minerals and the equivalent materials. Most field extracted mortar samples were 

found to have equivalent hardness values corresponding to being scratched by gypsum, 

which corresponded to being scratched by a fingernail. However, extremely weak mortars 

could be easily scratched using a fingernail, where the mortar was scraped (heavily raked) 

and the particles became loose as the fingernail was drawn along the sample. When this 

scraping of mortar occurred, a Mohs number of 1.5 was assigned. A Mohs number of 2 

was assigned when a fingernail left an indented scratch mark on the mortar joint while 

the mortar was not heavily raked.  It was found that the strongest mortars incorporated 

in the experimental programme were scratched using calcite or an aluminium pick. 
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Table 3.3: Comparison between the number of mortar samples scratched using the Mohs minerals 

and using the equivalent materials 

Mohs 
Number 

Mineral No. of mortar 
samples scratched 

Equivalent 
Materials 

No. of mortar 
samples scratched 

1 Talc - Baby powder - 

1.5 Gypsum 315 Fingernail (easy) 223 

2 Fingernail 92 

2.5 Calcite 50 Aluminium Pick 42 

3   Copper coin 8 

 

 
Following the scratch tests, the mortar samples were tested in compression using a 

100 kN Instron machine. It is noted that these mortar samples were in irregular shapes, 

having various height to thickness (h/t) ratio and thickness to length (t/l) ratio. Drdácký 

et al. (2008) described that the influence of sample dimensions on the mortar 

compressive strength was apparent, and therefore the compression test results required 

normalisation with respect to a sample having an h/t ratio and a t/l ratio of 1.0. Chapter 4 

describes the development of compressive strength correction factors to normalise 

mortar samples having a height to thickness (h/t) ratio and a thickness to length (t/l) ratio 

other than 1.0. Thus, all mortar samples included in the experimental programme were 

normalised using the mortar compressive strength normalisation technique described in 

section 4.3. Figure 3.14 shows the compression testing of irregular mortar samples. 

 

  
 

(a) Plastering of field extracted mortar 
 

(b) Field extracted mortar compression test 
 

Figure 3.14: Irregular mortar samples prepared for compression testing 
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3.5.2 Stage 2 of testing programme 

Mortar samples from each group were disaggregated using a hammer, and then crushed 

into a fine powder using a grinding mill, as shown in Figure 3.15. The powder samples 

were used for 2 different tests: the acid digestion test and the powder X-ray diffraction 

analysis. 

 

 

 
 
 

 

 
(a) Disaggregation of mortar 

 

 
 

(b) Placement of disaggregated mortar in 
the grinding pan 

 
Figure 3.15: Preparation of fine mortar powder 

  

3.5.2.1 Acid digestion test 

18 field extracted and 11 laboratory constructed mortar sample groups were subjected to 

the acid digestion test. The acid digestion test was performed following the procedure 

prescribed in Rilem TC 167-COM (Middendorf et al. 2005), and 10 grams of powder 

from each sample group was used for the acid digestion test. It is noted that the acid 

(c) Crushing of specimen using a 
grinding mill 
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digestion test shall not be performed when the mortar aggregate consists of calcareous 

sand (refer to section 3.4.4.1). The sand used for the mixing of heritage mortars was likely 

to have originated from quarries, river beds or beaches near the construction area. 

Knowing that the presence of limestone is one indicator of the presence of calcareous 

sand, a geological map of New Zealand (shown in Figure 3.16) was used to study the 

locations of limestone in New Zealand, and therefore the presence of calcareous sand in 

the mortar could be predicted (GNS Science 2011a; b; White 2003). The cities where the 

extraction of mortar samples was performed are summarised in Table 3.4, showing the 

types of rocks present in those regions. 

 
Table 3.4: Locations of sample extraction, showing the type of rocks present 

City Region Type of rock 

Auckland Auckland sediment and volcanic 

Te Awamutu Waikato sediment, volcanic and volcaniclastic 

Gisborne Hawke’s Bay sediment 

Wellington Wellington greywacke 

Christchurch Canterbury sediment and volcanic 

 
 
 
Figure 3.16 and Table 3.4 show that limestone is not present in the cities where the 

extraction of mortar samples was performed, as the types of rocks present in those 

regions were mostly sediment, volcanic, volcaniclastic and greywacke. This finding 

suggests that the aggregates used for the mixing of field extracted mortar samples 

included in this experimental programme were likely to be non-calcareous. It was then 

assumed that performing the acid digestion test on these field extracted mortar samples 

was appropriate. 
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Figure 3.16:Geological map of New Zealand (reproduced from GNS Science (2011b)) 

 
Table 3.5 shows the 11 different mortar grades constructed in the laboratory using 

ordinary Portland cement, hydrated lime and river sand. Most of these mortar mixes were 

selected following the recommendations provided in NZSEE (2006) and ASTM C 270 - 

08a (2008a), except for mortar grades d, f, j and k, which were chosen in order to vary the 

mortar binder:aggregate ratio. These mortar samples were left to cure for at least 28 days 
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at room temperature (20 ± 5º C) before being ground into powder and subjected to the 

acid digestion test. The incorporation of these laboratory constructed samples was 

intended for calibrating the accuracy of the acid digestion test, and to observe if the acid 

digestion test was capable of identifying variation in the mortar binder:aggregate ratio. 

Figure 3.17 shows the acid digestion test procedure. It is noted that separation between 

the liquid and the aggregate after the acid digestion test was achieved using a centrifuge 

which rotated at 4000 rounds per minute (see Figure 3.17(c) and (d)). 

 
Table 3.5: Laboratory constructed mortar mixes used for the acid digestion test 

Grade Cement:Lime:Sand 
volumetric proportion 

Binder:Aggregate 
ratio 

Equivalent qualification 

a 0:1:3 1:3 NZSEE ‘firm’ 

b 1:3:12 1:3 ASTM ‘K’ 

c 1:2:9 1:3 ASTM ‘O’ 

d 1:1:9 2:9 - 

e 1:1:6 1:3 ASTM ‘N’ 

f 1:1:3 2:3 - 

g 2:1:9 1:3 ASTM ‘S’ 

h 4:1:12 5:12 NZSEE ‘stiff’ 

i 4:1:15 1:3 ASTM ‘M’ 

j 1:0:3 1:3 - 

k 1:0:1 1:1 - 

  

  
 

(a) Mortar powder, HCL and water 
 

(b) Acid digestion test, showing the occurrence 
of fizzing 

 
Figure 3.17: Acid digestion test procedure 

10 g powder 

30 ml HCL 

200 ml water 
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(c) Placement of liquid + aggregate in centrifuge 
tubes 

 

 
(d) Placement of centrifuge tubes in the 

centrifuge machine 

 
 

(e) Separated aggregate after drying 
 

Figure 3.17: Acid digestion test procedure (continued) 

 

3.5.2.2 Powder X-ray diffraction analysis 

22 field extracted mortar sample groups were subjected to the powder X-ray diffraction 

analysis technique. It is noted that for this research, the focus was to use the powder 

XRD analysis to aid the identification of the binder constituents, such as to identify the 

presence of cement in the mortar extracted from existing buildings. Therefore, 

knowledge of the constituents present within cement was considered to be important. 

The powder X-ray diffraction analysis was performed to predict the presence of cement 

in the mortar mix, by considering the presence of mineral phases described in section 

3.4.4.2 as well as the average mortar compressive strength. The fine powder from mortar 

sample was placed on a disc and fed into the XRD machine (Rigaku D/max-2500) with 

Cu Kα radiation at a scanning speed of 2° 2θ increment per minute. The powder X-ray 
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diffraction analysis procedure is shown in section 2.5.1.4. It is also noted that the powder 

X-ray diffraction analysis was used only as an indicative measure due to its semi-

quantitative nature.  

 

3.6 Test results and discussion 

3.6.1 Stage 1 test results 

The irregular mortar compression and modified Mohs scratch test results are presented 

in Table 3.6. The irregular mortar compression test results are the measured irregular 

mortar compressive strengths (   
 ). The measured irregular mortar compressive strengths 

were adjusted following Equation (4.3) and Equation (4.4) to normalise the compressive 

strengths of mortar samples having irregular dimensions to the compressive strength of a 

mortar sample having an h/t ratio and a t/l ratio of 1.0. These adjusted compressive 

strengths are referred to as the normalised mortar compressive strengths (   
 ). 

 
Table 3.6: Irregular and normalised mortar compressive strengths 

Mortar 
Group 

No. of 
samples 

Avg    
  

(MPa) 

CoV 
   

  
Avg    

  

(MPa) 

CoV 
   

  
MH CoV 

MH 

AH 7 1.47 0.17 1.23 0.17 1.5 - 

BC 6 6.84 0.12 4.54 0.13 2.17 0.12 

HC 16 9.32 0.15 8.58 0.14 2.47 0.05 

RB 11 8.32 0.24 6.65 0.19 2.41 0.08 

TA 8 8.28 0.19 5.92 0.17 2.13 0.11 

CFK 14 6.65 0.24 4.14 0.19 2.07 0.09 

D 16 3.04 0.20 2.62 0.19 2.0 - 

AL 8 6.56 0.19 5.53 0.18 1.94 0.22 

AUST 16 1.66 0.26 1.21 0.22 1.5 - 

AUW 8 1.08 0.24 0.74 0.19 1.5 - 

MR 6 1.82 0.17 1.62 0.12 1.5 - 

C1 3 3.26 0.15 2.62 0.17 1.63 0.15 

C2 4 1.50 0.31 1.01 0.15 1.5 - 

C3 6 0.90 0.24 0.66 0.23 1.5 - 

C4 5 2.07 0.27 1.08 0.22 1.5 - 

C5 4 0.75 0.36 0.53 0.26 1.5 - 

C6 6 2.21 0.32 1.56 0.29 1.5 - 

C7 5 1.98 0.23 1.07 0.18 1.5 - 
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Table 3.6: Irregular and normalised mortar compressive strengths (continued) 

C8 5 2.77 0.50 1.45 0.30 1.5 - 

C9 5 1.59 0.27 1.18 0.16 1.7 0.16 

C10 6 1.56 0.34 1.02 0.24 1.5 - 

C11 3 1.45 0.13 1.01 0.19 1.5 - 

C11y 4 3.75 0.30 2.80 0.11 2.0 - 

C12 4 0.99 0.57 0.76 0.25 1.63 0.15 

C13 4 1.52 0.25 1.21 0.10 1.5 - 

C14 4 5.22 0.26 3.39 0.15 2.0 - 

C15 5 38.58 0.23 25.28 0.22 3.0 - 

C16 3 2.40 0.30 1.39 0.31 1.5 - 

C17 4 3.93 0.31 2.45 0.18 2.0 - 

C18 4 3.78 0.15 2.30 0.11 1.63 0.15 

C19 3 9.94 0.11 6.12 0.32 2.0 - 

C20 4 3.25 0.13 2.64 0.09 1.5 - 

C21 3 1.49 0.16 1.05 0.12 1.5 - 

C22 4 1.84 0.18 1.21 0.18 1.5 - 

C23 4 5.54 0.32 3.82 0.09 1.88 0.13 

C24 5 1.90 0.21 1.11 0.19 1.5 - 

C25 4 9.03 0.27 7.01 0.23 2.13 0.12 

C26 5 1.18 0.22 0.90 0.18 1.5 - 

C27 5 3.97 0.25 2.59 0.20 1.5 - 

C28 4 1.06 0.18 0.86 0.12 1.5 - 

C29 5 1.17 0.31 0.80 0.18 1.5 - 

C30 6 4.19 0.10 3.65 0.12 2.0 - 

C31 6 0.99 0.28 0.94 0.19 1.5 - 

C32 6 3.90 0.29 2.38 0.11 1.5 - 

C33 7 1.36 0.25 0.94 0.19 1.5 - 

C34 4 4.03 0.13 2.92 0.14 1.5 - 

C35 6 2.74 0.19 1.55 0.14 1.5 - 

C36 4 7.17 0.30 3.57 0.17 2.0 - 

C37 4 3.64 0.24 2.52 0.06 2.0 - 

C38 4 1.38 0.43 0.96 0.27 1.5 - 

C39 3 27.85 0.18 18.88 0.29 3.0 - 

C40 6 2.98 0.24 2.47 0.11 2.08 0.10 

C41 8 2.38 0.24 1.69 0.14 1.5 - 

C42 6 1.34 0.21 0.94 0.08 1.5 - 

C43 7 1.83 0.34 1.50 0.30 1.5 - 

C44 5 0.95 0.40 0.55 0.21 1.5 - 

C45 6 1.64 0.14 1.19 0.05 1.5 - 

C46 4 1.17 0.33 0.74 0.16 1.5 - 

C47 3 1.57 0.21 0.84 0.04 1.5 - 

C48 4 15.76 0.25 11.00 0.20 2.5 - 

C49 7 6.34 0.23 3.99 0.21 2.29 0.12 

C50 6 1.30 0.30 1.12 0.25 1.5 - 

C51 7 1.45 0.34 1.06 0.22 1.5 - 
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It is noted that the AUST and AUW samples originated from the same building, but were 

noticeably in different condition. Also, two different types of mortar samples were 

collected from site C11: ordinary mortar samples (C11 samples) and yellow coloured 

mortar samples (C11y samples). The average measured irregular mortar compressive 

strengths and the average normalised mortar compressive strengths varied from 

0.75 MPa to 38.58 MPa and from 0.53 MPa to 25.88 MPa respectively. Table 3.6 also 

illustrates that the coefficients of variation (CoV) of the normalised mortar compressive 

strengths were mostly lower than those of the measured irregular mortar compressive 

strengths, showing that the variation in the irregular mortar compression test results was 

reduced as the individual test results were normalised. This decrease in variability shows 

that the normalisation technique prescribed in Chapter 4 was adequate for normalising 

the compressive strength of irregular mortar samples. 

The average Mohs hardness number (MH) of each field extracted mortar group is also 

shown in Table 3.6. It was found that the normalised mortar compressive strength 

generally increased with an increase in the Mohs scratch number. The Mohs scratch 

numbers were generally consistent within each mortar group, except for some mortar 

groups where slight variability in the scratch numbers was observed (refer to Appendix C 

for the individual test data). Figure 2.46 illustrates the relationship between the normalised 

mortar compressive strength and the Mohs scratch number. The majority of the samples 

(315 samples out of 365 samples) were scratched using a fingernail, where 223 samples 

out of 315 samples could be scratched easily using a fingernail. There were 42 and 8 

mortar samples that were scratched using an aluminium pick and a copper coin 

respectively. 

The statistical analysis of the relationship between normalised mortar compressive 

strength and Mohs scratch number was performed using the R software package 

(Institute of Statistics and Mathematics 2010). The normalised mortar compressive 

strength-Mohs scratch number relationship was expressed using the box and whisker 

plots shown in Figure 3.18, which were calculated according to Peck et al. (2009). Similar 

to that for clay bricks (refer to section 2.6.2.2), the group median was used to express 

each mortar category (each box and whisker plot) as median is less influenced by data 

extremes than is the mean, and therefore was considered to be suitable when dealing with 
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a large data population. Figure 3.18 shows that the median normalised compressive 

strengths of mortar samples having scratch numbers of 1.5, 2.0, 2.5 and 3.0 were 

1.1 MPa, 3.3 MPa, 7.0 MPa and 22.7 MPa respectively. It is noted that mortar groups 

C15 and C39 were modern repointing mortars that were likely to be cement based, and 

therefore these mortar groups had high compressive strengths and scratch numbers of 

3.0. 

 

 

 

Scratch Number 1.5 (223) 
  Minimum = 0.4 MPa 
  Median = 1.1 MPa 
  Maximum = 6.9 MPa 
 
Scratch Number 2.0 (92) 
  Minimum = 1.0 MPa 
  Median = 3.3 MPa 
  Maximum = 8.0 MPa 
 
Scratch Number 2.5 (42) 
  Minimum = 2.6 MPa 
  Median = 7.0 MPa 
  Maximum = 13.4 MPa 

 
Scratch Number 3.0 (8) 
  Minimum = 14.8 MPa 
  Median = 22.7 MPa 
  Maximum = 31.6 MPa 

 
Figure 3.18: Relationship between normalised compressive strength and Mohs scratch number 

 
The test data was further analysed to determine the presence of statistical differences 

between the four mortar categories. A normality test revealed that the individual data 

within each mortar category was not normally distributed. Also, the Tukey’s Honestly 

Significant Difference (HSD) test could not be performed as each mortar category did 

not consist of an equal number of samples. Therefore, similar to that performed for clay 

bricks, the Kruskall-Wallis test was performed for the non-equal variance and non-

normally distributed mortar samples (see section 2.6.2.2 for further details on the 

statistical analysis). The current test data had a p-value of zero when subjected to the 

Kruskal-Wallis test, which implied that there was very strong evidence against the null 

hypothesis that the medians or means of the sample groups are the same (Bartoszyński 

Min 

25%ile 

Median 

75%ile 

Max 



Chapter 3: Properties of mortar in New Zealand URM buildings 

 

3-98 

 

and Niewiadomska-Bugaj 2008; Kottegoda and Rosso 2008). Therefore, the Kruskal-

Wallis test revealed that each mortar category originated from samples which had a 

distinct median, suggesting that the modified Mohs scratch test is an adequate technique 

to categorise mortar samples according to their compressive strengths. However, each 

Mohs scratch number represents a wide mortar compressive strength range, and thus this 

testing technique should be reserved for cases where there is no budget available for 

destructive testing and should only be used when extraction of samples from heritage 

URM buildings is not permitted. 

 

3.6.2 Stage 2 test results 

3.6.2.1 Acid digestion test results 

The main aim of the acid digestion test for the laboratory constructed mortar samples 

was to compare the actual mortar aggregate to binder (A/B) ratio with the mortar 

aggregate to binder ratio estimated using the acid digestion test. It is noted that whilst the 

mortar C:L:S ratio and the commonly known aggregate:binder ratio of 3:1 were 

prescribed as volumetric proportions, the acid digestion test measured the mass 

proportions of the binder and the aggregate. Therefore, the apparent, non-compacted 

density of the cement (  ), hydrated lime (  ) and river sand (  ) used for mixing these 

mortar samples were determined by filling containers of a known volume and weighing 

them. The non-compacted density was measured because masons 100 years ago used 

proportions of non-compacted cement, lime and sand during the construction process of 

New Zealand vintage URM buildings. The non-compacted density of the cement (  ), 

hydrated lime (  ) and river sand (  ) used were found to be 1,065 kg/m3, 408 kg/m3 

and 1,004 kg/m3 respectively. Using the relationship prescribed in Equation (3.1) and 

Equation (3.2), the actual mass C:L:S proportion (            for each mortar mix was 

determined.  

For the acid digestion test results, the estimated mass of the sand,       , was equated 

to the mass of the remainder of the acid digestion test,    (see Equation (3.3)). The 
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mass of the digested proportion (mass of binder,   ) was separated into the estimated 

masses of cement and lime (       and       ) as per Equation (3.4) and Equation 

(3.5). The estimated volumetric proportions of cement, lime and sand from the acid 

digestion test results were calculated using Equation (3.6), Equation (3.7) and Equation 

(3.8). Lastly, the actual and the estimated volumetric aggregate to binder ratios were 

calculated as per Equation (3.9). These calculated results are shown in Table 3.7 and 

Figure 3.19. It is noted that the calculated results are presented as a ratio with respect to 

the material which had the lowest mass or volumetric proportion. 
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Where: 
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            = Actual mass of cement, lime or sand 

            = Actual volume of cement, lime or sand 

            = Mass of cement, lime or sand estimated using acid digestion 

            = Volume of cement, lime or sand estimated using acid digestion 

     = Mass of aggregate = the remainder from acid digestion 

     = Mass of binder = material digested by acid 

    = Mass, kg 

    = Density, kg/m3 

         = Density of cement, lime or sand 

    = Volume, m3 

       ⁄  = Volumetric aggregate to binder ratio 

 

Table 3.7: Acid digestion test results for laboratory constructed samples 

Grade Actual proportions Estimated proportions from acid 
digestion 

Act 

Vol. 
A/B  

Est 

Vol. 
A/B                                              

C L S C L S C  L S C L S 

a 0 1 3 0 1 7.4 0 1 4.8 0 1 2 3 2 

b 1 3 12 1 1.1 11.3 1 1.2 8.5 1 3 9.0 3 2.3 

c 1 2 9 1.3 1 11.1 1.3 1 6.4 1 2 5.2 3 1.7 

d 1 1 9 2.6 1 22.2 2.6 1 17.5 1 1 7.1 4.5 3.6 

e 1 1 6 2.6 1 14.8 2.6 1 12.5 1 1 5.1 3 2.6 

f 1 1 3 2.6 1 7.4 2.6 1 6.6 1 1 2.7 1.5 1.4 

g 2 1 9 5.2 1 22.2 5.2 1 18.5 2 1 7.5 3 2.5 

h 4 1 15 10.4 1 36.9 10.4 1 31.7 4 1 12.9 3 2.6 

i 4 1 12 10.4 1 29.5 10.4 1 28.1 4 1 11.4 2.4 2.3 

j 1 0 3 1 0 2.8 1 0 2.5 1 0 2.7 3 2.7 

k 1 0 1 1 0 0.9 1 0 0.9 1 0 1 1 1 
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Figure 3.19: Comparison between actual volumetric A/B ratio and estimated volumetric A/B ratio 

 
Table 3.8 and Figure 3.19 show that the estimated aggregate/binder volumetric ratios 

were mostly close to the actual aggregate/binder volumetric ratios, although there were 

differences between the estimated and the actual ratios for some mortar mixes. Figure 

3.19 also shows that in general, the actual aggregate/binder volumetric ratios were 

approximately 24% greater than the estimated aggregate/binder volumetric ratios (with 

an R2 value of 82%). This difference was possibly present due to inconsistency in the 

mortar mix and to the loss of material during the testing process. However, the 24% 

difference was considered to be reasonable and adequate in order to obtain an indicative 

measure of the mortar aggregate/binder ratio, and therefore the acid digestion test was 

performed on field extracted mortar samples that originated from 18 different New 

Zealand URM buildings. 

There were a number of difficulties that were encountered when dealing with heritage 

mortars, as these mortars were likely to have been produced under an uncontrolled 

environment where consistencies in the construction process, such as consistencies in the 

production of lime putty and in the type of aggregate used, were poorly monitored. These 

inconsistencies would have resulted in a wide variation in the heritage mortar properties, 
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above mentioned difficulties, the following assumptions were adopted for analysing the 

acid digestion test results of the field extracted mortars: 

From personal communication with an architect who was frequently dealing with New 

Zealand heritage URM buildings (Hartley 2008), it was theorised that the lime used for 

the construction of New Zealand heritage mortars was traditional lime putty instead of 

pre-bagged hydrated lime. Previous authors (ASTM 2008b; Margalha et al. 1985) have 

recommended lime putty densities varying from 800 kg/m3 to 1,400 kg/m3, which were 

close to the density of the cement used to construct the laboratory constructed mortars 

included in this experimental programme (1,065 kg/m3). Therefore, the densities of 

cement and lime putty for the field extracted mortars were both assumed to be equal to 

1,000 kg/m3 for the ease of estimating the aggregate/binder volumetric proportion. The 

density of the aggregate (sand) in heritage mortars was assumed to be similar to the 

density of the sand used to construct the laboratory constructed mortars included in this 

experimental programme (1,004 kg/m3). 

The acid digestion test results of the field extracted mortars are shown in Table 3.8 and 

Figure 3.20. The origin buildings of the field extracted mortars are described in Appendix 

B. It is noted that the calculated results are presented as a ratio with respect to the 

material which had the lowest mass or volumetric proportion. The mass of aggregate 

(  ) was equated to the remainder of the acid digestion test, whilst the mass of binder 

(  ) was equated to the digested proportion. The mass proportions of the binder and the 

aggregate were then converted to volumetric proportions as per Equation (3.10): 

 
           

    

        
 (3.10) 

 

where: 

          = Estimated volume of aggregate or binder; 

          = Assumed aggregate (1,004 kg/m3) or binder (1,000 kg/m3) density. 
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Table 3.8: Acid digestion test results for field extracted samples 

Mortar 
Group 

Mass Mass proportion Estimated volumetric 
proportion 

Binder, g Aggregate, g                     
BC 2.39 7.74 1 3.2 1 3.2 

HC 2.44 7.54 1 3.1 1 3.1 

RB 2.69 8.69 1 3.2 1 3.2 

CFK 1.32 8.04 1 6.1 1 6.1 

TA 2.73 7.74 1 2.8 1 2.8 

AUST 2.98 7.26 1 2.4 1 2.4 

AUW 2.73 7.89 1 2.9 1 2.9 

MR 3.38 7.60 1 2.2 1 2.2 

C3 2.68 8.15 1 3.0 1 3.0 

C4 2.66 8.37 1 3.1 1 3.1 

C6 1.91 8.99 1 4.7 1 4.7 

C7 2.29 7.76 1 3.4 1 3.4 

C10 2.49 8.14 1 3.3 1 3.3 

C12 2.30 7.81 1 3.4 1 3.4 

C13 2.76 7.72 1 2.8 1 2.8 

C14 2.46 7.97 1 3.2 1 3.2 

C16 2.32 8.36 1 3.6 1 3.6 

C31 2.40 8.77 1 3.7 1 3.6 

 

 
 

Figure 3.20: Estimated volumetric A/B ratio of field extracted samples 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

E
st

im
at

ed
 v

o
lu

m
et

ri
c 

A
/B

 r
at

io
 

Sample groups 



Chapter 3: Properties of mortar in New Zealand URM buildings 

 

3-104 

 

Whilst being consistent with the above mentioned assumptions associated with the 

aggregate and binder densities, Table 3.8 and Figure 3.20 show that in general, the tested 

heritage mortar samples were likely to be constructed following the widely known 3:1 

aggregate to binder ratio. Where present, variation in the estimated aggregate/binder 

volumetric ratio was attributed to the difference between the assumed binder density and 

the actual binder density, and to inconsistencies in the construction process. Some mortar 

groups, in particular groups CFK and C6, had high estimated aggregate/binder 

volumetric ratios (6.1 and 4.7 respectively). These high estimated aggregate/binder 

volumetric ratios were either due to inaccuracy of the estimated aggregate and binder 

densities, inconsistencies in the construction process, or because these mortars were not 

mixed following the widely known 3:1 aggregate to binder ratio. Also, Table 3.8 shows 

that the masses of the aggregate (remainder from the acid digestion test) were 

significantly higher than the masses of the digested binder, which implied that the 

aggregates were not digested by the HCL solution. This non-digestive nature suggested 

that these aggregates were non-calcareous, and was in agreement with the study of the 

geological map of New Zealand (see section 3.5.2.1), where it was theorised that 

calcareous sand was unlikely to be present in the cities where sample extractions were 

performed. In alignment with the findings of Biggs and Forsberg (2001), the above 

observations show that although the acid digestion test is associated with a degree of 

uncertainty and inaccuracy, this testing technique is an adequate tool to obtain an 

indicative measure of the aggregate/binder ratio of heritage mortars, given that the 

aggregate used was non-calcareous and that reasonable assumptions on the material 

densities were adopted.  

 

3.6.2.2 Powder X-ray diffraction analysis results 

The results of the powder X-ray diffraction analysis are detailed in Table 3.9. It was 

mentioned earlier that the powder X-ray diffraction analysis was performed to obtain an 

indicative measure of the presence of cement in heritage mortars whilst also considering 

the average compressive strength of the corresponding mortar group. The presence of 

each mineral phase was determined using DIFFRAC.EVA XRD software (Bruker AXS 

2011), and additional information on the Powder Diffraction File (PDF) numbers of 
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C3A, C2S, C3S and C4AF was obtained from the work presented by Idris et al. (2007) to 

assist in the mineral phase determination process. The presence of these minerals was 

then categorised following Rilem TC 167-COM (Middendorf et al. 2005) into dominantly 

present, present, traces, possibly present and not detected (see bottom of Table 3.9) 

according to the relative proportion of the phase peaks. 

 
Table 3.9: Key constituents determined from XRD analysis  

   
  Qt Ca Al Ad An La C1 C2 C3 C4 Di Au 

AH 1.23 +++ +++ + + + + - - - - - - 

BC 4.54 +++ - + + + + + ? - - +++ + 

RB 6.65 - - + - + - ++ ? ? + +++ - 

TA 5.92 +++ + - - + + - ? - - - - 

CFK 4.14 +++ +++ ++ - ++ - ++ - + + +++ +++ 

AL 5.53 +++ +++ ++ ? ? + ? - - - - - 

AUST 1.21 +++ ++ + + + + - - - ? - - 

MR 1.62 +++ ++ + ? + - - - - - - - 

C1 2.62 +++ ++ ++ + + + - - - - - - 

C2 1.01 +++ +++ + + - + - - - - - - 

C3 0.66 +++ ++ +++ + + + - - - - - - 

C4 1.08 +++ + + - ? - - - - - - - 

C5 0.53 +++ + + + ? + - - - - - - 

C6 1.56 +++ ++ +++ - +++ - + ? - - - - 

C7 1.07 +++ ++ ++ ++ + + - - - - - - 

C8 1.45 +++ + + + - + - - - - - - 

C9 1.18 +++ + ? - - - - - - - - - 

C10 1.02 +++ ++ + + + - - - - - - - 

C11 1.01 +++ +++ + + + + - - - - - - 

C13 1.21 +++ ++ + + - - - - - ? - - 

C14 3.39 +++ +++ +++ - - - - - - - - - 

C30 3.65 +++ ++ ++ + + - - - - - - - 
a Qt = quartz; Ca = calcite; Al = albite; Ad = andesite; An = anorthite; La = labradorite;  
  C1 = C3A; C2 = C2S; C3 = C3S; C4 = C4AF; Di = diopside; Au = augite. 
b +++ = dominantly present; ++ = present; + = traces; ? = possibly present; - = not detected. 

 

Table 3.9 shows that the observed mineralogical compositions of the field extracted 

mortars were generally in alignment with the findings of Sabbioni et al. (2001), where 

quartz and calcite were dominantly present or present in most mortar groups analysed. 

Albite, andesite, anorthite and labradorite, which are included in the plaglioclase feldspar 

series (Society for Mining Metallurgy and Exploration 2006), were also commonly 

present. Diopside was dominantly present in sample groups BC, RB and CFK, whilst 

augite was dominantly present and present as traces in sample groups CFK and BC 
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respectively. Considering the literature study described in section 3.4.4.2 (Sabbioni et al. 

2001), the presence of diopside and augite suggested that mortar groups BC, RB and 

CFK were made using pozzolanic aggregates. 

The absence of C3A, C2S, C3S and C4AF in most of the field extracted samples indicated 

that these mortars were likely to have been made without cement. Instead, in alignment 

with the findings of Moropolou et al. (1995) (see section 3.4.4.2), most of these field 

extracted samples were likely to be lime mortars as they were mainly composed of quartz 

and calcite. Traces of C3A were present in mortar groups BC and C6, while more 

abundant proportions of C3A were present in mortar groups RB and CFK. Also, traces 

of C4AF were present in sample groups RB and CFK. Considering the literature study 

described in section 3.4.4.2 (Marques et al. 2006; Moriconi et al. 1994; Puertas et al. 2006; 

Sabbioni et al. 2001), it was theorised that different proportions of cement were present 

in mortar groups BC, C6, RB and CFK. This supposition is in alignment with the average 

normalised compressive strength of these four mortar groups (   
  ranged between 

1.56 MPa to 6.65 MPa), which were within the upper bound of the average normalised 

compressive strengths of all mortar groups considered (refer to Table 3.9).  

The above observations suggested that the powder X-ray diffraction analysis is an 

appropriate tool to obtain an indicative measure of the mineralogical composition of 

heritage mortars. However, powder X-ray diffraction analysis is a semi-quantitative 

technique that is associated with a degree of uncertainty and inaccuracy, and therefore it 

is recommended that this technique be used whilst also considering the mortar 

compression test results. For example, both the XRD analysis and compression test 

results shall be considered when predicting the presence of cement in mortar. 

It is also noted that the XRD patterns of mortar groups C1 and C13 were similar (see 

Figure 3.20), as building C1 was located next to building C13 and the two buildings were 

within the same row of buildings (refer to Appendix B). This finding suggests that in-row 

New Zealand heritage URM buildings were likely to be built using similar mortar mix 

proportions. 
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(a) XRD pattern of mortar group C1 
 

 
 

(b) XRD pattern of mortar group C13 
    

Figure 3.21: Examples of XRD patterns of mortar samples 
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3.7 Summary and conclusions 

An experimental programme was undertaken to determine the compressive strength of 

mortar samples extracted from existing New Zealand URM buildings and to identify a 

suitable non-destructive assessment technique to predict the mortar compressive strength 

in-situ. The following conclusions were drawn based on the experimental results: 

The Mohs hardness test and the irregular mortar compression test were performed on 

365 irregular mortar samples that originated from 60 existing New Zealand URM 

buildings. All samples included in the experimental programme were normalised 

according to their h/t ratio and t/l ratio following the procedure described in section 4.3. 

The coefficients of variation of the normalised mortar compressive strengths were mostly 

lower than those of the measured irregular mortar compressive strengths, showing that 

variation in the irregular mortar compression test results was reduced as the individual 

test results were normalised. This decrease in variability shows that the normalisation 

technique prescribed in Chapter 4 was adequate for normalising the compressive strength 

of irregular mortar samples. 

It was found that an increase in the normalised mortar compressive strength generally led 

to an increase in the Mohs scratch number. The Kruskal-Wallis test revealed that each 

mortar category originated from samples which had a distinct median, suggesting that the 

modified Mohs scratch test is an adequate technique to categorise mortar samples 

according to their compressive strengths, although each Mohs scratch number represents 

a wide compressive strength range. It was also suggested that this testing technique be 

reserved for cases where sample extraction is not permitted. 

The acid digestion test was performed to estimate the sample aggregate/binder ratio. A 

pilot study on 11 laboratory constructed mortar samples showed that the actual 

aggregate/binder volumetric ratios were approximately 24% greater than the estimated 

aggregate/binder volumetric ratios due to inconsistency in the mortar mix and to the loss 

of material during the testing process. However, the 24% difference was considered to be 

reasonable and adequate to obtain an indicative measure of the mortar aggregate/binder 
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ratio, and therefore the acid digestion test was performed on field extracted mortar 

samples that originated from 18 different New Zealand URM buildings. 

One limitation of the acid digestion test was that it should not be performed when the 

mortar aggregate consisted of calcareous sand. A study of the geological map of New 

Zealand showed that limestone is not present in the cities where the extraction of mortar 

samples was performed, suggesting that the aggregates used for the mixing of the field 

extracted mortar samples were likely to be non-calcareous. Therefore, it was assumed 

that performing the acid digestion test on these field extracted mortar samples was 

appropriate.  

The acid digestion test outcome for the field extracted mortar samples showed that, 

although the acid digestion test is associated with a degree of uncertainty and inaccuracy, 

this testing technique is an adequate tool to obtain an indicative measure of the 

aggregate/binder ratio of heritage mortars, given that the aggregate used was non-

calcareous and that reasonable assumptions on the material densities were adopted. 

22 field extracted mortar samples were subjected to the powder X-ray diffraction 

technique with an intention to predict the presence of cement in the mortar mix. The 

experimental outcome showed that the presence of cement in the mortar mix could be 

predicted if both the presence of C3A, C2S, C3S and C4AF in the mortar and the average 

normalised mortar compressive strength were considered. The powder X-ray diffraction 

analysis technique is generally an appropriate tool to obtain an indicative measure of the 

mineralogical composition of heritage mortars. However, powder X-ray diffraction 

analysis is a semi-quantitative technique that is associated with a degree of uncertainty 

and inaccuracy, and therefore it is recommended that this technique be used whilst also 

considering the associated mortar compression test results. 

 

  

  



Chapter 3: Properties of mortar in New Zealand URM buildings 

 

3-110 

 

3.8 Acknowledgements 

The authors would like to thank a number of University of Auckland staffs for their 

assistance during the experimental programme: Neville Hudson and Andres Arcila from 

the School of Environment for their advice with regards to the modified Mohs scratch 

test, John Wimhurst from the School of Environment for his assistance with the powder 

X-ray diffraction analysis, and Abel Francis from the Department of Civil and 

Environmental engineering for his assistance with the acid digestion test. Also, thanks are 

extended to Ali Omran and Waleed Numan for their participation in the experimental 

programme discussed herein. 

 



Ronald Lumantarna 

 

4-111 
 

 

 

CHAPTER 4 
 

 

4 Testing and finite element 

modelling of mortar samples 

 
 

 

In Chapter 3 it was noted that knowledge regarding the compression testing of mortar 

samples having non-standard dimensions was lacking and that the samples extracted 

from existing buildings are always in irregular shapes. A number of authors (Drdácký et 

al. 2008; Magalhães and Veiga 2009; Válek and Veiga 2005) have previously investigated 

different methods for compression testing non-standard mortar samples and procedures 

for interpretation of the compression test results (refer to section 3.4.1). Drdácký et al. 

(2008) also performed a two dimensional finite element analysis to simulate the 

behaviour of mortar samples subjected to laboratory compression testing and found that 

the sample slenderness ratio and to a certain extent, the sample footprint dimensions, 

influenced the mortar compressive strength (refer to section 3.4.2).  

An experimental programme that utilised laboratory manufactured mortar samples 

having different dimensions was undertaken to investigate the influence that sample 
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dimensions had on the measured mortar compressive strength. ABAQUS finite element 

models (FEMs) were developed to confirm the outcome of the experimental programme, 

and a parametric study was performed whilst keeping the calibrated material input and 

mesh size consistent. Correction factors considering the sample aspect ratio and footprint 

dimensions were proposed to aid the interpretation of test results when compression 

testing of irregular mortar samples was performed. 

 

4.1 Experimental programme 

Mortar samples were made in the laboratory having three different mortar mix 

proportions and ten different sample dimensions with varying aspect ratio and footprint 

dimensions. The mortar mix proportions were selected based upon the classifications 

given in NZSEE (2006) and ASTM C 270 - 08a (2008a) to simulate a pure lime mortar 

and two different types of lime rich cement-lime mortars (see Table 4.1). The materials 

used for the different mortar mix proportions (referred to as mortar grade) were ordinary 

Portland cement, hydrated lime (20 kg pre-bagged powder from McDonald’s Lime 

Limited) and river sand (gradation curve shown in Figure 4.1). The mortar was first dry 

mixed using a trowel until the cement (if present), lime and sand became uniformly 

distributed. Water was added to the dry mix, which was further stirred until the mortar 

had sufficient workability and no dry patches were present (see Figure 4.2). The 

water:cement ratio during mixing was monitored to ensure consistency within each 

mortar mix. 

  
Table 4.1: Mortar mixes used for laboratory testing 

Mortar 
Grade 

Volumetric Proportion Equivalence 

Cement Lime Sand Water 

A 0 3 9 2.8 NZSEE ‘firm’ 

B 1 3 12 3.4 ASTM ‘K’ 

C 1 2 9 2.6 ASTM ‘O’ 
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Figure 4.1: River sand gradation curve (reproduced from Russell (2010)) 

 

 
 

Figure 4.2: Wet mixing mortar 

 
The length (l), width (t) and height (h) of the 10 different sample dimensions (referred to 

as “sample groups”) are shown in Table 4.2. To maintain the proportionality between the 

aggregate particle and sample size, as emphasised by Válek and Veiga (2005), the smallest 

sample dimensions incorporated in the experimental programme were limited to 16 mm 

× 16 mm × 16 mm. The ASTM standard 50 mm × 50 mm × 50 mm cube (ASTM 

2008c) was included within the range of dimensions investigated.  

The mortar samples were cast into the desired dimensions using laboratory constructed 

wooden moulds. The surface of the wooden moulds was lubricated using a releasing 

agent to ensure that the samples were not disturbed when released from the moulds. The 

samples were released from the moulds after 7 days and were left to cure under room 

temperature (20 ± 5° C) for another 21 days. The samples were then capped using 
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gypsum plaster to ensure a flat loading surface, and tested in compression following 

ASTM C 109 - 08 (2008c). Figure 4.3 shows the preparation for the mortar compression 

test.  

 
Table 4.2: Mortar sample dimensions 

Sample 
groups 

l (mm) t (mm) h (mm) 

1 50 50 50 

2 50 30 30 

3 50 30 20 

4 50 50 30 

5 50 20 20 

6 30 30 30 

7 30 30 20 

8 20 20 20 

9 20 20 16 

10 16 16 16 

 

  
 

(a) Wooden moulds of different dimensions 
 

(b) Mortar moulding 
 

  
 

(c) Mortar samples after plastering 
 

(d) Mortar compression test setup 
 

Figure 4.3: Preparation for mortar compression test 
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The average measured mortar compressive strengths (   
 ) for the different mortar grades 

and sample dimensions are shown in Table 4.3. The thickness of the gypsum plaster was 

included in the height to least lateral dimension (h/t) ratio calculations. Therefore, the h/t 

ratio of the mortar samples differed not only due to the imperfection of the moulds, but 

also due to the small additional height attributable to the gypsum plaster. 

     
Table 4.3: Compressive strengths of different mortar mix proportions 

l  t  h  Mortar grade A Mortar grade B Mortar grade C 

mm No. Avg    
   

(MPa) 
(CoV) 

Avg 
h/t 

ratio 

No. Avg    
  

(MPa) 
(CoV) 

Avg 
h/t 

ratio  

No. Avg     
  

(MPa) 
(CoV) 

Avg 
h/t 

ratio 

50 50 50 5 0.69 (0.17) 1.05 6 2.47 (0.21) 1.04 5 3.78 (0.11) 1.02 

50 30 30 6 1.10 (0.10) 1.13 6 2.33 (0.07) 1.03 4 4.06 (0.14) 1.04 

50 30 20 4 1.68 (0.02) 0.77 6 3.83 (0.06) 0.73 6 5.90 (0.20) 0.67 

50 50 30 4 1.66 (0.22) 0.69 6 3.27 (0.07) 0.64 6 5.81 (0.07) 0.62 

50 20 20 4 1.42 (0.07) 1.18 5 2.98 (0.11) 1.13 4 3.96 (0.18) 1.01 

30 30 30 5 1.08 (0.10) 1.20 6 2.32 (0.12) 1.10 5 4.27 (0.05) 1.12 

30 30 20 5 1.51 (0.05) 0.84 6 3.57 (0.07) 0.73 6 4.08 (0.11) 0.72 

20 20 20 5 1.20 (0.17) 1.25 4 2.63 (0.11) 1.14 4 3.61 (0.13) 1.13 

20 20 16 5 1.24 (0.21) 0.87 5 3.23 (0.08) 0.84 5 4.72 (0.10) 0.86 

16 16 16 4 1.12 (0.21) 1.22 5 2.51 (0.11) 1.22 4 3.56 (0.16) 1.15 

 

 
The test results revealed that mortar grade A, which was a pure lime mortar, was the 

weakest in comparison to the other two mortar grades. Mortar grade C, which had a lime 

proportion lower than did mortar grades A and B, had the highest overall measured 

compressive strength. Table 4.3 also indicates that sample dimensions influenced the 

measured mortar compressive strength, where the measured mortar compressive strength 

generally decreased with increasing h/t ratio (see Figure 4.4). This finding confirmed that 

the compression testing of mortar samples having irregular dimensions would make the 

interpretation of the test results difficult.  
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Figure 4.4: Average measured mortar compressive strength-h/t ratio relationship 

 

4.2 Finite element modelling 

Finite element modelling was performed to confirm the outcome of the experimental 

programme, where it was observed that sample dimensions clearly affected the measured 

mortar compressive strength. A parametric study was then performed to further 

investigate the influence of aspect ratio and footprint dimensions on the measured 

mortar compressive strength. 

 

4.2.1 Description of model 

Finite element modelling of mortar samples was performed using the ABAQUS 6.10 

finite element program. One 50 mm cube was compression tested incorporating 

displacement gauges, for each of the three different mortar grades described in section 

4.1, thus enabling the mortar cube compressive stress-strain relationship to be derived as 

illustrated in Figure 4.5. It was shown that the pure lime mortar grade A was the least 
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stiff in comparison to the other two mortar grades. Mortar grade C, which had the lowest 

lime proportion in comparison to the other two mortar grades, had the greatest stiffness. 

 

 
 

Figure 4.5: Experimental stress-strain relationship of mortar having different C:L:S ratio 

 
A 50 mm cube finite element model was generated and calibrated to fit the compressive 

stress-strain behaviour of the different mortar grades. The element type used was an 8 

node linear brick element, and a 5 mm cube mesh was initially adopted for the finite 

element analysis (see Figure 4.6). The top and bottom boundary conditions of the model 

were fixed against lateral displacement to simulate the lateral confinement at the top and 

bottom of the specimen that was provided by the test setup. The bottom boundary 

condition was also fixed against vertical displacement, and the compression loading was 

performed by displacing the top boundary condition vertically downward.  
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Figure 4.6: 50 mm cube using 5 mm mesh 

 
An example of the material property input is shown in Figure 4.7. The concrete damaged 

plasticity model was adopted to capture the non-linear stress-strain behaviour of the 

mortar. The elastic material property input was the Modulus of Elasticity and Poisson’s 

ratio, whilst the concrete damaged plasticity input included the plasticity properties as 

well as the inelastic compressive and tensile stress-strain behaviour. The Modulus of 

Elasticity and the inelastic compressive stress-strain behaviour were calibrated to match 

the measured stress-strain behaviour of the experimental 50 mm cubes. The initial 

Poisson’s ratio adopted was 0.25, which was similar to that used by Rosson and Boothby 

(1998), whilst the tensile yield stress and tensile cracking strain were assumed to be 

0.2 MPa and 0.001 respectively, which was thought to be reasonable for mortar. A tri-

linear material compressive stress-strain behaviour was assumed, and the “Static, Riks” 

simulation procedure was selected. Figure 4.8 illustrates a computer simulation of a 

50 mm mortar cube, showing the distribution of principal compression stresses following 

the load application.  
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Figure 4.7: Example of material property input 

 

 
 

Figure 4.8: Principal compression stress distribution upon load application for 50 mm cube 

 
It is noted that the principal compression stress output of the finite element analysis was 

different to the compressive stress values specified for the input material properties. The 

50 mm cube model was then analysed whilst allowing the top and bottom boundary 

conditions to displace laterally to investigate the cause of this difference. It was found 

that the maximum principal compression stress output of the 50 mm cube model was 

equal to the compressive stress input when the top and bottom boundary conditions 
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were unrestrained for lateral displacements. Therefore, it was theorised that boundary 

effects due to lateral displacement constraints was the cause for the difference between 

the finite element principal compression stress output and the compressive stress input 

when the top and bottom boundary conditions of the 50 mm cube model were fixed 

against lateral displacements. 

 

4.2.2 Sensitivity analysis 

A sensitivity analysis was performed using the material properties of mortar grade B. A 

16 mm cube model was generated to simulate the smallest sample incorporated in the 

experimental programme described in section 4.1, and the material property input was 

kept consistent to that used for the 50 mm cube. To ensure the accuracy of the model for 

simulating the 16 mm cube, a mesh sensitivity analysis was performed on the 16 mm 

cube model by altering the mesh size from a 5 mm cube to a 1 mm cube (refer to Figure 

4.9(a)). The effect of altering the Poisson’s ratio, tensile cracking strain and tensile yield 

stress was investigated using the 50 mm cube model (maintaining a 5 mm cube mesh) as 

illustrated in Figure 4.9(b) to (d).  

 

 
 

(a) Mesh sensitivity analysis on 16 mm cube 
 

Figure 4.9: Sensitivity analyses of different parameters 
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(b) Poisson’s ratio sensitivity analysis on 50 mm cube 
 

 
 

(c) Cracking strain sensitivity analysis on 50 mm cube 

 
Figure 4.9: Sensitivity analyses of different parameters (continued) 
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(d) Tensile yield stress sensitivity analysis on 50 mm cube 
 

Figure 4.9: Sensitivity analyses of different parameters (continued) 

 
Figure 4.9 shows that the effect of altering the Poisson’s ratio, tensile cracking strain and 

tensile yield stress was marginal on the 50 mm cube compressive stress-strain behaviour, 

revealing that the previously assumed values could be adopted with confidence. 

However, the mesh size significantly influenced the computer simulation, where it was 

shown that using a mesh size of > 2 mm cube resulted in a model having different stress-

strain behaviour to that when using a mesh size of ≤ 2 mm cube. When a mesh size of 

≤ 2 mm cube was used, the mortar stress-strain behaviour was uniform and the 

difference in the simulated results between each mesh size increment was marginal. Also, 

it is noted that the simulated 16 mm cube mortar stress-strain behaviour was similar to 

that of the experimental 50 mm cubes (see Figure 4.5) when the mesh size was ≤ 2 mm 

cube. Therefore, it was thought that a mesh size of ≤ 2 mm cube could be used to 

accurately simulate the stress-strain behaviour of mortar samples. 

To perform a parametric study for investigating the influence that sample dimensions had 

on the mortar compressive behaviour, the material property input and mesh size were 

kept consistent in all simulations (Drdácký et al. 2008). Van Mier (1997) also described 

that the mesh size selected should be able to describe the modelled material in a 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.005 0.01 0.015 0.02 0.025

S
tr

es
s 

(M
P

a)
 

Strain 

Tensile Yield Stress = 0.1 MPa

Tensile Yield Stress = 0.2 MPa

Tensile Yield Stress = 0.3 MPa

Tensile Yield Stress = 0.4 MPa

Tensile Yield Stress = 0.6 MPa



Ronald Lumantarna 

 

4-123 
 

sufficient level of detail, but a limit must be set because more elements will be included in 

the analysis as the mesh size is reduced, thus resulting in an increase in the computational 

time. As this study considered mortar samples having different dimensions varying from 

a 16 mm cube to a 50 mm cube, a mesh size that was sufficiently accurate to represent a 

16 mm cube and feasible for use in analysing a 50 mm cube was required, and therefore 

consistency in the analysis could be maintained across the varying sample dimensions.  

Knowing that a mesh size of ≤ 2 mm cube could be used to accurately simulate the 

stress-strain behaviour of 16 mm cube mortar samples, the feasibility of using a mesh size 

of between a 1 mm cube and a 2 mm cube was assessed by performing simulations on a 

50 mm cube model. It was found that when a mesh size of < 2 mm cube was used for 

the 50 mm cube model, the analysis time increased significantly as the density of the 

mesh increased. Therefore, it was decided that the computational cost incurred for using 

a mesh size of < 2 mm cube was not justified given the minor improvement in the 

simulation accuracy (refer to Figure 4.9(a)), and consequently a mesh size of a 2 mm cube 

was adopted and kept consistent in all simulations. 

 

4.2.3 Calibration of model 

The 50 mm cube model was re-calibrated to fit the experimental 50 mm cube 

compressive stress-strain behaviour of the three mortar grades using a 2 mm cube mesh. 

The Modulus of Elasticity and inelastic compressive stress-strain material input were 

adjusted until the simulated compressive mortar stress-strain behaviour closely resembled 

the experimental results, as shown in Figure 4.10. Figure 4.11 illustrates an example of a 

50 mm cube mortar modelled using a 2 mm cube mesh when subjected to vertical 

compression loading, showing the distribution of principal compression stresses 

following load application. 
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(a) Mortar grade A 
 

 
 

(b) Mortar grade B 

 

 
 

(c) Mortar grade C 
 

Figure 4.10: Model vs. experimental comparison of a 50 mm cube having different mortar mix 

proportions 
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Figure 4.11: ABAQUS model of 50 mm cube using 2 mm mesh, showing the principal compression 

stress distribution 

 

4.2.4 Prediction of experimental results 

It is noted that the experimental stress-strain curves in Figure 4.5 originated from a single 

cube for each mortar grade. To compare the finite element model output with the 

experimental average measured compressive strength, the material property input of the 

50 mm mortar cube models first had to be adjusted so that each 50 mm cube model 

produced an output corresponding to the average experimental 50 mm cube compressive 

strength instead of the compressive strength of a single 50 mm mortar cube. Therefore, 

the material property inputs had to be adjusted to match    
  of 0.69 MPa as opposed to 

0.90 MPa for mortar grade A,    
  of 2.47 MPa as opposed to 3.35 MPa for mortar grade 

B, and    
  of 3.78 MPa as opposed to 4.28 MPa for mortar grade C (see row 1 of Table 

4.3). Assuming a uniform mortar stress-strain behaviour, the compressive stress and 

Modulus of Elasticity material input was proportionally downscaled to match the 

experimental average 50 mm cube compressive strength of each mortar grade whilst the 

strain material input was maintained.  
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ABAQUS models of the 10 different mortar groups described in Table 4.2 were then 

generated. The 10 different finite element models were analysed using a 2 mm cube 

mesh, and the material property input for each mortar grade was the downscaled material 

property input that matched the corresponding experimental average 50 mm cube 

compressive strength. The comparison between the simulated and the actual average 

mortar compressive strengths is shown in Figure 4.12 and Table 4.4, where a negative 

percentage indicates that the simulated result was lower than the actual average mortar 

compressive strength. As seen in Figure 4.12, the simulated mortar compressive strengths 

were plotted against the average h/t ratio of the experimental samples which had similar 

dimensions to the models, to aid the simulated-actual test results comparison. The 

simulated 50 mm cube mortar compressive strengths closely matched the experimental 

average 50 mm cube mortar compressive strengths (circled in Figure 4.12), as the 

downscaling was performed based on the 50 mm cube strength. Also, it is noted that the 

10 different sample groups had different footprint dimensions, and thus the mortar 

compressive strength-h/t ratio relationships shown in Figure 4.12 were weak (R2 values 

ranging from 61% to 66%).    

 

 
 

(a) Mortar grade A 
 

Figure 4.12: Actual vs. simulated compressive strength comparison for the different mortar 

dimensions 
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(b) Mortar grade B 
 

 
 

(c) Mortar grade C  
  

Figure 4.12: Actual vs. simulated compressive strength comparison for the different mortar 

dimensions (continued) 
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Table 4.4: Comparison between the actual and simulated mortar compressive strengths, showing the 

percentage difference 

Dimensions Mortar grade A Mortar grade B Mortar grade C 

l × t × h Exp.    
  

(MPa) 

Sim.    
  

(MPa) 

% 
diff 

Exp.    
  

(MPa) 

Sim.    
  

(MPa) 

% 
diff 

Exp.    
  

(MPa) 

Sim.    
  

(MPa) 

% 
diff 

50 × 50 × 50 0.69 0.69 0 2.47 2.47 0 3.78 3.78 0 

50 × 30 × 30 1.10 0.81 -27 2.33 2.99 28 4.06 4.66 15 

50 × 30 × 20 1.68 1.20 -28 3.83 5.09 32 5.90 7.80 32 

50 × 50 × 30 1.66 1.05 -37 3.27 4.20 28 5.81 6.15 6 

50 × 20 × 20 1.42 0.95 -33 2.98 3.63 22 3.96 6.07 53 

30 × 30 × 30 1.08 0.70 -35 2.32 2.52 9 4.27 3.93 -8 

30 × 30 × 20 1.51 0.97 -35 3.57 3.72 4 4.08 5.85 43 

20 × 20 × 20 1.20 0.72 -40 2.63 2.58 -2 3.61 4.34 21 

20 × 20 × 16 1.24 0.85 -32 3.23 3.13 -3 4.72 4.66 -1 

16 × 16 × 16 1.12 0.73 -35 2.51 2.62 4 3.56 3.98 12 

 

 
Figure 4.12 and Table 4.4 show the difference between the simulated mortar compressive 

strength and the actual average mortar compressive strength, which was present due to 

the imperfection in the testing setup and slight inconsistency in the mortar mix. As an 

overall observation, the difference between the simulated compressive strength and the 

actual average compressive strength for mortar grade A was the largest in comparison to 

the other mortar grades, because the actual average 50 mm cube compressive strength of 

mortar grade A (   
  = 0.69 MPa) was relatively low in comparison to the actual average 

compressive strengths of mortar grade A having dimensions other than 50 mm cube. As 

the finite element simulation was based on calibrating the material property input of a 

50 mm cube model to match the actual average 50 mm cube compressive strength, and 

then using this calibrated material property input for models having other dimensions, 

the simulated compressive strengths of mortar grade A was influenced by the low actual 

average 50 mm cube compressive strength of mortar grade A. Despite the difference 

between the simulated and the actual compressive strengths, the finite element simulation 

shows similar trends on the measured mortar compressive strength-h/t ratio relationship 

to the actual test results, where the measured mortar compressive strength generally 

decreased with increasing h/t ratio. Therefore, the ABAQUS models were deemed to be 

adequate for performing a parametric study relating the mortar compressive strength to 

sample dimensions. 
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4.2.5 Parametric study on relationship between mortar 

compressive strength and sample dimensions 

A parametric study was conducted to further investigate the influence of two factors on 

the mortar compressive strength: (1) the specimen footprint dimensions (t/l ratio); and 

(2) aspect ratio (h/t ratio). ABAQUS models of mortar samples having 11 different 

footprint dimensions were generated, and the height of the model was gradually altered 

so that the sample h/t ratio varied from 0.6 to 1.2. This parametric study was performed 

on mortar grade B, and the varying dimensions are shown in Table 4.5. 

 
Table 4.5: Varying model dimensions considered in the parametric study 

Footprint 
dimensions 
(l × t, mm) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

h (mm) 
(h/t) 

50 × 50  
(t/l = 1.0) 

30 
(0.6) 

34 
(0.68) 

40 
(0.8) 

44 
(0.88) 

50 
(1.0) 

54 
(1.08) 

60 
(1.2) 

- - 

30 × 30  
(t/l = 1.0) 

18 
(0.6) 

20 
(0.67) 

22 
(0.73) 

26 
(0.87) 

28 
(0.93) 

30 
(1.0) 

32 
(1.07) 

34 
(1.13) 

38 
(1.27) 

40 × 30  
(t/l = 0.75)  

18 
(0.6) 

20 
(0.67) 

22 
(0.73) 

26 
(0.87) 

28 
(0.93) 

30 
(1.0) 

32 
(1.07) 

34 
(1.13) 

38 
(1.27) 

50 × 30  
(t/l = 0.6) 

18 
(0.6) 

20 
(0.67) 

22 
(0.73) 

26 
(0.87) 

28 
(0.93) 

30 
(1.0) 

32 
(1.07) 

34 
(1.13) 

38 
(1.27) 

20 × 20  
(t/l = 1.0) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8)  

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

24 × 20  
(t/l = 0.8) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8) 

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

30 × 20  
(t/l = 0.67) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8) 

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

34 × 20  
(t/l = 0.57) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8) 

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

40 × 20  
(t/l =0.5) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8) 

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

50 × 20  
(t/l = 0.4) 

12 
(0.6) 

14 
(0.7) 

16 
(0.8) 

18 
(0.9) 

20 
(1.0) 

22 
(1.1) 

24 
(1.2) 

- - 

16 × 16  
(t/l = 1.0) 

8  
(0.5) 

10 
(0.63) 

12 
(0.75) 

14 
(0.88) 

16 
(1.0) 

18 
(1.13) 

- - - 

 

 
Table 4.5 shows that the influence of the thickness/length (t/l) ratio on the mortar 

compressive strength was investigated for models having t = 30 mm and t = 20 mm. The 

h/t ratio of the modelled samples was kept between 0.6 and 1.2, as the compression 
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testing of samples having a h/t ratio outside this range was deemed to be impractical. It is 

also noted that the influence of t/l ratio and h/t ratio on the mortar compressive strength 

was not extensively investigated during the experimental programme, as performing 

compression tests covering all the dimensions shown in Table 4.5 would be time 

consuming and cost prohibitive.  

 

4.2.5.1 The influence of footprint dimensions on compressive 

strength 

The relationship between the measured mortar compressive strength and h/t ratio for 

models having a square-shaped footprint is shown in Figure 4.13. It is shown that the 

difference in measured mortar compressive strengths between the different square-

shaped footprint dimensions was minor.  

 

 
 

Figure 4.13: Relationship between measured mortar compressive strength and h/t ratio for models 

having square shaped footprint 
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were generally higher than those of samples having square-shaped footprint, where the 

lower the t/l ratio, the higher the measured compressive strengths. Figure 4.14(a) and (b) 

also shows that the difference in the measured compressive strength between samples 

having similar h/t ratio but different t/l ratio increased with decreasing h/t ratio.  

 

 
 

(a) t = 30 mm 

 

 
 

(b) t = 20 mm 
 

Figure 4.14: Relationship between measured mortar compressive strength and h/t ratio for models 

having t = 30 mm and t = 20 mm 
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4.2.5.2 The influence of h/t ratio on compressive strength 

The measured mortar compressive strength-h/t ratio relationship for each footprint 

dimensions is shown in Figure 4.15. 

   

  
 

(a) 50 mm × 50 mm 
 

 
(b) 30 mm × 30 mm 

  
 

(c) 40 mm × 30 mm 
 

 
(d) 50 mm × 30 mm 

  
 

(e) 20 mm × 20 mm 
 

 
(f) 24 mm × 20 mm 

Figure 4.15: h/t ratio influence on the measured compressive strength of mortar grade B for different 

footprint dimensions 
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(g) 30 mm × 20 mm 
 

 
(h) 34 mm × 20 mm 

  
 

(i) 40 mm × 20 mm 
 

 
(j) 50 mm × 20 mm 

 
 

(k) 16 mm × 16 mm 
 

Figure 4.15: h/t ratio influence on the measured compressive strength of mortar grade B for different 

footprint dimensions (continued) 

 
Figure 4.15 shows that for each set of footprint dimensions, the measured mortar 

compressive strength increased with decreasing h/t ratio. The measured compressive 

strength-h/t ratio relationship generally became nonlinear as the h/t ratio reduced below 

0.8. These findings further suggest that the compression testing of mortar samples having 

irregular h/t ratio leads to difficulties in the interpretation of the test results. 
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4.2.6 Derivation of mortar correction factors 

The findings presented above suggest that there are two important factors that need to 

be considered when performing compression testing of irregular mortar samples: 

 Shape of the footprint, and particularly whether the sample footprint is rectangular-

shaped or square-shaped, where the measured mortar compressive strength increases 

with decreasing t/l ratio; 

 Height to least lateral dimension (h/t) ratio, where the measured mortar compressive 

strength increases with decreasing h/t ratio. 

 

These factors have a significant influence on the measured mortar compressive strength, 

and therefore a normalisation technique that considered these two factors was required in 

order to correctly interpret the irregular mortar sample compression test results.  

As the ASTM C 109 – 08 (2008c) 50 mm cube compression test was the most widely 

known standardised test for the evaluation of mortar compressive strength, it was 

decided that all irregular mortar samples shall be normalised to a 50 mm cube. The 

normalisation technique incorporates two correction factors: (1) t/l ratio correction 

factor; and (2) h/t ratio correction factor. Also, Figure 4.13 shows that the difference in 

measured compressive strengths between samples having different square-shaped 

footprint dimensions was minor, and therefore only the h/t ratio correction factor needs 

to be considered when the sample have a square-shaped footprint. 

 

4.2.6.1 t/l correction factor 

Additional ABAQUS models were generated to study the influence of altering the sample 

t/l ratio whilst keeping the h/t ratio = 1.0. This study was performed on samples having h 

and t of 16 mm, 20 mm and 30 mm as shown in Table 4.6. Also, the t/l ratio of the 

models considered in this study was limited to approximately 0.6 ≤ t/l ≤ 1.0, as the 

compression testing of mortar samples which had t/l ratio outside this range was 
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considered to be impractical. The measured mortar compressive strength-t/l ratio 

relationship for each h and t increments is shown in Figure 4.16. 

 
Table 4.6: Sample dimensions considered for studying of t/l correction factor  

h and t 
(mm) 

l (mm) 
(t/l) 

l (mm) 
(t/l) 

l (mm) 
(t/l) 

l (mm) 
(t/l) 

l (mm) 
(t/l) 

l (mm) 
(t/l) 

16 16 (1.0) 18 (0.89)* 20 (0.8)* 22 (0.73)* 24 (0.67)* 26 (0.62)* 

20 20 (1.0) 24 (0.83) 30 (0.67) 34 (0.59) - - 

30 30 (1.0) 34 (0.88)* 40 (0.75) 44 (0.68)* 50 (0.6) - 
  *Additional ABAQUS models generated to derive t/l correction factor 

 
 

 
 

(a) h and t = 16 mm 
 

 
 

(b) h and t = 20 mm 
 

Figure 4.16: Relationship between measured mortar compressive strength and t/l ratio 
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(c) h and t = 30 mm 

 
 Figure 4.16: Relationship between measured mortar compressive strength and t/l ratio (continued) 

 
Figure 4.16 shows that the measured mortar compressive strength decreased linearly with 

increasing t/l ratio for the three different data sets. The measured compressive strengths 

of mortar having a t/l ratio of 0.6, predicted using the best fit line equations shown in 

Figure 4.16, could be compared with those of mortar having a t/l ratio of 1.0 as shown in 

Table 4.7. 

 
Table 4.7: Comparison between predicted mortar compressive strengths for different data sets 

 h and t = 16 mm h and t = 20 mm h and t = 30 mm 

Predicted    
  (MPa) Predicted    

  (MPa) Predicted    
  (MPa) 

t/l = 1 2.601 2.566 2.502 

t/l = 0.6 3.092 (1.189   
  at t/l = 1) 3.045 (1.187   

  at t/l = 1) 2.963 (1.184   
  at t/l = 1) 

 

 
Table 4.7 shows that the best fit line equations consistently predicted    

  at t/l = 0.6 to be 

approximately 1.2   
  at t/l = 1.0 for the three different data sets, suggesting that a linear 

corrective relationship ranging from 1.2   
  at t/l = 1.0 (for samples having t/l = 0.6) to 

1.0   
  at t/l = 1.0 (for samples having t/l = 1.0) could be adopted (see Figure 4.17 for an 

example). 
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Figure 4.17: Proposed linear corrective relationship for t/l ratio 

 

4.2.6.2 h/t correction factor 

Figure 4.15 shows that the measured mortar compressive strength-h/t ratio relationship 

was non-linear, especially as the h/t ratio reduced below 0.8. Therefore, using the output 

of models having 50 mm × 50 mm footprint, a second order polynomial equation was 

derived to express the non-linearity of the measured mortar compressive strength-h/t 

ratio relationship as shown in Figure 4.18. The relationship between the measured mortar 

compressive strength at any h/t ratio and the measured mortar compressive strength at 

h/t ratio = 1.0 was derived as per Equation (4.1), where     = multiplication factor for 

measured mortar compressive strength at any h/t ratio in comparison to the measured 

mortar compressive strength at h/t ratio = 1.0. 
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Figure 4.18: Proposed linear corrective relationship for h/t ratio 

 
 

    
               2

                  2
 2              (4.1) 

 

Table 4.8 shows the multiplication factors for mortars having h/t ratio ranging from 0.6 

to 1.2 calculated using Equation (4.1), and these multiplication factors were then 

multiplied with the simulated mortar compressive strength at h/t ratio = 1.0 for models 

having different footprint dimensions. Therefore, predictions on the measured 

compressive strength of mortar samples having h/t ratio other than 1.0 could be made as 

illustrated in Figure 4.19, where it was shown that the predictions generated using 

Equation (4.1) (refer to “predicted” in Figure 4.19) generally aligned well with the mortar 

compressive strengths from finite element analysis (“model” in Figure 4.19). 

 
Table 4.8: Multiplication factors for different h/t ratios 

h/t ratio ( )     

0.6 1.744 

0.7 1.486 

0.8 1.276 

0.9 1.114 
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1.1 0.934 
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(a) 50 × 50 
 

 
(b) 30 × 30 

  
 

(c) 40 × 30 
 

 
(d) 50 × 30 

  
 

(e) 20 × 20 
 

 
(f) 24 × 20 

  
 

(g) 30 × 20 
 

 
(h) 34 × 20 

Figure 4.19: Comparison between measured mortar compressive strength and proposed corrective 
relationship for models having different footprint dimensions 
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(i) 40 × 20 
 

 
(j) 50 × 20 

 
 

(k) 16 × 16 

 
Figure 4.19: Comparison between measured mortar compressive strength and proposed corrective 

relationship for models having different footprint dimensions (continued) 

 
Figure 4.19 shows that the proposed second order polynomial corrective relationship 

(Equation (4.1)) was generally suitable for models having an h/t ratio other than 1.0, 

although the accuracy of Equation (4.1) decreased as the t/l ratio of the model reduced 

below 0.6 (see Figure 4.19(h), (i) and (j)). However, compression testing of long and thin 

mortar samples which had a low t/l ratio and h/t ratio was considered to be impractical, 

and therefore the following testing recommendations were derived: 

 The mortar samples tested shall have a t/l ratio of ≥ 0.6, and if possible, the sample 

footprint dimensions shall be kept as close as possible to a square shape; 

 The mortar samples tested shall have a h/t ratio of ≥ 0.6, and if possible, the sample 

h/t ratio shall be kept as close as possible to 1.0. 
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4.3 Correction factors for irregular mortar 

compression testing 

Based on the study described in section 4.2.6, a corrective equation to normalise the 

measured compressive strength of irregular mortar samples was proposed as per 

Equation (4.2) 

 
    

           
  (4.2) 

 
 

where: 

    
  = normalised mortar compressive strength; 

     = t/l ratio correction factor; 

     = t/l ratio correction factor; and 

    
 

 = measured irregular mortar compressive strength. 

 

Equation (4.2) normalises the measured compressive strength of irregular mortar samples 

to the compressive strength of a 50 mm cube mortar. Factors     and     are calculated 

as per Equation (4.3) and Equation (4.4) (where     shall be calculated as per Equation 

(4.1)) respectively. Factor     is required in order to normalise the sample t/l ratio to 1.0, 

whilst factor     is required in order to normalise the sample h/t ratio to 1.0, 

corresponding to a cubic mortar sample that is comparable to a 50 mm cube. These 

factors were derived based on the study detailed in section 4.2.6. 

 
        2

 

 
      (4.3) 

 
 

 
    

 

   
 (4.4) 
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To assess the validity of this normalisation technique, the FE-derived compressive 

strengths of mortar grade B having different t/l and h/t ratios (refer to Table 4.5) were 

normalised using Equation (4.2), Equation (4.3) and Equation (4.4) to obtain the 

normalised mortar compressive strength. The comparison between the FE-derived 

mortar grade B compressive strengths (refer to lines with different “footprint 

dimensions”) and the normalised mortar grade B compressive strengths (refer to 

“Normalised”) is illustrated in Figure 4.20. It is clearly shown that the normalisation 

technique developed herein was adequate for normalising the compressive strengths of 

irregular mortar samples, where it was shown that upon its implementation, the FE-

derived compressive strengths of mortar grade B were adjusted so that the normalised 

compressive strengths were similar to the actual average 50 mm cube    
  of mortar grade 

B (2.47 MPa, shown as a dashed horizontal line in Figure 4.20). 

 

 
 

Figure 4.20: Comparison between FE-derived compressive strength and normalised compressive 

strength for mortar grade B 
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4.4 Summary and conclusions 

A study was undertaken to determine the influence that sample dimensions had on the 

measured mortar compressive strength. The following conclusions were drawn based on 

the experimental programme and the finite element study: 

Experiments on laboratory manufactured mortar samples having ten different 

dimensions and three different mortar grades indicated that sample dimensions 

influenced the measured mortar compressive strength, where the measured mortar 

compressive strength generally decreased with increasing h/t ratio. 

Finite element modelling was performed to confirm the outcome of the experimental 

programme and a parametric finite element study was conducted to further investigate 

the influence of sample aspect ratio and footprint dimensions on the measured mortar 

compressive strength. Despite the difference between the simulated and the actual 

compressive strengths, the finite element simulation showed similar trends on the 

measured mortar compressive strength-h/t ratio relationship as did the actual test results, 

where the measured mortar compressive strength generally decreased with increasing h/t 

ratio. Therefore, the ABAQUS models were deemed to be adequate for performing a 

parametric study relating the mortar compressive strength to sample dimensions. 

The parametric finite element study revealed that the difference in the measured mortar 

compressive strengths between the different square-shaped footprint dimensions was 

minor. However, it was shown that the measured compressive strengths of samples 

having a rectangular-shaped footprint were generally higher than those of samples having 

a square-shaped footprint, where the lower the t/l ratio, the higher the measured 

compressive strength. Also, the measured mortar compressive strength increased with 

decreasing h/t ratio, and the measured compressive strength-h/t ratio relationship 

generally became nonlinear as the h/t ratio reduced below 0.8. 

A normalisation technique that considered the sample t/l ratio and the sample h/t ratio 

was developed as these factors have a significant influence on the measured mortar 

compressive strength. The t/l ratio correction factor was represented using a linear 
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equation (refer to Equation (4.3)), whilst the h/t correction factor was represented using a 

second order polynomial equation (refer to Equation (4.1)). These two correction factors 

formed Equation (4.2), whose validity was assessed by comparing the FE-derived mortar 

grade B compressive strengths with the normalised mortar grade B compressive 

strengths. It was found that the normalisation technique developed herein was adequate 

for normalising the compressive strengths of irregular mortar samples, where it was 

shown that upon its implementation, the FE-derived compressive strengths of mortar 

grade B were adjusted so that the normalised compressive strengths were similar to the 

actual average 50 mm cube    
  of mortar grade B. 
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CHAPTER 5 
 

5 Compressive strength and 

stiffness of masonry assemblages 

 

 

 

An unreinforced masonry (URM) assemblage is a non-homogeneous, inelastic and 

orthotropic material constructed using individual brick units and mortar, and therefore its 

properties are influenced by both the brick unit and the mortar properties. Masonry 

assemblage properties such as the masonry constitutive relationship and Modulus of 

Elasticity are required for linear and non-linear analyses of masonry structures (Kaushik 

et al. 2007a; Kaushik et al. 2007b). 

Masonry compression stress-strain characteristics and the relationships between masonry 

compressive strength and the constituent material properties have been explored by past 

researchers (Deodhar 2000; Gumaste et al. 2006; Kaushik et al. 2007a; Kaushik et al. 

2007b). However, most of these past studies were laboratory based and did not include 

within their scope the testing of samples extracted from existing masonry buildings.  

The work presented here was undertaken to investigate the compressive strength and the 

compression stress-strain characteristics of New Zealand URM buildings that were 
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generally constructed between 1880 and 1935 (Russell and Ingham 2010). 45 masonry 

prisms were extracted from 8 existing New Zealand URM buildings, and 75 prisms 

having 14 different brick/mortar combinations were constructed for comparison using 

New Zealand vintage solid clay bricks and a range of mortar strengths. These extracted 

and laboratory constructed prisms were laboratory tested, and predictive expressions 

relating masonry compressive strength to the constituent material compressive strengths 

and to the masonry Modulus of Elasticity were developed based on the experimental 

results. Masonry compression stress-strain numerical models were also developed to 

enable the prediction of masonry stress-strain behaviour. Whilst noting that the 

variability of aged masonry made the development of precise relationships unrealistic, the 

primary objective of this study was to develop predictive expressions that are sufficiently 

accurate to use in the detailed seismic assessment of regular URM buildings. 

 

5.1 Literature review 

5.1.1 Brick/mortar bond development 

A number of authors (Groot 1993; Lawrence and Cao 1987; Sugo et al. 2001) have 

observed that the main factor affecting the development of brick/mortar bond is the 

moisture transfer at the brick/mortar interface after bricklaying, where the bond quality is 

determined by binder hydration at the surface and inside the pores of the brick unit. 

Therefore, brick/mortar bond development is influenced by (Hendry and Khalaf 2001): 

 the aggregate properties, water content and water retentivity of mortar; 

 the surface roughness, pore structure and initial rate of absorption of the brick units; 

 the quality of construction. 

 

The water retentivity of mortar governs its ability to retain moisture upon contact with 

the brick unit. When its water retentivity is high, the mortar has the ability to remain 

plastic and to retain a sufficient amount of moisture for proper curing. The mortar 

workability, which is influenced by its water retentivity, water content and aggregate 
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properties, is also an essential property as it enables complete contact between brick unit 

and mortar, thereby accommodating complete bond development (Pavia and Hanley 

2010) . 

Clay brick units have an extractive characteristic when they are put in contact with 

mortar. This characteristic is governed by the surface roughness and pore structure of 

each brick unit. Brick units having rough surfaces and exposed pores are generally more 

receptive to wet mortar in comparison to smooth brick units with unexposed pores, as 

the presence of voids enables moisture to penetrate into the brick unit structure and form 

a mechanical bond. The moisture penetration into the brick unit structure is further 

influenced by the initial rate of absorption (IRA), where brick units with high IRA extract 

water from mortar quicker than those with low IRA, and thus the quality of the bond 

developed is worse (Pavia and Hanley 2010; The brick Industry Association 2003). Lastly, 

the quality of construction, which includes factors such as the curing condition, 

construction method and inconsistency in the mortar mixing, also affects the 

brick/mortar bond development (Pavia and Hanley 2010). 

  

5.1.2 Behaviour of masonry prism in compression 

The failure of a masonry assemblage (referred to as masonry prism) in compression is a 

result of the interaction between brick units and mortar joints, which have different 

deformation characteristics (Berto et al. 2005). A masonry prism expands laterally when 

subjected to compression loading, and therefore so do the brick units and mortar joints. 

For a masonry prism that is constructed using stiff brick units and soft mortar, the brick 

units have a lower tendency to expand laterally than does the mortar, due to their lower 

Poisson’s ratio. However, the brick units restrict the mortar joints from expanding 

laterally due to the presence of the brick/mortar bond, thus subjecting the mortar joints 

to triaxial compression forces. Whilst maintaining the equilibrium of forces at the 

brick/mortar interface, the confined mortar joints pull the brick units laterally, and 

therefore subject the brick units to a bilateral tension force in addition to the uniaxial 

compression force. This state of stress causes vertical splitting failure of brick units once 

their combined axial compression-bilateral tension capacity is exceeded, which 
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furthermore leads to masonry prism failure (Atkinson and Noland 1983; Drysdale et al. 

1999; McNary and Abrams 1985). This phenomenon is illustrated in Figure 5.1. 

 

 
 

(a) Masonry prism in compression 
 

(b) State of stresses in brick units and mortar 
joints 

 
Figure 5.1: State of stresses in masonry prisms when subjected to vertical compression loading 

(reproduced from Drysdale et al. (1999)) 

 
For strong brick unit/weak mortar masonry that is commonly present in western 

countries (Aryana and Matthys 2008; Hendry 1998; Lenczner 1972), the values of the 

masonry compressive strength and stiffness are commonly between those of the 

constituent brick units and the mortar. When the masonry is constructed using weak 

brick units and strong mortar, as occurs in some parts of India, the brick units are 

subjected to triaxial compression forces, whilst the mortar joints experience bilateral 

tension and axial compression forces (Darayatnam 1987; Gumaste et al. 2006; Kaushik et 

al. 2007a; Sarangapani et al. 2005). Gumaste et al. (2006) concluded that there are a 

number of possible failure mechanisms for weak brick unit/strong mortar masonry, 

where masonry prism failure in compression can be initiated by: 

 tensile splitting of mortar joints; 

 shear failure at the brick/mortar interface due to the loss of brick-mortar bond, followed 

by the tensile splitting of brick units; and 

 inconsistency in the brick unit manufacturing process, where some brick units were 

weaker than others, therefore resulting in local crushing of brick units.  

Triaxial 
compression 
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As shown in Chapter 2 and Chapter 3, New Zealand URM buildings were constructed 

using brick units that are generally stronger than the mortar, and therefore New Zealand 

URM buildings more closely resemble those present in western countries than those in 

India.  

 

5.1.3 Relationship between brick, mortar and masonry 

compressive strength 

The masonry compressive strength is one of the most important properties for the 

assessment and design of masonry elements (Kaushik et al. 2007a). However, 

compression testing of masonry prisms is not always practical, and therefore many 

researchers (Deodhar 2000; Gumaste et al. 2006; Kaushik et al. 2007a; Kaushik et al. 

2007b) have attempted to develop an empirical expression relating the brick unit, mortar 

and masonry compressive strengths, as the brick unit and mortar compressive strengths 

are relatively easy to obtain from laboratory testing and are available in design codes (Ip 

1999; Kaushik et al. 2007a). Three to five brick high masonry prisms were used in past 

experiments, and the brick unit, mortar and masonry prism compressive strengths were 

determined according to the local standardised procedures. 

The relationship between the brick unit, mortar and masonry compressive strengths is 

commonly expressed as in Equation (5.1) (CEN 2005) 

 
         

     
 

 (5.1) 

 

 
where  ,   and   are constants, and     ,     and     are the brick unit, mortar and 

masonry compressive strengths respectively. Eurocode 6 (CEN 2005) recommends a 

range of   values, depending on the brick unit properties and the brick/mortar bond 

configuration, while   and   are 0.7 and 0.3 respectively. The value of   is lower than  , 

which indicates that the masonry compressive strength (   ) is influenced to a greater 

extent by the brick unit compressive strength (   ) than by the mortar compressive 

strength (   ). These values of   and   are valid only when     is less than 20 MPa or less 
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than 2    . It is noted that these constants are proposed by Eurocode 6 (CEN 2005) to 

estimate the characteristic compressive strength of masonry, instead of the average 

compressive strength. 

Darayatnam (1987) adopted the Eurocode 6 expression (Equation (5.1)) for Indian 

masonry and determined that constants  ,   and   were equal to 0.275, 0.5 and 0.5 

respectively. Kaushik et al. (2007a) conducted experiments that were similar to those 

undertaken by Darayatnam (1987) but using a different set of sample parameters that 

consisted of 4 different brick unit types and 3 mortar grades, and found that  ,   and   

were equal to 0.63, 0.49 and 0.32. In addition, Gumaste et al. (2006) found that  ,   and 

  were equal to 0.32, 0.87 and 0.13 for stack bonded prisms that were constructed using 

2 different brick types and 5 different mortar mixes, which indicated that mortar 

compressive strength had little influence on masonry compressive strength. 

Kaushik et al. (2007a) and Gumaste et al. (2006) found that in general, the masonry 

compressive strength increased with increasing brick unit and mortar compressive 

strengths. In addition, Kaushik et al. (2007a) confirmed that the compressive strengths of 

masonry prisms that were constructed using strong brick units and weak mortar were 

between those of the brick unit and the mortar. However, when the brick unit and 

mortar compressive strengths were comparable, the masonry compressive strength was 

lower than those of the brick unit and the mortar.  

Another expression to estimate the masonry compressive strength was proposed by the 

Masonry Standards Joint Committee (MSJC) from North America as shown in Equation 

(5.2): 

 
 

    
         

  

   
 

 
(5.2) 

                       

         
where the value of   is 1.0 for inspected masonry, and the   value is dependent on the 

mortar type (0.20 for ASTM type N, 0.25 for ASTM type S and M) (MSJC 2002). Aryana 

and Matthys (2008) have expressed concerns regarding the MSJC equation as it was 

developed based on a limited material database. They consequently conducted 
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experiments using additional brick/mortar combinations in order to populate this 

material database, and found that Equation (5.2) could not accurately predict the 

additional masonry compressive strength data (Aryana and Matthys 2008).  

 

5.1.4 Relationship between compressive strength and 

stiffness 

The masonry stress-strain relationship has often been investigated by researchers as it is 

not only relatively easy to obtain when performing masonry prism compression tests, but 

it also is an important property for non-linear analysis of masonry structures. The 

masonry strain was derived from the deformation that was recorded either using a demec 

gauge or an extensometer spanning across several mortar joints (typically across two 

joints or 200 mm) (Drysdale et al. 1999; Gumaste et al. 2006; Kaushik et al. 2007a). 

Figure 5.2 shows the stress-strain relationships of masonry prisms having different 

brick/mortar combinations, revealing that the tested masonry prisms behaved non-

linearly when subjected to vertical compression loading. It was also observed that 

variation in the measured value of strain at peak stress was influenced by both the brick 

unit compressive strength and the mortar constituent proportions (Drysdale et al. 1999; 

Hendry 1981; Kaushik et al. 2007a).  

 

 
 

 
(a) Stress-strain relationship of masonry with different 
mortar mixes (reproduced from Kaushik et al. (2007b)) 

 
(b) Stress-strain relationship of masonry with 

different brick types (reproduced from 
Hendry (1981)) 

 
Figure 5.2: Masonry stress-strain curves from literature 
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As shown in Figure 5.2, Kaushik et al. (2007a) observed that although the compressive 

strengths of masonry prisms that were constructed using medium strength mortar 

(cement:lime:sand = 1:0.5:4.5 mortar) were 13% lower than those constructed using high 

strength mortar (cement:lime:sand = 1:0:3 mortar), their strains at peak stress were 

considerably higher. Therefore, masonry prisms with medium strength mortar were 

thought to have performed well, as they exhibited a high ductility whilst the compressive 

strength was not significantly compromised.  

The masonry Modulus of Elasticity (  ) is commonly calculated as the chord modulus of 

the linear part of the masonry compression stress-strain curve, which is typically defined 

to be between 5% and 33% of the ultimate masonry compressive strength (    
 ) (ASTM 

2003a; Drysdale et al. 1999). Alternatively, Gumaste et al. (2006) used the secant modulus 

at 0.25    
  to calculate the masonry Modulus of Elasticity. The relationship between 

masonry compressive strength and Modulus of Elasticity can be expressed as 

 
          

  (5.3) 
 

 
where   is a constant that varies from one recommendation to another. The MSJC code 

(2002) and FEMA 306 (1999) from North America recommend that    is equal to 

700    
  and 550    

  respectively, whilst the Canadian masonry code (CSA 2004) suggests a 

slightly higher value of     = 850    
 . Paulay and Priestley (1992) and Eurocode 6 (CEN 

2005) suggest that    is equal to 750    
  and 1000    

  respectively. In addition, Kaushik et 

al. (2007a) observed that there was a wide variation in the Modulus of Elasticity-

compressive strength relationships of Indian clay brick masonry, where the    values 

varied from 250    
  to 1100    

 . This wide variation was also observed by Drysdale et al. 

(1999), who collected past experimental data and encountered    values ranging from 

210    
  to 1670    

  (see Figure 5.3). The wide variability in the masonry Modulus of 

Elasticity-compressive strength relationship was attributed to possible differences in the 

constituent material properties, test setup, sample configuration, instrumentation as well 

as the method of interpretation (Drysdale et al. 1999). 
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(a) Masonry    vs.        plot by Kaushik et al. 
(2007a) 

 
(b) Masonry    vs.        plot investigated by 

Drysdale (1999) 

 
Figure 5.3: Masonry   -       relationships from literature  

 

5.1.5 International recommendations on masonry 

assemblage properties 

Recommendations on the masonry assemblage material properties are often provided in 

building assessment and design guidelines. Table 5.1, Table 5.2 and Table 5.3 show the 

masonry material property recommendations provided in FEMA 356 from North 

America, OPCM 3431 from Italy and AS 3826-1998 from Australia (FEMA 2000; 

OPCM 2005; Standards Australia 1998).  

 
Table 5.1: Recommended masonry properties in North America (reproduced from FEMA 356 

(2000)) 

Masonry condition     
  (MPa)      

  (MPa)    (GPa)     (MPa) 

Poor 2.07 0 1.14 0.09 

Fair 4.14 0.07 2.28 0.14 

Good 6.21 0.14 3.41 0.19 
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Table 5.2: Recommended masonry properties in Italy (reproduced from OPCM 3431 (2005)) 

Masonry Type      
  (MPa)    (GPa)    (MPa)   (GPa)    (kN/m3) 

Full Brick Masonry with 
Lime Mortar 

1.8 – 2.8 1.8 – 2.4 0.06 – 0.09 0.3 – 0.4 18 

Masonry in half-filled brick 
blocks with cement mortar 

3.8 – 5.0 2.8 – 3.6 0.24 – 0.32 0.56 – 0.72 15 

 
 

Table 5.3: Recommended masonry properties in Australia (reproduced from AS 3826-1998 (1998)) 

Properties      
  

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

  

(MPa) 

Recommendations 
with the absence of 

material testing 

3.0 
 

450     
  short term, 

700     
  long term  

0.2 for cement mortars, 
0.1 for lime mortars 

300     
  0.0 

 

 

Table 5.1, Table 5.2 and Table 5.3 reveal that the recommended masonry assemblage 

material properties provided in North America, Italy and Australia are markedly different. 

This difference is likely to be due to variation in the local clay properties, mortar mix 

proportions, brick and mortar manufacturing processes, as well as the construction 

method. FEMA 356 uses physical condition to categorise masonry into three different 

groups: poor, fair and good, whilst OPCM 3431 classifies masonry according to the type 

of construction. The recommendations provided in AS 3826-1998 are used for all types 

of unreinforced masonry, including clay brick natural stone masonry. However, it is 

noted that recommended masonry assemblage material properties are mostly absent from 

NZSEE (2006), although recommendations for the masonry constituent material 

properties are provided. 

 

5.1.6 Numerical masonry compression stress-strain model 

Knowledge of the masonry compression stress-strain behaviour is important for accurate 

non-linear structural analysis (Kaushik et al. 2007b). In addition, the masonry stress-strain 

characteristics influence masonry deformation modes, and therefore accurate 

characterisation of masonry compression stress-strain behaviour is essential to study 
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masonry structural performance characteristics that are material dependent, such as the 

in-plane seismic response of unreinforced masonry piers. 

Previous researchers have proposed compressive stress-strain models for concrete 

masonry. Kent and Park (1971) first suggested a stress-strain model for unconfined 

concrete and for confined concrete with steel hoops as shown in Figure 5.4.  

 

 
 

Figure 5.4: Concrete stress-strain model proposed by Kent and Park (Hervillard 2005) 

 
The parabolic ascending part of the Kent-Park model can be expressed as per Equation 

(5.4), where    = concrete stress;    = concrete strain;     
  = concrete cylinder 

compressive strength; and    = concrete strain at peak stress.  

 
   

    
  2

  

  
 (

  

  
)
 

 
(5.4) 

 

This ascending stress-strain curve is followed by a linear descending part and a horizontal 

plateau at 0.2    
 . The linear descending branch can be calculated using Equations (5.5), 

(5.6), (5.7) and (5.8) (Hervillard 2005): 

 
        

              (5.5) 
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 (5.6) 

 
 

     
 

 
  √

  

 
 (5.7) 

 
 

     
      2    

 

    
      

 (5.8) 

 

 
 
where: 

   = constant; 

      = difference in strains at 50% of peak stress between unconfined and confined 

concrete; 

      = strain at 50% of peak stress on the descending branch of the stress-strain 

curve for unconfined concrete; 

    = hoop/concrete volumetric ratio; 

    = width of confined concrete; and 

   = spacing between hoops. 

 
Priestley and Elder (1983) adjusted the Kent-Park model to fit their experimental results 

and subsequently proposed the “modified” Kent-Park model to characterise the 

compression stress-strain behaviour of concrete masonry. The ascending and descending 

parts of the “modified” Kent-Park model are expressed using Equation (5.9) and 

Equation (5.10). 

 
   

     
  2

  

    2 
 (

  

    2 
)
 

 (5.9) 

 
         

              2 )] (5.10) 

 

  and    are a strength enhancement coefficient and a constant that are calculated as per 

Equation (5.11) and Equation (5.12): 
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  (5.11) 

  
 

   
   

[
          

 

       
      

]  
 

 
  √

  

  
     2 

 (5.12) 

 

 
 
 
where: 

     = compressive strength of confinement steel plates; 

    = confinement steel/concrete volumetric ratio; 

    = lateral dimension of confined concrete; and 

    = spacing between steel confinement. 

 
Seible and Kingsley (1991) proposed a principal stress-strain law for unconfined and 

confined masonry in compression as shown in Figure 5.5. This model suggests a 

parabolic stress-strain curve which extends until 160% of the strain at     
 , followed by an 

exponential descending part and a horizontal plateau at 10% of masonry compressive 

strength.  

 

 
 

Figure 5.5: Masonry stress-strain model suggested by Seible and Kingsley (1991) 

   
Equations (5.13) and (5.14) express the Seible and Kingsley (1991) model, 
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]   when    ≤    (5.13) 

 
   

  
       [ (

     

  
)]    when    >    (5.14) 

 

 

where: 

    = masonry stress at any point; 

    = masonry strain at any point; 

     
  = masonry strain corresponding to     

 ; 

    = 160% of the strain at     
 ; 

    = masonry stress corresponding to   ; and 

   = damage parameter that can be calculated as per Equation (5.15). 

 
 

           (
  

    
 ) (5.15) 

 

 

Lastly, Kaushik et al. (2007a) adopted the model developed by Kent and Park (1971) and 

rearranged the parabolic expression as per Equation (5.16) to suit clay brick masonry. 

 
   

    
  2

  

    
  (

  

    
 )

 

 (5.16) 
 

 

Kaushik et al. (2007a) found that this parabolic stress-strain model matched their 

experimental stress-strain curves until the peak stress was reached. The immediate post-

peak compression stress-strain behaviour descending to 0.9    
  was also represented using 

Equation (5.16), followed by a linear descending part and a horizontal plateau at 0.2    
 . 

Two possible linear descending branches were proposed whilst considering the ductility 

provided by lime mortar: a straight line connecting the stress-strain curve between 0.9    
  

and 2.75     
  for prisms constructed using cement-lime mortar, and a straight line 

between 0.9    
  and 2    

  for prisms constructed using mortar without lime (see Figure 
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5.6). Kaushik et al. (2007a) suggested that the masonry strain at peak strength (    
 ) can 

be estimated as per Equation (5.17), where  ,   and   are constants of 0.27, 0.25 and 0.7 

respectively. 

 

 
 

Figure 5.6: Stress-strain model proposed by Kaushik et al. (2007a) 

 
 

    
  

     
  

    
  

  
 
 (5.17) 

 

 

 

5.2 Experimental programme 

The literature study emphasised the importance of masonry compressive strength and 

Modulus of Elasticity for the seismic assessment, computer modelling and retrofit design 

of URM structures. However, typical values for masonry compressive strength and 

Modulus of Elasticity are not provided in NZSEE (2006). As shown in section 5.1, 

masonry material properties differ from one country to another due to variation in the 

constituent materials, manufacturing techniques and construction methods. This 

difference emphasised the necessity to establish the masonry material property 

recommendations within the New Zealand context. 
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URM buildings in New Zealand were mostly constructed between the 1860s and 1930s 

(Russell 2010), which is a construction period that was considerably shorter and began 

later than in North America and European countries (Drysdale et al. 1999; McKee 1973). 

Therefore, it was thought that the New Zealand URM building stock is less variable than 

those in North America and Europe, which consequently provided an opportunity to 

establish masonry assemblage material property recommendations that are more accurate 

than those provided in FEMA 356 and OPCM 3431. 

The experimental programme involved the compression testing of both field extracted 

and laboratory constructed masonry prisms. 45 masonry prisms extracted from 8 historic 

New Zealand buildings were either cut in-situ using a masonry chainsaw or were 

extracted as irregular masonry segments. These samples were further trimmed in the 

laboratory to form single leaf three brick high prisms. Plastering and rendering mortars 

were removed, if present. The field extracted sample extraction, preparation and 

compression testing are shown in Figure 5.7. 

Three brick high prisms were selected for ease of sample handling, and because the 

extraction from existing buildings of prisms that were taller than three bricks high was 

generally difficult. The cutting process and the transportation of samples from the 

location of cutting to the testing laboratory were performed slowly and carefully to 

minimise disturbance to the mortar joints. Although there were rare occasions when the 

mortar joint of a sample was broken due to a lack of control during the cutting process, it 

is noted that the mortar joints of the extracted samples were in most cases in good 

condition, and therefore the extracted prisms remained intact and were largely 

undisturbed throughout the sample preparation process. Samples that were broken 

during preparation were excluded from the experimental programme.   
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(a) In-situ cutting of masonry prisms 
 

 
(b) Irregular masonry segments 

  
 

(c) Cutting of masonry segments (1) 
 

 
(d) Cutting of masonry segments (2) 

  
 

(e) Removal of plastering mortar 
 

(f) Final trimming of samples to form single leaf-
three brick high prisms 

 

  
 

(g) Field extracted prisms ready for end capping 
 

 
(h) Field extracted prism compression test 

Figure 5.7: Preparation and compression testing of field extracted samples 
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75 three brick high masonry prisms having 14 different brick/mortar combinations were 

prepared with occasional assistance provided by an experienced mason, and were left to 

cure for at least 28 days at room temperature (20 ± 5º C) before testing. The masonry 

units used in these constructed prisms were recycled vintage solid clay bricks obtained 

from demolition contractors, with an average l × w × h of 228 mm × 112 mm × 78 mm, 

and the thickness of the mortar joints was maintained between 12 mm and 18 mm to 

replicate common New Zealand URM construction practice. 

The masonry prisms were three bricks high, to facilitate sample handling and 

transportation. Preliminary laboratory experiments revealed that the brick/mortar bond 

was poor when dry brick units were used, and therefore the brick units used in the 

experimental programme were first submerged in water for ten minutes before laying, 

following the procedure reported by Sarangapani et al. (2005), to accommodate 

brick/mortar bond development. Figure 5.8 shows the preparation of masonry prism 

samples. 

 

   
 

(a) Prism construction 
process  

 
(b) Curing of masonry prisms 

 
(c) Masonry prisms after 

gypsum capping 
 

Figure 5.8: Masonry prism sample preparation 

 
All prisms were capped using gypsum plaster and tested in compression following ASTM 

C 1314 - 03b (2003a) using a 2000 kN Instron machine. For most tests, two laboratory-

calibrated displacement gauges were attached on the left and right sides of the prisms, 

spanning from the middle of the bottom brick to the middle of the top brick, thus 

enabling the masonry compression stress-strain relationship and Modulus of Elasticity to 

be derived. Displacement gauges were attached to the prisms using an aluminium test rig 

that was fixed onto the prisms (see Figure 5.9). Stress and displacement values were 
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recorded using data acquisition software, and the strain was calculated using the average 

readings from the two displacement gauges. Figure 5.10 shows a typical masonry prism 

compression test. 

ASTM C 1314 - 03b (2003a) recommends compression testing of masonry prisms being 

at least two bricks high and having a height to thickness ratio between 1.3 and 5.0, and 

correction factors according to the sample height to thickness (h/t) ratio are suggested to 

consider the influence of varying sample dimensions. Kingsley and Noland (1992) 

reported that a decrease in sample h/t ratio led to an increase in the measured prism 

compressive strengths as the top and bottom loading platens introduced confining 

stresses that influenced the measured values. As described by Hughes and Bahramian 

(1965), these confining stresses were present due to the friction that developed between 

the loading platen and sample surface.  

Page and Marshall (1985) described that the compressive strength of masonry prisms is 

influenced by the brick and mortar properties, relative volumetric proportions of the 

brick unit to the mortar joint, number of mortar joints, end platen confining effects, as 

well as the presence of a capping material. However, their masonry prisms had relatively 

high h/t ratios in comparison to brick units, and therefore it is concluded that the 

influence of end platen confinement on the measured masonry prism compressive 

strength is not as significant as it is on the measured brick unit compressive strength. 

Considering the above factors, all prisms used in this experimental programme were 

three brick high prisms to maintain consistency in the analysis, and h/t ratio correction 

factors as prescribed in ASTM C 1314 - 03b (2003a) were incorporated. For similar 

reasons to that described in Chapter 2 and Chapter 3, gypsum capping was used to 

ensure that all masonry prisms were compression tested using a consistent testing 

arrangement and boundary conditions. 
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Figure 5.9: Compression test setup using aluminium frame 

 

 
 

Figure 5.10: Typical masonry prism compression test 

 

5.3 Brick unit and mortar properties 

The compressive strength of the brick units that were used in each prism combination 

was determined following the ASTM C 67 - 03a (2003b) half brick compression test. 

Irregular mortar samples were extracted from each field site and carefully cut in the 

laboratory to form rectangular test pieces, then capped using gypsum plaster and tested in 

Aluminium 
frame 

Screws fixing 
displacement 
gauges 

Screws fixing 
aluminium 
frames Displacement 

gauge 
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compression following the procedure described in section 2.5. ASTM C 67 - 03a (2003b) 

recommends the use of half brick units for compression testing to reduce confinement 

effects introduced by the loading platens, and the irregular mortar compression test 

procedure prescribed in section 3.5 accounts for the specimen aspect ratio and footprint 

dimensions as these factors clearly influence the measured mortar compressive strength.  

For the laboratory constructed prisms, varying mortar mix proportions were selected to 

simulate a wide range of mortar properties, and the materials used for mixing were 

ordinary Portland cement, hydrated lime and river sand. Most of the mortar mix 

proportions were selected following mortar classifications published in NZSEE (2006) 

and ASTM C 270 - 08a (2008a), except for mortar grades B and E whose mix 

proportions were estimated by the mason assisting in the sample construction process. 

The water:cement ratio of each mortar grade was kept constant to maintain between-

batch consistency. The compressive strength of each mortar grade was determined using 

50 mm mortar cubes that were prepared as prescribed in ASTM C 109 - 08 (2008c). After 

approximately 28 days of curing at room temperature (20 ± 5º C), these mortar cubes 

were compression tested following the ASTM C 109 - 08 (2008c) 50 mm mortar cube 

compression test. It is noted that these mortar cubes were prepared simultaneously with 

the laboratory constructed prisms.  

Table 5.4 and Table 5.5 present the brick unit and mortar properties of the field extracted 

and the laboratory constructed prisms respectively, where n is the number of samples 

tested. The origin and the year of construction of the field extracted prisms are reported 

in Appendix B. It is noted that some of the brick groups used to construct the laboratory 

prisms were recycled from the field sites shown in Table 5.4, and thus the designations 

for the brick groups as listed in Table 5.5 were kept consistent with the field site 

designations reported in Table 5.4. 
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Table 5.4: Field extracted sample constituent material properties    

Field 
Site 

Average      
MPa (CoV) 

n Average     

MPa (CoV) 

n 

AH 8.5 (0.18) 17 1.23 (0.17) 7 

BC 12.0 (0.28) 14 4.54 (0.13) 6 

AL 15.7 (0.21) 20 5.53 (0.14) 8 

CFK 16.0 (0.11) 10 4.14 (0.18) 14 

HC 16.3 (0.20) 8 8.58 (0.16) 16 

D 17.1 (0.15) 7 2.62 (0.19) 16 

TA 21.1 (0.23) 9 5.92 (0.17) 8 

RB 27.3 (0.21) 32 6.65 (0.21) 11 

 

Table 5.5: Laboratory constructed sample constituent material properties 

Brick 
Group 

Average 

    
MPa 

(CoV) 

n Mortar 
Grade 

Proportion by Volume Equivalent 
classification 

Average 

    

MPa 
(CoV) 

n 

Cement Lime Sand Water 

AH 8.5 (0.18) 17 A 0 1 3 2.8 NZSEE 
‘firm’ 

0.69 
(0.13) 

5 

SB 10.6 
(0.25) 

13 B 0 2 3 n.a* Mason** 1.75 
(0.08) 

5 

AL 15.7 
(0.21) 

20 C 1 3 12 3.4 ASTM ‘K’ 2.47 
(0.04) 

5 

D 17.1 
(0.15) 

7 D 1 2 9 2.1 ASTM ‘O’ 4.95 
(0.14) 

5 

RB 27.3 
(0.21) 

32 E 1 1 9 n.a* Mason** 5.90 
(0.11) 

5 

NL 27.5 
(0.22) 

19 F 1 1 6 1.3 ASTM ‘N’ 8.65 
(0.04) 

5 

HB 38.6 
(0.16) 

21 G 1 1 6 n.a* ASTM ‘N’ 12.52 
(0.26) 

5 

ST 43.4 
(0.15) 

9 H 4 1 12 4 NZSEE 
‘stiff’ 

23.20 
(0.09) 

5 

* - Water : cement ratio was kept constant, but was not recorded 
** - Mix approximated by mason assisting in the sample construction process 

 

The brick unit and mortar compressive strengths varied from 8.5 MPa to 43.4 MPa and 

from 0.69 MPa to 23.2 MPa respectively. In general, the coefficients of variation (CoV) 

of the brick units were greater than those of the mortar, where the CoV ranged from 0.11 

to 0.28 for the brick units and from 0.04 to 0.26 for the mortar. Mortar grades F and G 

were both ASTM type N mortars, but their average compressive strengths were different 

from each other. This difference in mortar compressive strength was possibly due to 

variation in the water:cement ratio, although this supposition could not be investigated as 

the water proportions for mortar grade G were not recorded. It is also noted that the 
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mortars which had average     
  above 5 MPa were cement rich lime-cement mortars (the 

volumetric ratio of cement/lime was ≥ 1.0). 

 

5.4 Masonry compression test results 

The average compressive strengths (    
 ), average Modulus of Elasticity (  ) and average 

strain at peak stress (    
 ) of the field extracted and laboratory constructed prisms are 

presented in Table 5.6. 75 prisms were laboratory constructed using the 8 different brick 

groups and 8 different mortar grades. Table 5.6 provides two different     
  values for 

each prism combination, as not all prisms were tested incorporating displacement gauges, 

and therefore the average     
  values that correspond to the    and     

  values (referred 

to as     
 *) were different to the average     

  values of all prisms tested. The average     
  

values were used to develop the relationships between     ,     and    , whilst the average 

    
 * values were used to study the relationships between   ,     

  and     
 . The 

preparation for compression tests incorporating displacement gauges was found to be 

time consuming, and due to the tightness of the project schedule, some prisms were not 

compression tested incorporating displacement gauges. The n and n* values shown in 

Table 5.6 are the number of test results included in the average     
  and average     

 * 

calculations respectively. 
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Table 5.6: Field extracted and laboratory constructed prism properties 

Prism 
Group 

Average 

  
 
 

MPa 

Average 

  
 
 

MPa 

Average  

  
 

  

MPa (CoV) 

n Average 

  
 

*  

MPa (CoV) 

n*  Average 

    
MPa (CoV) 

Average 

     
   

MPa (CoV) 

Average 

  /

  
 

 

Field 

AH 8.5  1.23 3.31 (0.19) 5 3.32 (0.22) 4 388 (0.30) 0.0105 (0.21) 118 

BC 12.0  4.54 6.98 (0.25) 6 7.59 (0.22) 5 2,252 (0.31) 0.0048 (0.21) 296 

AL 15.7  5.53 10.70 (0.09) 6 10.88 (0.08) 4 2,133 (0.16) 0.0079 (0.14) 197 

CFK 16.0  4.14 7.39 (0.12) 6 7.76 (0.09) 4 1,861 (0.25) 0.0061 (0.32) 241 

HC 16.3  8.58 6.59 (0.23) 6 6.86 (0.23) 5 1,963 (0.35) 0.0051 (0.39) 285 

D 17.1  2.62 6.06 (0.15) 4 6.06 (0.15) 4 1,492 (0.26) 0.0073 (0.33) 256 

TA 21.1  5.92 12.05 (0.12) 6 12.75 (0.03) 6 4,004 (0.11) 0.0044 (0.11) 314 

RB 27.3 6.65 14.70 (0.21) 6 15.11 (0.11) 5 4,286 (0.24) 0.0049 (0.30) 283 

Lab 

AH-D 8.5 4.95 6.19 (0.18) 5 6.51 (0.15) 4 899 (0.20) 0.0099 (0.07) 138 

SB-B 10.6 1.75 7.17 (0.14) 5 7.34 (0.14) 4 644 (0.11) 0.0143 (0.17) 89 

SB-G 10.6 12.52 9.35 (0.22) 5 9.35 (0.22) 5 1,474 (0.43) 0.0089 (0.34) 155 

AL-D 15.7 4.95 10.82 (0.13) 6 11.19 (0.12) 4 3,047 (0.17) 0.0048 (0.14) 274 

AL-H 15.7 23.20 16.78 (0.19) 6 15.90 (0.18) 4 5,692 (0.21) 0.0030 (0.20) 357 

D-A 17.1 0.69 7.35 (0.25) 7 7.19 (0.17) 6 926 (0.28) 0.0095 (0.23) 132 

D-C 17.1 2.47 10.63 (0.10) 6 10.18 (0.09) 5 2,851 (0.32) 0.0050 (0.24) 279 

D-D 17.1 4.95 11.71 (0.08) 4 11.71 (0.08) 4 4,295 (0.13) 0.0033 (0.11) 366 

D-E 17.1 5.90 11.52 (0.15) 4 11.52 (0.15) 4 3,904 (0.14) 0.0032 (0.17) 342 

D-F 17.1 8.65 16.07 (0.18) 7 16.24 (0.19) 6 6,019 (0.23) 0.0036 (0.11) 371 

D-H 17.1 23.20 16.68 (0.13) 5 16.68 (0.13) 5 7,227 (0.25) 0.0028 (0.18) 433 

NL-D 27.5 4.95 14.66 (0.13) 6 12.94 (0.17) 5 3,319 (0.33) 0.0067 (0.32) 253 

HB-G 38.2 12.52 30.79 (0.13) 5 30.79 (0.13) 5 7,971 (0.30) 0.0050 (0.25) 257 

ST-G 43.4 12.52 24.77 (0.14) 4 24.77 (0.14) 4 7,189 (0.39) 0.0047 (0.18) 285 

  

 
Figure 5.11 shows the normalised, dimensionless stress-strain relationships of the tested 

masonry prisms with respect to the maximum compressive stress (    
 ) and masonry 

strain at peak stress (    
 ). According to ASTM E 111 - 97 (1997), the Young’s Modulus 

of Elasticity is used to describe the material stress-strain behaviour if the strain of the 

material is linearly proportional to the applied stress within the elastic range. However, 

Figure 5.11 shows that the stress-strain relationships of the samples included in this 

experimental programme were highly non-linear, especially when the compressive stress 

exceeded 0.50    
 . Therefore, following ASTM E 111 - 97 (1997), it was decided that the 

chord Modulus of Elasticity be used to describe the stress-strain behaviour of masonry 

prisms included in this experimental programme.  

Also, the objective of this study was to provide information that was suitable for use in 

non-linear seismic analysis, and therefore the measurement of    based on the stress-
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strain ordinates at 0.05     
  and 0.33     

  was deemed to potentially result in an 

overestimation of the masonry Modulus of Elasticity. The initiation of visible damage in 

the tested prisms generally occurred at approximately 0.70     
 , and therefore it was 

decided that the masonry Modulus of Elasticity be calculated as the chord modulus of the 

stress-strain curve between 0.05    
  and 0.70    

  in order to provide a suitable stiffness 

value for use to determine effective yield displacements (Marcari et al. 2007; OPCM 

2005) (see Figure 5.11). The readings below 0.05    
  were excluded from the analysis as 

these data were associated with initial confinement of the sample and were typically 

erratic. 

 

 
 

Figure 5.11: Normalised masonry prism stress-strain relationships 

 
Table 5.6 shows that the average     

  of the field extracted and laboratory constructed 

samples varied from 3.31 MPa to 30.79 MPa (CoV ranging between 0.12 and 0.25). In 

agreement with previous studies (Aryana and Matthys 2008; Hendry 1998; Lenczner 

1972), most of the average masonry compressive strengths were between those of the 

brick units and the mortar. 

The average     
  values of the laboratory constructed samples adequately replicated those 

of the field extracted samples, although the extracted sample compressive strengths were 
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mostly within the lower half of the compressive strength database. Similarly, the average 

Modulus of Elasticity and average strain at peak stress of the laboratory constructed 

samples satisfactorily replicated the corresponding properties of the field extracted 

samples (average    ranged from 388 MPa to 7,971 MPa and average     
  ranged from 

0.0028 to 0.0143). The masonry Modulus of Elasticity and strain at peak stress were 

generally more variable (CoV    ranging from 0.11 to 0.43 and CoV     
  ranging 

between 0.07 and 0.39) than was the masonry compressive strength. When expressed in 

terms of average     
 , the average masonry Modulus of Elasticity varied from 89    

  to 

433    
 . 

It is noted that all of the field extracted masonry prisms had at least one vertical mortar 

head joint within their brick courses. The test results revealed that the constitutive 

relationships of the laboratory constructed samples aligned well with those of the field 

extracted samples, and therefore it was concluded that the presence of the vertical mortar 

head joints had minimal influence on the masonry compressive properties.  

 

5.5 Observed masonry prism failure modes 

The compressive behaviour of New Zealand unreinforced masonry was thought to be 

similar to masonry from North America and European countries due to the common 

presence of strong brick unit-weak mortar masonry. However, the experimental 

programme incorporated a wide range of brick groups and mortar grades, and therefore 

the observed masonry prism failure modes were variable.  

As most prisms were constructed using brick units that were stronger than the mortar, 

their compression failures were mostly initiated by splitting failure of the brick units, 

which was in an agreement with previous comparable studies (Atkinson and Noland 

1983; Drysdale et al. 1999; McNary and Abrams 1985) as discussed in section 5.1.2. Brick 

unit splitting failure was followed by crushing of the mortar joints as the loading 

continued. A typical example of this type of failure is represented by the ST-G prism 
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shown in Figure 5.12(a), which had average     
 ,     

  and     
  of 43.4 MPa, 12.52 MPa and 

24.77 MPa respectively.  

When extremely weak mortars were used, prism compression failure was initiated by 

triaxial compression failure of the mortar joints. The D-A prism shown in Figure 5.12(b), 

which had average     
 ,     

  and     
  of 17.1 MPa, 0.69 MPa and 7.55 MPa respectively, was 

an example of this type of prism. Figure 5.12(b) shows that the mortar joints of the D-A 

prism were crushed and turned into powder during compression testing. The brick units 

were then also crushed as the loading continued.  

 

  
 

(a) Compression failure of ST-G prism 
 

(b) Compression failure of D-A prism 
 

Figure 5.12: Failure modes of strong brick - weak mortar prisms 

 
The last type of observed masonry prism compression failure was when the brick units 

used were weaker than the mortar, as represented by the AL-H and D-H prisms shown 

in Figure 5.13. Prism groups AL-H (average     
  = 16.78 MPa) and D-H (average     

  = 

16.68 MPa) were constructed using brick units AL and D (average     
  = 15.7 MPa and 

17.1 MPa respectively), that were weaker than the mortar joints (average     
  = 23.2 MPa). 

The brick-mortar bond remained intact during compression testing of AL-H and D-H 

prisms, and therefore their compression failures were initiated by tensile splitting of the 

mortar joints that were subjected to bilateral tension and axial compression forces. The 

tensile splitting failure furthermore propagated to the brick units as the loading 

continued. However, most of the mortar joints of prism groups AL-H and D-H 

remained uncrushed even after conclusion of the compression tests, due to their high 

compressive strength. 
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It is noted that all field extracted prisms experienced similar compression failure to that 

experienced by the ST-G prisms. 

 

  
 

(a) Compression failure of AL-H prism 
 

(b) Compression failure of D-H prism 
 

Figure 5.13: Failure modes of moderate brick - strong mortar prisms 

 

5.6 Analysis and discussion 

5.6.1 Prediction of masonry compressive strength 

An expression relating the brick unit, mortar and prism compressive strengths was 

derived to enable prediction of the compressive strength of existing URM buildings using 

only the brick unit and mortar compressive strengths, so that expensive and time 

consuming prism compression tests can be avoided. Table 5.6 shows that in general, the 

masonry compressive strength increased with increasing brick unit and mortar 

compressive strengths. The field extracted sample test results were combined with those 

of the laboratory constructed samples, and a non-linear regression analysis was 

performed to determine the relationships between     
 ,     

  and     
  for the combined data 

set, allowing the resemblance of the laboratory constructed samples to the field extracted 

samples to be assessed. A three dimensional plot relating     
 ,     

  and     
  of the combined 

database was generated using DataFit 9.0 (Oakdale Engineering 2010) as illustrated in 

Figure 5.14. It was shown that the     
 ,     

  and     
  relationships of the laboratory 

constructed samples converged with those of the field extracted samples (white dots in 
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Figure 5.14). The surface plot in Figure 5.14 represents the prediction of masonry 

compressive strength for different brick unit and mortar properties. A predictive 

equation relating     
 ,     

  and     
  in the form of the Eurocode 6 expression (CEN 2005) 

was derived, and constants  ,   and   were found to be 0.75, 0.75 and 0.31 respectively 

(see Equation (5.18)). 

 
            

        
     (5.18) 

 

 
 

 
 

Figure 5.14: Three-dimensional plot relating     
 ,     

  and     
  

 
In agreement with previous studies(CEN 2005; Darayatnam 1987; Gumaste et al. 2006; 

Kaushik et al. 2007a), the   value (0.31) was found to be lower than the   value (0.75), 

which implied that the mortar compressive strength had less influence on the masonry 

compressive strength than did the brick unit compressive strength. Equation (5.18) had a 

coefficient of determination (R2) value of 87%, which was deemed to be satisfactory, 

especially when considering that this equation suited both field extracted and laboratory 

constructed masonry. 

In Table 5.7 the experimental average prism compressive strengths are compared with 

the predictions generated using Equation (5.18), MSJC (2002), Kaushik et al. (2007a), 

Darayatnam (1987) and Gumaste et al. (2006) equations. It is noted that no comparison 

was made with the Eurocode 6 (CEN 2005) equation, as this equation was proposed to 

predict the characteristic masonry compressive strength instead of the average masonry 

R2 = 0.87 

       Field Samples 

       Lab Samples 
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compressive strength. The   value for the MSJC equation was assumed to be 1.0 as the 

laboratory constructed samples were categorised as inspected masonry, and the   value 

selected was 0.2 as the experimental programme had incorporated a wide variety of 

mortars. The percentage error of the predicted values with respect to the experimental 

average masonry compressive strengths were calculated (see bracketed values in Table 

5.7), with a negative error percentage indicating that the predicted value underestimated 

the experimental value.  

 
Table 5.7: Prediction of     

  using different predictive equations  

Prism 
Group 

Actual 
    

 , MPa 
Predicted values of     

  
MPa (% error) 

Equation (5.18) MSJC Kaushik Darayatnam Gumaste 

K, α & 
β 

0.75, 0.75 & 
0.31 

A = 1.0 
B = 0.2  

0.63, 0.49 
& 0.32 

0.275, 0.5 & 
0.5 

0.32, 0.87 & 
0.13 

Field 

AH 3.31 3.98 (20) 2.77 (-16) 1.92 (-42) 0.89 (-73) 2.11 (-36) 

BC 6.98 7.73 (11) 2.78 (-60) 3.45 (-51) 2.03 (-71) 3.38 (-52) 

AL 10.70 10.05 (-6) 2.78 (-74) 4.20 (-61) 2.56 (-76) 4.39 (-59) 

CFK 7.39 9.32 (26) 2.78 (-62) 3.86 (-48) 2.24 (-70) 4.29 (-42) 

HC 6.59 11.85 (80) 2.78 (-58) 4.92 (-25) 3.25 (-51) 4.80 (-27) 

D 6.06 8.50 (40) 2.78 (-54) 3.45 (-43) 1.84 (-70) 4.29 (-29) 

TA 12.05 12.82 (6) 2.79 (-77) 4.96 (-59) 3.07 (-74) 5.72 (-52) 

RB 14.70 16.12 (10) 2.80 (-81) 5.84 (-60) 3.71 (-75) 7.27 (-51) 

Lab 

AH-D 6.19 6.13 (-1) 2.77 (-55) 3.00 (-52) 1.78 (-71) 2.54 (-59) 

SB-B 7.17 5.24 (-27) 2.77 (-61) 2.40 (-67) 1.18 (-83) 2.68 (-63) 

SB-G 9.35 9.64 (3) 2.77 (-70) 4.50 (-52) 3.17 (-66) 3.47 (-63) 

AL-D 10.82 9.71 (-10) 2.78 (-74) 4.05 (-63) 2.42 (-78) 4.32 (-60) 

AL-H 16.78 15.68 (-7) 2.78 (-83) 6.64 (-60) 5.25 (-69) 5.29 (-69) 

D-A 7.35 5.62 (-24) 2.78 (-62) 2.25 (-69) 0.94 (-87) 3.61 (-51) 

D-C 10.63 8.35 (-21) 2.78 (-74) 3.38 (-68) 1.79 (-83) 4.26 (-60) 

D-D 11.71 10.35 (-12) 2.78 (-76) 4.22 (-64) 2.53 (-78) 4.66 (-60) 

D-E 11.52 10.93 (-5) 2.78 (-76) 4.47 (-61) 2.76 (-76) 4.77 (-59) 

D-F 16.07 12.31 (-23) 2.78 (-83) 5.05 (-69) 3.34 (-79) 5.01 (-69) 

D-H 16.68 16.72 (2) 2.78 (-83) 6.93 (-58) 5.48 (-67) 5.69 (-66) 

NL-D 14.66 14.79 (9) 2.80 (-81) 5.33 (-64) 3.21 (-78) 7.04 (-52) 

HB-G 30.79 25.22 (-18) 2.81 (-91) 8.43 (-73) 6.01 (-80) 10.57 (-66) 

ST-G 24.77 27.76 (12) 2.82 (-89) 8.97 (-64) 6.41 (-74) 11.82 (-52) 

* Eurocode 6 equation is not valid when     
  is greater than 20 MPa 

 

 
Table 5.7 shows that except for field extracted sample group HC, Equation (5.18) best 

suited both the field extracted and laboratory constructed samples, where the percentage 
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error generated by Equation (5.18) (which ranged between 1% and 40%) was generally 

lower than the comparable errors associated with the other equations. However, it is 

noted that the overseas experiments were conducted using prisms having different aspect 

ratios and different masonry materials to those utilised in the current experimental 

programme, and thus the equation constants derived overseas differed to those of 

Equation (5.18). 

Prism group HC had an average     
  (6.6 MPa) that was lower than both the average     

  

(16.3 MPa) and average corrected     
  (8.58 MPa), which aligned with the findings of 

Kaushik et al. (2007a) who observed that the compressive strengths of prisms that were 

constructed using brick units and mortar of comparable compressive strengths were low. 

Prism group HC was the only field extracted sample group for which the average 

corrected     
  was greater than half as strong as the average     

  (see Table 5.4). These 

comparable brick unit and mortar compressive strengths were likely to be the reason why 

the compressive behaviour of prism group HC was different to the other field extracted 

prism groups, and hence the average     
  of prism group HC could not be accurately 

predicted using Equation (5.18).  

 

5.6.2 Prediction of masonry Modulus of Elasticity 

As masonry Modulus of Elasticity is an important property for linear and non-linear 

structural analysis, a predictive expression relating the masonry Modulus of Elasticity to 

the masonry compressive strength was derived. Table 5.6 shows that the masonry 

Modulus of Elasticity generally increased with increasing masonry compressive strength. 

The masonry Modulus of Elasticity-compressive strength relationship of the combined 

dataset for both the field extracted and the laboratory constructed prisms is illustrated in 

Figure 5.15, showing good agreement between the two separate data sets. For the 

combined dataset,    could be satisfactorily equated to 294    
 . This expression had an 

R2 value of 76%, which was deemed to predict the masonry Modulus of Elasticity 

satisfactorily. 
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Figure 5.15: The   -    
  relationship of both field extracted and laboratory constructed samples 

 
When compared with the   values recommended elsewhere, the derived   value of 294 

for New Zealand historic clay brick masonry was notably low, although this derived value 

was within the range observed by Drysdale et al. (1999) and Kaushik et al. (2007a). It is 

also noted that one reason for the derived   value being lower than is customarily 

recommended was that the masonry Modulus of Elasticity was calculated using the stress 

and strain ordinates at 0.05    
  and 0.70    

  instead of those located at 0.05    
  and 0.33    

  

as used by previous researchers. This adopted calculation method generated a linear 

stiffness value appropriately reflecting the measured non-linear behaviour for the strain 

range up to     
 , and therefore although the derived    values were low, they were 

thought to be representative for use in both linear and non-linear seismic analyses. 

 

5.6.3 Prediction of masonry strain at peak stress 

The masonry strain at peak stress is required for numerical modelling of the masonry 

compression stress-strain curve (refer to Equation (5.16)), and therefore an expression 

was sought to predict     
 . Kaushik et al. (2007a) proposed that     

  be predicted using a 
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function that involved masonry compressive strength, mortar compressive strength and 

masonry Modulus of Elasticity (see Equation (5.17)). When considering the current 

experimental data, it was found that the function proposed by Kaushik et al. (2007a) 

generally matched the field extracted and laboratory constructed sample test results, 

except that one of the equation constants,  , required adjustment to 0.21 (see 

Equation (5.19)). 

 
 

    
  

  2     
  

    
     

  
   

 (5.19) 
 

 

Figure 5.16 illustrates a plot of the masonry strain at peak stress predicted using Equation 

(5.19) (using the experimental average     
 ,     

  and   ) against the experimentally 

determined average masonry strain at peak stress, showing satisfactory agreement with 

R2 = 74%. 

 
 

Figure 5.16: Comparison between predicted vs. experimental strain at peak stress 
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5.6.4 Numerical modelling of masonry compression stress-

strain behaviour 

A masonry compression stress-strain numerical model that aligned with the current 

experimental data was proposed as an aid for structural engineers when performing non-

linear structural analysis. The current experimental data was analysed by plotting all 

experimental stress-strain curves from each prism group for comparison with previously 

developed numerical models. It is noted that the grouted masonry damage parameter 

incorporated in the Seible and Kingsley (1991) model was not considered as the current 

experimental programme exclusively addressed solid clay brick masonry (referred to as 

“the modified Seible and Kingsley (1991) model”). The input parameters used for the 

proposed models were the experimental average     
  and     

  values. Figure 5.17 

illustrates examples of the comparison plots for different field extracted and laboratory 

constructed prism combinations.  
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(a) AH-D Prism (b) AH prism 

 
 

(c) D-A Prism (d) D prism 

  
(e) D-F Prism (f) TA prism 

  

Legend                    Experiments                   Kaushik et al. (C)               Priestley & Elder 

                    Seible & Kingsley                   Kaushik et al. (CL)  

  
Figure 5.17: Comparison between experimental and numerical stress-strain curves 

 
Figure 5.17 shows that in general, the Kaushik et al. (2007a) and the modified Seible and 

Kingsley (1991) models could be used to represent the average of the masonry stress-

strain curves until peak stress was reached. However, the model suggested by Priestley 

and Elder (1983) was not suitable for the current experimental data as at a given value of 
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strain, this model predicted significantly higher stress values than were measured during 

testing. It is also noted that the Priestley and Elder (1983) model could not predict the 

falling branch of the stress-strain curve when     
  was lower than 6.9 MPa. Therefore, the 

post-peak masonry stress-strain curve was assumed as a horizontal plateau at peak stress 

when     
  was lower than 6.9 MPa (refer to Figure 5.17(a), (b) and (d)). 

When the damage parameter is excluded, the Seible and Kingsley (1991) model before    

reaches 1.6    
  is identical to Equation (5.16). Therefore, the Kaushik et al. (2007a) and 

the modified Seible and Kingsley (1991) models predicted identical stress-strain 

relationships until peak stress was reached. The post-peak stress-strain branch of these 

models descending to 0.9    
  were also identical, with predicted response over this strain 

range aligning well with the current experimental data. Beyond 0.9    
 , the Kaushik et al. 

(2007a) model split into two different descending linear relationships depending on the 

type of mortar used, whilst the modified Seible and Kingsley (1991) model remained 

parabolic until 1.6    
 .  

It was assumed that the mortar compressive stiffness is related to the mortar compressive 

strength (as also found by Kaushik et al. (2007a)). Therefore, the mortar compressive 

strength was used as a measure to categorise the compression stress-strain behaviour of 

the field extracted and laboratory constructed prisms, regardless of their mortar 

composition and age. For prisms that were constructed using mortars having average     
  

of 5 MPa and above (see Figure 5.17(e) and (f) for examples), their post-peak 

compression stress-strain curves could be predicted adequately using the Kaushik et al. 

(2007a) model for prisms constructed using cement-lime mortars (referred to as 

“Kaushik et al. (CL)” in Figure 5.17). 

Prisms that were constructed using mortars having average     
  below 5 MPa (see Figure 

5.17(a) to (d) for examples) had lower post-failure strains than those constructed using 

mortars having average     
  ≥ 5 MPa, and were best represented using the Kaushik et al. 

(2007a) model for prisms constructed using cement mortar (referred to as “Kaushik et al. 

(C)” in Figure 5.17). Despite being similar, the Kaushik et al. (2007a) (C) model was 

preferred to the modified Seible and Kingsley (1991) model because of its simpler form. 
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In agreement with Kaushik et al. (2007a), the stress-strain behaviour of prisms that were 

constructed using cement rich cement-lime mortar (volumetric ratio of cement/lime 

≥ 1.0) were best represented using the Kaushik et al. (2007a) (CL) model. However, the 

stress-strain response of prisms that were constructed using lime rich cement-lime 

mortars (volumetric ratio of cement/lime < 1.0) and those using pure lime mortar 

matched the Kaushik et al. (2007a) (C) model, which was intended for prisms 

constructed using pure cement mortar. This similarity was due to the dominance of lime 

in the mortar. Although the addition of lime into cement mortar increases ductility 

(Kaushik et al. 2007a), it was identified that the high lime proportion in the mortar 

resulted in weak and soft mortar joints which became completely crushed immediately 

after the peak stress was reached, thus provided little ductility to the masonry. 

It is noted that a large proportion of the experimental stress-strain data was only 

recorded up to strains corresponding to 0.5    
  on the descending branch (as shown in 

Figure 5.17) as it was difficult to record accurate stress and strain values beyond that 

point. However, the experimental results adequately matched the Kaushik et al. (2007a) 

model for the descending branch prior to 0.5    
 , and therefore the models proposed by 

Kaushik et al. (2007a) were selected for adoption.  

An exception was made for prism groups AL-H and D-H, which were constructed using 

medium strength brick units (brick group AL, average     
  = 15.7 MPa; and brick group 

D, average     
  = 17.1 MPa) and strong mortar having a cement/lime volumetric ratio of 

4.0 (average     
  = 23.2 MPa). This use of high strength mortar resulted in masonry prisms 

that were brittle and had low deformation capacity. The increasing branch of the stress-

strain curves of the AL-H and D-H prisms was linear until the ultimate stress was 

reached, at which point brittle compression failure occurred and the stress-strain curve 

descended rapidly. As described in Section 5.5, the compressive strengths of AL-H and 

D-H prisms were lower than the brick unit and mortar compressive strengths, and their 

compression failure was governed by tensile splitting of the mortar joints. Figure 5.18 

illustrates typical stress-strain curves of AL-H and D-H prisms in comparison with the 

stress-strain curves shown in Figure 5.17. Table 5.4 shows that none of the pre 1940s 

New Zealand URM buildings was built using strong mortar similar to that used for AL-H 
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and D-H prisms, and therefore AL-H and D-H prisms were excluded from the scope of 

the study.    

 
 

Figure 5.18: Comparison between masonry prism stress-strain curves 

 

5.6.5 Suggested future research direction 

Equation (5.18) slightly over predicted the average compressive strength of most of the 

field extracted prisms. However, it is noted that Equation (5.18) suited both field 

extracted and laboratory constructed prisms, and therefore it is suggested that future 

studies further investigate the compressive strength and the stiffness of masonry prisms 

extracted from existing URM buildings. It is thought that with an expanded database of 

material properties derived from samples extracted from existing URM buildings, 

predictive equations and numerical models for seismic assessment and retrofit design can 

be used with added confidence.  
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5.7  Summary and conclusions 

The compressive strength and the Modulus of Elasticity of 120 masonry prisms that were 

extracted from 8 New Zealand URM buildings and constructed in the laboratory using 14 

different brick/mortar combinations were determined. Experimental results were used to 

develop predictive expressions and numerical models for the compressive behaviour of 

clay brick masonry, using only the brick unit and mortar compressive strengths to assist 

structural engineers when undertaking detailed seismic analysis. The following 

conclusions were drawn based on the experimental results: 

The brick unit and mortar properties, masonry compressive strength, Modulus of 

Elasticity and strain at peak stress of the laboratory constructed samples generally aligned 

well with those of the field extracted samples. The masonry compressive strength was 

found to increase with increasing brick unit and mortar compressive strengths. A 

predictive equation relating     
 ,     

  and     
  in the form of the Eurocode 6 expression 

(CEN 2005) was derived, and constants  ,   and   were found to be 0.75, 0.75 and 0.31 

respectively. 

When the data sets for the field extracted and the laboratory constructed sample test 

results were combined, the masonry Modulus of Elasticity was satisfactorily equated to 

294     
 . One reason for the derived   value being lower than is customarily 

recommended was that the masonry Modulus of Elasticity was calculated using the stress 

and strain ordinates at 0.05    
  and 0.70    

  instead of those located at 0.05    
  and 0.33    

  

as used by previous researchers. This adopted calculation method generated stiffness 

values appropriately reflecting the non-linear behaviour for the strain range up to     
 , 

and therefore although the derived    values were low, they were thought to be more 

representative for use in linear and non-linear seismic analyses. 

The predictive expression proposed by Kaushik et al. (2007a) to estimate masonry strain 

at peak stress generally matched the field extracted and laboratory constructed sample 

test results, except that one of the equation constants,  , required adjustment from 0.27 

to 0.21. 
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For the masonry compression stress-strain numerical model, it was found that the 

Kaushik et al. (2007a) (CL) model was suitable for prisms that were constructed using 

mortars having average     
  ≥ 5 MPa, whilst prisms that were constructed using mortars 

having average     
  < 5 MPa could be represented by the Kaushik et al. (2007a) (C) model.  

It was theorised that the post-peak stress-strain behaviour of prisms that were 

constructed using lime rich cement-lime mortar and pure lime mortar was similar to 

those constructed using pure cement mortar due to the dominance of lime in the mortar. 

This dominance resulted in weak and soft mortar joints that crushed immediately after 

their peak strength was reached, thus providing little ductility to the masonry.  

Prisms that were constructed using high strength mortar, such as prism groups AL-H and 

D-H, were brittle and had low deformation capacity. The increasing branch of the stress-

strain curves of AL-H and D-H prisms was linear until the ultimate stress was reached, at 

which point brittle compression failure occurred and the stress-strain curve descended 

rapidly. However, Table 5.4 shows that none of the pre 1940s New Zealand URM 

buildings was built using strong mortar similar to that used for AL-H and D-H prisms, 

and therefore AL-H and D-H prisms were excluded from the scope of the study.    
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CHAPTER 6 
 

6 Relationships between masonry 

compressive, flexural bond and 

bed joint shear strength 

  

 

 

The importance of sufficient masonry mortar joint bond strength when a structure is 

subjected to in-plane and out-of-plane loads has been emphasised by several authors 

(Russell 2010; Venkatarama Reddy and Gupta 2006), and therefore methods for 

characterising masonry flexural bond and shear bond strengths are desirable. As 

described by Hilsdorf (1969), McNary and Abrams (1985) and Khoo and Hendry (1975), 

the failure of masonry in compression is governed by deformation of the brick units and 

mortar when subjected to a multi-axial stress state, whilst assuming that the brick/mortar 

bond remains intact until the ultimate compression load is reached (Venkatarama Reddy 

and Uday Vyas 2008). However, Sarangapani et al. (2005) reported that bed joint bond 

failure occurred during compression testing when the brick/mortar bond was poor. 

Sarangapani et al. (2005) also found that the brick/mortar bond characteristics are not 

directly related to the deformation characteristics of the brick unit and mortar, but 
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instead are influenced by factors such as the roughness of the brick surface and the 

mortar water retentivity.  

Predictive expressions relating the masonry flexural bond and shear bond strengths to 

other masonry properties were desired as performing tests on existing masonry buildings 

to determine these properties is generally not practical. The mortar and masonry 

compressive strengths were the first candidates to be related to the masonry flexural 

bond and shear bond strengths as these properties can be easily obtained through 

mechanical testing of extracted samples. The relationship between brick/mortar bond 

and compressive strengths has often been investigated (Sarangapani et al. 2005; 

Venkatarama Reddy and Gupta 2006; Venkatarama Reddy et al. 2007; Venkatarama 

Reddy and Uday Vyas 2008; Venu Madhava Rao et al. 1996). However, most of these 

studies were laboratory based and did not include the testing of existing masonry 

buildings within their scope. The present study aimed to characterise the material 

properties of New Zealand URM buildings that were generally constructed between 1880 

and 1930 (Russell and Ingham 2010), and therefore the relationships between flexural 

bond strength, shear bond strength, masonry compressive strength and mortar 

compressive strength for masonry samples extracted from actual URM buildings were 

explored. These relationships were intended to enable structural engineers to undertake 

effective detailed seismic assessment of regular URM buildings without requiring 

comprehensive and time consuming material testing. In addition, masonry prisms were 

constructed using various solid clay brick/mortar combinations and were tested in the 

laboratory for comparison. 
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6.1 Literature review 

6.1.1 Past studies on flexural bond strength and bed joint 

shear strength 

6.1.1.1 Bond strength of clay brick masonry   

As discussed in Chapter 5, the development of brick/mortar bond is effectively a 

mechanical process that is influenced by binder hydration occurring at the brick surface 

and in the brick unit pores (Groot 1993; Lawrence and Cao 1987; Sugo et al. 2001). The 

brick unit initial rate of absorption (IRA), surface roughness and mortar water retentivity 

are the governing factors for this hydration (Pavia and Hanley 2010; The brick Industry 

Association 2003). The influence that brick unit moisture content has on masonry tensile 

bond strength development was first investigated by Sinha (1967), who observed that 

there was an optimum brick unit moisture content (80% saturation) to produce masonry 

with high bond strength.  

Scrivener et al. (1992) performed bond wrench tests at construction sites in Australia and 

found that variation in the masonry flexural bond strengths was wide, especially when 

wall construction was performed subject to uncontrolled environmental conditions. 

Grenley (1969) investigated various brick/mortar combinations and found that the 

masonry flexural bond, tensile bond and compressive strengths generally increased with 

increasing brick unit and mortar compressive strengths. The masonry bond-compressive 

strength relationships that were obtained for the various combinations showed strong 

correlations, although the influence that mortar compressive strength had on the 

masonry bond strength could not be neglected. 

Samarasinghe and Lawrence (1992) performed shear tests on masonry triplets replicating 

new masonry construction and observed that masonry prisms that were constructed 

using pre-wetted brick units had higher bed joint shear strengths than those constructed 

using dry or completely saturated brick units. These researchers also observed that the 

bed joint shear strength increased with increasing mortar compressive strength. 
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Sarangapani et al. (2005) performed bond wrench tests and shear bond tests on prisms 

that were constructed using three different brick types and four different mortar grades (a 

variety of cement:sand, cement:lime:sand and cement:soil:sand). Four different bond 

enhancing techniques were also implemented, thus resulting in an increase in the 

masonry bond and compressive strengths without altering the mortar composition. It 

was found that the prism compressive strength was generally more sensitive to variations 

in the brick/mortar bond strength than to variations in the mortar compressive strength.  

Venu Madhava Rao et al. (1996) investigated masonry bond-compressive strength 

relationships using clay bricks, stabilised mud blocks and stabilised soil-sand blocks, 

whilst the mortars used were a variety of cement:sand, cement:soil:sand and 

cement:lime:sand mortars. Their main observations were: 

 For all types of masonry units, the masonry flexural bond strength increased with 

increasing mortar compressive strength when cement mortar was used; 

 The addition of soil or lime into the mortar mix improved the masonry flexural bond 

strength; 

 The masonry flexural bond strength was high when masonry units with deep and 

wide frogs were used; 

 In agreement with Sinha (1967), the masonry unit moisture content significantly 

influenced the masonry flexural bond strength, although the optimum brick unit 

moisture content found by Venu Madhava Rao et al. (1996) was different; and 

 The masonry flexural bond strength decreased once the optimum masonry unit 

moisture content was exceeded.  

 

To investigate the development of bond strength over time, Sugo et al. (2007) conducted 

experiments on clay brick/cement lime mortar masonry over a 365 days period and 

determined that although there was an overall increase in bond strength over the 365 

days period, there was fluctuation in the measured masonry bond strength over that time 

period. This fluctuation in the measured bond strength was in alignment with the 

findings of Baker (1979), Sise et al. (1988) and Matthys and Grim (1979). It is noted that 

the experimental programme discussed in this chapter consisted of both vintage field 

samples and 28 days old laboratory constructed samples. Therefore, whilst recognising 
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that there is no clear relationship between the masonry bond strength and age, the 

influence of age on the measured masonry shear bond and flexural bond strengths was 

not considered in this experimental programme.  

 

6.1.1.2 Bond strength of block masonry   

Venkatarama Reddy and Gupta (2006) investigated cement-soil block/cement:soil:sand 

mortar masonry and concluded that the masonry tensile bond strength was influenced by 

the initial block unit moisture content. In addition, the masonry tensile bond strength 

increased with increasing block unit compressive strength, whilst cement:soil:sand and 

cement:lime:sand mortars provided better bond strength than did pure cement mortar. 

Similarly, Venkatarama Reddy and Uday Vyas (2008) investigated three soil-cement 

block/mortar combinations with 5 different bond enhancing techniques and found that 

the masonry compressive strength increased with increasing flexural bond strength when 

soft block-stiff mortar combinations were used. When considering the masonry shear 

bond strength and bond enhancing techniques, Venkatarama Reddy et al. (2007) found 

that the masonry prism compressive strength was insensitive to variation in the shear 

bond strength, although the implementation of bond enhancing techniques increased the 

masonry shear bond strength.  

 

6.1.1.3 Key findings from past studies 

Regardless of variation in the type of masonry unit used, the observations from past 

studies can be summarised as following: 

 The masonry bond strength was influenced by the initial moisture content of the 

masonry units, where there was an optimum moisture content to produce a good 

brick/mortar bond; 

 Previous authors encountered inconsistent outcomes for the relationships between 

brick/mortar bond strength and other properties, where some authors found that the 

brick/mortar bond strength was strongly related to masonry compressive strength, 
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whilst others observed that bond strength was influenced by the masonry unit and 

mortar compressive strengths. This inconsistency in past findings was possibly due to 

the relative difference in compressive strength and stiffness between the masonry 

units and the mortar. 

 The implementation of bond enhancing techniques efficiently improved the 

brick/mortar bond strength without altering the mortar composition. 

 

6.1.2 Masonry bond failure modes    

The brick/mortar bond failure of masonry prisms when subjected to bond wrench and 

shear bond tests can be classified as follows (Pavia and Hanley 2010; Sarangapani et al. 

2005; Venkatarama Reddy and Gupta 2006): 

 Type A: Failure at one brick/mortar interface; 

 Type B: Failure at both brick mortar interfaces; 

 Type C: Failure within the mortar joint; 

 Type D: Failure within the brick unit; 

 Type E: Combination of failure within the brick unit and mortar joint. 

 

The different types of bond failures are illustrated in Figure 6.1. Pavia and Hanley (2010) 

tested masonry prisms that were built using perforated, hollow-cored clay bricks and 

natural hydraulic lime mortars, and found that 65% of the samples experienced bond 

failure type A, whilst the remaining prisms exhibited bond failure type B. The average 

mortar compressive strengths were not reported, and therefore it was not possible to 

assess if the brick/mortar bond failure modes observed were governed by the strength of 

the mortar or by other factors. 
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Type A Type B Type C Type D Type E 

 
Figure 6.1: different types of brick/mortar bond failures 

 
Venkatarama Reddy and Gupta (2006) observed four different types of failure (types A, 

C, D and E) for their experiments. Failure type E was the most common type observed, 

whilst failure types C and D generally occurred when weak mortar and weak block units 

respectively were used. Failure type A was exhibited by prisms that were constructed 

using moderately strong cement-soil blocks. 

Sarangapani et al. (2005) did not observe failure type C when testing masonry prisms, 

whereas failure type D and a combination of failure types A and D were frequently 

observed for prisms constructed using weak brick units and strong mortar. These 

researchers also reported that failure type A mostly occurred when the brick/mortar 

interface bond strength was lower than the mortar joint flexural strength, and therefore 

this failure type was exhibited by almost all prisms that were constructed without bond 

enhancement.  

        

6.1.3 Widely known testing techniques 

6.1.3.1 Bond wrench tests 

The bond wrench test is performed to determine the masonry flexural bond strength. 

The ASTM designation for the bond wrench test, ASTM C 1072 - 00a, recommends 

testing of two brick high or greater masonry prisms using the test setup shown in Figure 

6.2 (ASTM 2000a). Sarangapani et al. (2005) modified the ASTM bond wrench test and 

simplified the setup as shown in Figure 6.3. AS 3700-2001 (Standards Australia 2001) 

recommends a relatively simple bond wrench test setup which consists of two separate 
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main parts: a retaining bracket to clamp the bottom brick onto a fixed platform, and a 

bond wrench that is capable of applying moment to the mortar joint (see Figure 6.4). 

 
 

Figure 6.2: ASTM bond wrench test setup (reproduced from ASTM C 1072 - 00a (2000a)) 

 

 
 

Figure 6.3: Modified bond wrench test (reproduced from Sarangapani et al. (2005)) 
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              plan view 

 

          side View 

 
Figure 6.4: Standards Australia bond wrench test setup (reproduced from AS 3700-2001 (Standards 

Australia 2001)) 

 

6.1.3.2 Shear bond tests 

The shear bond test is performed to determine the masonry bed joint shear strength. The 

ASTM C 1531 - 03 (2003c) in-situ shear test and the Rilem TC 127-MS.B.4 (1996) triplet 

shear test are the most widely known shear bond testing techniques. The ASTM in-situ 

shear test is suitable for the in-place determination of mortar bed joint shear strength, 

and as shown in Figure 6.5, flat jack devices can be inserted parallel to the mortar bed 

joints to apply axial compression loads whilst performing an in-situ shear test.  

 

 

 
Figure 6.5: ASTM in-situ shear test incorporating flat jacks (reproduced from ASTM C 1531 - 03 

(2003c)) 
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The preparation for this type of in-situ shear test is tedious as it requires the removal of 

brick units on the left and right sides of the test specimen, as well as the removal of two 

horizontal mortar joints for the insertion of flat jacks. Alternatively, the ASTM in-situ 

shear test may be performed without flat jacks as shown in Figure 6.6. 

 

 
 
Figure 6.6: ASTM in-situ shear test without flat jacks (reproduced from ASTM C 1531 - 03 (2003c)) 

 
The Rilem TC 127-MS.B.4 (1996) triplet shear test is a laboratory based technique to 

determine mortar bed joint shear strength. Similar to the in-situ bed joint shear test, axial 

pre-compression loads can also be applied whilst performing the triplet shear test as 

shown in Figure 6.7. For each type of prism, the triplet shear tests shall be performed for 

three levels of pre-compression loads: 0.1 MPa, 0.3 MPa and 0.5 MPa when     ≤ 

10 MPa, and 0.2 MPa, 0.6 MPa and 1.0 MPa when     > 10 MPa. 
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Figure 6.7: Triplet shear test (reproduced from Rilem TC 127-MS.B.4 (1996)) 

 
The shear strength of mortar joints can be represented by the Mohr-Coulomb friction 

law as per Equation (6.1) (ASTM 2003c; Lourenço et al. 2004; Rilem 1996) 

 
        (6.1) 

where    = Shear stress at a given axial compression;    = Shear stress at zero axial 

compression (cohesion);   = Coefficient of friction; and   = Axial compression stress. 

Therefore, the mortar bed joint cohesion can be derived if the in-situ shear tests or triplet 

shear tests are performed under different levels of axial pre-compression loads. 

It is specifically recommended in Rilem TC 127-MS.B.4 (1996) that for the triplet shear 

test, the shear stress be applied at locations as close as possible to the top and bottom 

mortar joints, and be distributed using a metal plate that is gypsum capped onto the 

surface of the middle brick (refer to Figure 6.7) This loading arrangement is 

recommended to minimise bending moment in the prism when the middle brick is 

loaded. Riddington and Jukes (1994) undertook triplet shear test using masonry prisms 

constructed using different types of brick units, and found that the application of shear 

stress at locations close to the mortar joints provided representative test results. These 

test results were representative because the testing arrangement ensured that the 

brick/mortar interfaces were not subjected to bending stresses in addition to shear 

stresses, and thus the mortar joints failed in pure shear. If the triplet shear test loading 

arrangement on the middle brick is not clearly defined, there is a risk of subjecting the 
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prisms to bending stresses, and therefore the mortar joints can be subjected to a 

combination of bending and shear stresses.      

Figure 6.8 illustrates several shear bond test setups that were developed by previous 

researchers (Sarangapani et al. 2005; Venkatarama Reddy et al. 2007; Venkatarama Reddy 

and Uday Vyas 2008). It is noted that the test setup developed by Sarangapani et al. 

(2005) was principally similar to that for the Rilem triplet shear test. Most of the shear 

bond testing techniques discussed herein are only suitable for labotatory applications, 

except for the ASTM in-situ shear test. 

 

 

 

 

 

 
 

Figure 6.8: Shear bond test setup used by: (a) Venkatarama Reddy and Uday Vyas (2008); (b) 

Venkatarama Reddy et al. (2007); and (c) Sarangapani et al. (2005) 

  

(a) 

(c) 

(b) 
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6.2 Experimental programme 

The literature study reported above indicated that (1) the masonry flexural bond and 

shear bond strengths are possibly related to the masonry or mortar compressive strength; 

and (2) the brick/mortar bond failure type depends on the brick/mortar interface bond 

strength as well as on the relative comparison between the brick and mortar compressive 

strengths. However, previous authors have not attempted to link the brick/mortar bond 

failure type to the bond-compressive strength relationship. It was also established that 

past investigations mainly focused on newly constructed samples and that the properties 

of assemblages extracted from existing heritage URM buildings have not been thoroughly 

studied.  

It is noted that one factor that affects the brick/mortar bond strength is the masonry unit 

moisture content. However, investigating the influence that brick unit moisture content 

at the time of laying has on the brick/mortar bond strength is not possible for existing 

masonry, as there is no means to determine the initial moisture content of brick units that 

were laid 80 to 130 years ago. Also, brick/mortar bond failure at the brick/mortar 

interface (failure type A) was commonly observed by previous authors, possibly because 

their samples were only 28 days old at the time of testing, and therefore the brick/mortar 

bond had not been fully developed at the time of testing.  

In the present study, an attempt was made to investigate the material properties of 

existing URM buildings located in New Zealand. The aim was to determine the 

relationships between the masonry flexural bond strength, shear bond strength and 

masonry compressive strength, as well as the magnitude of mortar compressive strengths. 

The brick/mortar bond failure types were also considered in the investigation. 

In-situ material testing and sample extraction were performed for 6 New Zealand clay 

brick URM buildings. When the project permitted, bond wrench tests and in-situ shear 

tests were performed on-site to determine the masonry flexural bond and shear bond 

strengths. Also, masonry prisms were cut in-situ using a masonry chainsaw or retrieved as 

irregular masonry segments. These extracted samples were further trimmed in the 
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laboratory to form single leaf two and three brick high prisms to be used in laboratory 

compression, bond wrench and triplet shear tests. 

Masonry prisms that were comprised of New Zealand solid clay bricks extracted from 

historic buildings and five different ASTM C 270 - 08a (2008a) recommended mortar 

grades were constructed and tested in the laboratory, thus enabling the comparison 

between field and laboratory constructed sample test results. The brick units were 

submerged in water for 10 minutes before laying, following the protocol reported by 

Sarangapani et al. (2005), to minimise the variation in moisture content, whilst the mortar 

joint thickness was kept between 12 mm and 18 mm to replicate common New Zealand 

URM construction practice. The samples were left to cure for 28 days at room 

temperature (± 20º C). 

 

6.2.1 Prism compression test 

Single leaf three brick high prisms were capped using gypsum plaster to ensure a uniform 

stress distribution, and were tested in compression using a 2000 kN instron test machine 

following the prism compression test protocol of ASTM C 1314 - 03b (2003a) (refer to 

Chapter 5 for more details on prism compression testing). 

 

6.2.2 Bond wrench test 

The AS 3700-2001 (Standards Australia 2001) bond wrench test was adopted for both in-

situ and laboratory applications due to its greater portability in comparison to the ASTM 

C 1072 - 00a (2000a) test setup, and therefore the bond wrench test was more suitable for 

in-situ testing. The bond wrench arm (see Figure 6.9) was constructed as stipulated in AS 

3700-2001 (Standards Australia 2001), with a hook connector installed at the end of the 

bond wrench arm. An empty container was attached to the hook and then gradually filled 

using sand to apply bending stresses to the mortar joint until flexural bond failure 
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occurred. The weight of the bucket and sand was measured to the nearest 0.01 gram and 

used to calculate the flexural bond failure stress. 

 

 
 

Figure 6.9: Bond wrench arm 

 

6.2.3 Shear bond tests 

The ASTM C 1531 - 03 (2003c) in-situ shear test and the Rilem TC 127-MS.B.4 (1996) 

triplet shear test were adopted for on-site and laboratory shear bond testing respectively. 

The in-situ shear tests were performed without flat jacks, and the triplet shear tests were 

performed whilst subjected to different levels of axial pre-compression load.  

Figure 6.10 illustrates the in-situ shear test setup. This test was moderately destructive, as 

it required the removal of at least one brick on one side of the loaded brick for the 

insertion of a hydraulic jack and load cell, and the removal of a mortar head joint on the 

other side of the loaded brick to allow horizontal movement. The hydraulic jack was 

loaded using a pressure controlled hydraulic pump and a displacement gauge was 

attached on the wall face adjacent to the vertical cut joint, to identify when bed joint 

sliding failure occurred. It was also noted that the contribution of collar joints was not 

considered in the bed joint shear strength calculation as the collar joints were mostly 

poorly laid, and therefore their contribution to the bed joint shear strength was minimal. 

 

hook end 
for bucket 
attachment 

tightening 
screws to 
adjust the 
clamping 
bracket 



Chapter 6: Relationships between masonry compressive, flexural bond and bed joint shear strength 

 

6-200 

 

 
 

Figure 6.10: In-situ bed joint shear test setup 

 
The triplet shear test setup for applying axial loads is shown in Figure 6.11. The prism 

was placed between two steel plates that were interconnected using four steel rods. A 

calibrated load cell was incorporated, on top of which another steel plate was placed. M8 

nuts were installed at the ends of the steel rods, and the axial pre-compression load was 

applied by tightening these nuts. The magnitude of the axial load was monitored using 

the load cell.  

 

 
 

Figure 6.11: Test setup for axial compression load application 
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The test setup was then rotated by 90° and inserted into a 100 kN Instron machine, 

where the top and bottom brick courses were rested on pin supports as shown in Figure 

6.12. The middle brick course was loaded vertically until bed joint shear failure occurred, 

and the failure load was recorded using data acquisition software. The triplet shear tests 

were performed whilst being subjected to axial pre-compression stresses of 0.2 MPa, 

0.4 MPa and 0.6 MPa regardless of the brick unit compressive strength. 

 

 
 

Figure 6.12: Triplet shear test setup 

 
It is noted that the test setup shown above employed a 60 mm wide, 6 mm thick spreader 

plate that was used as an intermediate material between the circular loading platen and 

the middle brick surface. As this loading arrangement was different to the procedure 

recommended in Rilem TC 127-MS.B.4 (1996), an elastic finite element modeling analysis 

was performed using ABAQUS 6.10 software to compare the current test setup with the 

Rilem TC 127-MS.B.4 (1996) testing arrangement. The finite element models are 

illustrated in Figure 6.13. As shown in Figure 6.12, the circular loading platen covered 

almost the whole spreader plate area that was in contact with the middle brick surface, 

and therefore it was assumed in the finite element model of the current setup (refer to 

Figure 6.13(a)) that the load was applied uniformly over the 60 mm × 76 mm (the 

assumed brick unit width) area. . As shown in Figure 6.13, the Rilem TC 127-MS.B.4 

(1996) testing arrangement recommends the use of spreader plate on top of the middle 

brick and the load to be applied at locations as close as possible to the mortar joints. The 

brick and mortar material property input was kept consistent for the two models to 
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perform sensitivity analysis. The brick units were assumed to be rigid blocks, whilst the 

mortar property input used was similar to that used in Chapter 4.  

 

  
 

(a) Current test setup 
 

(b) Rilem TC 127-MS.B.4 test setup 
 

Figure 6.13 : Finite element models of the two different test setups    

 
The deformation shapes of the two finite element models as the middle bricks were 

loaded are shown in Figure 6.14. The force-displacement relationships of the two 

different models are illustrated in Figure 6.15, which shows that the force-displacement 

relationships of the two models were similar. This similarity in the force-displacement 

relationships implies that performing triplet shear tests using the current test setup will 

provide similar results to when the Rilem TC 127-MS.B.4 test setup is used, and thus the 

current test setup can be used as an equivalent alternative to the Rilem TC 127-MS.B.4 

test setup. 
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(a) Current test setup 
 

(b) Rilem TC 127-MS.B.4 test setup 
  

 Figure 6.14: Deformation shapes of two different finite element models 

 
  

Figure 6.15: Force – displacement relationships of the two different finite element models shown in 

Figure 6.14 

 

6.3 In-situ and extracted sample test results 

The source buildings for the field samples are described in Appendix B. These buildings 

(referred to as field sites) were constructed between 1881 and the 1940s, which coincides 

0

2

4

6

8

10

12

14

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

F
o

rc
e 

(k
N

) 

Displacement (mm) 

Current test setup

Rilem test setup



Chapter 6: Relationships between masonry compressive, flexural bond and bed joint shear strength 

 

6-204 

 

with the time period during which URM construction was popular in New Zealand. 

Although variability in the constituent material properties amongst URM buildings is 

expected, these field sites are deemed to be representative of the majority of New 

Zealand URM buildings. 

 

6.3.1 Brick unit and mortar compressive strengths 

Individual brick units and irregular mortar samples were sourced from each field site. The 

brick unit compressive strength was determined using the ASTM C 67 - 03a (2003b) half 

brick compression test, whilst the irregular field extracted mortar samples were carefully 

cut to form rectangular test pieces, capped using gypsum plaster and tested following the 

irregular mortar compression test procedure detailed in section 3.5.1. The irregular 

mortar compression test results were then normalised according to the sample footprint 

dimensions and height to thickness ratio to obtain the normalised mortar compressive 

strengths,     
 , as prescribed in section 4.3. 

The average brick unit (    
 ) and mortar (    

 ) compressive strengths of the different field 

sites are shown in Table 6.1, where nb and nj show the number of brick units and mortar 

samples tested respectively.  The tests performed for each field sample group were also 

included, and it is noted that group D prisms were not subjected to triplet shear tests due 

to their limited availability. The average compressive strength of the brick units was 

found to vary between 8.5 MPa and 27.3 MPa, whilst the average mortar compressive 

strength ranged from 1.23 MPa to 8.58 MPa. The CoV values of the brick unit and 

mortar compressive strengths were similar. Based on the acid digestion test results 

detailed in section 3.6.2.1, it was theorised that most of these field samples were 

constructed using lime mortars, except for sample groups CFK and RB, where traces of 

cement were found in the lime based mortars. 
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Table 6.1: Field sample brick unit and mortar compressive strengths 

Field Average   
 
  nb Average   

   nj Compression Bond wrench Shear bond 

Site MPa (CoV)  MPa (CoV)  Lab In-situ Lab In-situ Lab 

AH 8.5 (0.18) 17 1.23 (0.17) 7 Yes Yes Yes Yes Yes 
D 17.1 (0.15) 7 2.62 (0.19) 16 Yes No Yes No No 

CFK 16.0 (0.11) 10 4.14 (0.19) 14 Yes No Yes Yes Yes 
TA 21.1 (0.23) 9 5.92 (0.17) 8 Yes No Yes Yes Yes 
RB 27.3 (0.21) 32 6.65 (0.19) 11 Yes No Yes No Yes 
HC 16.3 (0.20) 8 8.58 (0.14) 16 Yes No Yes No Yes 

 

 

6.3.2 Prism compression and bond wrench test results 

The average compressive strength of the masonry prisms (    
 ) extracted from each field 

site is shown in Table 6.2, where n shows the number of prisms tested in compression. 

The average masonry compressive strengths were found to vary between 3.3 MPa and 

14.7 MPa, and their CoV values were similar to those of the brick unit and mortar 

compressive strengths. As the field extracted samples were comprised of brick units that 

were stronger than the mortar, the prism compression failures were mostly initiated by 

splitting failure of the brick units, followed by crushing of the mortar joints as the loading 

continued. 

Table 6.2 shows the average flexural bond strengths (    ), the number of flexural bond 

tests performed and bond failure types of the field samples. A minimum of three samples 

were tested for each brick/mortar combination, with most prisms exhibiting a flexural 

bond failure within the mortar joint (failure type C). It was concluded that these bond 

failures within the mortar joints occurred because the heritage buildings investigated in 

this experimental programme were constructed using lime-rich mortars, and therefore the 

mortar did not have sufficient strength to resist the applied tensile force. Furthermore, it 

was found that samples which exhibited brick/mortar interface bond failure (failure type 

A) had lower flexural bond strengths than those which exhibited failure type C. It was 

thought that samples that exhibited brick/mortar interface bond failure were either 

disturbed during their preparation or were not constructed properly (referred to as 

“lesser” samples), and thus resulting in low flexural bond strengths being recorded. 
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Although the presence of lesser masonry in a URM wall is possible, the experimental 

results show that for a given building site, the lesser samples at most occupy only a small 

proportion of the total number of prisms extracted. Studies on URM wall properties 

should not be carried out with the inclusion of minority samples that were not 

constructed properly, and therefore the lesser samples were disregarded from the 

analysis. Figure 6.16 illustrates the observed bond failure types. The average mortar 

compressive strength (    
 ) for each field site is also included in Table 6.2 to enable the 

relationship between      and     
  to be investigated. 

 
Table 6.2: Average      of field samples 

Prism 
group 

Average   
 

 

MPa (CoV) 

n Average   
  

MPa (CoV) 

Average   
  

 

MPa (CoV) 

No of samples and bond 
failure type(s)  

AH 3.3 (0.19) 5 1.23 (0.17) 0.031 (0.25) 7 type C 
D 6.1 (0.15) 4 2.62 (0.19) 0.057 (0.11) 3 type C 

CFK 7.4 (0.12) 6 4.14 (0.19) 0.116 (0.20) 4 type C, 1 type A* 
TA 12.1 (0.12) 6 5.92 (0.17) 0.127 (0.28) 5 type C 
RB 14.7 (0.21) 6 6.65 (0.19) 0.172 (0.24) 6 type C, 2 type A* 
HC 6.6 (0.23) 6 8.58 (0.14) 0.345 (0.21) 5 type C, 2 type A* 

* Samples experiencing failure type A were disregarded from the calculations 

 

   
 

(a) Failure type A 
 

(b) Failure type C (1) 
 

(c) Failure type C (2) 
 

Figure 6.16: Flexural bond failure modes of field samples 

 
Table 6.1 shows that both in-situ and laboratory bond wrench tests were performed for 

sample group AH. The bond wrench test locations at site AH were prepared by carefully 

removing brick units adjacent to the test specimens to ensure that there was sufficient 

clearance to attach the wrench arm and that no head joint was present (see Figure 

6.17(b)). It was found that the in-situ bond wrench test results were comparable to those 
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of the laboratory bond wrench tests, and thus the average      of sample group AH was 

calculated using both laboratory and in-situ test results. 

 

  
 

(a) Laboratory bond wrench test 
 

(b) in-situ bond wrench test 

 
Figure 6.17: Bond wrench tests of field samples 

 
The average flexural bond strength of the field samples ranged from 0.031 MPa to 

0.345 MPa. The variability in the bond wrench test results (CoV between 0.11 and 0.33) 

was thought to be reasonable considering the irregular nature of URM construction. 

Figure 6.18 shows that the average masonry flexural bond strength increased with 

increasing average mortar compressive strength.  

Cizer et al. (2008) and Moropoulou et al. (2005) reported that both the compressive and 

flexural strengths of mortar increased over time, which suggests that there is a time-

dependent relationship between these properties. Therefore, the masonry flexural bond 

strength was related to the mortar compressive strength for those results where flexural 

bond failure occurred within the mortar. Figure 6.18 illustrates the average flexural bond 

strength-average mortar compressive strength relationship and the average flexural bond 

strength-average masonry compressive strength relationship, revealing that masonry 

flexural bond strength is better characterised using the mortar compressive strength than 

using the masonry compressive strength. Figure 6.18 also shows that the masonry 

flexural bond strength,     , can be satisfactorily equated to 0.031     (coefficient of 

determination, R2 = 82%). The negative R2 value of -0.079 shows that the relationship 

between flexural bond strength and masonry compressive strength is poor. It is noted 
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that although there is an apparent outlier in Figure 6.18 (see circled data point), this data 

point originated from a legitimate dataset, where the test results were reasonably 

consistent for all samples used to calculate this data point (refer to Table 6.2 and to 

Appendix C for the individual flexural bond test data). Therefore, it was decided that this 

circled data point should not be ignored. Also, all samples considered in Figure 6.18 

experienced flexural bond failures within their mortar joints, and therefore relating the 

flexural bond strength to the mortar compressive strength was considered to be more 

suitable than relating the flexural bond strength to the masonry compressive strength. 

 

 
 

Figure 6.18: Flexural bond strength-compressive strength relationships of the field samples 

 

6.3.3 Shear bond test results 

6.3.3.1 Bed joint shear strength 

The mortar bed joint shear strength ( ) of the different prism groups at each level of axial 

pre-compression stress ( ) is shown in Table 6.3, with a minimum of two samples tested 

at each level of axial pre-compression stress. Sample groups HC and RB were tested at 

axial pre-compression stress levels of approximately 0.2 MPa, 0.4 MPa and 0.6 MPa. In-

situ shear tests were performed for the other field sample groups (sample groups AH, 
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CFK and TA), with the in-situ axial pre-compression loads estimated based upon the 

amount of overburden located above the test locations. These estimated overburden 

loads were considered as the first axial pre-compression stress level, which for sample 

groups AH, CFK and TA were determined to correspond to 0.02 MPa, 0.04 MPa and 

0.04 MPa respectively. Three brick high prisms were also extracted for laboratory triplet 

shear tests, and therefore the bed joint shear strength at two additional levels of axial pre-

compression stress was obtained. It was decided that for sample groups AH, CFK and 

TA, the triplet shear tests be performed at axial pre-compression stresses of 0.2 MPa and 

0.4 MPa. A large number of TA prisms were available, and therefore these prisms were 

also tested at a 0.6 MPa axial pre-compression stress. 

 
Table 6.3: Masonry bed joint shear strengths at different levels of axial compression 

Prism 
Group 

Average

     

(MPa)   

Average 

     

(MPa) 

Sample 
No. 

  (MPa) No of 
samples 

and failure 
type(s) 

  = 
0.02 
MPa 

   =  
0.04 
MPa 

   =  
0.2  

MPa 

   =  
0.4 

MPa 

  =  
0.6 

MPa 

AH 3.3 1.23 1 0.146 - 0.404 0.480 - All type C 
   2 0.157 - 0.330 0.510 - 
   3 0.170 - - - - 
   4 0.159 - - - - 

CFK 7.4 4.14 1 - 0.295 0.409 0.576 - 6 type C,  
1 type A    2 - 0.289 0.348 0.558 - 

HC 6.6 8.58 1 - - 0.584 0.720 1.152 11 type C, 
2 type A    2 - - 0.608 0.880 0.775 

   3 - - 0.659 0.754 1.122 
   4 - - 0.622 - 0.882 

TA 12.1 5.92 1 - 0.367 0.483 0.651 0.763 11 type A,  
1 type A    2 - 0.280 0.505 0.683 0.874 

   3 - 0.373 - 0.693 - 
   4 - 0.437 - - - 

RB 14.7 6.65 1 - - 0.690 0.737 0.955 12 type C,  
2 type A    2 - - 0.455 0.660 1.089 

   3 - - 0.666 0.699 0.731 
   4 - - - 0.711 0.918 
   5 - - - - 1.104 

* Samples experiencing failure type A were disregarded from the calculations 

 
 
The triplet shear test setup for the field extracted samples is illustrated in Figure 6.19. 

The extracted sample was prepared such that the middle course of the prism consisted of 

a full brick unit. The observed bed joint failure types were consistent with those observed 
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during the bond wrench tests, where almost all of the field samples experienced shear 

bond failures within the mortar joints (failure type C) as might be expected recognising 

that the buildings investigated in this experimental programme were constructed using 

lime-rich mortars. The samples that experienced failure type A (interface bond failure) 

had lower bed joint shear strengths than those that experienced failure type C because 

samples that experienced failure type A were likely to be disturbed during the sample 

preparation process, and hence these samples were disregarded from the analysis. Figure 

6.20 shows in-situ shear tests being performed at various field sites. It was noted that the 

in-situ shear tests at site AH were performed without using a load cell, and therefore the 

lateral loads were measured using a digital pressure gauge. 

 

 
 

Figure 6.19: Triplet shear test setup for field samples 

 

   
 

(a) In-situ shear test at site AH 
 

(b) In-situ shear test at site CFK 
 

(c) In-situ shear test at site TA 
 

Figure 6.20: In-situ shear tests at different sites 

 
Table 6.3 shows that the bed joint shear strength ( ) increased with increasing axial pre-

compression stress ( ), and it was noted that variation in the bed joint shear strength of 

prism groups HC and RB when   = 0.6 MPa was high. In addition, the bed joint shear 

full 
brick 
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strength at each level of axial pre-compression stress generally increased with increasing 

average mortar compressive strength (   ), which was expected as most field samples 

experienced shear failures within the mortar joints, and therefore their bed joint shear 

strengths were influenced by the mortar properties instead of by the brick/mortar 

interface bond characteristics. 

 

6.3.3.2 Bed joint cohesion  

Figure 6.21 illustrates the bed joint shear strength (  )-axial compression stress ( ) 

relationships for the field extracted samples. The best fit equations were used to derive 

the coefficient of friction ( ) and bed joint cohesion ( ) of each group based on the 

Mohr-Coulomb friction law, as reported in Table 6.4.  

 

 
 

Figure 6.21:   -   relationships of the field samples 
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Table 6.4:   and   of the field samples 

Prism Group     (MPa)     (MPa)   (MPa)   
AH 3.3  1.23 0.149 0.829 
CFK 7.4  4.14 0.243 0.829 
HC 6.6  8.58 0.430 0.917 
TA 12.1  5.92 0.328 0.842 
RB 14.7 6.65 0.391 0.907 

 

 
Figure 6.21 shows that the sample groups had comparable Mohr-Coulomb friction slopes 

(coefficient of friction,  ), whilst Table 6.4 indicates that the y-intercepts of these sample 

groups (cohesion,  ) increased with increasing average mortar compressive strength. As 

described previously, the increase in the average mortar compressive strength also 

corresponded to the increase in the bed joint shear strengths at each axial pre-

compression load level. Figure 6.22 illustrates the relationships between mortar bed joint 

cohesion and average mortar compressive strength, and between mortar bed joint 

cohesion and average masonry compressive strength. It is shown that the mortar bed 

joint cohesion is better characterised using the mortar compressive strength than using 

the masonry compressive strength, where   can be satisfactorily equated to 0.055     

(R2 = 82%). The negative R2 value of -0.146 for correlation between mortar bed joint 

cohesion and masonry compressive strength shows that the relationship is poor. Similar 

to that shown in Figure 6.18, there is an apparent outlier in Figure 6.22 (see circled data 

point). However, this data point originated from a legitimate dataset, where the cohesion 

value was calculated based on a reasonably consistent dataset as shown in Figure 6.21, 

whilst the average masonry compressive strength was obtained from consistent 

compression test results (refer to Table 6.2). Also, all samples considered in the 

derivation of the relationship between cohesion and masonry/mortar compressive 

strength experienced shear bond failures within their mortar joints, and therefore relating 

the bed joint cohesion to the mortar compressive strength was considered to be more 

suitable than relating the bed joint cohesion to the masonry compressive strength. 
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Figure 6.22: Cohesion-compressive strength relationships of the field samples  

 

6.4 Laboratory constructed sample test results 

6.4.1 Brick unit and mortar compressive strengths 

The brick unit and mortar properties of the laboratory constructed samples were 

determined following the ASTM C 67 - 03a (2003b) half brick compression test and the 

ASTM C 109 - 08 (2008c) 50 mm cube compression test. The average brick unit and 

mortar compressive strengths of the laboratory constructed sample groups are shown in 

Table 6.5, where n shows the number of brick units and mortar samples tested. 3 

different brick groups and 5 different mortar grades were used, and the brick units were 

recycled from the field sites described in Appendix B. 5 different mortar grades were 

selected following mortar classifications published in NZSEE (2006) and ASTM C 270 - 

08a (2008a). The difference in average compressive strength between mortar grade C and 

mortar grade Y was due to difference in the water:cement ratio, although these two 

mortar grades had similar mix proportions (C:L:S = 1:3:12). The water:cement ratio of 

mortar grade Y was not measured although its consistency was ensured. 
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Table 6.5: Laboratory constructed sample brick and mortar properties 

Brick 
Group 

Average 

    

n Mortar 
Grade 

Proportion by Volume Equivalent 
classification 

Average 

    

MPa 
(CoV) 

n 

MPa 
(CoV) 

 Cement Lime Sand Water  

AL 15.7 (0.21) 20 A 0 1 3 2.8 NZSEE 
‘firm’ 

0.69 (0.13) 5 

D 17.1 (0.15) 7 Y 1 3 12 n.a* ASTM ‘K’ 2.1 (0.09) 5 
RB 27.3 (0.21) 32 C 1 3 12 3.4 ASTM ‘K’ 2.47 (0.04) 5 

   D 1 2 9 2.1 ASTM ‘O’ 4.95 (0.14) 5 
   F 1 1 6 1.3 ASTM ‘N’ 8.65 (0.04) 5 

* - Water : cement ratio was kept constant, but was not recorded 

 

 
The tests performed for each laboratory constructed sample group are shown in Table 

6.6, and group AL-D prisms were not subjected to triplet shear tests due to their limited 

availability. The average compressive strength of the brick units was found to vary 

between 15.7 MPa and 27.3 MPa, whilst the average mortar compressive strength ranged 

from 0.69 MPa to 8.65 MPa. The CoV values of the brick unit and mortar compressive 

strengths were similar. Also, it is noted that most of the prism groups shown in Table 6.6 

were similar to those reported in Chapter 5, as these prisms were constructed at the same 

time as those used for the compressive strength studies. 

 
Table 6.6: Laboratory constructed sample combinations and tests performed 

Prism 
group 

Average     
MPa (CoV) 

Average     

MPa (CoV) 

Compression Bond 
wrench 

Triplet 
shear 

AL-D 15.7 (0.21) 4.95 (0.14) Yes Yes No 

D-A 17.1 (0.15) 0.69 (0.13) Yes Yes Yes 
D-C 17.1 (0.15) 2.47 (0.04) Yes Yes Yes 
D-D 17.1 (0.15) 4.95 (0.14) Yes Yes Yes 
D-F 17.1 (0.15) 8.65 (0.04) Yes Yes Yes 

RB-Y 27.3 (0.21) 2.1 (0.09) Yes Yes Yes 
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6.4.2 Prism compression and bond wrench test results 

The average compressive strengths of the laboratory constructed samples (    
 ) are shown 

in Table 6.7, where n shows the number of prisms tested in compression. The average 

masonry compressive strength was found to vary between 7.35 MPa and 22.80 MPa, and 

the CoV values were similar to those of the brick unit and mortar compressive strengths.  

The average flexural bond strengths (    ), the number of flexural bond tests performed 

and the bond failure types of the laboratory constructed samples are also shown in Table 

6.7. A minimum of four samples were tested in flexure for each brick/mortar 

combination, and the average mortar compressive strengths (     
 ) are also included in 

Table 6.7 to enable the relationship between      and     
  to be investigated. Figure 6.23 

shows a typical laboratory bond wrench test setup. The average flexural bond strengths 

of the different prism groups were found to range between 0.094 MPa and 0.570 MPa, 

and the flexural bond strengths of AL-D prisms in particular were variable (CoV = 0.33). 

 
  Table 6.7: Average      of laboratory constructed samples 

Prism 
group 

Average     
MPa (CoV) 

n Average      

MPa (CoV) 

Average      

MPa (CoV) 

No of samples and 
failure type(s) 

AL-D 10.82 (0.13) 6 4.95 (0.14) 0.450 (0.33) 4 Type A 

D-A 7.35 (0.25) 7 0.69 (0.13) 0.094 (0.08) 6 Type C 
D-C 10.63 (0.10) 6 2.47 (0.04) 0.311 (0.24) 4 Type C, 2 Type A 

D-D 11.71 (0.08) 4 4.95 (0.14) 0.495 (0.18) 5 Type A, 2 Type B 

D-F 16.07 (0.18) 7 8.65 (0.04) 0.570 (0.24) 2 Type A, 3 Type B 

RB-Y 22.80 (0.32) 5 2.10 (0.09) 0.168 (0.26) 5 Type C 

 

 
 

Figure 6.23: Laboratory bond wrench test 
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It was found that a majority of the prisms that experienced flexural bond failures within 

their mortar joints (failure type C) were those having low average     (≤ 2.5 MPa), except 

for two D-C prisms which experienced brick/mortar interface bond failure. All prisms 

that had average     > 2.5 MPa experienced flexural bond failures at the brick/mortar 

interface (failure types A and B). The flexural bond strength generally increased with 

increasing mortar compressive strength for prisms that experienced failure type C. The 

three different bond failure types of the laboratory constructed samples are illustrated in 

Figure 6.24. It is also noted that, in alignment with the outcome from the testing of field 

samples, prisms that experienced flexural bond failures within their mortar joints were 

those constructed using pure lime or lime-rich mortars. 

 

   
 

(a) Failure type A 
 

(b) Failure type B 
 

(c) Failure type C 
 

Figure 6.24: Bond failure types of laboratory constructed samples  

 
Figure 6.25 and Figure 6.26 illustrate the average flexural bond strength-average masonry 

compressive strength relationship and the average flexural bond strength-average mortar 

compressive strength relationship respectively, revealing that the flexural bond strength 

of the laboratory constructed samples is better characterised using the mortar 

compressive strength than using the masonry compressive strength. Figure 6.26 shows 

that the flexural bond strength,     , can be satisfactorily equated to 0.08     (R2 = 77%). 

However, it is noted that a high proportion of the samples did not experience failure 

within the mortar joint (circled in Figure 6.26), and therefore the reasonable R2 value of 

77% was coincidental.  
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Figure 6.25: Flexural bond strength-masonry compressive strength relationships of the laboratory 

constructed samples 

 
 

Figure 6.26: Flexural bond strength-mortar compressive strength relationships of the laboratory 

constructed samples 
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6.4.3 Triplet shear test results 

6.4.3.1 Bed joint shear strength 

The mortar bed joint shear strengths ( ) of the different prism groups at each level of 

axial pre-compression stress ( ) are shown in Table 6.8. A minimum of three samples 

were tested under each level of axial pre-compression stress, except for prism group RB-

Y, where only two samples were tested at each level of axial load due to their limited 

availability. 

The bed joint failure types were consistent with those observed during the bond wrench 

tests, where prisms that had average     ≤ 2.5 MPa (those that were constructed using 

pure lime or lime-rich mortars) experienced bond failures within their mortar joints (type 

C). Prisms that had average     > 2.5 MPa experienced bond failures at one or both 

brick/mortar interfaces (failure type A or type B). Figure 6.27 illustrates the development 

of shear bond failure within mortar joints during a triplet shear test. 

 
Table 6.8: Masonry bed joint shear strengths at different levels of axial compression 

Prism 
Group 

Average  Average  Sample     (MPa) No of samples and  

     (MPa)     (MPa) No.   = 0.2 
MPa 

   = 0.4 
MPa 

  = 0.6 
MPa 

failure type(s) 

D-A 7.35 0.69 1 0.242 0.429 0.743 All type C 
   2 0.394 0.347 0.624 
   3 0.247 0.407 0.601 
   4 0.327 0.461  

D-C 10.63 2.47 1 0.416 0.515 0.660 All type C 
   2 0.416 0.429 0.674 
   3 0.386 0.595 0.827 
   4  0.599  

D-D 11.71 4.95 1 0.831 0.974 1.443 9 type A,  
1 type B    2 0.913 1.044 1.518 

   3 0.893 1.029 1.572 
   4   1.246 

D-F 16.07 8.65 1 0.765 0.879 0.962 7 type A,  
4 type B    2 0.619 0.923 1.194 

   3 0.801 1.217 1.297 
   4 0.550  1.245 

RB-Y 22.80 2.10 1 0.245 0.460 0.615 All type C 
   2 0.397 0.599 0.711  
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Figure 6.27: Development of failure type C during the triplet shear test 

 
Table 6.8 shows that the mortar bed joint shear strength generally increased with 

increasing axial pre-compression load, and that variation in the bed joint shear strengths 

of prism groups that experienced brick/mortar interface bond failures (prism groups D-

D and D-F) was high. In addition, the mortar bed joint shear strength ( ) increased with 

increasing mortar compressive strength (   ) for prisms that experienced shear failures 

within their mortar joints (prism groups D-A, D-C and RB-Y). These shear failures 

within the mortar were governed by the mortar properties instead of the brick/mortar 

bond strength, and therefore the mortar bed joint shear strength was strongly related to 

the mortar compressive strength when this type of failure occurred. It is also noted that 

the bed joint shear failures of prism groups D-D and D-F occurred at the brick/mortar 

interface, and therefore their bed joint shear strengths were influenced by the 

brick/mortar bond strength instead of by the masonry compressive strength or mortar 

compressive strength. 

  

6.4.3.2 Bed joint cohesion 

Figure 6.28 illustrates the bed joint shear strength (  )-axial compression stress ( ) 

relationship of the laboratory constructed samples. The best fit equations were used to 

derive the coefficient of friction ( ) and bed joint cohesion ( ) of each group based on 

the Mohr-Coulomb friction law, as reported in Table 6.9.  

   

failure within 
mortar 
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Figure 6.28:   -  relationships of the laboratory constructed samples 

 
Table 6.9:   and   of the laboratory constructed samples 

Prism Group     (MPa)     (MPa)   (MPa)   
D-A 7.35 0.69 0.115 0.89 
D-C 10.63 2.47 0.242 0.80 
D-D 11.71 4.95 0.551 1.46 
D-F 16.07 8.65 0.445 1.29 

RB-Y 22.80 2.10 0.164 0.87 

 

 
Figure 6.28 shows that prism groups D-A, D-C and RB-Y had similar Mohr-Coulomb 

friction slopes with coefficient of friction values ( ) varying between of 0.80 and 0.89, 

whilst Table 6.9 indicates that the y-intercepts (cohesion,  ) of these three prism groups 

increased with increasing mortar compressive strength. Despite having lower average    , 

prism group D-D had a higher coefficient of friction and a higher cohesion than did 

prism group D-F (  = 1.46 as opposed to 1.29, and   = 0.551 MPa as opposed to 

0.445 MPa). The lack of interaction between mortar bed joint cohesion and masonry 

compressive strength was also evident from Table 6.9. Figure 6.29 illustrates the mortar 
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bed joint cohesion-average mortar compressive strength relationship for the laboratory 

constructed samples.  

 

 
 

Figure 6.29: Cohesion-mortar compressive strength relationship for the laboratory constructed 

samples  

 
The   = 0.067    expression shown in Figure 6.29 had a low R2 value (54%), as prism 

groups D-D and D-F (circled in Figure 6.29) experienced brick/mortar interface bond 

failures, and therefore their bed joint shear strengths and cohesion were influenced by the 

brick/mortar bond strength rather than by the mortar compressive strength.  

 

6.5 Comparison between field and laboratory 

constructed samples 

The experimental programme discussed in previous sections revealed that comparisons 

could be made between the flexural bond and shear bond strengths of the field samples 

and those that were constructed in the laboratory using mortar having average     ≤ 

2.5 MPa, as these samples were all composed of lime-rich mortars. Most of these samples 

experienced bond failures within the mortar joints (failure type C), and thus their flexural 
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bond and shear bond strengths were influenced by the mortar properties instead of the 

brick/mortar bond characteristics. Despite having comparable bond behaviour, the 

average mortar compressive strengths of the field samples were mostly higher than those 

of the laboratory constructed samples. It is also noted that the laboratory constructed 

samples were subjected to only 28 days of curing, and thus the mortar was still gaining 

compressive strength at the time of testing.      

 

6.5.1 Flexural bond strength 

The average flexural bond strength-average mortar compressive strength relationships of 

both the field and laboratory constructed samples are shown in Figure 6.30. The masonry 

flexural bond strength,     , can be equated to 0.031    when considering field samples 

only, which was approximately three times less than that when the laboratory constructed 

samples were considered (     = 0.0801   ). 

 

  
 

Figure 6.30: Flexural bond strength-mortar compressive strength relationships of field samples and 

laboratory constructed samples 
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The     -    relationship of the laboratory constructed samples was different to that of 

the field samples, as three of the laboratory constructed sample groups (circled in Figure) 

experienced brick/mortar interface bond failures (failure type A or B), and therefore the 

bond strength of these samples was governed by the brick/mortar bond properties 

instead of by the mortar compressive strength. The other three laboratory constructed 

sample groups that experienced failure type C also had a higher     -    relationship than 

did the field samples. However, it is noted that: 

 The laboratory constructed samples were only subjected to 28 days of curing; and 

 The mortar of the laboratory constructed samples was made using factory controlled 

and produced raw materials. 

 

These factors were potentially the cause for the difference in the     -    relationship 

between the field samples and the laboratory constructed samples.  

 

6.5.2 Shear bond strength 

The relationship between bed joint shear strength ( ) and axial compressive stress ( ) for 

both the field and laboratory constructed samples is illustrated in Figure 6.31. It was 

shown that the shear strengths of the laboratory constructed samples which experienced 

failure type C converged with those of the field samples, whilst laboratory constructed 

samples that experienced failure type A or type B generally had shear strengths that were 

higher than for the field samples.  
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Figure 6.31:  -  relationships of field samples and laboratory constructed samples 

 
The coefficients of friction,  , of the field samples were comparable to those of the 

laboratory constructed samples that experienced failure type C (as highlighted in Table 

6.10). The relationship between bed joint cohesion ( ) and mortar compressive strength 

(   ) for both the field and laboratory constructed samples is shown in Figure 6.32. 

 
Table 6.10:   and   of laboratory constructed and field samples 

Sample 
origin 

Prism 
Group 

    
(MPa) 

    

(MPa) 

  
(MPa) 

  

Laboratory D-A 7.35 0.69 0.115 0.89 
 D-C 10.63 2.47 0.242 0.80 
 D-D 11.71 4.95 0.551 1.46 
 D-F 16.07 8.65 0.445 1.29 
 RB-Y 22.80 2.10 0.164 0.87 

Field AH 3.3  1.23 0.149 0.83 
 CFK 7.4  4.14 0.243 0.83 
 HC 6.6  8.58 0.430 0.92 
 TA 12.1  5.92 0.328 0.84 
 RB 14.7 6.65 0.391 0.91 
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Figure 6.32: Cohesion-mortar compressive strength relationships of field samples and laboratory 

constructed samples 

 
The bed joint cohesion,  , can be satisfactorily equated to 0.055    when considering the 

in situ samples only (R2 = 82%). As previously mentioned in Section 6.4.3.2, the   -    

relationship of the laboratory constructed samples showed weak correlation as two of the 

sample groups experienced brick/mortar interface bond failures (see Figure 6.32). 

However, when the other three laboratory constructed sample groups that experienced 

failure type C were merged with the field sample groups,   equated to 0.0562    whilst 

the R2 value remained 82%. Also, considering the findings described in Section 6.5.1, it 

was thought that for the laboratory constructed samples which had average     ≤ 

2.5 MPa, the curing period of mortar was less influential to the bed joint cohesion than to 

the flexural bond strength. 
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6.6 Relevance of past studies and suggested future 

investigations 

The previous studies reported earlier were mainly laboratory based and revealed that 

bond failure in masonry commonly occurs at the brick/mortar interface. However, 

previous authors (Sarangapani et al. 2005; Venkatarama Reddy and Gupta 2006) have not 

investigated prisms that were constructed using lime-rich mortar. Also, although Pavia 

and Hanley (2010) studied prisms that were constructed using natural hydraulic lime 

mortars, the brick units used in the experimental programme were perforated, hollow-

cored brick units, which are different to heritage New Zealand solid clay bricks. These 

differences in the laboratory experiments prevented meaningful comparisons with the 

current experimental programme to be made, especially when considering that the 

current experimental programme mainly focused on samples obtained from existing New 

Zealand heritage URM buildings, most of which were constructed using lime-rich 

mortars. 

It is suggested that future studies attempt to further investigate the material properties of 

existing heritage unreinforced masonry buildings. The type of mortar and the 

brick/mortar bond type of failure shall also be considered when determining the factors 

that can be related to the masonry flexural and shear bond strengths. 

 

6.7 Summary and conclusions 

In-situ material testing and sample extraction were performed in 6 New Zealand URM 

buildings to investigate the relationships between the flexural bond strength, shear bond 

strength and compressive strength of existing URM buildings. In addition, single leaf two 

brick high and three brick high masonry prisms having 6 different brick/mortar 

combinations were constructed in the laboratory for compression, bond wrench and 

triplet shear tests. The following conclusions were drawn based on the experimental 

results: 
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When subjected to bond wrench and shear bond tests, almost all of the field samples 

exhibited bond failures within the mortar joints (failure type C). The samples that 

exhibited failure type A (interface bond failure) were judged to be disturbed during the 

sample cutting process, resulting in lower flexural bond strengths than those that 

exhibited failure type C, and were consequently disregarded from the analysis. It was 

theorised that the heritage buildings investigated in this experimental programme were 

constructed using lime-rich mortars, and therefore the mortar did not have sufficient 

strength to resist the applied tensile force, leading to failure type C. 

A review of past investigations suggests that there is a relationship between mortar 

compressive strength and mortar flexural strength. Therefore, the masonry flexural bond 

strength was related to the mortar compressive strength as most field samples exhibited 

bond failures within the mortar joints. The masonry flexural bond strength is better 

characterised using the mortar compressive strength than using the masonry compressive 

strength. 

The mortar bed joint shear strength increased with increasing axial pre-compression 

stress, and the bed joint shear strength at each level of axial pre-compression stress 

generally increased with increasing average mortar compressive strength. These 

observations were expected as most field samples exhibited shear failure within the 

mortar joints, and therefore their bed joint shear strengths were influenced by the mortar 

properties instead of the brick/mortar bond characteristics.  

Comparable coefficients of friction were derived for all field sites, whilst the measured 

cohesion increased with increasing average mortar compressive strength. It was shown 

that the mortar bed joint cohesion is better characterised using the mortar compressive 

strength than using the masonry compressive strength. 

For the laboratory constructed samples, it was found that a majority of the prisms that 

experienced flexural and shear bond failures within their mortar joints (failure type C) 

were those having low average     (≤ 2.5 MPa) and constructed using lime-rich mortars. 

Prisms that had average     > 2.5 MPa experienced flexural and shear bond failures at the 

brick/mortar interface (failure types A and B). 
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The flexural and shear bond strengths increased with increasing mortar compressive 

strength for prism groups that experienced failure type C. For laboratory constructed 

samples that experienced failure type A or type B, their flexural bond and bed joint shear 

strengths were influenced by the brick/mortar bond strength instead of by the masonry 

compressive strength or mortar compressive strength. Laboratory constructed samples 

that exhibited failure type C had steeper slope in the     -    relationship than the field 

samples as the laboratory constructed samples were subjected to only 28 days of curing, 

and were made using factory controlled and produced raw materials. 

It was shown that the shear strengths of the laboratory constructed samples which 

experienced failure type C converged with those of the field samples, whilst laboratory 

constructed samples that experienced failure type A or type B generally had higher shear 

strengths than the field samples. Also, the coefficients of friction,  , of the field samples 

were comparable to those of the laboratory constructed samples that experienced failure 

type C. It was thought that for the laboratory constructed samples which had average     

≤ 2.5 MPa, the curing period of mortar was less influential to the bed joint cohesion than 

to the flexural bond strength, as the   -    relationship of the three laboratory constructed 

sample groups that experienced failure type C (    ≤ 2.5 MPa) converged well with the   -

    relationship of the field sample groups. 

 

6.8 Acknowledgements 

The authors would like to thank Waleed Numan and Ali Omran for their participation in 

the experimental programme discussed herein. Much of this study would have been 

impossible without their involvement. 

 



Ronald Lumantarna 

 

7-229 
 

 

 

CHAPTER 7 
 

7 Selection procedure to determine 

URM material properties 

  

 

 

Whilst many aspects associated with the seismic response of URM buildings are 

significantly influenced by characteristics such as boundary conditions and the behaviour 

of connections, the accurate determination of material properties will clearly lead to 

improved seismic assessments, retrofit designs and numerical models describing the 

seismic behaviour of URM buildings. The non-homogenous nature of masonry, 

combined with the age of existing URM buildings, makes it difficult to accurately predict 

the material properties of clay brick unreinforced masonry walls. 

The experiments reported in previous chapters were performed in order to characterise 

New Zealand URM material properties, as well as to improve upon the material property 

recommendations provided in NZSEE (2006). The compiled outcome of those 

experiments is reported in this chapter to enable the formation of new recommendations 

for how to conduct URM material testing and how to assess URM material properties in-
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situ. Practitioners can encounter three different scenarios when assessing an existing 

URM building: 

 Scenario 1: Sample extraction and field testing are possible, with minimum 

restrictions; 

 Scenario 2: Extraction of large building segments and field testing are not possible 

due to the building’s heritage importance or due to the tightness of the project’s 

timeframe, but low volume sample extraction is permitted; 

 Scenario 3: Sample extraction and field testing are not at all possible. 

 

Figure 7.1 shows a flow diagram of the three different scenarios. Scenario 1 provides the 

opportunity to perform any type of test necessary, and therefore the accuracy of the 

URM material parameters adopted can be assured. When Scenario 2 is encountered, 

individual brick units and irregular mortar samples shall be extracted and tested in the 

laboratory. The masonry assemblage properties (   ,   ,      and  ) are then predicted 

based on the obtained average brick unit and mortar compressive strengths. For 

Scenario 3, the modified Mohs scratch test shall be performed to predict brick unit and 

mortar compressive strengths when field testing and sample extraction are not at all 

possible. Consequently, when using Scenario 3 the masonry assemblage properties are 

estimated using the predicted brick unit and mortar compressive strengths. The 

accumulated uncertainties in these predictions results in Scenario 3 providing the least 

accurate URM material parameters in comparison to the other scenarios. The 

recommended testing techniques for the different scenarios are discussed in the following 

sections. Examples of the URM material property selection procedure can be found in 

Appendix E. 
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Figure 7.1: Flow diagram of different scenarios    

 

7.1 Material assessment procedure for Scenario 1 

Scenario 1 provides the opportunity to perform any test that is necessary to determine 

the required material properties. It is recommended that three brick high masonry prisms 

be extracted for compression and triplet shear tests, and two brick high masonry prisms 

be extracted for bond wrench tests.  This extraction must be performed using a masonry 

chainsaw, operated by experienced personnel or by a hired cutting contractor. Samples 

that are two leafs thick or more are to be cut into single leaf masonry prisms. Rendering 

and plastering mortar shall be removed if present.  

Alternatively, in-situ tests may be performed to determine the masonry Modulus of 

Elasticity, bed joint shear strength and flexural bond strength. The preparation of the in-

situ test locations must be performed using the appropriate tools (such as masonry 

chainsaw and circular saw), operated by qualified personnel. Rendering and plastering 

mortar shall be removed prior to in-situ testing, if present. Individual brick units and 

irregular mortar samples shall also be extracted for laboratory compression and Modulus 

of Rupture tests. Brick unit and mortar extraction shall be carefully performed using a 

hammer and chisel to minimise disturbance to the samples. 
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Scenario 1 
Field 

and/or lab 
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Scenario 2 Lab 
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Em, f’fb, c  
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7.2 Brick unit properties 

Individual brick units shall be extracted for the ASTM C 67 - 03a (ASTM 2003b) half 

brick compression and Modulus of Rupture tests as detailed in Chapter 2. For the half 

brick compression test, the extracted brick units shall be cut in half using a diamond 

tipped circular saw and capped using gypsum plaster prior to compression testing. A 

minimum of five brick units from each building shall be tested for each type of test. In 

addition, the brick unit Modulus of Elasticity could also be estimated by attaching 

displacement gauges whilst performing half brick compression tests as per Chapter 2. 

 

7.2.1 Mortar properties 

Irregular mortar samples shall be extracted, cut using a diamond tipped circular saw to 

form approximately cubical samples with two parallel sides, capped using gypsum plaster 

and tested in compression as described in Chapter 3. The cutting of the mortar samples 

shall be performed carefully and on minimum number of sample sides to minimise 

disturbance to the mortar samples, and the sample dimensions shall be not smaller than 

16 mm × 16 mm × 16 mm. A minimum of five mortar samples from each building shall 

be tested. 

The irregular mortar compression test results shall be normalised according to the sample 

h/t ratio and t/l ratio. Also, it is recommended in Chapter 4 that the sample shape be as 

close to a cube shape as possible. 

 

7.2.2 Masonry properties 

7.2.2.1 Masonry compressive strength and stiffness 

A minimum of three single leaf three brick high prisms shall be extracted for the ASTM 

C 1314 - 03b (ASTM 2003a) prism compression test. These prisms shall be capped using 
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gypsum plaster to ensure uniform stress distribution prior to compression testing as 

described in Chapter 5. 

Laboratory calibrated displacement measurement devices shall be attached on the prisms 

during compression testing for the derivation of masonry Modulus of Elasticity (  ). At 

least two measurement devices shall be incorporated to record displacements at opposing 

faces, and their gauge lengths shall span from the middle of the top brick to the middle 

of the bottom brick. The displacement readings are used to derive masonry strain (  ). 

The masonry Modulus of Elasticity is calculated as the chord modulus of the stress-strain 

curve between 0.05 and 0.70 of the masonry compressive strength (   ) (refer to Chapter 

5 for further details). 

In-situ measurements of masonry Modulus of Elasticity may be performed following the 

ASTM C 1197 - 04 (ASTM 2004) in-situ deformability test, if deemed to be more 

practical than laboratory testing. This technique is moderately destructive, as it requires 

the removal of horizontal mortar joints for the insertion of the two flat jacks (see Figure 

7.2(a)). The horizontal slots are separated by at least five courses of brickwork, but the 

separation distance should not exceed 1.5 times the flat jack length. A pressure controlled 

hydraulic pump is used to inflate the flat jacks, and thus vertical confinement pressure is 

applied to the masonry between the two jacks. To monitor displacement, at least one 

measurement device (spanning across at least three courses of brickwork) shall be 

attached between the two flat jacks (see Figure 7.2(b)). Each flat jack shall be calibrated 

to consider its inherent stiffness following ASTM C 1197 - 04 (ASTM 2004). It is 

important to note that the masonry compressive strength is generally unknown prior to 

the in-situ deformability test, and thus it is not possible to define points at the stress-

strain curve between 0.05    and 0.70   , and not possible to derive an accurate estimate 

of the masonry Modulus of Elasticity.  

The masonry stress-strain behaviour is generally non-linear, especially as the compressive 

stress exceeds 0.50    (refer to Chapter 5 for further details). Using Equation (5.16) 

whilst replacing    with 0.50    and 0.70   , it was found that the masonry Modulus of 

Elasticity that was derived using a stress-strain range from 0.05    to 0.50    was 10% 

times greater than that which was derived using a stress-strain range from 0.05    to 
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0.70   , as shown in Figure 7.3. Although non-linearity in the stress-strain curve between 

0.05    to 0.50    was apparent (refer to Figure 7.3), this non-linearity was insignificant 

when compared to non-linearity in the stress strain curve between 0.05    to 0.70   . 

Therefore, it is suggested that when performing in-situ deformability tests, only part of 

the masonry stress-strain curve that is close to linear shall be considered. The derived 

masonry Modulus of Elasticity, which is calculated as the chord modulus of part of the 

stress-strain curve that is close to linear, shall be divided by 1.1 to estimate the masonry 

Modulus of Elasticity based on a stress-strain range from 0.05    to 0.70   . 

 

  
 

(a) Cutting slots using circular saw 
 

(b) In-situ deformability test setup 
 

Figure 7.2: In-situ deformability test preparation 

 

 
 

Figure 7.3: Comparison between Modulus of Elasticity derived using different stress-strain ranges 
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Refer to Appendix A for examples of in-situ deformability tests in existing New Zealand 

heritage URM buildings. In the absence of laboratory prism compression tests, a 

minimum of three in-situ deformability tests shall be performed for each building.  

 

7.2.2.2 Masonry flexural bond strength 

A minimum of three single leaf two brick high masonry prisms shall be extracted and 

subjected to the AS 3700 - 2001 (Standards Australia 2001) bond wrench test. 

Alternatively, three bond wrench tests may be conducted in-situ if deemed to be more 

practical than extracting samples for laboratory testing. Note that the in-situ bond 

wrench test requires the removal of brick units and mortar joints adjacent to the test 

specimen, so that only the bottom mortar joint remains. When the wall is two leafs thick 

or more and has no cavity, the bond between the test specimen and the inner leaf shall be 

completely removed. This preparation shall be carefully performed using the appropriate 

tools (such as circular saw, hammer and chisel) to minimise disturbance to the test 

specimen (refer to Chapter 6 for further details). 

 

7.2.2.3 Masonry shear bond strength 

Single leaf three brick high masonry prisms shall be extracted for laboratory testing 

following the Rilem TC 127-MS.B.4 (1996) triplet shear test. The triplet shear tests shall 

be performed whilst applying axial compression loads of approximately 0.2 MPa, 

0.4 MPa and 0.6 MPa. The details of the triplet shear test setup are discussed in 

Chapter 6. A minimum of two triplet shear tests shall be performed for each axial 

compression load level, thus making a total requirement of at least six single leaf three 

brick high masonry prisms from each building. Alternatively, in-situ bed joint shear tests 

following ASTM C 1531 - 03 (ASTM 2003c) may be performed if deemed to be more 

practical than extracting samples for laboratory testing. A minimum of two in-situ shear 

tests shall be performed for each level of axial compression stress. 
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If flat jacks are not incorporated when performing the in-situ shear test, the axial 

compression stress is estimated based upon the amount of overburden above the test 

location. Unless the overburden within the building varies significantly, four single leaf 

three brick high masonry prisms must also be extracted for laboratory triplet shear tests 

when the in-situ shear tests are performed without incorporating flat jacks. These four 

extracted prisms shall be tested whilst being subjected to axial compression stresses of 

approximately 0.4 MPa and 0.6 MPa (two prisms each, refer to section 6.3.3). Refer to 

Chapter 6 for further details on the in-situ shear test and laboratory triplet shear test.  

 

7.3 Material assessment procedure for Scenario 2 

Scenario 2 permits low volume sample extraction, and therefore individual brick units 

and irregular mortar samples shall be collected and tested in compression as detailed in 

section 7.2 and section 7.2.1. The masonry assemblage properties shall be predicted using 

the average brick unit and mortar compressive strengths as described in the following 

sections. The predictive equations described below were derived using the test results 

reported in previous chapters, which consisted of test results obtained from both in-situ 

and laboratory constructed masonry samples. Therefore, although the predictive 

equations described below potentially have a decreased level of accuracy, these equations 

are the best recommendations that can be provided.    

 

7.3.1 Masonry compressive strength 

In accordance with section 5.6.1, the average masonry compressive strength (   ) shall 

be predicted as per Equation (7.1) 

 
   
   

   

           
          

       (7.1) 
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where     = average brick unit compressive strength; and     = average mortar 

compressive strength. Although Equation (7.1) slightly over predicted most of the 

average field extracted prism compressive strengths, it must be noted that predictive 

equations have limitations and are always associated with a level of uncertainty and 

inaccuracy. Equation (7.1) is the best fit for the most recent New Zealand URM material 

database consisting of both laboratory constructed and field extracted masonry 

properties, and therefore it is believed that on average, the compressive strength of 

existing masonry can be accurately predicted using this equation. 

 

7.3.2 Masonry Modulus of Elasticity 

In accordance with section 5.6.2, the average Modulus of Elasticity of existing masonry 

(   ) shall be related to the average masonry compressive strength (    ) as per 

Equation (7.2). 

   
   
    

   2        (7.2) 

 

7.3.3 Flexural bond strength 

In accordance with section 6.5.1, the average flexural bond strength (    ) of existing 

masonry shall be predicted as per Equation (7.3). 

 
   
   

   

                (7.3) 

 
Laboratory constructed samples were not included in the derivation of Equation (7.3) 

due to the following reasons: 

 A large proportion of the laboratory constructed samples experienced different 

failure modes to the field samples;  
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 Laboratory constructed samples that experienced similar failure modes to the field 

samples were not included due to difference in the rate of strength development 

between flexural strength and compressive strength for lime mortar. 

 

Therefore, these 28 days old laboratory constructed samples were not representative of 

existing masonry (refer to Chapter 6 for further details).  

 

7.3.4 Bed joint cohesion 

In accordance with section 6.5.2, the mortar bed joint cohesion of existing masonry ( ) 

shall be related to the average mortar compressive strength (   ) as per Equation (7.4). 

 
   
   

   

             (7.4) 

 
Laboratory manufactured and field samples were subjected to shear bond tests under 

different levels of axial compression loads as described in section 7.2.2.3, thus enabling 

the bed joint cohesion to be derived based on the Mohr-Coulomb friction law. 

Laboratory constructed samples that experienced shear bond failure at the brick/mortar 

interface were not considered in the derivation of Equation (7.4) (see Chapter 6 for 

further details). Also, it was shown in section 6.5.2 that the coefficients of friction ( ) of 

the field extracted samples and laboratory constructed samples that experienced shear 

bond failure within the mortar ranged from 0.80 to 0.92, with an average   of 0.861. 

Therefore, it was considered that assuming   = 0.85 is reasonable when the 

determination of   from destructive testing is not possible. 

 

7.3.5 Masonry strain at peak stress 

In accordance with section 5.6.3, the average masonry strain at peak stress (  ) shall be 

estimated using Equation (5.19). 
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7.3.6 Masonry compression stress-strain curve 

In accordance with section 5.6.4, the masonry compression stress-strain curve shall be 

predicted using Equation (5.16) 
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 )

 

 (7.6) 
 

 

where     = masonry stress at any point; and    = masonry strain at any point. The 

immediate post-peak compression stress-strain behaviour descending to 0.9    
  was also 

represented using Equation (5.16), followed by a linear descending part and a horizontal 

plateau at 0.2    
 . Two possible linear descending parts were proposed whilst considering 

the mortar compressive strength: a straight line connecting the stress-strain curve 

between 0.9    
  and 2.75    

  for masonry having  ̅
   
  ≥ 5 MPa, and a straight line between 

0.9    
  and 2    

  for masonry having  ̅
   
  < 5 MPa (see Chapter 5 for further details). 

 

7.4 Material assessment procedure for Scenario 3 

7.4.1 Non-destructive assessment tools 

When field testing or sample extraction is not at all possible (Scenario 3), in-situ non-

destructive estimation of brick unit and mortar compressive strengths shall be conducted. 

In accordance with Chapter 2 and Chapter 3, the in-situ brick unit and mortar 

compressive strengths shall be predicted by performing the modified Mohs scratch test, 

which is a simplified version of the original Mohs scratch test where commonly available 

materials that have equivalent hardness to the Mohs minerals were used (see Table 7.1). 
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Also, additional materials were introduced to represent Mohs numbers of 1.5 and 2.5 as 

the original Mohs scale was too scarce for clay bricks and mortar which are significantly 

softer than rocks (see Chapter 2 and Chapter 3 for further details). Figure 7.4 illustrates 

the equivalent material scratch tools. 

 
  Table 7.1: Simplified Mohs hardness scale 

Mohs Number  Mohs Minerals  Equivalent Materials  

1.0  Talc  Baby powder  

1.5  Fingernail (easy)  

2.0  Gypsum  Fingernail  

2.5  Aluminium pick  

3.0  Calcite  Copper coin  

3.5  

4.0  Flourspar  Iron nail  

 

 
 

Figure 7.4: Equivalent material scratch tools 

 

7.4.2 Recommended brick unit and mortar properties 

The recommended compressive strengths for clay brick units and mortar having the 

corresponding scratch numbers are shown in Table 7.2 and Table 7.3. It is noted that the 

lower characteristic and average recommended values were based on the lower quartile 

(75%ile) and median (50%ile) values from the box and whisker plots shown in section 

2.6.2 and section 3.6.1, and the summary of the statistical analysis is shown in 

Appendix F. It is recommended that average material strengths be used, however when 

aluminium 
pick 

copper 
coin 

iron nail 
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more conservative strength values are required, then the lower characteristic (lower 

quartile or 75%ile) material strengths shall be obtained from Table 7.2 and Table 7.3. 

Note that the use of lower characteristic material strengths in the equations described in 

previous sections will result in lower characteristic masonry properties. 

 
Table 7.2: Recommended brick unit compressive strength 

Tool 
Mohs 

number 

Lower characteristic brick 

compressive strength,  ̅    (MPa) 

Average brick compressive 

strength,  ̅   (MPa) 

Aluminium pick 2.5 10.3 13.3 

Copper coin 3.0 21.7 27.5 

Iron nail 4.0 31.0 37.2 

 

Table 7.3: Recommended mortar compressive strength 

Tool 
Mohs 

number 

Lower characteristic mortar 

compressive strength,  ̅    (MPa) 

Average mortar compressive 

strength,  ̅   (MPa) 

Fingernail (easy) 1.5 1.0 1.4 

Fingernail 2.0 2.6 3.3 

Aluminium pick 2.5 5.2 7.0 

Copper coin 3.0 18.4 22.7 

 

 
The brick unit database was comprised of a wide variety of brick groups with varying 

compressive strengths, and yet the strongest brick units were scratched using an iron nail. 

Therefore, in the absence of an iron nail, the lower characteristic and average 

compressive strengths of brick units that can not be scratched using the other equivalent 

materials shall be assumed to be 31.0 MPa and 37.2 MPa respectively, as there is little 

chance of encountering brick units that are stronger than those scratched using an iron 

nail.  

 

7.4.3 Scratch test procedure 

The scratch test to determine brick unit and mortar properties shall be conducted as 

follows: 
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(1) Prepare the appropriate scratch test tools; 

(2) Use 400 grit sand paper to clean and level the surface of the brick unit or mortar. Ensure 

that the degraded exterior of the sample is suitably removed and that the interior of the 

brick unit or mortar is exposed. For scratch testing of mortar in particular, ensure that 

any repointing mortar is removed. Figure 2.35 shows an example of exposed and 

unexposed brick surfaces; 

(3) Begin by using a scratch tool having the lowest scratch number and apply just enough 

pressure to ensure a firm contact on the brick or mortar surface at a 70 degree angle 

from the test material surface; 

(4) With uniform pressure, draw the scratch tool along the test material surface for at least 

20 mm; 

(5) If no scratch is formed then use the next scratch tool specified in Table 7.1; 

(6) Repeat step (5) until a scratch is formed; 

(7) Repeat steps (1) to (6) at least five times at different locations within a wall section; 

(8) Use Table 7.2 or Table 7.3 to determine the brick unit or mortar Mohs number; 

(9) The average Mohs number of the material shall be equal to the average of the six scratch 

tests; 

(10) The lower characteristic or average brick compressive strength shall be obtained based 

on the average Mohs number using Table 7.2; 

(11) The lower characteristic or average mortar compressive strength shall be obtained based 

on the average Mohs number using Table 7.3; 

(12) Use linear interpolation when required. 

 
 
The following points also need to be noted when performing the modified Mohs scratch 

test: 

 When performing the scratch test on brick samples, the scratch test shall create 

visible indentation on the brick surface;  

 When performing the scratch test on mortar samples, the definition “Fingernail 

(easy)” (Mohs number of 1.5) applies when the mortar can be scratched using 

minimal effort and the particles become loose as the fingernail is drawn along the 

sample;  

 A Mohs number of 2.0 corresponds to the scenario when a fingernail leaves an 

indented mark whilst the mortar is not heavily raked;  
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 A Mohs number of 2.0 is commonly indicated by a worn fingernail although the 

mortar surface is scratched; 

 Compression testing in accordance with Section 7.2.1 is strongly recommended when 

mortars having a Mohs number above 2.5 are present, because these mortars were 

rarely encountered during the experimental programme, and thus the database on 

mortars having a Mohs number above 2.5 is limited.  

 

The masonry assemblage material properties shall then be estimated using the predicted 

brick unit and mortar compressive strengths as prescribed in section 7.3. The limitation 

of the material assessment procedure for Scenario 3 is apparent as it requires predictions 

to be made at two different levels: at the brick and mortar properties level, and at the 

masonry assemblage properties level. These predictions accumulate uncertainties in the 

estimated masonry assemblage properties, and therefore this technique shall only be used 

when field testing or sample extraction is not at all possible. 

 

7.5 Further comment on the number of tests 

recommended  

The number of tests recommended differs from one test to another. Five tests each were 

recommended for the half brick compression test, the Modulus of Rupture test and the 

irregular mortar compression test, as individual brick units and mortar samples are 

relatively easier to obtain than are larger masonry segments. Field sampling experiences 

(as detailed in previous chapters) revealed that the extraction of individual brick units and 

mortar samples was generally more permissible than the extraction of large building 

segments, where in many cases the number of masonry prisms permitted for extraction 

was limited. The number of in-situ tests performed was also often restricted by the 

limited allowable testing area and tight project timeframe (refer to Chapter 6 and 

Appendix A). Therefore, three prism compression, in-situ deformability and bond 

wrench tests as well as six shear bond tests (two at each level of axial compression load) 

are deemed to be satisfactory.    
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7.6 Summary and conclusions 

Accurate determination of material properties will clearly lead to improved seismic 

assessments, retrofit designs and numerical models describing the seismic behaviour of 

URM buildings. The outcome of the studies discussed in previous chapters were 

summarised to form new recommendations for the testing of URM materials and for the 

assessment of URM material properties in-situ. 

Practitioners can encounter three different scenarios when assessing an existing URM 

building: (1) Field testing and sample extraction are allowed with minimum restrictions; 

(2) low volume sample extraction is permitted; and (3) sample extraction is not at all 

possible. 

When field testing and sample extraction are allowed, three brick high and two brick high 

masonry prisms shall be extracted for compression, triplet shear and bond wrench tests. 

In-situ deformability, in-situ bond wrench and in-situ bed joint shear tests may be 

performed if deemed to be more practical than extracting samples for laboratory testing. 

This scenario enables the most accurate determination of URM material properties.  

When low volume sample extraction is permitted, individual brick units and irregular 

mortar samples shall be extracted and subjected to laboratory compression tests. The 

masonry assemblage properties shall be predicted using the obtained average brick unit 

and mortar compressive strengths. 

When sample extraction is not at all possible, the modified Mohs scratch test shall be 

performed to predict the brick unit and mortar compressive strengths. The masonry 

assemblage properties are estimated using the predicted brick unit and mortar 

compressive strengths, and therefore this procedure has the highest level of uncertainty 

in comparison to the other procedures. 
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CHAPTER 8 
 

8 Summary of conclusions 

  

 

 

The research reported in this thesis was conducted with an aim to develop a revised 

version of the unreinforced masonry material property recommendations prescribed in 

NZSEE (2006). To achieve this aim, an experimental programme that focused mainly on 

the testing of clay bricks, mortar and masonry prisms that were extracted from New 

Zealand heritage URM buildings was undertaken. The conclusions arising from this 

experimental programme into the assessment of the material properties of New Zealand 

heritage URM buildings are summarised below. 

 

8.1 Chapter 2 - Properties of New Zealand heritage 

clay bricks 

Mineralogical studies and different types of non-destructive tests were conducted to 

explore the factors that influence the properties of solid clay bricks, and to provide 
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experimental justification for a proposed assessment technique to predict the in-situ 

material properties of vintage solid clay bricks. 

It was found from a literature study that clay brick colour is mainly governed by the 

presence of iron oxide within the brick structure, whilst the brick unit compressive 

strength is determined by the firing temperature. These different governing factors 

showed that the use of brick colour to categorise vintage solid clay bricks could lead to 

inaccurate predictions of clay brick mechanical properties. Also, the powder XRD 

analysis confirmed the above findings regarding the brick colour, where it was found that 

clay bricks that had an abundant iron oxide content were mostly red. 

The Mohs scratch test is one type of hardness test, which has often been used to estimate 

the mechanical strength of metals, rocks and minerals. Experiments were performed and 

the results obtained using the modified Mohs scratch test indicated that there was a trend 

of increasing brick unit compressive strength with increasing Mohs scratch number. 

Statistical analysis revealed that each Mohs scratch number was correlated to a distinct 

group of clay brick samples, and therefore the modified Mohs scratch test is an adequate 

technique to categorise clay bricks according to their compressive strengths. However, 

each Mohs scratch number represents a wide range of brick unit compressive strength, 

and therefore it is recommended that this testing technique be reserved for cases where 

destructive testing is not permitted. 

The brick unit Modulus of Rupture strength can be satisfactorily equated to 0.12   , 

which is similar to the 0.10    value recommended in NZSEE (2006). A good linear 

relationship between the brick unit Modulus of Elasticity and the brick unit compressive 

strength was derived using the experimental results, where    is equal to 301   . 
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8.2 Chapter 3 - Properties of mortar in New Zealand 

URM buildings 

An experimental programme was undertaken to determine the compressive strength of 

mortar samples extracted from existing New Zealand URM buildings and to identify a 

suitable non-destructive assessment technique to predict the mortar compressive strength 

in-situ. 

The Mohs hardness test and the irregular mortar compression test were performed on 

irregular mortar samples that originated from heritage URM buildings in New Zealand. 

The compressive strength results from these irregular mortar samples were subjected to 

the normalisation technique prescribed in Chapter 4, and the coefficients of variation of 

the normalised mortar compressive strengths were mostly lower than those of the 

measured irregular mortar compressive strengths, showing that the variation in the 

irregular mortar compression test results was reduced as the individual test results were 

normalised. This decrease in variability shows that the normalisation technique 

prescribed in Chapter 4 was adequate for normalising the compressive strength of 

irregular mortar samples. 

An increase in the normalised mortar compressive strength generally led to an increase in 

the Mohs scratch number. Statistical analysis revealed that each Mohs scratch number 

represents a distinct category of mortar samples, suggesting that the modified Mohs 

scratch test is an adequate technique to categorise mortar samples according to their 

compressive strengths. However, each Mohs scratch number represents a wide mortar 

compressive strength range, and thus it was suggested that this testing technique be 

reserved for cases where sample extraction is not permitted. 

Although the acid digestion test is associated with a degree of uncertainty and inaccuracy, 

this testing technique is an adequate tool to obtain an indicative measure of the 

aggregate/binder ratio of heritage mortars, given that the aggregate used was non-

calcareous and that reasonable assumptions on the material densities were adopted. Also, 

powder X-ray diffraction analysis was generally found to be an appropriate tool to obtain 
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an indicative measure of the mineralogical composition of heritage mortars. However, 

the powder X-ray diffraction analysis is a semi-quantitative technique that is associated 

with a degree of uncertainty and inaccuracy, and therefore it is recommended that this 

technique be used whilst also considering the mortar compression test results. 

 

8.3 Chapter 4 - Testing and finite element modelling 

of mortar samples 

Laboratory experiments and finite element modelling were performed to determine the 

influence that sample dimensions had on the measured mortar compressive strength. 

Experiments on laboratory constructed mortar samples having ten different dimensions 

and three different mortar grades indicated that sample dimensions influenced the 

measured mortar compressive strength, where the measured mortar compressive strength 

generally decreased with increasing h/t ratio. Finite element modelling was performed to 

simulate the laboratory experiments, and the outcome of the finite element simulations 

was generally in alignment with that of the experimental programme. 

A parametric finite element study was then conducted, revealing that the measured 

mortar compressive strength was clearly influenced by the sample footprint dimensions 

(t/l ratio) and h/t ratio. Therefore, a normalisation technique that considered the sample 

t/l ratio and the sample h/t ratio was developed. As the ASTM C 109 – 08 (2008c) 

50 mm cube compression test was the most widely known standardised test for the 

evaluation of mortar compressive strength, it was decided that all irregular mortar 

samples shall be normalised to t/l ratio and h/t ratio = 1.0, corresponding to a cubic 

mortar sample that is comparable to a 50 mm cube. 
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8.4 Chapter 5 - Compressive strength and stiffness 

of masonry assemblages 

The compressive strength and the Modulus of Elasticity of masonry prisms that were 

both extracted from New Zealand heritage URM buildings and were laboratory 

constructed using various brick/mortar combinations were determined. The brick unit 

and mortar properties, masonry compressive strength, Modulus of Elasticity and strain at 

peak stress of the laboratory constructed samples generally aligned well with those of the 

field extracted samples. The masonry compressive strength was found to increase with 

increasing brick unit and mortar compressive strengths.  

A predictive equation relating the brick unit, mortar and masonry prism compressive 

strengths was derived, and the masonry Modulus of Elasticity was satisfactorily equated 

to 294     
 . One reason for the derived constant value (294) being lower than is 

customarily recommended was that the masonry Modulus of Elasticity was calculated 

using the stress and strain ordinates at 0.05    
  and 0.70    

  instead of those located at 

0.05    
  and 0.33    

  as used by previous researchers. This adopted calculation method 

generated stiffness values appropriately reflecting the non-linear behaviour for the strain 

range up to     
 , and therefore although the derived    values were low, they were 

thought to be more representative for use in linear and non-linear seismic analyses.  

An equation to estimate masonry strain at peak stress and a masonry compression stress-

strain numerical model were proposed. The descending branch of the masonry 

compression stress-strain numerical model varied according to the mortar compressive 

strength, where prisms that were constructed using mortars having an average     
  < 

5 MPa had steeper descending stress-strain curves than those constructed using mortars 

having an average     
  ≥ 5 MPa. 
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8.5 Chapter 6 - Relationships between masonry 

compressive, flexural bond and bed joint shear 

strength 

In-situ material testing and sample extraction were performed in New Zealand heritage 

URM buildings to investigate the relationships between the flexural bond strength, shear 

bond strength and compressive strength of existing URM buildings. In addition, single 

leaf two brick high and three brick high masonry prisms having various brick/mortar 

combinations were also constructed in the laboratory for compression, bond wrench and 

triplet shear tests. 

 

8.5.1 Findings on in-situ samples 

When subjected to bond wrench and shear bond tests, almost all of the field samples 

exhibited bond failures within the mortar joints, and therefore the masonry flexural bond 

strength was related to the mortar compressive strength. It was found that the masonry 

flexural bond strength is better characterised using the mortar compressive strength than 

using the masonry compressive strength. 

The mortar bed joint shear strength increased with increasing axial pre-compression 

stress, and the bed joint shear strength at each level of axial pre-compression stress 

generally increased with increasing average mortar compressive strength. These 

observations were expected as most field samples exhibited shear failure within the 

mortar joints, and therefore their bed joint shear strengths were influenced by the mortar 

properties instead of by the brick/mortar bond characteristics. The coefficients of 

friction were found to be comparable for all field sites, whilst the measured bed joint 

cohesion increased with increasing average mortar compressive strength. It was found 

that the mortar bed joint cohesion is better characterised using the mortar compressive 

strength than using the masonry compressive strength. 
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8.5.2 Findings on laboratory constructed samples 

A majority of the prisms that experienced flexural and shear bond failures within their 

mortar joints were those having low average     (≤ 2.5 MPa). Prisms that had average     

> 2.5 MPa experienced flexural and shear bond failures at the brick/mortar interface. 

The flexural and shear bond strengths increased with increasing mortar compressive 

strength for prism groups that experienced failures within their mortar joints. For 

laboratory constructed samples that experienced failures at the brick/mortar interface, 

their flexural bond and bed joint shear strengths were influenced by the brick/mortar 

bond strength instead of by the masonry compressive strength or mortar compressive 

strength. 

The 28 day-cured laboratory constructed samples that experienced flexural bond failure 

within the mortar joint were not representative of the field samples due to the difference 

between the rate of lime mortar flexural strength development and compressive strength 

development over time. It was predicted that with a longer curing period, the     -    

relationship of these laboratory constructed samples that experienced flexural bond 

failure within the mortar would eventually be similar to that of the field samples. 

However, the mortar curing period was less influential to the bed joint cohesion than to 

the flexural bond strength, as the cohesion-mortar compressive strength relationship of 

the three laboratory constructed sample groups that experienced shear bond failure 

within the mortar converged well with that of the field sample groups. The coefficients 

of friction of the field samples were comparable to those of the laboratory constructed 

samples that experienced shear bond failure within the mortar. 
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8.6 Chapter 7 - Selection procedure to determine 

URM material properties 

Accurate determination of URM material properties will clearly lead to improved seismic 

assessments, retrofit designs and numerical models describing the seismic behaviour of 

URM buildings. This chapter summarises the outcome of the studies described in 

Chapter 2 to Chapter 6 and presents the summary as a revised URM material property 

assessment procedure that improves on the NZSEE (2006) recommendations, enabling 

design practitioners to predict URM material properties with better accuracy.  

Practitioners can encounter three different scenarios when assessing an existing URM 

building. Scenario 1 enables the most accurate determination of URM material 

properties, whilst Scenario 3 provides the highest degree of uncertainty in the estimated 

URM material properties. 

(1) Field testing and sample extraction are allowed with minimum restrictions: 

In this scenario, practitioners shall extract masonry prisms for laboratory testing to obtain 

the most accurate URM material parameters for use in their assessment, modelling and 

design. Otherwise, in-situ tests may be performed if deemed to be more practical than 

sample extraction. 

(2) Low volume sample extraction is permitted: 

In this scenario, practitioners shall extract brick units and irregular mortar samples for 

laboratory compression testing. The masonry assemblage properties shall then be 

predicted using the brick and mortar compression test results. 

(3) Sample extraction is not at all possible: 

In this scenario, practitioners shall perform the modified Mohs scratch test to predict the 

brick unit and mortar compressive strengths, and the masonry assemblage properties 

shall be estimated using these predicted values.  
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8.7 Future research directions 

Although the predictive equations and recommendations provided in this thesis have a 

degree of uncertainty and inaccuracy, it has to be noted that these equations were derived 

based on the most recent New Zealand URM material database. It is suggested that 

future studies attempt to further investigate the material properties of existing heritage 

unreinforced masonry buildings. The existing database of the brick unit, mortar and 

masonry compressive strengths, masonry Modulus of Elasticity, masonry stress-strain 

relationship, masonry flexural bond strength and shear bond strength shall be further 

populated with testing data from field samples. It is also noted that the brick/mortar 

bond type of failure shall be considered when determining the factors that can be related 

to the masonry flexural and shear bond strengths. 

When future opportunities for sample extraction arise, it is recommended that both 

compression tests and modified Mohs scratch tests on heritage clay bricks and mortar be 

performed to further populate the brick unit and mortar scratch test database. The brick 

unit Modulus of Rupture strength and Modulus of Elasticity database can also be 

enriched by performing Modulus of Rupture tests and half brick compression tests whilst 

incorporating displacement gauges. It is thought that with an expanded database of 

material properties derived from samples extracted from existing buildings, predictive 

equations and numerical models for seismic assessment and retrofit design can be used 

with added confidence.  

Studies conducted by Page and Marshall (1985) and Hughes and Bahramian (1965) show 

that the measured compressive strengths of concrete blocks, brick units and masonry 

prisms are influenced by the specimen aspect ratio. This influence on the measured 

compressive strength was due to the friction that developed between the end platen and 

sample surface. Therefore, the use of low friction coefficient membranes and flexible 

brush platens was suggested by Page and Marshall (1985) and Hughes and Bahramian 

(1965) respectively to minimise friction. Although it is acknowledged that the samples 

tested during this research had varying aspect ratios, all samples were capped using 

gypsum plaster before being tested in compression. This gypsum plaster acted as a 

uniform capping material that not only distributed stresses uniformly, but also ensured a 
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constant magnitude of friction between the end platen and the sample surface. Therefore, 

all the brick units, irregular mortar samples and masonry prisms investigated in this study 

were compression tested using a consistent testing arrangement and boundary conditions.   

It is acknowledged that the use of the compressive strength results obtained by testing 

three brick high prims to estimate the compressive strength of an entire masonry wall 

requires further investigation. Krefeld (1938) tested clay brick masonry samples that 

ranged from 3 bricks high to 35 bricks high and had varying thicknesses, and found that 

the measured compressive strength decreased as the sample h/t ratio increased. This 

difference in the measured compressive strength was due to the difference in failure 

modes between the low h/t ratio samples and the high h/t ratio samples, where samples 

having low h/t ratios experienced diagonal splitting failure, whilst samples having high h/t 

ratios experienced vertical splitting failure along the vertical mortar joints. However, it 

has to be noted that the current doctoral investigation mainly focused on the 

determination of relationships between clay brick, mortar and masonry assemblage 

properties in small scale samples, and thus investigation of the relationship between small 

scale sample properties and the properties of a complete URM wall was outside the scope 

of the current study and is instead recommended as an interesting field of study for 

future researchers. 
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A APPENDIX A 

 

Examples of in-situ testing of 

existing URM buildings 

  

 

In-situ measurements of masonry Modulus of Elasticity may be performed following the 

in-situ deformability test ASTM C 1197 - 04 (ASTM 2004) if deemed to be more 

practical than laboratory testing. This appendix reports the in-situ material testing of 

three heritage URM buildings in Auckland, within which examples of in-situ 

deformability tests were conducted.  

Two of the tested buildings, the Rob Roy Hotel and the Campbell Free Kindergarten, 

were part of the New Zealand Transport Agency’s (NZTA) Victoria Park Tunnel Project. 

This project was intended to improve one of New Zealand’s most congested motorway 

links. The Rob Roy Hotel was subjected to relocation as it was positioned above the 

proposed tunnel location, and therefore this heritage URM structure needed to be 

assessed and retrofitted in order to preserve its heritage significance prior to the 

relocation project. The research team was invited to characterise the material properties 

of the Rob Roy Hotel, so the accuracy of the seismic assessment, computer modelling 

and retrofit design could be improved. 
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The Campbell Free Kindergarten was located on the south side of Victoria Park, and 

although it did not interfere with tunnel construction, the building was not operational 

for the past few decades and was poorly maintained. The heritage significance of the 

Campbell Free Kindergarten was acknowledged, and therefore NZTA restored this 

kindergarten whilst using a part of the building as their electrical and communications 

plant room (NZTA 2010). Field material testing was performed in the Campbell Free 

Kindergarten and the testing outcome was reported to the design engineers. 

The third building tested was the Aurora Tavern, which was located in the Auckland 

Central Business District. Refurbishment and seismic strengthening were being 

implemented on the building, during which field testing was conducted to characterise 

the building material properties with an aim to aid the structural engineers in their 

strengthening designs. Figure 1 illustrates an aerial view of Auckland Central Business 

District, showing the locations of the field test buildings and the Victoria Park Tunnel 

projection.  

 

 
 

Figure 1: Aerial view of Auckland CBD with field testing locations 

  

Campbell Free 

Kindergarten 

Rob Roy 
Hotel 

Aurora 
Tavern 
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A.1 Rob Roy Hotel 

A.1.1 Building description 

The 1886 built Rob Roy Hotel is one of few New Zealand hotels built in the 1880s that 

still exists today. Located at 133 Franklin Road at the south edge of Victoria Park, the 

heritage hotel was located above the proposed Victoria Park Tunnel location, and the 

building needed to be assessed and retrofitted in order to preserve its heritage 

significance prior to the relocation project. 

The Rob Roy Hotel is an L-shaped, two storey building with a basement having footprint 

dimensions of approximately 15 m by 10 m (see Figure 2). The building was constructed 

of three to four leafs thick solid clay brick masonry perimeter load bearing walls with 

brick veneer and timber cladding on the exterior and interior surfaces respectively. The 

non-load bearing partition walls were constructed using one to two leafs thick solid clay 

brick masonry. Three in-situ deformability tests were performed in the basement of the 

building. Individual brick units, irregular mortar samples and three brick high prisms 

were also collected from the basement and first floors of the building for laboratory 

testing. 

 

  
 

(a) Front view 
 

(b) Plan view 

 
Figure 2: Rob Roy Hotel 
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A.1.2 In-situ deformability test 

The ASTM C 1197- 04 (2004) in-situ deformability tests were performed at locations 

shown in Figure 3. It was noted that the masonry at Locations 1 and 3 was noticeably 

more damp and in worse condition than that at Location 2. 

 

 
 

Figure 3: Floor plan of Rob Roy Hotel 

 
The in-situ deformability test setups are shown in Figure 4. The horizontal slots for flat 

jack insertion were prepared using a masonry chainsaw. Three displacement gauges (each 

spanning across four to five brick courses) were used to measure the deformation of the 

masonry between the two flat jacks. However, the displacement readings from the left 

and right displacement gauges were erratic, and therefore were excluded from the 

analysis. In addition, one displacement gauge spanning across the top flat jack was 

attached to monitor the flat jack expansion.  

The vertical displacement in the masonry were recorded using a data logging computer, 

whilst the vertical confinement stress was recorded manually using a digital pressure 

gauge to measure the pressure applied to the two flat jacks and was calibrated to consider 

the inherent stiffness of the jacks (ASTM 2004). Figure 4(b), (d) and (f) illustrate the 

masonry stress-strain relationships derived using the middle displacement gauge readings 

and the calibrated vertical confinement stresses.  

 

Location 1 Location 2 

Location 3 
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(a) In-situ deformability test at Location 1 

 

 
(b) Masonry stress-strain relationship at Location 1 

 
 

 
(c) In-situ deformability test at Location 2 

 

 
(d) Masonry stress-strain relationship at Location 2 

 
 

 
(e) In-situ deformability test at Location 3 

 
(f) Masonry stress - strain relationship at Location 3 

 
Figure 4: In-situ deformability test 

 
Figure 4 shows that the masonry Modulus of Elasticity was calculated as the chord 

modulus of part of the stress-strain curves that was close to linear (as suggested in 

y = 2889x 

R² = 0.9917 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.0005 0.001 0.0015

S
tr

es
s 

(M
P

a)
 

Strain 

y = 6603.5x 

R² = 0.984 

0

1

2

3

4

5

0 0.0002 0.0004 0.0006 0.0008

S
tr

es
s 

(M
P

a)
 

Strain 

y = 2366.7x 

R² = 0.9595 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.0005 0.001

S
tr

es
s 

(M
P

a)
 

Strain 



Ronald Lumantarna 

 

A-281 
 

Chapter 7). The masonry Modulus of Elasticity (  ) at Locations 1, 2 and 3 was found to 

be 2,889 MPa, 6,604 MPa and 2,367 MPa respectively. As mentioned earlier, the masonry 

at location 2 was in better condition than the masonry at Locations 1 and 3, and 

therefore the masonry at Location 2 had a higher Modulus of Elasticity than was 

measured at locations 1 and 3. 

  

A.1.3 Brick unit and irregular mortar compression tests 

Individual brick units and irregular mortar samples were extracted from various building 

locations for laboratory testing. The brick unit compressive strength was obtained 

following the ASTM C 67 - 03a (ASTM 2003b) half brick compression test, whilst the 

mortar compressive strength was determined using the irregular mortar compression test 

described in Chapter 3. Most of the brick units and mortar samples were extracted from 

random locations within the basement and first floors of the building, and some brick 

units were collected from Location 1. Table 1shows the brick unit (   ) and normalised 

mortar (   ) compressive strengths.  

  
Table 1: Brick unit compressive strength and normalised mortar compressive strength 

Brick units Mortar 

Brick Origin     (MPa) Mortar Origin     (MPa) 

First Floor 
First Floor 
First Floor 
First Floor 
First Floor 
First Floor 
Basement 
Basement 
Basement 
Basement 
Basement 

Basement (Location 1) 
Basement (Location 1) 
Basement (Location 1) 

14.5 
7.5 
14.8 
15.3 
11.7 
8.9 
11.2 
17.8 
16.5 
11.9 
11.3 
10.5 
9.3 
6.6 

First Floor 
First Floor 
First Floor 
First Floor 
Basement 
Basement 

 

4.05 
3.83 
5.38 
4.44 
4.97 
4.55 

 

Average 
CoV 

12.0 
0.28 

Average 
CoV 

4.54 
0.13 
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Table 1 shows that the building’s brick unit and mortar properties were generally 

uniform, where the average brick unit and mortar compressive strengths were 12.0 MPa 

(CoV = 0.28) and 4.54 MPa (CoV = 0.13) respectively. It was also noted that the 

compressive strengths of brick units that were extracted from Location 1 were low in 

comparison to those of brick units extracted from other parts of the basement. 

 

A.1.4 Masonry compressive strength 

Three brick high masonry prisms were extracted from the basement of the building, 

capped using gypsum plaster, and tested in compression following ASTM C 1314 - 03b 

(ASTM 2003a). It was noted that most of the prisms were extracted from random 

locations within the basement, and two prisms were extracted from Locations 1 and 3. 

Displacement gauges were occasionally incorporated on the right and left sides of the 

prisms, thus enabling laboratory derivation of the masonry stress-strain relationship and 

Modulus of Elasticity. The method to calculate the masonry Modulus of Elasticity is 

detailed in Chapter 5, and the test results are shown in Table 2. 

 
Table 2: Masonry compression test results 

Sample No.      (MPa)    (MPa)   /    

B1 8.4 - - 
B2 7.5 1,876 252 

B3 (Location 1) 8.3 2,129 255 
B4 3.9 - - 
B5 6.0 1,565 263 
B6 5.7 - - 
B7 5.9 - - 

B8 (Location 3) 6.2 2,296 368 
B9 5.9 - - 
B10 10.0 3,394 339 
B11 9.4 - - 

Average 7.0 2,252 296 
CoV 0.27 0.31 0.18 

 

 
The masonry compressive strength (    ) varied from 3.9 MPa to 10.0 MPa with a 

coefficient of variation (CoV) of 0.27, whilst the masonry Modulus of Elasticity (  ) 
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ranged between 1,565 MPa and 3,394 MPa with a CoV of 0.31. Consistent with the study 

detailed in Chapter 5, the masonry Modulus of Elasticity generally increased with 

increasing masonry compressive strength, where    = 296   . 

 

A.1.5 Discussion 

The brick unit and mortar properties of the Rob Roy Hotel were generally uniform, 

except for those at locations where the masonry was in notably poor condition, such as 

Locations 1 and 3. The in-situ deformability tests also revealed that the Modulus of 

Elasticity at locations where the masonry was notably poor (Locations 1 and 3) was low 

relative to other locations where the masonry was in good condition. The compressive 

strengths of prisms that were extracted from Locations 1 and 3 were 8.3 MPa and 

6.2 MPa respectively. These two test results indicated that the vertical stresses applied 

during the in-situ deformability tests at Locations 1 and 3 were well below the masonry 

compressive strength at those test locations, and thus the masonry stress-strain curves 

were still close to linear. 

It is suggested in Chapter 7 that the masonry Modulus of Elasticity obtained from in-situ 

deformability tests be divided by 1.1 to consider non-linearity in the masonry stress-strain 

behaviour, especially as the compressive stress exceeds 0.50   . When the masonry 

Modulus of Elasticity obtained from the in-situ deformability tests was divided by 1.1, the 

corrected masonry Modulus of Elasticity at Locations 1, 2 and 3 was equal to 2,600 MPa, 

5,943 MPa and 2,130 MPa respectively. The corrected masonry Modulus of Elasticity at 

Locations 1 and 3 was comparable to that obtained from the laboratory prism 

compression tests (2,600 MPa as opposed to 2,129 MPa for Location 1; and 2,130 MPa 

as opposed to 2,296 MPa for Location 3).  
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A.2 Campbell Free Kindergarten 

A.2.1 Building description 

The Campbell Free Kindergarten was built in 1910, on the south side of Victoria Park in 

Auckland, at the intersection between Victoria Street West and Franklin Road (see Figure 

5(b)). The two storey northern part of the building was constructed of three leaf thick 

and two leaf thick unreinforced masonry for the external and internal walls respectively. 

The single storey southern part of the building was constructed of two leaf thick 

unreinforced masonry. A single storey timber structure was added at the north side of the 

building in the 1930s. Being initially used as a kindergarten until the 1960s, the building 

was closed due to construction of the Victoria Park flyover, but was then reopened and 

used by cricket and football clubs until the 1980s. The building was left unoccupied since 

and its condition declined rapidly as it was not maintained properly, was subject to 

vandalism, theft, and ultimately was set on fire in 1994, which resulted in severe damage 

to its interior and floor joists. The building was then proposed for demolition prior to 

being classified as a Category I heritage building by the Heritage Places Trust in 2004 

(Goodwin 2008).  

 

  
 

(a) Northern View 
 

(b) Plan View 
 

Figure 5: Campbell Free Kindergarten 

 
The materials in the building were in different states of deterioration. The structural 

timber and the roof of the building were in poor condition, where the roof in particular 

Campbell Free 

Kindergarten 

Franklin Road 

Victoria Street West 
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leaked and collapsed at different locations within the building (Goodwin 2008). The 

brickwork was in better condition in comparison to the structural timber and roof, 

although burn marks caused by the fire in 1994 were occasionally visible. The light brown 

solid bricks, which were provided by Avondale Brick & Pottery Company, and the dark 

brown mortar were generally in good condition (refer to Figure 6). 

 

  
 

(a) Bricks used in the building construction 
 

(b) Mortar extracted from the building 
 

Figure 6: Visual appearance of materials in Campbell Free Kindergarten 

 

A.2.2 Tests conducted 

The research team conducted in-situ testing and sample extraction at the ground floor of 

the building as shown in Figure 7. Three in-situ bed joint shear tests and one in-situ 

deformability test were conducted at Location 1, whilst brick units, irregular mortar 

samples and three brick high prisms were extracted for laboratory testing from Location 

2. Figure 8 shows the preparation of test locations and the sample extraction process. 
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Figure 7: Floor plan of Campbell Free Kindergarten, showing locations of activities 

 

   
 

(a) In-situ deformability test 
location preparation 

 
(b) In-situ shear test location 

preparation 

 
(c) Sample extraction for 

laboratory testing 

 
Figure 8: Preparation of test locations & sample extraction 

 

A.2.3 In-situ deformability tests incorporating flat jacks 

The in-situ deformability test ASTM C 1197-04 (2004) was conducted at Location 1. The 

horizontal slots for flat jack insertion were prepared using a masonry chainsaw. To 

monitor displacement, three displacement gauges (each spanning across three courses of 

brickwork) were attached between the two flat jacks (Refer to Figure 9). However, similar 

to that observed during field testing at the Rob Roy Hotel, the in-situ deformability test 

revealed that the displacement readings from the left and right displacement gauges were 

inconclusive, and therefore these readings were excluded from the analysis. Figure 9 

illustrates the in-situ deformability test location and the stress-strain curve derived using 

Location 1 

Location 2 
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the displacement readings from the middle gauge and the vertical confinement stress. 

The modulus of Elasticity (  ) of the masonry at Location 1 was found to be 1,776 MPa. 

 

  
 

Figure 9: In-situ deformability test & result 

 

A.2.4 Bed joint shear test 

Three in-situ bed joint shear tests were performed at Location 1 following ASTM 

C 1531-03 (2003c). This test was moderately destructive, as it required the removal of at 

least one brick on one side of the test specimen for the insertion of a hydraulic jack and 

load cell, as well as the removal of a vertical mortar joint on the other side to allow 

horizontal bed joint movement (see Figure 10). A displacement gauge was attached on 

the wall face adjacent to the vertical joint cut to monitor the lateral displacement, and 

thus the occurrence of bed joint sliding failure was recorded. The hydraulic jack was 

loaded using a pressure controlled hydraulic pump until bed joint sliding failure occurred, 

and the bed joint shear strength was calculated using the values recorded using the load 

cell. The bed joint shear test results are shown in Table 3. The mortar bed joint shear 

strength ( ) at Location 1 ranged from 0.85 MPa to 1.07 MPa, which was reasonably 

uniform considering the variable nature of URM materials. 
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Figure 10: In-situ bed joint shear test 

 
Table 3: In-situ shear test results 

Test Number   (MPa) 

IS1 1.07 

IS2 0.85 

IS3 0.86 

 

 

A.2.5 Mortar and brick unit properties 

The compressive strength of the mortar joints was determined by the compression 

testing of irregular mortar samples following the procedure detailed in Chapter 3. The 

approximately rectangular mortar samples and the compression test setup are shown in 

Figure 11, and the normalised mortar compressive strengths (   ) are reported in Table 4. 

The mortar compressive strength was found to vary from 2.86 MPa to 5.41 MPa, with a 

CoV of 0.19. 

  

Displacement 
gauge 

Load cell 

Hydraulic 
jack 
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(a) Irregular mortar samples 
 

(b) Mortar compression test 

 
Figure 11: Testing of irregular mortar samples 

 
Table 4: Normalised mortar compressive strength 

Sample No.     (MPa) 

CK1 2.86 
CK2 3.42 
CK3 4.11 
CK4 3.91 
CK5 3.29 
CK6 3.78 
CK7 5.05 
CK8 3.37 
CK9 4.72 
CK10 4.85 
CK11 4.25 
CK12 3.95 
CK13 4.95 
CK14 5.41 

Average 4.14 
CoV 0.19 

 

 
Four of the extracted brick units were subjected to the ASTM C 67-03a (2003b) Modulus 

of Rupture test as shown in Figure 12(a). The remaining bricks from the Modulus of 

Rupture test were then cut using a diamond tipped circular saw and used for the ASTM 

C 67-03a (2003b) half brick compression test. The remaining brick units were directly cut 

into halves for the half brick compression test. In most occasions, displacement gauges 

were incorporated on the right and left sides of the half bricks (see Figure 12(b)), thus 

enabling the brick unit stress-strain relationship and Modulus of Elasticity to be derived. 

The brick unit Modulus of Elasticity was calculated following the procedure described in 
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Chapter 2. The brick unit Modulus of Rupture strength (   ), compressive strength (   ) 

and Modulus of Elasticity (  ) are presented in Table 5. The brick unit Modulus of 

Rupture strength varied from 2.2 MPa to 3.5 MPa (CoV = 0.20) for brick unit 

compressive strength that varied between 15.6 MPa and 26.3 MPa, whilst the brick unit 

Modulus of Elasticity varied from 2,156 MPa to 4,090 MPa (CoV = 0.25) for brick unit 

compressive strength that ranged between 14.0 MPa and 26.3 MPa. On average, the brick 

unit Modulus of Elasticity was equated to 158   .  

 

  
 

(a) Modulus of Rupture test 
 

(b) Half brick compression test 
 

Figure 12: Brick testing 

 
Table 5: Brick unit test results 

Sample     (MPa)     (MPa)    (MPa)   /    

CFK1 2.2 15.6 - - 
CFK2 3.1 21.8 - - 
CFK3 2.8 23.8 - - 
CFK4 3.5 26.3 4,090 155 
CFK5 - 14.2 2,814 198 
CFK6 - 14.8 2,156 146 
CFK7 - 15.8 2,468 156 
CFK8 - 20.3 3,246 160 
CFK9 - 17.8 2,434 136 
CFK10 - 14.0 2,165 154 

Average 2.9 18.4 2,767 158 
CoV 0.20 0.24 0.25 0.12 
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A.2.6 Masonry compressive strength 

Masonry segments were extracted from Location 2, cut to three brick high prisms, 

capped using gypsum plaster and tested in compression following ASTM C 1314-03b 

(2003a). Displacement gauges were occasionally incorporated on the right and left sides 

of the prisms, thus enabling laboratory derivation of the masonry stress-strain 

relationship and Modulus of Elasticity. The masonry Modulus of Elasticity was calculated 

following the procedure detailed in Chapter 5. Figure 13 illustrates the procedure used 

for sample preparation and compression testing, whilst the test results are presented in 

Table 6. The masonry compressive strength (    ) ranged between 6.07 MPa and 

8.26 MPa (CoV = 0.12), whilst the masonry Modulus of Elasticity (  ) varied from 

1,336 MPa to 2,475 MPa (CoV = 0.25). On average, the masonry Modulus of Elasticity 

was equated to 241   . 

 

  
 

(a) Extracted masonry sample 
 

 
(b) Three brick high prisms after chainsaw 

cutting 
 

  
 

(c) Trimming and removal of plaster layer 
 

(d) Prism compression test 
 

Figure 13: Masonry prism preparation and testing 
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Table 6: Masonry compression test results 

Sample No.     (MPa)    (MPa)   /    

CFK4 8.26 2,475 300 
CFK2 6.70 1,879 281 

CFK3 8.06 1,756 218 
CFK4 6.07 - - 
CFK5 8.04 1,336 166 
CFK6 7.23 - - 

Average 7.39 1,861 241 
CoV 0.12 0.25 0.25 

 

 

A.2.7 Discussion 

The URM materials in the Campbell Free Kindergarten were generally consistent and 

were in a good condition despite being previously subjected to fire. The brick unit 

Modulus of Rupture strength and Modulus of Elasticity generally increased with 

increasing brick unit compressive strength, whilst there was no clear trend for the 

relationship between the masonry Modulus of Elasticity and masonry compressive 

strength. However, the average masonry compressive strength of 7.39 MPa suggested 

that the compression stress applied during the in-situ deformability test at Location 1 was 

significantly below the masonry compressive strength, and therefore the masonry stress-

strain curve derived using the in-situ deformability test results was still close to linear.  

The corrected masonry Modulus of Elasticity at Location 1 was equal to 1,598 MPa when 

the masonry Modulus of Elasticity obtained from the in-situ deformability test was 

divided by 1.1 as suggested in Chapter 7. This corrected masonry Modulus of Elasticity 

was close to the values obtained from laboratory testing (refer to Table 6). 
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A.3 Aurora Tavern 

A.3.1 Building description 

The Aurora Tavern was built in 1886, at the corner of Federal Street and Victoria Street 

West, which is located in Auckland’s Central Business District. The main part of the 

Aurora Tavern was the three storey building at the intersection of the two streets. Two 

storey wings were added on both street sides, and a two storey extension was later built at 

the north east side of the building (see Figure 14). Refurbishment and seismic 

strengthening were being implemented on the Aurora Tavern, during which field testing 

was conducted to characterise the building material properties with an aim to aid 

engineers in their strengthening designs.  

 

  
 

(a) Front View 
 

(b) Aerial View 

 
Figure 14: Aurora Hotel 

 
The construction materials in the interior of the Aurora Tavern were in different states of 

deterioration and were generally in poor condition. Water ingress was evident at various 

locations throughout the building, most commonly next to window openings, causing a 

more significant deterioration in the adjacent masonry in comparison to other locations. 

Figure 15 shows locations where water-induced damage was most apparent, while Figure 

16(a) shows an example of deteriorated masonry. Water penetration through the URM 

walls increased the moisture level, which led to the growth of vegetation at some window 

Main 3 Storey 

2 Storey Wing 

2 Storey Extension 

2 Storey Wing 
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corners (see Figure 16(b)). The masonry condition was better as the distance from 

window openings increased, as shown in Figure 16(c). 

The mortar used in the building construction was lime mortar, which generally had low 

strength and was in poor condition. The water-induced deterioration in the mortar was 

possibly caused by the crystallisation of salts which were transported by water and 

dissolved as the water evaporates. The porous and permeable nature of lime mortar 

furthermore accommodated the deterioration as it provided a space for salt crystallisation 

and allowed quick evaporation (Palomo et al. 2004). Closer observation revealed that 

marine sand was used in the mortar mix, as sea shells were frequently encountered in the 

mortar joints (see Figure 16(d)). This observation further explained the mortar 

deterioration as the salt content in the sand has increased the level of salt crystallisation.   

The brick units were red and were in different states of deterioration. The brick 

deterioration was due to salt crystallisation that formed subflorescence a few millimetres 

inside the brick, which furthermore caused peeling that powdered and flaked off the 

brick surface (Lewin 1981; Rodriguez-Navarro and Doehne 1999). Water circulation in 

the brick structure facilitated the crystallisation of salts, which led to significant brick 

deterioration at locations where water ingress occurred.  

   

 
 

 
Figure 15: First floor plan showing building layout and inspected locations of water damage  

2 Storey 
Extension 

Location where 
water damage 
observed 

Main 3 Storey 
Building 2 Storey Wing 

(Federal Street Side) 

2 Storey Wing 
(Victoria Street Side) 
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(a) Peeling and flaking of masonry at locations 
where water ingress had occurred 

 

 
(b) Vegetation growth at a window corner 

  
 

(c) Masonry where there was no water ingress 
 

(d) Sea shell in mortar 
 

Figure 16: Observation on masonry materials    

 

A.3.2 Testing programme 

In-situ testing and extraction of samples were performed at the first floor internal walls 

of the tavern’s two storey wing facing Federal Street. The test locations were divided into 

three locations as shown in Figure 17. Location 1 was the location next to a window 

opening, where water-induced damage was most significant. Location 2 was located on 

the other side of the window opening. The masonry at Location 2 was visually in better 

condition in comparison to that at Location 1 and the deterioration was less pronounced 

as the distance from the window opening increased. Location 3 was visually in the best 

condition in comparison to the other locations investigated.  
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The tests conducted on-site were the ASTM C 1531-03 (2003c) bed joint shear test and 

the ASTM C 1197-04 (2004) in-situ deformability test. Individual brick units and irregular 

mortar samples were extracted from Locations 1, 2 and 3 for laboratory testing, and 

therefore the influence of water ingress on the brick and mortar mechanical properties 

was investigated. A summary of the tests conducted and the test locations is shown in 

Figure 17. 

 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 17: Two storey wing facing Federal Street with activity locations 

 

 

 1 in-situ deformability test, 
brick & mortar extraction 

 

 

2 in-situ deformability test, 5 
bed joint shear test, brick & 

mortar extraction 

1 in-situ deformability test, 
brick & mortar extraction 

 

Location 2 

Location 3 

Location 1 
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A.3.3 Mortar compressive strength 

The compressive strength of the mortar joints was determined using the irregular mortar 

compression test as detailed in Chapter 3. The mortar compression test setup is 

illustrated in Figure 18, and the mortar samples were collected from Locations 1, 2 and 3. 

In order to investigate the influence of water-induced damage on the mortar mechanical 

properties, samples from Locations 1 and 2 were separated from samples that were 

extracted from Location 3, and the test results are reported in Table 7. It was shown that 

the average normalised mortar compressive strength of Locations 1 and 2 was lower than 

that of Location 3 (0.74 MPa for Locations 1 and 2 as opposed to 1.21 MPa for Location 

3). This difference in the average compressive strength emphasised that weathering had a 

significant influence on the mortar properties, and confirmed the visual observation that 

Location 3 was in a better condition in comparison to the other two locations.  

 

  
 

(a) Irregular mortar samples 
 

(b) Mortar compression test 

 
Figure 18: Testing of irregular mortar samples 
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Table 7: Normalised compressive strength of mortar extracted from Locations 1, 2 and 3 

Mortar Origin     (MPa) Mortar Origin     (MPa) 

Locations 1 & 2 W1 1.00 Location 3 ST1 1.06 
 W2 0.68  ST2 0.93 
 W3 0.73  ST3 0.89 
 W4 0.57  ST4 1.07 
 W5 0.64  ST5 0.90 
 W6 0.89  ST6 1.21 
 W7 0.74  ST7 1.04 
 W8 0.65  ST8 1.14 
    ST9 1.32 
    ST10 1.51 

   ST11 1.93 
   ST12 1.44 

    ST13 1.12 
    ST14 1.15 
    ST15 1.21 
    ST16 1.46 

Average 0.74 Average 1.21 
CoV 0.19 CoV 0.22 

 

 

A.3.4 Brick Modulus of Rupture, compressive strength and 

Modulus of Elasticity 

Individual brick units were collected from Locations 1, 2 and 3 for laboratory testing. To 

investigate the influence of water-induced damage on the brick properties, the brick units 

were categorised according to the extraction locations. Furthermore, it was observed that 

there were two different brick types used in the construction of the building: flat bricks 

and those which had a frog at the bottom (refer to Figure 19). Figure 20 shows the 

locations of brick extraction at Locations 1 and 2, where ‘S’ stands for flat brick and ‘F’ 

represents frogged brick. Five additional brick units were extracted from Location 3.  
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(a) Frogged brick 
 

(b) Flat brick 

 
Figure 19: Types of brick present in the tested walls 

 

 
 

Figure 20: Brick extraction locations (Locations 1 and 2) 

 
7 of the brick units were subjected to the Modulus of Rupture test ASTM C 67-03a 

(2003b) prior to compression testing (as shown Figure 21(a)), and 5 half bricks were 

compression tested incorporating displacement gauges, and thus the brick unit stress-

strain relationship and Modulus of Elasticity were determined. The brick unit Modulus of 

Elasticity was calculated as per Chapter 2. The half brick compression test setup 

incorporating displacement gauges is shown in Figure 21(b), and the brick unit Modulus 

of Rupture strength (   ), compressive strength (   ) and Modulus of Elasticity (  ) are 

presented in Table 8. 

 

1S 

4F 

3S 

5F 
6F 

2S 

Location 

1 

Location 

2 
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(a) Modulus of Rupture test 
 

(b) Half brick compression test 
 

Figure 21: Brick testing 

 
Table 8: Brick unit test results 

Sample Location & Type     (MPa)     (MPa)    (MPa)   /    

1S 1, Flat - 6.7 - - 
2S 2, Flat 1.01 13.3 - - 
3S 2, Flat 1.40 13.7 - - 
4F 2, Frogged 0.69 5.9 - - 
5F 2, Frogged 0.47 6.8 - - 
6F 2, Frogged 0.62 8.0 - - 
7S 3, Flat 1.37 11.9 1,418 119 
8S 3, Flat 0.93 10.5 1,524 145 
9S 3, Flat - 13.7 1,497 109 
10S 3, Flat - 18.1 2,386 132 
11S 3, Flat - 12.5 1,082 87 

Average  0.93 11.0 1,581 118 
CoV  0.39 0.34 0.31 0.19 

* - Excluding brick 1S 

 

 
Table 8 shows that there was a notable difference in the properties of the two different 

brick types. The flat brick units, except that extracted from Location 1, were stronger 

than the frogged brick units. The average brick unit Modulus of Rupture strength, 

compressive strength and Modulus of Elasticity were 0.93 MPa, 11.0 MPa and 1,581 MPa 

respectively. It is noted that the CoV values of the Modulus of Rupture strength and 

compressive strength were high as there were two different brick types considered. Also, 

the brick unit Modulus of Rupture strength and Modulus of Elasticity generally increased 

with increasing brick unit compressive strength. On average, the brick unit Modulus of 

Elasticity was equated to 118    .  
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The flat brick unit extracted from the water damaged Location 1 (brick 1S) had a 

significantly lower compressive strength than those extracted from Locations 2 and 3, 

which emphasised the influence of weathering on the brick unit compressive strength. 

The compressive strengths of the frogged brick units extracted from Location 2 

increased with increasing distance from the window opening. 

  

A.3.5 In-situ deformability tests incorporating flat jacks 

The ASTM C 1197-04 (2004) in-situ deformability test was conducted at four different 

locations within the building to determine the masonry Modulus of Elasticity   . The 

first in-situ deformability test was performed using three displacement gauges spanning 

across four courses of brickwork. However, similar to the readings measured during the 

field testing at the Rob Roy Hotel and the Campbell Free Kindergarten, the displacement 

readings from the left and right displacement gauges were inconclusive, and therefore the 

other three in-situ deformability tests were performed using only the middle displacement 

gauge.  

Figure 22 illustrates the in-situ deformability test locations, whilst Figure 23 shows stress-

strain curves from all in-situ deformability tests, derived using the displacement readings 

from the middle displacement gauge and the vertical confinement pressure. Tests IDT 1 

and IDT 2 were conducted at Location 2 (refer to Figure 22), and the position of test 

IDT 2 was located closer to the window opening. Tests IDT 3 and IDT 4 were 

conducted at Locations 1 and 3 respectively.  

The masonry at test IDT 3, which was located at the water damaged Location 1, had the 

lowest Modulus of Elasticity in comparison to the other test locations 

(   IDT 3 = 301 MPa). This low Modulus of Elasticity was consistent with the low 

compressive strength of brick 1S and the low average mortar compressive strength from 

Locations 1 and 2. 

The Modulus of Elasticity at test IDT 2 (591 MPa) was lower than that at test IDT 1 

(1,011 MPa) although both tests were conducted at Location 2. This difference was 
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possibly due to the higher level of deterioration at test IDT 2, as this test location was 

closer to the window opening than was test IDT 1.  

Although test IDT 4 was performed at Location 3, which was in the best condition in 

comparison to the other locations, the masonry Modulus of Elasticity was not greater 

than that of test IDT 1 (   IDT 4 = 827 MPa as opposed to    IDT 1 = 1,011 MPa). 

This low Modulus of Elasticity was attributed to the discontinuity of the wall at Location 

3 (Refer to Figure 23), and therefore this test location was less confined than those tests 

performed at Locations 1 and 2.  

 

 
* - Test IDT4 was performed at Location 3 and is not shown here 

 
Figure 22: In-situ deformability test locations 

 
 
 
 
 
 
 
 
 
 
 

IDT3 

IDT2 

IDT1 

Location 

1 

Location 
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IDT 1,    = 1,011 MPa IDT 2,    = 591 MPa 

 
(a) In-situ deformability test IDT1 

 

 
(b) In-situ deformability test IDT2 

 
 

(c) In-situ deformability test results 

 
IDT 3,    = 301 MPa 

 
IDT 4,    = 827 MPa 

  
 

(d) In-situ deformability test IDT3 
 

(e) In-situ deformability test IDT4 
 

Figure 23: Stress-strain curves at different test locations 
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A.3.6 Bed joint shear test 

Five in-situ bed joint shear tests were performed following ASTM C 1531-03 (2003c). A 

displacement gauge was attached on the wall face adjacent to the vertical joint cut to 

monitor lateral displacement, and therefore the occurrence of bed joint sliding failure 

could be identified. The hydraulic jack was loaded using a pressure controlled hydraulic 

pump until bed joint sliding failure occurred, and the bed joint shear strength was derived 

using the load cell values. The in-situ bed joint shear test setup is illustrated in Figure 24. 

 

 
 

Figure 24: In-situ bed joint shear test 

 
The in-situ bed joint shear tests were performed at Location 2, and Table presents the 

bed joint shear test results according to the location of testing relative to the window 

opening (refer to Figure 25). 

Table 9 reveals that the bed joint shear strength ( ) at Location 2 generally rose as the 

distance from the window opening increased, with an average   of 0.204 MPa. Test IS1 

(shown in Figure 24) had the lowest bed joint shear strength (0.11 MPa), which was 

possibly due to a high level of deterioration as test IS1 was located adjacent to the 

window opening. Tests IS3, IS4 and IS5 were conducted at locations further from the 

window opening in comparison to tests IS1 and IS2, and hence the bed joint shear 

strengths were higher.  

Displacement 

gauge 

Load cell 
Hydraulic jack 
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Table 9: In-situ shear test results 

Test Number   (MPa) 

IS1 0.11 
IS2 0.15 
IS3 0.32 
IS4 0.20 
IS5 0.24 

Average 0.204 

 

 
Figure 25: In-situ shear test locations, showing the increasing trend of   

 

A.3.7 Discussion 

The construction materials in the Aurora Tavern were generally found to vary according 

to their locations within the building. Although in-situ tests and material extraction were 

only conducted at three different locations in the building, wide variability in the material 

properties was apparent.  

Material deterioration was difficult to quantify, but the experimental results clearly 

showed that water ingress influenced the URM material properties, where masonry that 

was close to the location of water ingress had poor mechanical properties when 

compared to the results measured for masonry located away from the water ingress. The 

presence of sea shells in mortar joints was noted, as it suggests the use of marine sand 
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during the mixing of mortar, which furthermore increases the possibility of mortar 

deterioration due to salt crystallisation. 

Preliminary observations which indicated that the deterioration of the masonry materials 

was less pronounced as the distance from the location of water ingress increased were 

confirmed by the in-situ deformability tests and the bed joint shear tests. In general, the 

masonry Modulus of Elasticity and the mortar bed joint shear strength increased as the 

distance from the location of water ingress increased. Finally, although the mortar 

compressive strength and masonry Modulus of Elasticity were generally low when 

compared with URM buildings reported in previous chapters, the half brick compression 

test and in-situ bed joint shear test results from the Aurora Tavern were comparable to 

those from other buildings that were previously investigated by the research team. 

When the derived masonry Modulus of Elasticity was divided by 1.1 as suggested in 

Chapter 7, the corrected masonry Modulus of Elasticity for tests IDT 1, IDT 2, IDT 3 

and IDT 4 was equal to 910 MPa, 532 MPa, 271 MPa and 744 MPa respectively. 

However, comparison with laboratory derived masonry Modulus of Elasticity was not 

possible as prism extraction was not performed.  
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A.4 Conclusions 

A summary of the conclusions from the in-situ testing of existing URM buildings is 

summarised below: 

 When assessing an existing URM building, a close observation on the URM materials 

is essential as the material condition could be used as a preliminary measure of 

variability in the material properties.  

 The field testing at the Rob Roy Hotel and the Aurora Tavern demonstrated that 

weathering influenced the masonry material properties, where it was found that the 

brick unit compressive strength, mortar compressive strength and masonry Modulus 

of Elasticity of deteriorated masonry were generally low in comparison to those of 

well conserved masonry.  

 The field testing at the Aurora Tavern revealed that the brick unit compressive 

strength, mortar compressive strength, masonry Modulus of Elasticity and bed joint 

shear strength generally increased with increasing distance from the source of 

deterioration. 

 The field testing at the Rob Roy Hotel and the Campbell Free Kindergarten 

confirmed that the ASTM C 1197-04 (2004) in-situ deformability test is a reliable 

technique to estimate the masonry Modulus of Elasticity if performed as detailed in 

Chapter 7.  

 It is suggested in Chapter 7 that the masonry Modulus of Elasticity obtained from in-

situ deformability tests be divided by 1.1 to consider non-linearity in the masonry 

stress-strain behaviour, especially as the compressive stress exceeds 0.50   . When 

the masonry Modulus of Elasticity obtained from the in-situ deformability tests was 

divided by 1.1, the corrected masonry Modulus of Elasticity was close to the masonry 

Modulus of Elasticity obtained from laboratory testing. 
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B APPENDIX B 

 

Description of field sites 

  

 

 

The availability of field data from existing buildings is important for characterising the 

material properties of New Zealand’s unreinforced masonry (URM) buildings. To 

accommodate this need for field data, in-situ testing and sample extraction were 

performed in a number of New Zealand URM buildings (referred to as field sites). These 

field sites were classified according to the URM building typology following Russell 

(2010) as described in Table 10. Although the first few field visits were limited only to 

sample extraction, the extent of testing became more comprehensive with experience. In 

addition, individual brick units and irregular mortar samples were collected from 

buildings that were damaged during the 22 February 2011 Christchurch earthquake. The 

locations of the field sites are shown in Figure 26.  

Most of the buildings visited were built between the 1880s and 1930s, which coincided 

with the peak popularity of unreinforced masonry buildings in New Zealand. Although 

variability of the constituent material properties amongst URM buildings is expected, the 

age range of these buildings is deemed to be representative of the majority of New 

Zealand unreinforced masonry buildings. 
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Table 10: URM building typologies (reproduced from Russell (2010)) 

Building typology Description Example(s) 

A Single storey, stand-alone building Convenience stores in suburban areas 

B Single storey, row building Commercial areas along the main street of 
a small town 

C Two storey, stand-alone building Small cinemas and office buildings 

D Two storey, row building Commercial areas along the main street of 
a city 

E Three or more storey, stand-alone 
building 

Office buildings in older parts of New 
Zealand major cities 

F Three or more storey, row building Buildings in industrial areas, typically 
close to a port 

G Special structures Examples include churches, water towers, 
warehouses 

 

 

Figure 26: Map of New Zealand showing the field sites 

 

Wellington, 2 sites 

Gisborne, 2 sites 

Te Awamutu, 1 site 

Hamilton, 1 site 

Auckland, 8 sites 

Christchurch, 51 sites 
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B.1 Sites visited before the 22 February 2011 

Christchurch earthquake 

B.1.1 Sites visited early in the project 

Because the visit to site SB was conducted during the early stages of the project, the visit 

was oriented more towards general field observations to get accustomed to URM 

buildings rather than to collect samples for material testing. Site SB was a part of the 

Elam School of Fine Arts of The University of Auckland, which was demolished in 

August 2006. A large volume of individual bricks were collected, and therefore a high 

proportion of laboratory tests were performed using the brick units from this building.   

The first field testing was performed at site TA, which was a single storey horse stable at 

Te Awamutu, Waikato. The building was scheduled for demolition due to subdivision 

purposes and was already partly demolished at the time of visit. In situ shear tests (ASTM 

2003c) were performed on site, while individual brick units, irregular mortar samples and 

masonry prisms were collected for laboratory testing. Preparation of test locations and 

extraction of samples were assisted by employing a commercial concrete cutting 

contractor. Extraction of a 1.2 m × 1.2 m wall panel was also attempted but was not 

successful due to the absence of a support frame. Figure 27 shows site SB and site TA. 
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(a) Site SB during demolition 
 

 
(b) Site TA at the time of visit 

  
 

(c) Site TA showing the failed attempt to extract 
wall panel 

 
(d) In-situ shear test at site TA 

   
Figure 27: Site SB and site TA 

 

B.1.2 Sites visited in 2008 

Site MR was the two storey Manuka Restaurant in Devonport, Auckland. Restoration of 

this building had commenced at the time of visit, and mortar samples were collected for 

laboratory testing. Site L was a two storey stand-alone commercial building that was 

damaged during the 20 December 2007 Magnitude 6.8 Gisborne earthquake, and 

therefore the building was scheduled for reinstatement. Individual brick units were 

extracted from site L for laboratory testing. Figure 28 shows site MR and site L. 
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(a) Restoration of site MR 
 

(b) Front view of site L 

 
Figure 28: Site MR and site L  

 
Site NL was the New Lynn Hotel in West Auckland which was demolished in September 

2008. The attempt to extract masonry segments failed due to the poor mortar quality, and 

therefore only individual bricks were extracted from site NL. Within the same time 

period, the restoration of the Old High Court building in Wellington (site HC) 

commenced and provided an opportunity for sample extraction. Although a site visit was 

not possible, masonry segments were extracted from the Old High Court building and 

subsequently couriered to Auckland. Site NL is shown in Figure 29(a), while Figure 29(b) 

shows examples of extracted segments from Site HC. 

 

  
 

(a) Front view of site NL 
 

(b) Masonry segments from site HC 

 
Figure 29: Site NL and site HC 
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B.1.3 Sites visited in 2009 

During the search for original clay bricks made between 1880s and 1930s, the research 

team identified a company that conducted the demolition of site RB in March 2009. The 

primary outcome was to acquire a large volume of recycled bricks from this two storey 

Irish Pub to be used in laboratory experiments. Large segments from the building were 

still intact and were therefore collected for laboratory testing. Figure 30 shows site RB 

before demolition and the assemblage samples retained. 

 

  
 

(a) Outside view of site RB 
  

(b) Assemblage samples retained from site RB 

 
Figure 30: Site RB and samples obtained 

 
The Allen’s Trading House in Gisborne (site AL) is a two storey warehouse that was 

partially damaged by the 20 December 2007 Gisborne earthquake, and therefore the 

building was scheduled for reinstatement. Individual brick units, irregular mortar samples 

and masonry prisms were extracted. Site AL is shown in Figure 31. 
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Figure 31: Site AL 

 
Site W (see Figure 32) was building F of Waikato Institute of Technology (Wintec) in 

Hamilton, which was scheduled for reinstatement. In-situ material testing was not 

performed due to the limited time permitted, and therefore individual brick units and 

masonry prisms were extracted for laboratory testing. It is noted that in the original 

construction, the horizontal mortar beds in the building were reinforced using steel nets 

at irregular spacing. 

 

  
 

(a) Outside view of site W 
 

 
(b) Steel reinforced mortar joints in site W 

Figure 32: Site W 

 
The Avon House in Wellington (site AH) is a heritage residential house which was 

scheduled for reinstatement, and the opportunity for field testing was provided by the 

consulting engineer to determine the building’s material properties, permitting the 

accuracy of the retrofit designs to be improved. In-situ shear tests (ASTM 2003c) and 
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bond wrench tests (ASTM 2000a) were performed on-site, while individual brick units, 

irregular mortar samples and masonry prisms were collected for laboratory testing. The 

mortar of the building appeared to be weak as it crumbled under finger pressure. It is also 

noted that in the original construction, horse hair had been mixed into the rendering 

plaster used to cover the masonry walls. Site AH is shown in Figure 33. 

 

  
 

(a) Outside view of site AH 
 

 
(b) The team preparing for sample extraction 

  
 

(c) Bond wrench test 
 

(d) In-situ shear test 

 
Figure 33: Site AH 

 
The Rob Roy Hotel (site BC, see Figure 34) is a three storey heritage URM building that 

was scheduled for relocation as part of the New Zealand Transport Agency’s (NZTA) 

Victoria Park Tunnel motorway extension project. In-situ testing and sample extraction 

were performed at site BC to aid the consulting engineers in their assessment and 

strengthening design (more information regarding the field material testing at site BC can 

be found in Appendix A).  
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(a) Front view of site BC 
 

 
(b) In-situ material testing at site BC 

Figure 34: Site BC 

 

B.1.4 Material testing conducted in 2010 

Site D was a single storey warehouse at Dominion Road, Auckland that was demolished 

in early 2010. Recycled bricks from this building were acquired from the demolition 

contractor for laboratory experiments, and building segments that were still intact were 

collected for laboratory testing. Site CFK was the 1910 Campbell Free Kindergarten (see 

Figure 35), which is located at the south side of Victoria Park in Auckland, adjacent to 

the intersection between Victoria Street West and Franklin Road. In-situ testing and 

sample extraction were performed at site CFK (more information regarding the field 

material testing at site CFK can be found in Appendix A). 

 

  
 

(a) Northern view of site CFK 
 

(b) In-situ shear test at site CFK 

Figure 35: Site CFK 
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The 1886 Aurora Tavern (Site AU, see Figure 36) was built at the corner of Federal Street 

and Victoria Street West, which is located in Auckland’s Central Business District. In-situ 

material testing and sample extraction was performed at site AU (more information 

regarding the field material testing at site AU can be found in Appendix A). The red brick 

units and the mortar in the building were in varying conditions as reported by 

Lumantarna et al. (2011b). 

 

  
 

(a) Front view of site AU 
 

(b) In-situ deformability test at site AU 

Figure 36: Site AU 

 
Table 11 summarises the address and details of the buildings visited in the North Island 

of New Zealand as described above. 
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 Table 11: Address and details of North Island buildings visited prior to the 22 February 2011 

Christchurch earthquake  

Field site Year 
built 

Address City Building details 

SB 1913 30 Whitaker Place Auckland Three storey, stand-alone (typology E) 

TA 1946 624 Te Rahu Road Te 
Awamutu 

Single storey, stand-alone (typology A) 

M Early 
1900s 

49 Victoria Road, 
Devonport 

Auckland Two storey, row (typology D) 

L 1907 57 Customhouse 
Street 

Gisborne Two storey, stand-alone (typology C) 

NL 1880s 3176 Great North 
Road, New Lynn 

Auckland Two storey, stand-alone (typology C) 

HC 1881 85 Lambton Quay Wellington Two storey government building 
(typology G) 

RB 1930s 29 Great North Road Auckland Two storey, row (typology D) 

AL 1906 64 Customhouse 
Street, Gisborne 

Gisborne Two storey warehouse  
(typology G) 

W 1917 Corner Ward and 
Anglesea Streets 

Hamilton Two storey university building (typology 
G) 

AH 1884 44 Wallace Street Wellington Single storey, stand-alone (typology A) 

BC 1886 133 Franklin Road Auckland Two storey, stand-alone (typology C) 

D 1940s 107 Dominion Road Auckland Single storey warehouse  
(typology G) 

CFK 1910 203-271 Victoria 
Street West 

Auckland Two storey kindergarten  
(typology G) 

AU 1886 75 Victoria Street 
West 

Auckland Three storey, row (typology F) 

 

 

B.2 Sites visited after the 22 February 2011 

Christchurch earthquake 

The research team conducted a study on the performance of URM buildings in the 

Christchurch area following the 22 February 2011 Christchurch earthquake (Ingham and 

Griffith 2011). Irregular mortar samples were collected from 51 damaged URM buildings 

in the Christchurch area (referred to as Site C1 to Site C51), and laboratory mortar 

compression tests were performed to aid the study on building performance. Table 12 

summarises the address and typology of these buildings, some of which are illustrated in 

Figure 37. 
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Table 12: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 

earthquake 

Field site Address City Building typology 

C1 200 Madras Street Christchurch Two storey, row (typology D) 

C2 24 Main South Road Christchurch Special structure (typology G) 

C3 689 Ferry Road Christchurch Two storey, stand-alone (typology C) 

C4 48 Idris road Christchurch Single storey, stand-alone (typology A) 

C5 288b Lincoln Road Christchurch Single storey, stand-alone (typology A) 

C6 186 Ferry Road Christchurch Two storey, row (typology D) 

C7 58a Sandyford Street Christchurch Two storey, stand-alone (typology C) 

C8 195 Armagh Street Christchurch Two storey, row (typology D) 

C9 Te Kura Street Christchurch Two storey, stand-alone (typology C) 

C10 245-251 Ferry Road Christchurch Single storey, stand-alone (typology A) 

C11 32 Armagh Street Christchurch Three storey, row (typology F) 

C12 46 Armagh Street Christchurch Three storey, row (typology F) 

C13 198 Madras Street Christchurch Two storey, row (typology D) 

C14 180 Tuam Street Christchurch Two storey, stand-alone (typology C) 

C15 5 Ollivers Road Christchurch Two storey, stand-alone (typology C) 

C16 350 Lincoln Road Christchurch Two storey, row (typology D) 

C17 1 Wakefield Street Christchurch Two storey, stand-alone (typology C) 

C18 51 Lichfield Street Christchurch Two storey, stand-alone (typology C) 

C19 341 Cashel Street Christchurch Single storey, stand-alone (typology A) 

C20 301 Selwyn Street Christchurch Two storey, row (typology D) 

C21 24 Union Street Christchurch Special structure (typology G) 

C22 273 Montreal Street Christchurch Special structure (typology G) 

C23 194 Hereford Street Christchurch Two storey, row (typology D) 

C24 4 Donald Street Lyttleton Special structure (typology G) 

C25 Intersection Canterbury 
and London Streets 

Lyttleton Single storey, row (typology B) 

C26 Intersection Sumner Road 
and Oxford Street 

Lyttleton Two storey, stand-alone (typology C) 

C27 42 London Street Lyttleton Single storey, row (typology B) 

C28 44 London Street Lyttleton Single storey, row (typology B) 

C29 1 Sumner Road Lyttleton Two storey, stand-alone (typology C) 

C30 382-406 Colombo Street Christchurch Two storey, row (typology D) 

C31 437 Colombo Street Christchurch Two storey, row (typology D) 

C32 14 Bedford Road Christchurch Two storey, row (typology D) 

C33 239 Manchester Street Christchurch Two storey, row (typology D) 

C34 135 Kilmore Street Christchurch Two storey, stand-alone (typology C) 

C35 305 Manchester Street Christchurch Two storey, stand-alone (typology C) 

C36 866 Colombo Street Christchurch Special structure (typology G) 

C37 227 Manchester Street Christchurch Two storey, row (typology D) 

C38 143 Worcester Street Christchurch Two storey, row (typology D) 

C39 203 Hereford Street Christchurch Three storey, stand-alone (typology E) 

C40 156 Gloucester Street Christchurch Two storey, row (typology D) 

C41 1047 Colombo St Christchurch Single storey, stand-alone (typology A) 

C42 40 Phillips Street Christchurch Special structure (typology G) 

C43 94 Gloucester Street Christchurch Two storey, row (typology D) 

C44 25 Armagh Street Christchurch Two storey, stand-alone (typology C) 

C45 122 Wilsons Road Christchurch Single storey, stand-alone (typology A) 

C46 3 Aynsley Tce Christchurch Special structure (typology G) 

C47 789 Colombo Street Christchurch Two storey, row (typology D) 
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Table 12: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 

earthquake (continued) 

C48 124-126 Cashel Street Christchurch Three storey, row (typology F) 

C49 237 Cambridge Tce Christchurch Special structure (typology G) 

C50 17 Winchester Street Christchurch Special structure (typology G) 

C51 1 Papanui Road Christchurch Two storey, stand-alone (typology C) 

 

  
 

(a) Site C1 (typology D: two storey, row) 
 

 
(b) Site C3 (typology C: two storey, stand-alone) 

  
 

(c) Site C5 (typology A: single storey, stand-
alone) 

 

 
(d) Site C6 (typology D: two storey, row) 

  
 

(e) Site C7 (typology C: two storey, stand-alone) 
 

(f) Site C8 (typology D: two storey, row) 
 

Figure 37: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 
earthquake 
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(g) Site C9 (typology C: two storey, stand-alone) 
 

 
(h) Site C10 (typology A: single storey, stand-

alone) 
 

  
 

(i) Site C11 (typology G: special structure) 
 

(j) Site C14 (typology C: two storey, stand-alone) 
 

  
 

(k) Site C15 (typology C: two storey, stand-alone) 
 

 
(l) Site C16 (typology D: two storey, row) 

Figure 37: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 
earthquake (continued) 
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(m) Site C21 (typology G: special structure) 
 

(n) Site C23 (typology D: two storey, row) 
 

  
 

(o) Site C27 (typology B: single storey, row) 
 

 
(p) Site C29 (typology C: two storey, stand-alone) 

 

  
 

(q) Site C30 (typology D: two storey, row) 
 

 
(r) Site C33 (typology D: two storey, row) 

Figure 37: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 
earthquake (continued) 
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(s) Site C35 (typology C: two storey, stand-alone) 
 

 
(t) Site C36 (typology G: special structure) 

 

  
 

(u) Site C38 (typology D: two storey, row) 
 

 
(v) Site C40 (typology D: two storey, row) 

  
 

(w) Site C43 (typology D: two storey, row) 
 

(x) Site C50 (typology G: special structure) 

 
Figure 37: Buildings visited in the Christchurch area after the 22 February 2011 Christchurch 

earthquake (continued) 
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C APPENDIX C 

 

Summary of individual 

experimental results 

  

 

 

The individual data of the experimental test results reported in previous chapters is 

presented in this section. The origin of the samples is described in Appendix B. Table 13 

shows the individual data used to derive the relationships between brick unit compressive 

strength, level of porosity, Schmidt hammer rebound number, direct ultrasonic pulse 

velocity and semi-direct ultrasonic pulse velocity (see Figure 2.38 to Figure 2.41 in 

Chapter 2).  
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Table 13: Individual brick unit compressive strength, level of porosity, Schmidt hammer rebound 

number, ultrasonic pulse velocity and semi-direct ultrasonic pulse velocity data 

Samples     (MPa) %P SH UPV (m/s) SD UPV (m/s) 

 

AH1 9.9 1184.8 41.7 1184.8 2247.1 

AH2 11 1206.4 41.1 1206.4 1439.8 

AH3 9.5 875.3 38.2 875.3 1504.5 

AH4 11.7 1582 43.3 1582 1705.7 

AH5 11.9 925.7 39.8 925.7 2155.2 

AH6 8.1 913.7 37.3 913.7 3424.4 

AH7 8.5 805.8 35.3 805.8 1680.3 

   

SB1 7.2 1454.2 36.7 1454.2 2250.5 

SB2 12.9 1472.2 40.4 1472.2 2264.5 

SB3 9.1 1511.8 38.7 1511.8 1959.5 

SB4 10.2 1548 40 1548 1738.3 

SB5 13.1 1508.4 40 1508.4 2737.2 

SB6 9 1499.3 38 1499.3 1732.7 

SB7 19.2 1364.8 46.7 1364.8 2385.1 

SB8 16 1351.2 47.1 1351.2 2487.2 

SB9 9.4 1438.7 45.6 1438.7 1380.1 

SB10 13.3 1607.1 44.2 1607.1 2946.3 

  

L1 11.2 1248.1 44 1248.1 1049 

L2 8.7 1478.4 45.4 1478.4 1154.9 

L3 17.4 1363.6 46.6 1363.6 1318.2 

L4 11.4 1345.7 43.7 1345.7 1333.5 

L5 10.2 1624.1 45.4 1624.1 2205 

L6 14.6 1495.1 40.2 1495.1 1607.3 

L7 16.9 1281.4 47.8 1281.4 1390 

L8 15.4 1324.1 46.3 1324.1 1382.6 

L9 15.1 1522 46.3 1522 1784.4 

L10 14.7 1687.2 45.4 1687.2 1892.4 

 

AL1 12.3 1312.5 39 1312.5 2019.4 

AL2 14.2 1683.5 39.6 1683.5 1900.8 

AL3 15.3 1225.2 35.6 1225.2 1310.4 

AL4 21.3 1382.7 45.8 1382.7 1942.3 

AL5 19.1 1514.7 45.4 1514.7 2185 

AL6 13 1290.3 40.7 1290.3 795 

AL7 23.5 1674 42.7 1674 2036.6 

 

RB1 26.6 1903.1 41.1 1903.1 2608.6 
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Table 13: Individual brick unit compressive strength, level of porosity, Schmidt 

hammer rebound number, ultrasonic pulse velocity and semi-direct ultrasonic pulse 

velocity data (continued) 

RB2 36.2 1939 49.9 1939 2125.3 

RB3 32.8 1518 39 1518 2834 

RB4 36.2 1844 45.3 1844 1895.3 

RB5 27 1238.7 45.3 1238.7 2716.3 

RB6 27.7 1265.6 45.4 1265.6 1809.4 

RB7 57.9 2012.7 50.3 2012.7 878.7 

RB8 29.7 1340.2 41.6 1340.2 1595.2 

RB9 26.6 1592.2 40.3 1592.2 2553.7 

RB10 24.9 1367.1 42.2 1367.1 2917.5 

RB11 30.9 1300.2 42.4 1300.2 1233.2 

 

NL1 46.8 2155.3 45 2155.3 962.9 

NL2 22.8 1236.5 47.9 1236.5 1028 

NL3 45.7 1376.1 45.4 1376.1 2762.1 

NL4 23 1464.4 42.7 1464.4 2401.1 

NL5 28.3 1987.4 46.8 1987.4 1965.9 

NL6 24.4 1539.5 43 1539.5 1632.9 

NL7 43 1590.2 47.3 1590.2 2215 

NL8 45.8 1764.7 45.3 1764.7 2651.7 

NL9 26.9 1557.9 46.7 1557.9 1824.2 

 

HB1 28.3 2106 44.9 2106 2325.4 

HB2 32.5 1931 47.2 1931 2021.3 

HB3 37.3 2036 48.1 2036 1952 

HB4 32.1 1947.8 46.4 1947.8 1452.1 

HB5 38.9 1974.7 48.3 1974.7 2280.2 

HB6 41 2133.5 50.1 2133.5 2757.2 

HB7 42.2 1932.3 43.9 1932.3 906.1 

HB8 27.5 1723.3 47.1 1723.3 1667.1 

HB9 34.3 1881.1 46.2 1881.1 1474 

HB10 31.9 1555 47.3 1555 2091.7 

HB11 34.7 1739.9 46.4 1739.9 1633.1 

 

W1 30.6 1592.4 49.3 1592.4 2000.5 

W2 24.2 1438.5 51.7 1438.5 2674.1 

W3 40.9 1271.4 44.7 1271.4 1315.3 

W4 22.1 1521.2 42.9 1521.2 1342.8 

W5 38.3 1463.4 49.7 1463.4 1670.6 

W6 34.6 1575 51.9 1575 1825.2 

W7 34.1 1534.3 42.6 1534.3 2852.4 

W8 35.4 1455.8 53.9 1455.8 2247.3 
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Table 13: Individual brick unit compressive strength, level of porosity, Schmidt 

hammer rebound number, ultrasonic pulse velocity and semi-direct ultrasonic pulse 

velocity data (continued) 

W9 44.1 1521.5 52.9 1521.5 2166.3 

W10 26.1 1484.3 46.3 1484.3 1505.9 

W11 44.1 1409.6 51.9 1409.6 2004.1 

W12 31.3 1221 52.6 1221 1363.3 

W13 38.1 1519.2 52.9 1519.2 2195.2 

W14 42.9 1610.4 51.7 1610.4 1285.3 

 

H1 41.5 1339.5 51 1339.5 877.6 

H2 28.3 1748.9 47.6 1748.9 2551.1 

H3 38.8 1565 46.1 1565 1710.5 

H4 37.2 1631.4 46.7 1631.4 2657.5 

H5 40.2 1678.2 46.4 1678.2 2687.3 

H6 32.7 1603.3 44.4 1603.3 2719 

H7 45.1 1406.6 47.4 1406.6 1779.6 

H8 39.8 1691.2 47.7 1691.2 1742.9 

H9 39.6 1466.9 48.2 1466.9 2702.5 

H10 35.8 1455.4 49.6 1455.4 1385.9 

 

 

 
Table 14 presents the individual data used to derive the relationships between brick unit 

compressive strength, Mohs scratch number and modified Mohs scratch number (see 

Figure 2.46 in Chapter 2). 

 
Table 14: Individual compressive strength, Mohs scratch number and modified Mohs scratch number 

Sample Modified MH MH     (MPa) 

 

AH1 2.5 3.0 11.0 

AH2 2.5 3.0 8.8 

AH3 2.5 3.0 6.5 

AH4 2.5 3.0 6.4 

AH5 2.5 3.0 9.4 

AH6 2.5 3.0 6.5 

AH7 2.5 3.0 10.3 

AH8 2.5 3.0 9.9 
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Table 14: Individual compressive strength, Mohs scratch number 

and modified Mohs scratch number (continued) 

AH9 2.5 3.0 11.0 

AH10 2.5 3.0 9.5 

AH11 2.5 3.0 11.7 

AH12 2.5 3.0 11.9 

AH13 2.5 3.0 8.1 

AH14 2.5 3.0 8.5 

 

SB1 2.5 3.0 11.5 

SB2 2.5 3.0 9.9 

SB3 2.5 3.0 14.5 

SB4 2.5 3.0 7.5 

SB5 2.5 3.0 14.8 

SB6 2.5 3.0 15.3 

SB7 2.5 3.0 9.1 

SB8 2.5 3.0 10.2 

SB9 2.5 3.0 13.1 

SB10 2.5 3.0 12.9 

SB11 2.5 3.0 19.2 

SB12 2.5 3.0 16.0 

SB13 2.5 3.0 13.3 

SB14 2.5 3.0 10.1 

SB15 2.5 3.0 9.0 

SB16 2.5 3.0 5.7 

SB17 2.5 3.0 9.4 

SB18 2.5 3.0 7.2 

 

L1 2.5 3.0 16.9 

L2 2.5 3.0 15.4 

L3 2.5 3.0 11.4 

L4 2.5 3.0 14.6 

L5 2.5 3.0 15.9 

L6 2.5 3.0 11.2 

L7 2.5 3.0 10.9 

L8 2.5 3.0 8.7 

L9 2.5 3.0 15.1 

L10 2.5 3.0 10.2 

L11 2.5 3.0 17.4 

 

AL1 2.5 3.0 13.0 

AL2 2.5 3.0 14.2 
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Table 14: Individual compressive strength, Mohs scratch 

number and modified Mohs scratch number (continued) 

AL3 2.5 3.0 11.5 

AL4 2.5 3.0 11.8 

AL5 2.5 3.0 12.3 

AL6 2.5 3.0 15.3 

AL7 2.5 3.0 21.3 

AL8 2.5 3.0 19.1 

AL9 2.5 3.0 23.5 

AL10 2.5 3.0 12.8 

AL11 2.5 3.0 20.2 

AL12 2.5 3.0 17.2 

AL13 2.5 3.0 8.1 

AL14 2.5 3.0 11.7 

AL15 2.5 3.0 15.3 

AL16 2.5 3.0 12.4 

AL17 2.5 3.0 10.5 

AL18 3.0 3.0 18.2 

 

CFK1 3.0 3.0 21.1 

CFK2 3.0 3.0 15.6 

CFK3 3.0 3.0 14.2 

CFK4 3.0 3.0 14.8 

CFK5 3.0 3.0 21.7 

CFK6 3.0 3.0 15.8 

CFK7 3.0 3.0 17.8 

CFK8 3.0 3.0 23.8 

CFK9 3.0 3.0 22.2 

CFK10 3.0 3.0 15.0 

CFK11 3.0 3.0 26.3 

CFK12 2.5 3.0 19.6 

CFK13 2.5 3.0 15.8 

CFK14 2.5 3.0 17.8 

CFK15 2.5 3.0 14.0 

CFK16 3.0 3.0 21.7 

CFK17 3.0 3.0 21.0 

CFK18 3.0 3.0 20.3 

 

D1 2.5 3.0 20.2 

D2 2.5 3.0 19.5 

D3 2.5 3.0 18.8 

D4 2.5 3.0 16.1 
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Table 14: Individual compressive strength, Mohs scratch 

number and modified Mohs scratch number (continued) 

D5 2.5 3.0 29.8 

 

TA1 2.5 3.0 23.0 

TA2 2.5 3.0 15.7 

TA3 2.5 3.0 26.8 

TA4 2.5 3.0 19.2 

TA5 2.5 3.0 24.2 

TA6 2.5 3.0 12.3 

TA7 2.5 3.0 24.1 

TA8 2.5 3.0 24.9 

TA9 2.5 3.0 19.5 

 

NL1 4.0 4.0 22.5 

NL2 2.5 3.0 12.8 

NL3 2.5 3.0 27.7 

NL4 2.5 3.0 25.0 

NL5 2.5 3.0 8.9 

NL6 2.5 3.0 10.4 

NL7 2.5 3.0 14.3 

NL8 2.5 3.0 16.2 

NL9 3.0 3.0 31.8 

NL10 3.0 3.0 35.5 

NL11 3.0 3.0 34.9 

NL12 3.0 3.0 29.8 

NL13 3.0 3.0 37.7 

NL14 3 3.0 26.6 

NL15 3.0 3.0 22.8 

NL16 3.0 3.0 26.9 

NL17 3.0 3.0 29.9 

NL18 3.0 3.0 45.8 

 

RB1 2.5 3.0 26.6 

RB2 2.5 3.0 19.9 

RB3 2.5 3.0 30.0 

RB4 2.5 3.0 27.7 

RB5 3.0 3.0 22.8 

RB6 3.0 3.0 27.7 

RB7 3.0 3.0 24.9 

 

HB1 3 3.0 28.3 
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Table 14: Individual compressive strength, Mohs scratch 

number and modified Mohs scratch number (continued) 

HB2 3 3.0 27.5 

HB3 3 3.0 42.2 

HB4 3.0 3.0 34.3 

HB5 3.0 3.0 32.1 

HB6 3.0 3.0 32.5 

HB7 3.0 3.0 41.0 

HB8 3.0 3.0 31.9 

HB9 3.0 3.0 34.7 

HB10 3.0 3.0 32.5 

HB11 3.0 3.0 41.0 

HB12 3.0 3.0 31.9 

HB13 3.0 3.0 34.7 

 

W1 4.0 4.0 29.4 

W2 4.0 4.0 40.9 

W3 4.0 4.0 42.9 

W4 4.0 4.0 26.1 

W5 4.0 4.0 38.1 

W6 4.0 4.0 31.3 

W7 4.0 4.0 22.1 

W8 4.0 4.0 44.1 

W9 4.0 4.0 44.1 

W10 4.0 4.0 30.6 

W11 4.0 4.0 24.2 

W12 4.0 4.0 35.4 

W13 4.0 4.0 34.1 

W14 4.0 4.0 38.3 

W15 4.0 4.0 34.6 

 

H1 4.0 4.0 35.8 

H2 4.0 4.0 28.3 

H3 4.0 4.0 32.7 

H4 4.0 4.0 39.6 

H5 4.0 4.0 38.8 

H6 4.0 4.0 39.8 

H7 4.0 4.0 41.5 

H8 4.0 4.0 37.2 

H9 4.0 4.0 40.2 

H10 4.0 4.0 45.1 

H11 4.0 4.0 52.1 
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Table 15 shows the individual data used to derive the relationship between brick unit 

compressive strength and Modulus of Rupture strength (see Figure 2.47 in Chapter 2). 

 
Table 15: Individual brick unit compressive strength and Modulus of Rupture strength data 

Sample     (MPa)     (MPa) 

 

AU1 0.7 6.2 

AU2 1.4 11.9 

AU3 0.5 6.8 

AU4 1.4 13.4 

AU5 1.0 13.3 

AU6 0.9 10.5 

AU7 0.6 8.0 

 

AH1 1.1 12.9 

AH2 1.6 13.1 

AH3 1.5 10.1 

AH4 1.1 8.6 

AH5 0.7 12.4 

 

SB1 1.7 11.5 

SB2 1.4 12.8 

SB3 1.8 9.9 

SB4 1.0 12.6 

SB5 1.0 7.6 

SB6 1.3 12.4 

SB7 2.2 19.5 

SB8 1.9 10.7 

 

AL1 2.2 15.2 

AL2 1.3 17.8 

AL3 1.4 16.0 

AL4 1.3 12.9 

AL5 2.1 15.1 

AL6 2.1 12.8 

AL7 1.8 20.2 

AL8 2.1 17.2 

AL9 2.5 11.7 

 

D1 2.0 12.5 

D2 1.5 10.5 

D3 3.2 19.9 
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Table 15: Individual brick unit compressive strength and Modulus of Rupture strength 

data (continued) 

D4 3.1 16.7 

D5 3.0 16.4 

D6 2.0 22.0 

D7 3.3 21.6 

D8 3.5 20.2 

D9 2.7 19.5 

D10 2.0 18.8 

D11 2.1 16.1 

 

CFK1 2.2 15.6 

CFK2 3.1 21.7 

CFK3 2.8 23.8 

CFK4 3.6 26.3 

 

NL1 2.5 27.7 

NL2 2.7 29.9 

NL3 2.5 25.0 

NL4 2.4 29.8 

NL5 4.5 35.5 

NL6 1.5 16.2 

 

RB1 3.3 28.7 

RB2 3.6 30.8 

RB3 4.9 33.6 

RB4 4.0 35.8 

RB5 3.8 25.9 

RB6 3.7 26.4 

RB7 3.1 19.9 

RB8 3.9 30.0 

 

 

 
The individual data used to derive the relationship between brick unit compressive 

strength and Modulus of Elasticity is shown in Table 16 (see Figure 2.48 in Chapter 2). 
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Table 16: Individual brick unit compressive strength and Modulus of Elasticity data 

Sample     
(MPa) 

   
(MPa) 

  /    

 

AH1 9.9 2075 210 

AH2 9.5 769 81 

AH3 11.7 1470 125 

AH4 8.1 940 116 

AH5 6.4 781 123 

AH6 9.4 761 81 

AH7 6.5 781 121 

AH8 10.3 768 74 

AH9 11.0 1260 115 

 

AU1 13.7 1497 109 

AU2 11.9 1418 119 

AU3 18.1 2386 132 

AU4 10.5 1524 145 

AU5 12.5 1082 87 

 

SB1 9.1 1351 148 

SB2 10.2 1579 155 

SB3 13.1 2754 211 

SB4 12.9 2346 181 

SB5 10.1 725 72 

SB6 9.0 1614 179 

SB7 5.7 1818 317 

SB8 9.4 1864 198 

SB9 7.2 2456 340 

SB10 13.3 2335 176 

 

L1 16.9 3458 205 

L2 15.4 3052 198 

L3 14.6 3807 261 

L4 15.9 4289 270 

L5 10.9 3384 311 

L6 17.4 6428 369 

L7 11.2 2588 231 

 

AL1 12.3 2227 180 

AL2 15.3 1985 130 

AL3 21.3 3972 186 

AL4 19.1 3523 185 

AL5 13.0 3523 270 



Appendix C: Summary of individual experimental results 

 

C-336 

 

Table 16: Individual brick unit compressive strength 

and Modulus of Elasticity data (continued) 

AL6 12.8 3109 242 

AL7 15.3 1945 127 

AL8 12.4 1459 118 

AL9 10.5 2072 198 

AL10 23.5 3120 133 

 

CFK1 14.2 2814 198 

CFK2 14.8 2156 146 

CFK3 15.8 2468 156 

CFK4 17.8 2434 136 

CFK5 26.3 4090 155 

CFK6 20.3 3246 160 

CFK7 14.0 2165 154 

 

D1 20.2 8453 418 

D2 19.5 4253 218 

D3 18.8 6807 362 

D4 16.1 5391 335 

 

TA1 23.0 7560 328 

TA2 15.7 6770 432 

TA3 26.8 9349 349 

TA4 19.2 6657 346 

TA5 24.2 9511 394 

TA6 12.3 7469 609 

TA7 24.9 8790 353 

TA8 19.5 9885 507 

 

NL1 23.0 4378 190 

NL2 28.3 7555 267 

NL3 24.4 4426 181 

NL4 35.5 10666 300 

NL5 34.9 9777 280 

NL6 27.7 7890 284 

NL7 29.8 6266 210 

NL8 25.0 4993 200 

NL9 37.7 7815 207 

NL10 26.6 6297 237 

NL11 22.8 8301 364 

NL12 22.5 7573 337 

NL13 29.9 9222 308 
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Table 16: Individual brick unit compressive strength 

and Modulus of Elasticity data (continued) 

NL14 45.8 11622 254 

 

RB1 30.9 8087 262 

RB2 36.2 12124 335 

RB3 27.0 7602 281 

RB4 36.2 15366 425 

RB5 24.9 7865 315 

RB6 27.7 6630 240 

 

HB1 32.5 9620 296 

HB2 41.0 15491 377 

HB3 31.9 13919 436 

HB4 27.5 13499 490 

HB5 42.2 13540 321 

HB6 32.1 14524 453 

HB7 34.7 14607 421 

 

W1 44.1 11904 270 

W2 35.4 8899 251 

W3 34.1 6907 203 

W4 38.3 12526 327 

W5 29.4 7779 265 

W6 42.9 12451 290 

W7 38.1 12498 328 

W8 31.3 15105 482 

 

H1 40.2 18525 461 

H2 45.1 14194 315 

H3 39.6 15272 386 

H4 38.8 14554 375 

H5 39.8 14891 374 

 

 
The h/t ratio and t/l ratio correction factors, as well as the irregular and normalised 

mortar compressive strengths of the field extracted mortar samples are shown in Table 

17 (see Figure 3.18 in Chapter 3). The origin of the 60 different sample groups is 

described in Appendix B. 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data  

Sample l t h 
h/t 

ratio 
t/l 

ratio 
h/t ratio 

C.F. 
t/l  ratio 

C.F. 

   
  

(MPa) 

   
  

(MPa) 

MH 

 

 

AH1 30.8 26.9 24.9 0.93 0.87 0.93 0.95 1.28 1.46 1.5 

AH2 24.8 20.7 18.3 0.88 0.83 0.88 0.93 1.24 1.52 1.5 

AH3 35.2 21.8 22.6 1.04 0.62 1.03 0.84 1.31 1.51 1.5 

AH4 23.9 22 22.9 1.04 0.92 1.03 0.97 1.61 1.61 1.5 

AH5 31.6 30.9 24.4 0.79 0.98 0.77 0.99 1.03 1.35 1.5 

AH6 26.5 26.2 16.6 0.63 0.99 0.61 1.00 1.11 1.85 1.5 

AH7 25.4 19.5 22.7 1.16 0.77 1.09 0.90 1.00 1.02 1.5 

           

BC1 32.8 20.8 15.8 0.76 0.63 0.74 0.85 4.06 6.49 2 

BC2 30 23.3 14.1 0.61 0.78 0.58 0.91 3.83 7.31 2 

BC3 32 21.3 15.3 0.72 0.67 0.69 0.86 4.55 7.64 2 

BC4 23.7 16.4 18.4 1.12 0.69 1.08 0.87 4.97 5.28 2 

BC5 27.1 22.4 18.3 0.82 0.83 0.80 0.93 5.38 7.22 2.5 

BC6 24.9 19.5 13.9 0.71 0.78 0.69 0.91 4.44 7.11 2.5 

 

HC1 23.9 23.2 20.8 0.90 0.97 0.89 0.99 10.30 11.67 2.5 

HC2 28.9 25.3 24.6 0.97 0.88 0.97 0.95 8.09 8.76 2.5 

HC3 23 21.8 18.9 0.87 0.95 0.86 0.98 9.50 11.29 2.5 

HC4 26.6 21.2 25.2 1.19 0.80 1.09 0.92 9.41 9.41 2.5 

HC5 28.4 21.7 24.4 1.12 0.76 1.08 0.90 8.99 9.22 2.5 

HC6 24.8 23.5 27.9 1.19 0.95 1.09 0.98 10.33 9.67 2.5 

HC7 26.9 22 19.4 0.88 0.82 0.88 0.92 7.88 9.72 2.5 

HC8 25.6 22.2 25.1 1.13 0.87 1.08 0.94 8.61 8.42 2.5 

HC9 30 26.9 26 0.97 0.90 0.97 0.96 9.04 9.76 2.5 

HC10 25.9 23.6 21.1 0.89 0.91 0.89 0.96 6.78 7.90 2 

HC11 28.5 24.3 26.9 1.11 0.85 1.07 0.94 7.30 7.24 2.5 

HC12 23.3 19.3 20.1 1.04 0.83 1.03 0.93 6.89 7.18 2.5 

HC13 23.7 22.9 18.4 0.80 0.97 0.79 0.99 7.20 9.28 2.5 

HC14 23.2 22 19.8 0.90 0.95 0.90 0.98 10.00 11.39 2.5 

HC15 27.7 19.9 20.5 1.03 0.72 1.03 0.88 9.07 10.02 2.5 

HC16 27 19.4 21.5 1.11 0.72 1.07 0.88 7.85 8.27 2.5 

 

RB1 25.4 23.8 20.2 0.85 0.94 0.84 0.97 9.33 11.42 2.5 

RB2 44.4 30.2 28.8 0.95 0.68 0.96 0.87 7.72 9.32 2.5 

RB3 33.3 22.9 15.4 0.67 0.69 0.64 0.87 6.07 10.83 2.5 

RB4 20 15.7 15.8 1.01 0.79 1.01 0.91 7.66 8.36 2 

RB5 27.6 23.6 18.7 0.79 0.86 0.77 0.94 6.93 9.52 2 

RB6 22.8 21.6 21.6 1.00 0.95 1.00 0.98 6.47 6.62 2.5 

RB7 22.1 16.6 16.6 1.00 0.75 1.00 0.90 5.14 5.74 2.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

RB8 20.1 16.1 16.1 1.00 0.80 1.00 0.92 5.39 5.88 2.5 

RB9 25 20.6 17.5 0.85 0.82 0.84 0.93 5.07 6.51 2.5 

RB10 23.9 16.8 16.6 0.99 0.70 0.99 0.88 6.77 7.81 2.5 

RB11 24.5 22.8 16.9 0.74 0.93 0.72 0.97 6.61 9.49 2.5 

 

TA1 26.7 22.8 18.8 0.82 0.85 0.81 0.94 6.79 8.91 2 

TA2 21 19.1 14.8 0.77 0.91 0.76 0.96 6.60 9.08 2 

TA3 26 22.7 17.9 0.79 0.87 0.77 0.95 4.25 5.82 2 

TA4 15.7 14.6 13.8 0.95 0.93 0.95 0.97 5.53 6.02 2 

TA5 32.5 20.5 14.8 0.72 0.63 0.70 0.85 4.83 8.20 2 

TA6 25 23.5 16.4 0.70 0.94 0.67 0.97 6.15 9.41 2.5 

TA7 25.6 21.9 16.9 0.77 0.86 0.75 0.94 7.09 10.04 2 

TA8 21.8 19.9 14.9 0.75 0.91 0.73 0.96 6.13 8.76 2.5 

 

CFK1 37.2 24.5 16.7 0.68 0.66 0.65 0.86 2.86 5.09 2 

CFK2 30.6 20.5 15.4 0.75 0.67 0.73 0.86 3.42 5.45 2 

CFK3 27.8 23 13.4 0.58 0.83 0.56 0.93 4.11 7.94 2 

CFK4 25.9 24.1 14.4 0.60 0.93 0.57 0.97 3.91 7.05 2 

CFK5 36.5 25.7 14.1 0.55 0.70 0.53 0.88 3.29 7.12 2 

CFK6 27.6 21.2 14.4 0.68 0.77 0.65 0.90 3.78 6.42 2 

CFK7 36.6 23.4 14.7 0.63 0.64 0.60 0.85 5.05 9.91 2 

CFK8 37.2 32.2 15.1 0.47 0.87 0.46 0.94 3.37 7.69 2 

CFK9 26.9 24.9 15.4 0.62 0.93 0.59 0.97 4.72 8.24 2 

CFK10 25.5 23.6 15.8 0.67 0.93 0.64 0.97 4.85 7.81 2 

CFK11 23.7 20.7 19.7 0.95 0.87 0.95 0.95 4.25 4.70 2.5 

CFK12 29.2 22.7 26.8 1.18 0.78 1.09 0.91 3.95 3.99 2.5 

CFK13 26.1 21.2 21.7 1.02 0.81 1.02 0.92 4.95 5.26 2 

CFK14 20.4 16.1 14.9 0.93 0.79 0.93 0.91 5.41 6.41 2 

 

D1 23.5 23.3 19.5 0.84 0.99 0.83 1.00 3.58 4.35 2 

D2 23.2 19.9 23.3 1.17 0.86 1.09 0.94 2.07 2.02 2 

D3 29.9 22.2 19.8 0.89 0.74 0.89 0.89 2.13 2.69 2 

D4 23.7 19.7 20.9 1.06 0.83 1.05 0.93 2.40 2.47 2 

D5 26.5 19.2 17.6 0.92 0.72 0.92 0.88 2.56 3.16 2 

D6 30.6 29 22.7 0.78 0.95 0.76 0.98 2.19 2.93 2 

D7 25.5 17.3 18.1 1.05 0.68 1.04 0.87 2.54 2.83 2 

D8 24.3 20.7 21.3 1.03 0.85 1.02 0.94 2.77 2.88 2 

D9 32.2 21.8 18.5 0.85 0.68 0.84 0.87 2.17 2.99 2 

D10 29.2 22.9 19.2 0.84 0.78 0.83 0.91 2.33 3.09 2 

D11 31 19.8 18.8 0.95 0.64 0.95 0.85 2.44 3.02 2 

D12 28.5 18.1 18.9 1.04 0.64 1.04 0.85 2.02 2.30 2 

D13 21.5 19.4 19.6 1.01 0.90 1.01 0.96 2.98 3.08 2 

D14 19.8 18.7 17.9 0.96 0.94 0.96 0.98 3.08 3.29 2 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

D15 28 20.1 19.2 0.96 0.72 0.96 0.88 3.60 4.27 2 

D16 20.8 20.3 18.8 0.93 0.98 0.93 0.99 3.00 3.27 2 

 

AL1 31.5 31.2 34.5 1.11 0.99 1.07 1.00 5.02 4.69 1.5 

AL2 26.6 23.05 27.8 1.21 0.87 1.09 0.94 6.86 6.65 1.5 

AL3 38.25 27.9 28.5 1.02 0.73 1.02 0.89 6.22 6.88 1.5 

AL4 31.2 24 18.4 0.77 0.77 0.75 0.90 4.38 6.50 2 

AL5 23.7 16.4 15.2 0.93 0.69 0.93 0.87 6.48 8.03 2 

AL6 24.3 16 16.5 1.03 0.66 1.03 0.86 4.27 4.85 2 

AL7 27.2 20.7 16.7 0.81 0.76 0.79 0.90 4.91 6.89 2.5 

AL8 26.9 19.9 17.1 0.86 0.74 0.85 0.89 6.07 7.99 2.5 

 

AUST 35.1 19.6 15.4 0.79 0.56 0.77 0.82 1.06 1.69 1.5 

AUST 20.4 16.8 14.3 0.85 0.82 0.84 0.93 0.93 1.19 1.5 

AUST 21.4 18.2 13.4 0.74 0.85 0.71 0.94 0.89 1.33 1.5 

AUST 32.3 32 14.8 0.46 0.99 0.46 1.00 1.07 2.34 1.5 

AUST 21 17.1 15 0.88 0.81 0.87 0.92 0.90 1.12 1.5 

AUST 37.8 28.9 17.5 0.61 0.76 0.58 0.90 1.21 2.32 1.5 

AUST 28.1 22.3 14.8 0.66 0.79 0.64 0.91 1.04 1.80 1.5 

AUST 25.1 21.8 17 0.78 0.87 0.76 0.95 1.14 1.59 1.5 

AUST 24.7 22.4 20 0.89 0.91 0.89 0.96 1.32 1.55 1.5 

AUST 25.8 20.5 17.1 0.83 0.79 0.82 0.91 1.51 2.01 1.5 

AUST 22.8 21.8 21.2 0.97 0.96 0.97 0.98 1.93 2.02 1.5 

AUST 27.3 26.3 18 0.68 0.96 0.66 0.98 1.44 2.22 1.5 

AUST 24.4 20.7 21.3 1.03 0.85 1.02 0.94 1.12 1.17 1.5 

AUST 19.7 16.8 18.4 1.10 0.85 1.07 0.94 1.15 1.15 1.5 

AUST 23.4 13.9 14.5 1.04 0.59 1.04 0.83 1.21 1.41 1.5 

AUST 32.5 19.1 22.2 1.16 0.59 1.09 0.83 1.46 1.62 1.5 

 

AUW1 27 23.7 18.2 0.77 0.88 0.75 0.95 1.00 1.41 1.5 

AUW2 29.4 19.9 14.3 0.72 0.68 0.69 0.87 0.68 1.13 1.5 

AUW3 28.2 21.7 17.5 0.81 0.77 0.79 0.90 0.73 1.02 1.5 

AUW4 23.8 18.7 15.5 0.83 0.79 0.82 0.91 0.57 0.77 1.5 

AUW5 25.3 24.2 13.4 0.55 0.96 0.53 0.98 0.64 1.23 1.5 

AUW6 27.9 20.8 15 0.72 0.75 0.70 0.89 0.89 1.43 1.5 

AUW7 30.1 17.9 17.9 1.00 0.59 1.00 0.83 0.74 0.90 1.5 

AUW8 24.4 17.8 16.6 0.93 0.73 0.93 0.89 0.65 0.78 1.5 

 

MR1 29.6 19.3 19 0.98 0.65 0.99 0.85 1.59 1.88 1.5 

MR2 23.6 17.9 16.8 0.94 0.76 0.94 0.90 1.35 1.60 1.5 

MR3 19.4 19.1 15.9 0.83 0.98 0.82 0.99 1.95 2.39 1.5 

MR4 21 17.9 19.9 1.11 0.85 1.08 0.94 1.51 1.49 1.5 

MR5 20 19.1 19.2 1.01 0.96 1.00 0.98 1.68 1.71 1.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

MR6 20.2 19.6 17.7 0.90 0.97 0.90 0.99 1.63 1.83 1.5 

 

C1-1 26 21.6 16.9 0.78 0.83 0.76 0.93 2.70 3.80 2 

C1-2 20.4 18 19.4 1.08 0.88 1.06 0.95 3.02 3.00 1.5 

C1-3 22.4 20.7 15.8 0.76 0.92 0.74 0.97 2.13 2.97 1.5 

 

C2-1 32.9 26.3 21.1 0.80 0.80 0.79 0.92 0.94 1.31 1.5 

C2-2 35.2 26 16 0.62 0.74 0.59 0.89 1.14 2.18 1.5 

C2-3 41.2 31 26.4 0.85 0.75 0.84 0.90 0.83 1.10 1.5 

C2-4 27.7 24.8 21.4 0.86 0.90 0.86 0.96 1.15 1.40 1.5 

 

C3-1 28.7 27.3 19.1 0.70 0.95 0.67 0.98 0.80 1.22 1.5 

C3-2 33.8 21.7 19.3 0.89 0.64 0.89 0.85 0.86 1.15 1.5 

C3-3 22.7 21.3 18.6 0.87 0.94 0.87 0.97 0.66 0.78 1.5 

C3-4 27.9 26.2 18.7 0.71 0.94 0.69 0.97 0.54 0.80 1.5 

C3-5 24.7 18.5 15.9 0.86 0.75 0.85 0.90 0.56 0.74 1.5 

C3-6 37 27.4 21.4 0.78 0.74 0.76 0.89 0.51 0.75 1.5 

 

C4-1 23.5 26.8 13.5 0.50 1.14 0.49 1.06 0.85 1.64 1.5 

C4-2 24.6 19.8 13.7 0.69 0.80 0.66 0.92 1.22 1.99 1.5 

C4-3 31.3 25 16.2 0.65 0.80 0.62 0.92 0.81 1.42 1.5 

C4-4 24.2 19.3 11.6 0.60 0.80 0.57 0.92 1.34 2.55 1.5 

C4-5 34.1 27.1 12.7 0.47 0.79 0.46 0.91 1.16 2.74 1.5 

 

C5-1 45 26.6 24.8 0.93 0.59 0.93 0.83 0.47 0.60 1.5 

C5-2 30.6 18.4 18.5 1.01 0.60 1.00 0.83 0.37 0.44 1.5 

C5-3 20.8 17.7 13.7 0.77 0.85 0.75 0.94 0.66 0.93 1.5 

C5-4 27.9 25.8 16.8 0.65 0.92 0.62 0.97 0.61 1.02 1.5 

 

C6-1 41.4 28.9 28.5 0.99 0.70 0.99 0.87 0.80 0.93 1.5 

C6-2 25.2 20.9 14.6 0.70 0.83 0.67 0.93 1.60 2.57 1.5 

C6-3 19.9 19.1 13.4 0.70 0.96 0.67 0.98 1.99 3.01 1.5 

C6-4 27.9 21 15.7 0.75 0.75 0.72 0.90 1.34 2.06 1.5 

C6-5 20.5 19.3 14.2 0.74 0.94 0.71 0.98 1.57 2.26 1.5 

C6-6 20.4 17.6 15.8 0.90 0.86 0.90 0.94 2.04 2.42 1.5 

 

C7-1 28.4 24.1 16.2 0.67 0.85 0.64 0.94 1.18 1.96 1.5 

C7-2 29.1 23.2 14.7 0.63 0.80 0.61 0.92 0.73 1.32 1.5 

C7-3 28.4 26.1 15.1 0.58 0.92 0.55 0.97 1.15 2.15 1.5 

C7-4 32.4 27.1 17.3 0.64 0.84 0.61 0.93 1.09 1.92 1.5 

C7-5 33.4 29.1 14.9 0.51 0.87 0.50 0.95 1.21 2.56 1.5 

 

C8-1 32.2 23.3 11.4 0.49 0.72 0.48 0.88 1.99 4.68 1.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C8-2 25 16.4 14 0.85 0.66 0.85 0.86 0.94 1.29 1.5 

C8-3 27.2 20.9 16.2 0.78 0.77 0.76 0.90 1.09 1.60 1.5 

C8-4 27.3 18.3 10.9 0.60 0.67 0.57 0.86 1.62 3.30 1.5 

C8-5 27.8 14 9.9 0.71 0.50 0.68 0.79 1.61 2.99 1.5 

 

C9-1 29.3 22.7 19.1 0.84 0.77 0.83 0.91 0.92 1.23 1.5 

C9-2 32.9 31.6 26.7 0.84 0.96 0.84 0.98 1.29 1.57 1.5 

C9-3 24.3 21.1 13.3 0.63 0.87 0.60 0.95 1.18 2.07 1.5 

C9-4 25 20.8 22.3 1.07 0.83 1.06 0.93 1.10 1.12 2 

C9-5 27.7 22.9 18.2 0.79 0.83 0.78 0.93 1.43 1.98 2 

 

C10-1 39.2 23.9 20.3 0.85 0.61 0.84 0.84 0.85 1.20 1.5 

C10-2 27.4 24.1 15.1 0.63 0.88 0.60 0.95 1.41 2.48 1.5 

C10-3 33.9 28.1 21.9 0.78 0.83 0.76 0.93 0.88 1.24 1.5 

C10-4 39.7 22.2 20 0.90 0.56 0.90 0.82 1.20 1.63 1.5 

C10-5 32.8 19.1 17.5 0.92 0.58 0.92 0.83 0.78 1.03 1.5 

C10-6 27.1 24.5 15.8 0.64 0.90 0.62 0.96 1.04 1.76 1.5 

 

C11-1 32.2 32 19 0.59 0.99 0.57 1.00 0.80 1.42 1.5 

C11-2 32.8 20.8 19.9 0.96 0.63 0.96 0.85 1.04 1.28 1.5 

C11-3 48.5 34.6 28.7 0.83 0.71 0.82 0.88 1.19 1.65 1.5 

 

C11y-1 34.6 31.3 20.7 0.66 0.90 0.63 0.96 3.21 5.28 2 

C11y-2 31.6 28.9 20.5 0.71 0.91 0.68 0.96 2.58 3.92 2 

C11y-3 18 17.9 16.6 0.93 0.99 0.93 1.00 2.89 3.12 2 

C11y-4 20.1 16 16.4 1.03 0.80 1.02 0.91 2.51 2.69 2 

 

C12-1 39.5 27.1 28.8 1.06 0.69 1.05 0.87 0.67 0.74 1.5 

C12-2 30.9 26 28.2 1.08 0.84 1.06 0.93 0.74 0.74 1.5 

C12-3 27.9 24.9 24 0.96 0.89 0.97 0.96 0.60 0.65 1.5 

C12-4 33.6 27.9 17.6 0.63 0.83 0.60 0.93 1.03 1.84 2 

 

C13-1 23.6 18.4 19.5 1.06 0.78 1.05 0.91 1.12 1.17 1.5 

C13-2 28.2 19.9 20.6 1.04 0.71 1.03 0.88 1.22 1.35 1.5 

C13-3 29.1 24.6 18.1 0.74 0.85 0.71 0.94 1.38 2.07 1.5 

C13-4 26.7 23.2 18.8 0.81 0.87 0.80 0.95 1.12 1.49 1.5 

 

C14-1 30.7 28 17.4 0.62 0.91 0.59 0.96 3.94 6.88 2 

C14-2 22.8 22.5 12.5 0.56 0.99 0.53 0.99 2.74 5.16 2 

C14-3 25.2 16.6 18.9 1.14 0.66 1.09 0.86 3.32 3.57 2 

C14-4 26.5 26.7 18.7 0.70 1.01 0.67 1.00 3.57 5.28 2 

 

C15-1 33.5 20.7 12.5 0.60 0.62 0.58 0.84 19.05 39.28 3 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C15-2 33.2 16 15 0.94 0.48 0.94 0.78 24.48 33.29 3 

C15-3 24.9 11.2 9.9 0.88 0.45 0.88 0.77 30.46 44.95 3 

C15-4 23.1 17.9 15.5 0.87 0.77 0.86 0.91 20.83 26.76 3 

C15-5 25.7 11.2 9.6 0.86 0.44 0.85 0.76 31.56 48.62 3 

 

C16-1 28.3 20.3 14 0.69 0.72 0.66 0.88 1.89 3.23 1.5 

C16-2 23.1 19.4 12.1 0.62 0.84 0.60 0.93 1.16 2.08 1.5 

C16-3 23.2 18.3 12.4 0.68 0.79 0.65 0.91 1.12 1.88 1.5 

 

C17-1 21.1 19.8 14.6 0.74 0.94 0.71 0.97 1.88 2.70 2 

C17-2 23.9 20.3 11 0.54 0.85 0.52 0.94 2.75 5.62 2 

C17-3 29.5 15 15.2 1.01 0.51 1.01 0.79 2.86 3.55 2 

C17-4 20.5 18.6 12.2 0.66 0.91 0.63 0.96 2.32 3.84 2 

 

C18-1 26.5 16.3 12.8 0.79 0.62 0.77 0.84 2.08 3.23 1.5 

C18-2 24.3 16.3 12.8 0.79 0.67 0.77 0.86 2.25 3.40 1.5 

C18-3 22.4 20.5 12.3 0.60 0.92 0.57 0.96 2.20 3.98 1.5 

C18-4 18.4 18 11.2 0.62 0.98 0.59 0.99 2.65 4.50 2 

 

C19-1 29.4 22.8 12 0.53 0.78 0.51 0.91 4.03 8.74 2 

C19-2 22.4 13.3 11.9 0.89 0.59 0.89 0.83 7.95 10.74 2 

C19-3 24 20 13.8 0.69 0.83 0.66 0.93 6.37 10.33 2 

 

C20-1 21.8 17.3 13.5 0.78 0.79 0.76 0.91 2.48 3.56 1.5 

C20-2 19 16.2 12 0.74 0.85 0.72 0.94 2.46 3.65 1.5 

C20-3 17.6 16.4 15.5 0.95 0.93 0.95 0.97 2.63 2.87 1.5 

C20-4 12.8 12.2 12.8 1.05 0.95 1.04 0.98 3.00 2.94 1.5 

 

C21-1 23.1 21.3 14.4 0.68 0.92 0.65 0.97 0.98 1.57 1.5 

C21-2 24 20.7 17.6 0.85 0.86 0.84 0.94 0.98 1.23 1.5 

C21-3 26.9 21 16.7 0.80 0.78 0.78 0.91 1.19 1.68 1.5 

 

C22-1 25.3 18.5 17.2 0.93 0.73 0.93 0.89 1.43 1.74 1.5 

C22-2 24.5 23.6 14.6 0.62 0.96 0.59 0.98 1.35 2.32 1.5 

C22-3 26.5 23.3 15.5 0.67 0.88 0.64 0.95 0.98 1.62 1.5 

C22-4 27.4 24.7 17.3 0.70 0.90 0.67 0.96 1.08 1.67 1.5 

 

C23-1 23.3 19.3 19.6 1.02 0.83 1.01 0.93 4.13 4.39 2 

C23-2 22.2 19.3 17 0.88 0.87 0.88 0.95 3.31 3.99 2 

C23-3 19.1 18 12.9 0.72 0.94 0.69 0.98 4.00 5.94 1.5 

C23-4 27.4 23.7 12.7 0.54 0.86 0.52 0.94 3.83 7.86 2 

 

C24-1 31.9 22 17.3 0.79 0.69 0.77 0.87 0.85 1.28 1.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C24-2 24.9 23.8 14.8 0.62 0.96 0.59 0.98 1.08 1.86 1.5 

C24-3 31.8 21.3 17.1 0.80 0.67 0.79 0.86 1.44 2.13 1.5 

C24-4 29.9 28.7 13.8 0.48 0.96 0.47 0.98 1.10 2.36 1.5 

C24-5 30.1 18.8 13.5 0.72 0.62 0.69 0.84 1.09 1.87 1.5 

 

C25-1 31.5 28 24.6 0.88 0.89 0.87 0.95 6.20 7.45 2 

C25-2 29.2 20.4 18.4 0.90 0.70 0.90 0.87 6.79 8.63 2 

C25-3 35.1 18.1 17.2 0.95 0.52 0.95 0.80 5.69 7.49 2 

C25-4 30.6 22.1 18.8 0.85 0.72 0.84 0.88 9.34 12.56 2.5 

 

C26-1 19.5 18.2 14.5 0.80 0.93 0.78 0.97 0.71 0.93 1.5 

C26-2 21.6 17 12.9 0.76 0.79 0.74 0.91 1.00 1.50 1.5 

C26-3 23.4 20.7 17.4 0.84 0.88 0.83 0.95 0.80 1.01 1.5 

C26-4 21.5 21.4 17.3 0.81 1.00 0.79 1.00 1.12 1.41 1.5 

C26-5 29.6 23.1 20.9 0.90 0.78 0.90 0.91 0.86 1.05 1.5 

 

C27-1 21.2 20.6 15.3 0.74 0.97 0.72 0.99 1.79 2.52 1.5 

C27-2 20.1 19.3 14.5 0.75 0.96 0.73 0.98 2.49 3.47 1.5 

C27-3 25.1 16.9 12.7 0.75 0.67 0.73 0.86 3.22 5.11 1.5 

C27-4 22.3 18.5 12.9 0.70 0.83 0.67 0.93 2.61 4.20 1.5 

C27-5 27.6 18.9 13.9 0.74 0.68 0.71 0.87 2.82 4.57 1.5 

 

C28-1 19 18.2 20.8 1.14 0.96 1.09 0.98 0.99 0.93 1.5 

C28-2 21.5 19.9 16.6 0.83 0.93 0.82 0.97 0.74 0.93 1.5 

C28-3 23 19.3 16.5 0.85 0.84 0.85 0.93 0.83 1.05 1.5 

C28-4 25.8 20.6 15.2 0.74 0.80 0.71 0.92 0.87 1.33 1.5 

 

C29-1 30.2 21.4 22.6 1.06 0.71 1.04 0.88 0.86 0.94 1.5 

C29-2 35.6 21.8 16.4 0.75 0.61 0.73 0.84 0.74 1.21 1.5 

C29-3 29.5 16.9 12.9 0.76 0.57 0.74 0.82 0.99 1.62 1.5 

C29-4 30 17.3 12.7 0.73 0.58 0.71 0.82 0.82 1.39 1.5 

C29-5 21.3 14.6 14 0.96 0.69 0.96 0.87 0.59 0.71 1.5 

 

C30-1 20.2 17.4 16.5 0.95 0.86 0.95 0.94 3.99 4.46 2 

C30-2 19.6 19.6 18.6 0.95 1.00 0.95 1.00 3.89 4.09 2 

C30-3 29.3 21.9 18.5 0.84 0.75 0.84 0.89 3.11 4.17 2 

C30-4 30 20.2 17.9 0.89 0.67 0.88 0.86 3.69 4.84 2 

C30-5 19.5 16.7 18.9 1.13 0.86 1.08 0.94 4.09 4.01 2 

C30-6 21.7 20 18.1 0.91 0.92 0.90 0.97 3.12 3.57 2 

 

C31-1 42.4 27.8 25.8 0.93 0.66 0.93 0.86 1.18 1.49 1.5 

C31-2 20.2 19.9 19 0.95 0.99 0.96 0.99 0.81 0.86 1.5 

C31-3 18.6 16.8 18.7 1.11 0.90 1.08 0.96 0.85 0.82 1.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C31-4 20 17.2 18.4 1.07 0.86 1.05 0.94 0.95 0.96 1.5 

C31-5 16.8 16.5 17.1 1.04 0.98 1.03 0.99 0.73 0.71 1.5 

C31-6 19.4 14.6 17.3 1.18 0.75 1.09 0.90 1.10 1.12 1.5 

 

C32-1 28.1 22.5 13.9 0.62 0.80 0.59 0.92 2.09 3.86 1.5 

C32-2 32.6 24.3 20.6 0.85 0.75 0.84 0.89 2.10 2.80 1.5 

C32-3 33.8 25 24 0.96 0.74 0.96 0.89 2.27 2.65 1.5 

C32-4 30.1 25.9 12.9 0.50 0.86 0.49 0.94 2.59 5.65 1.5 

C32-5 34 25.3 17 0.67 0.74 0.64 0.89 2.68 4.65 1.5 

C32-6 35.6 22.6 18.5 0.82 0.63 0.80 0.85 2.57 3.76 1.5 

 

C33-1 28.6 18.1 16 0.88 0.63 0.88 0.85 1.01 1.36 1.5 

C33-2 24.3 23.3 14.4 0.62 0.96 0.59 0.98 0.89 1.53 1.5 

C33-3 32.5 17.7 15.4 0.87 0.54 0.86 0.81 1.20 1.72 1.5 

C33-4 22.6 19 16.8 0.88 0.84 0.88 0.93 0.77 0.93 1.5 

C33-5 19.2 17.5 15.7 0.90 0.91 0.89 0.96 0.72 0.84 1.5 

C33-6 31.7 16.7 13.8 0.83 0.53 0.81 0.80 1.09 1.67 1.5 

C33-7 38.8 29.8 20.7 0.69 0.77 0.67 0.90 0.87 1.44 1.5 

 

C34-1 24.5 16.3 15.3 0.94 0.67 0.94 0.86 3.23 4.00 1.5 

C34-2 26.5 26.3 17.3 0.66 0.99 0.63 1.00 2.69 4.28 1.5 

C34-3 24.6 23.6 18.1 0.77 0.96 0.75 0.98 3.31 4.51 1.5 

C34-4 24.8 22.7 17.6 0.78 0.92 0.76 0.96 2.44 3.34 1.5 

 

C35-1 28.7 24.4 12.5 0.51 0.85 0.50 0.94 1.37 2.93 1.5 

C35-2 29.7 27 24.3 0.90 0.91 0.90 0.96 1.84 2.12 1.5 

C35-3 33.9 24.9 14.5 0.58 0.73 0.56 0.89 1.78 3.58 1.5 

C35-4 25.9 21.2 12.9 0.61 0.82 0.58 0.92 1.43 2.66 1.5 

C35-5 35 30.1 14.9 0.50 0.86 0.48 0.94 1.31 2.87 1.5 

C35-7 30.9 30.7 22.2 0.72 0.99 0.70 1.00 1.58 2.26 1.5 

 

C36-1 27.8 22.9 10.7 0.47 0.82 0.46 0.93 4.20 9.79 2 

C36-2 20.5 15.9 10.2 0.64 0.78 0.61 0.91 2.76 4.96 2 

C36-3 24.5 20.4 14.6 0.72 0.83 0.69 0.93 3.82 5.95 2 

C36-4 29.8 20.2 10.6 0.52 0.68 0.51 0.87 3.50 7.96 2 

 

C37-1 30.3 26.2 24.9 0.95 0.86 0.95 0.94 2.34 2.60 2 

C37-2 27.4 26.9 19.3 0.72 0.98 0.69 0.99 2.67 3.89 2 

C37-3 31.7 24.6 16.1 0.65 0.78 0.63 0.91 2.64 4.66 2 

C37-4 25.2 15.5 13.3 0.86 0.62 0.85 0.84 2.44 3.41 2 

 

C38-1 35.5 23.5 24.8 1.06 0.66 1.04 0.86 0.74 0.82 1.5 

C38-2 38.7 33.1 28.7 0.87 0.86 0.86 0.94 0.81 1.00 1.5 
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Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C38-3 33.4 25.8 18.2 0.71 0.77 0.68 0.91 0.97 1.57 1.5 

C38-4 33.5 17.5 13.9 0.79 0.52 0.78 0.80 1.33 2.13 1.5 

 

C39-1 32.2 25.9 20.7 0.80 0.80 0.78 0.92 16.62 23.13 3 

C39-2 27 25.4 20.3 0.80 0.94 0.78 0.98 25.22 33.04 3 

C39-3 39 35.4 20.8 0.59 0.91 0.56 0.96 14.79 27.38 3 

 

C40-1 31.1 30 19.6 0.65 0.96 0.62 0.99 2.61 4.23 2.5 

C40-2 31.6 21 16.6 0.79 0.66 0.77 0.86 2.17 3.27 2 

C40-3 25.4 24.6 24 0.98 0.97 0.98 0.99 2.87 2.98 2 

C40-4 27.9 23.6 24 1.02 0.85 1.01 0.94 2.46 2.60 2 

C40-5 26.7 24.1 25.4 1.05 0.90 1.04 0.96 2.56 2.56 2 

C40-6 25.6 24.8 23.7 0.96 0.97 0.96 0.99 2.12 2.24 2 

 

C41-1 26.3 18.8 17.2 0.91 0.71 0.91 0.88 1.95 2.42 1.5 

C41-2 24.2 18.5 16.7 0.90 0.76 0.90 0.90 1.34 1.65 1.5 

C41-3 21.2 19.2 17.8 0.93 0.91 0.93 0.96 1.86 2.09 1.5 

C41-4 38.6 27 14.6 0.54 0.70 0.52 0.87 1.66 3.64 1.5 

C41-5 29 26.4 15 0.57 0.91 0.54 0.96 1.32 2.52 1.5 

C41-6 19.4 16.1 13.8 0.86 0.83 0.85 0.93 1.76 2.23 1.5 

C41-7 25.1 18.6 16.5 0.89 0.74 0.88 0.89 1.83 2.33 1.5 

C41-8 16.8 15.6 13.5 0.87 0.93 0.86 0.97 1.79 2.14 1.5 

 

C42-1 29.4 28.8 20.9 0.73 0.98 0.70 0.99 0.90 1.30 1.5 

C42-2 28.3 24.5 21 0.86 0.87 0.85 0.94 0.92 1.15 1.5 

C42-3 37.7 37.4 28.8 0.77 0.99 0.75 1.00 0.85 1.13 1.5 

C42-4 31.7 30.9 20.5 0.66 0.97 0.64 0.99 0.90 1.44 1.5 

C42-5 37.8 25.8 25.5 0.99 0.68 0.99 0.87 0.98 1.14 1.5 

C42-6 38.8 34.8 22 0.63 0.90 0.60 0.96 1.07 1.86 1.5 

 

C43-1 22 20.9 14.3 0.68 0.95 0.66 0.98 1.58 2.46 1.5 

C43-2 21.3 18.5 14.4 0.78 0.87 0.76 0.95 1.80 2.51 1.5 

C43-3 18.6 16.5 16.9 1.02 0.89 1.02 0.95 1.89 1.94 1.5 

C43-4 32.3 25.8 24.4 0.95 0.80 0.95 0.92 0.89 1.03 1.5 

C43-5 19.4 15.6 16 1.03 0.80 1.02 0.92 2.00 2.13 1.5 

C43-6 32.6 25.7 28.1 1.09 0.79 1.07 0.91 0.95 0.97 1.5 

C43-7 40.7 33.8 28.8 0.85 0.83 0.84 0.93 1.39 1.77 1.5 

 

C44-1 24.3 22.6 11.2 0.50 0.93 0.48 0.97 0.73 1.55 1.5 

C44-2 27.5 23.1 15.5 0.67 0.84 0.64 0.93 0.55 0.92 1.5 

C44-3 27.1 21.2 16.3 0.77 0.78 0.75 0.91 0.47 0.70 1.5 

C44-4 27.8 21.7 14.2 0.65 0.78 0.63 0.91 0.58 1.02 1.5 

C44-5 25.3 19.5 16.6 0.85 0.77 0.84 0.90 0.44 0.57 1.5 



Ronald Lumantarna 

 

C-347 
 

Table 17: Individual irregular mortar compressive strength and normalised mortar compressive 

strength data (continued) 

C45-1 24.2 21.8 15.9 0.73 0.90 0.70 0.96 1.12 1.66 1.5 

C45-2 29.9 20.9 15.4 0.74 0.70 0.71 0.87 1.24 1.99 1.5 

C45-3 25.9 18.8 19 1.01 0.73 1.01 0.89 1.22 1.37 1.5 

C45-4 26.6 20.9 16.4 0.78 0.79 0.77 0.91 1.26 1.80 1.5 

C45-5 25.7 22.3 17.6 0.79 0.87 0.77 0.94 1.10 1.51 1.5 

C45-6 32.2 21.2 19.4 0.92 0.66 0.91 0.86 1.18 1.51 1.5 

 

C46-1 21 19.9 14.4 0.72 0.95 0.70 0.98 0.77 1.13 1.5 

C46-2 36.6 30.5 29.1 0.95 0.83 0.96 0.93 0.57 0.64 1.5 

C46-3 29.6 28.2 16.9 0.60 0.95 0.57 0.98 0.84 1.50 1.5 

C46-4 30.8 30.8 18.1 0.59 1.00 0.56 1.00 0.79 1.41 1.5 

 

C47-1 34.6 22.3 15.4 0.69 0.64 0.66 0.85 0.82 1.46 1.5 

C47-2 23 21.2 15.1 0.71 0.92 0.69 0.97 0.87 1.32 1.5 

C47-3 27.3 22.1 10.1 0.46 0.81 0.46 0.92 0.81 1.94 1.5 

 

C48-1 41.8 39.9 24 0.60 0.95 0.57 0.98 8.17 14.48 2.5 

C48-2 28.2 25.2 25.4 1.01 0.89 1.01 0.96 10.71 11.13 2.5 

C48-3 31.6 23.6 18.4 0.78 0.75 0.76 0.89 11.71 17.22 2.5 

C48-4 33.5 23.2 18.1 0.78 0.69 0.76 0.87 13.42 20.23 2.5 

 

C49-1 25.1 21.1 14.1 0.67 0.84 0.64 0.93 2.83 4.73 2 

C49-2 33.1 17.6 15.2 0.86 0.53 0.86 0.80 3.32 4.81 2 

C49-3 24 18.4 16.2 0.88 0.77 0.88 0.90 4.64 5.87 2 

C49-5 26.3 25.2 15.4 0.61 0.96 0.58 0.98 4.66 8.13 2.5 

C49-6 38.7 22.4 16.8 0.75 0.58 0.73 0.82 3.64 6.08 2.5 

C49-7 39.8 24 17.4 0.73 0.60 0.70 0.83 3.71 6.35 2.5 

C49-8 33.6 18.1 14 0.77 0.54 0.75 0.81 5.13 8.43 2.5 

 

C50-1 38.4 19.8 21 1.06 0.52 1.05 0.80 1.60 1.91 1.5 

C50-2 27.3 22.5 20 0.89 0.82 0.89 0.93 1.08 1.31 1.5 

C50-3 32.8 28.1 22.6 0.80 0.86 0.79 0.94 0.83 1.12 1.5 

C50-4 30.8 20.1 18.3 0.91 0.65 0.91 0.85 1.20 1.54 1.5 

C50-5 18.8 16.2 17.9 1.10 0.86 1.07 0.94 1.12 1.11 1.5 

C50-6 16.8 16.2 18.5 1.14 0.96 1.09 0.99 0.87 0.81 1.5 

 

C51-1 40.8 22.5 23 1.02 0.55 1.02 0.81 0.87 1.05 1.5 

C51-2 29.4 25.4 15.5 0.61 0.86 0.58 0.94 1.11 2.01 1.5 

C51-3 31.6 20.2 20.9 1.03 0.64 1.03 0.85 0.92 1.06 1.5 

C51-4 21.9 21.2 16.4 0.77 0.97 0.75 0.99 1.09 1.46 1.5 

C51-5 20.8 19.7 13.9 0.71 0.95 0.68 0.98 1.49 2.25 1.5 

C51-6 34.5 29.8 22.9 0.77 0.86 0.75 0.94 0.81 1.14 1.5 

C51-7 22.2 22.2 20.5 0.92 1.00 0.92 1.00 1.11 1.20 1.5 
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The individual data used to derive the relationships between the masonry compressive 

strength, Modulus of Elasticity and the strain at peak stress is shown in Table 18 (see 

Figure 5.15 and Figure 5.16 in Chapter 5). 

 
Table 18: Individual masonry compressive strength, Modulus of Elasticity and strain at peak stress 

data 

Sample    * (MPa)    (MPa)     
     /    

Field 

AH1 2.25 282 0.0109 125 

AH2 3.92 518 0.0094 132 

AH3 3.50 455 0.0083 130 

AH4 3.63 299 0.0133 82 

 

BC1 8.33 2129 0.0051 256 

BC2 10.01 3394 0.0040 339 

BC3 7.43 1876 0.0056 252 

BC4 5.94 1565 0.0059 263 

BC5 6.23 2296 0.0036 368 

 

AL1 12.12 2401 0.0089 198 

AL2 10.11 2443 0.0065 242 

AL3 10.26 1809 0.0077 176 

AL4 11.04 1877 0.0086 170 

 

CFK1 8.26 2475 0.0041 300 

CFK2 6.70 1879 0.0063 281 

CFK3 8.06 1756 0.0053 218 

CFK4 8.04 1336 0.0088 166 

 

HC1 6.31 1574 0.0058 250 

HC2 7.30 1559 0.0079 213 

HC3 5.64 1504 0.0054 266 

HC4 5.70 2057 0.0031 361 

HC5 9.37 3121 0.0032 333 

 

D1 6.36 1239 0.0077 195 

D2 5.35 2015 0.0047 377 

D3 5.29 1555 0.0064 294 

D4 7.25 1159 0.0104 160 

 

TA1 12.85 4573 0.0037 356 
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Table 18: Individual masonry compressive strength, Modulus of 

Elasticity and strain at peak stress data (continued) 

TA2 13.11 4471 0.0049 341 

TA3 12.85 3939 0.0040 306 

TA4 12.54 3846 0.0046 307 

TA5 12.05 3382 0.0047 281 

TA6 13.11 3809 0.0044 291 

 

RB1 14.16 3120 0.0074 220 

RB2 13.09 3831 0.0048 293 

RB3 15.75 3695 0.0049 235 

RB4 17.47 5399 0.0041 309 

RB5 15.10 5387 0.0034 357 

 

Lab 

AH-D1 6.10 767 0.0106 126 

AH-D2 6.00 827 0.0096 138 

AH-D3 7.99 1168 0.0104 146 

AH-D4 5.94 832 0.0091 140 

 

SB-B1 7.98 570 0.0170 71 

SB-B2 8.45 730 0.0153 86 

SB-B3 6.57 606 0.0133 92 

SB-B4 6.37 669 0.0114 105 

 

SB-G1 9.13 1151 0.0108 126 

SB-G2 6.59 1113 0.0066 169 

SB-G3 8.77 1329 0.0089 152 

SB-G4 12.36 2608 0.0053 211 

SB-G5 9.89 1169 0.0126 118 

 

AL-D1 10.14 3352 0.0039 331 

AL-D2 12.38 2873 0.0053 232 

AL-D3 9.84 2386 0.0045 242 

AL-D4 12.38 3579 0.0054 289 

 

AL-H1 18.74 7090 0.0022 378 

AL-H2 13.92 4675 0.0035 336 

AL-H3 17.83 6244 0.0030 350 

AL-H4 13.09 4759 0.0033 364 

 

D-A1 7.75 766 0.0124 99 
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Table 18: Individual masonry compressive strength, Modulus of 

Elasticity and strain at peak stress data (continued) 

D-A2 5.96 819 0.0081 137 

D-A3 8.66 1401 0.0068 162 

D-A4 7.72 817 0.0116 106 

D-A5 7.68 707 0.0101 92 

D-A6 5.39 1044 0.0079 194 

 

D-C1 11.26 2680 0.0058 238 

D-C2 9.96 1877 0.0060 188 

D-C3 11.06 4261 0.0030 385 

D-C4 9.25 3179 0.0046 344 

D-C5 9.37 2260 0.0055 241 

 

D-D1 11.87 4184 0.0032 353 

D-D2 10.32 3611 0.0033 350 

D-D3 12.25 4497 0.0029 367 

D-D4 12.40 4888 0.0039 394 

 

D-E1 13.45 3830 0.0040 285 

D-E2 9.71 3682 0.0027 379 

D-E3 12.33 4683 0.0030 380 

D-E4 10.58 3421 0.0034 323 

 

D-F1 14.91 5739 0.0035 385 

D-F2 12.32 5273 0.0040 428 

D-F3 20.76 8672 0.0029 418 

D-F4 14.61 4935 0.0039 338 

D-F5 15.65 5142 0.0037 329 

D-F6 19.21 6355 0.0036 331 

 

D-H1 15.26 8803 0.0022 577 

D-H2 20.49 9283 0.0024 453 

D-H3 16.64 6838 0.0027 411 

D-H4 14.99 5098 0.0035 340 

D-H5 16.01 6112 0.0030 382 

 

NL-D1 10.94 1955 0.0095 179 

NL-D2 11.65 2442 0.0079 210 

NL-D3 12.24 4000 0.0066 327 

NL-D4 13.48 3632 0.0049 269 

NL-D5 16.41 4568 0.0044 278 
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Table 18: Individual masonry compressive strength, Modulus of 

Elasticity and strain at peak stress data (continued) 

HB-G1 25.37 5701 0.0061 225 

HB-G2 27.97 8379 0.0037 300 

HB-G3 34.93 10448 0.0043 299 

HB-G4 33.65 9970 0.0043 296 

HB-G5 32.03 5355 0.0066 167 

 

ST-G1 28.18 10798 0.0039 383 

ST-G2 25.84 5396 0.0059 209 

ST-G3 25.11 7971 0.0043 317 

ST-G4 19.95 4593 0.0046 230 

 

 

 
Table 19 shows the individual flexural bond strength data used to derive the relationship 

between flexural bond strength and mortar compressive strength for both the field 

samples and the laboratory constructed samples (see Figure  and Figure in Chapter 6). 

 
Table 19: Individual flexural bond strength data of both field samples and laboratory constructed 

samples 

Sample      (MPa)  Sample      (MPa) 

Field  Lab 

AH1 0.036  AL-D1 0.584 

AH2 0.040  AL-D2 0.273 

AH3 0.027  AL-D3 0.385 

AH4 0.020  AL-D4 0.560 

AH5 0.031   

AH6 0.024  D-A1 0.095 

AH7 0.041  D-A2 0.095 

  D-A3 0.093 

D1 0.050  D-A4 0.106 

D2 0.063  D-A5 0.096 

D3 0.058  D-A6 0.081 

   

CFK1 0.142  D-C1 0.287 

 
Figure 19: Individual flexural bond strength data of both field 
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samples and laboratory constructed samples (continued) 

CFK2 0.122  D-C2 0.412 

CFK3 0.095  D-C3 0.365 

CFK4 0.106  D-C4 0.339 

CFK5 0.022*  D-C5 0.264 

  D-C6 0.202 

TA1 0.094   

TA2 0.126  D-D1 0.494 

TA3 0.140  D-D2 0.315 

TA4 0.095  D-D3 0.540 

TA5 0.179  D-D4 0.600 

  D-D5 0.548 

RB1 0.140  D-D6 0.505 

RB2 0.134  D-D7 0.466 

RB3 0.206   

RB4 0.236  D-F1 0.710 

RB5 0.151  D-F2 0.412 

RB6 0.162  D-F3 0.701 

RB7 0.034*  D-F4 0.575 

RB8 0.046*  D-F5 0.455 

   

HC1 0.287  RB-y1 0.208 

HC2 0.316  RB-y2 0.212 

HC3 0.457  RB-y3 0.112 

HC4 0.285  RB-y4 0.173 

HC5 0.380  RB-y5 0.134 

HC6 0.091*   

HC7 0.112*  

  

*field samples that experienced flexural bond failure at the brick mortar interface, and therefore were 
disregarded from the analysis 
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D APPENDIX D 

 

Masonry material property 

selection guideline 

  

 

 

Material Properties of Unreinforced Clay Brick 

Masonry Walls 

D.1 Notation 

  Bed joint cohesion, MPa 

    
  Masonry strain at peak stress 

    Masonry strain at any point 

   Masonry Modulus of Elasticity, MPa 

    Masonry stress at any point 

  
  Brick compressive strength, MPa 

   
  Lower characteristic brick compressive strength, MPa 
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  Flexural bond strength, MPa 

  
  Mortar compressive strength, MPa 

   
  Lower characteristic mortar compressive strength, MPa 

  
  Masonry compressive strength, MPa 

    Brick Modulus of Rupture strength, MPa 

  Bed joint coefficient of friction 

 
 

D.2 Scope 

The provisions of this section shall apply to laboratory and in-situ testing of unreinforced 

masonry walls which were constructed using kiln fired clay bricks and lime or lime-

cement mortars. In-situ or laboratory testing of the material properties of existing 

buildings is preferable. Testing techniques to determine URM building material 

properties are detailed in section D.3.  

When sampling of large building sections is not permitted, extraction of individual bricks 

and irregular mortar samples for laboratory testing is preferable. Techniques to determine 

brick and mortar properties are detailed in section D.4. The brick and mortar properties 

shall then be used to predict masonry properties in accordance with section D.5.  

 

D.3 In-situ and extracted sample testing 

D.3.1 Masonry compressive strength 

Masonry compressive strength is determined using the masonry prism compression test 

as detailed in Chapter 5. A minimum of three samples shall be tested and the average of 

the test results is the masonry compressive strength,   
 . 
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D.3.2 Masonry Modulus of Elasticity 

Masonry Modulus of Elasticity is determined using the masonry prism compression test 

incorporating displacement gauges as detailed in Chapter 5. A minimum of three samples 

shall be tested and the average of the test results is the masonry Modulus of Elasticity, 

  . Alternatively, three in-situ deformability tests as prescribed in Chapter 7 may be 

performed if deemed to be more practical than sample extraction. 

 

D.3.3 Masonry flexural bond strength 

Masonry flexural bond strength is determined using the bond wrench test described in 

Chapter 6. A minimum of three samples shall be tested and the average of the test results 

is the masonry flexural bond strength,    
 . 

 

D.3.4 Masonry bed joint shear strength 

Masonry bed joint shear strength is determined following either the in-situ shear test or 

the laboratory triplet shear test, and the bed joint cohesion,  , shall be derived based on 

the bed joint shear test results for three different levels of axial precompression loads as 

described in Chapter 6. A minimum of two samples shall be tested under each axial 

precompression load level. 

 

D.4 Constituent material properties 

D.4.1 Brick unit compressive strength 

Brick unit compressive strength is determined using the half brick compression test as 

detailed in Chapter 2. A minimum of five brick units shall be collected and cut in halves 
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for compression testing, and the average of the test results is the brick unit compressive 

strength,   
 . 

 

D.4.2 Brick unit Modulus of Rupture strength 

Brick unit Modulus of Rupture strength is determined using the Modulus of Rupture test 

as detailed in Chapter 2. A minimum of five brick units shall be tested and the average of 

the test results is the brick unit Modulus of Rupture strength. When the Modulus of 

Rupture test is not possible, the brick unit Modulus of Rupture strength shall be 

calculated using the brick unit compressive strength as given in Equation (1). 

 
        2  

  (1) 

 

D.4.3 Mortar compressive strength 

A minimum of five irregular mortar samples shall be extracted, prepared for compression 

testing and normalised as detailed in Chapter 3 and Chapter 4. The average of the 

normalised test results is the mortar compressive strength,   
 . 

 

D.5 Prediction of masonry material properties 

When sampling of large building sections is not permitted, the constituent material 

properties determined using the procedures detailed in section D.4 shall be used to 

predict masonry properties as per section D.5.1 to section D.5.6. 
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D.5.1 Masonry compressive strength 

Masonry compressive strength shall be calculated using the brick compressive strength 

and mortar compressive strength in accordance with Equation (2). 

 
   

         
     

    
     

 (2) 

 

D.5.2 Modulus of Elasticity 

Masonry Modulus of Elasticity shall be calculated using the masonry compressive 

strength in accordance with Equation (3). 

 
    2     

  (3) 

 

D.5.3 Strain at peak stress 

The masonry strain at peak stress shall be calculated using the masonry compressive 

strength, mortar compressive strength and the masonry Modulus of Elasticity in 

accordance with Equation (4). 

 
 

    
  

  2     
  

    
     

  
   

 (4) 

 

 

D.5.4 Masonry stress-strain curve 

The masonry compression stress-strain curve can be predicted using Equation (5). 
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  2
  

    
  (

  

    
 )

 

 (5) 

 

The immediate post-peak compression stress-strain behaviour descending to 0.9    
  can 

also be represented using Equation (5), followed by a linear descending part and a 

horizontal plateau at 0.2     
 . Two possible linear descending parts are proposed 

dependent on the mortar compressive strength: a straight line connecting the stress-strain 

curve between 0.9    
  and 2.75    

  for masonry having     
  ≥ 5 MPa, and a straight line 

between 0.9    
  and 2    

  for masonry having     
  < 5 MPa. 

 

D.5.5 Flexural bond strength 

Masonry flexural bond strength shall be calculated using the mortar compressive strength 

in accordance with Equation (6).  

 
    

         
  (6) 

 

D.5.6 Cohesion and coefficient of friction 

Masonry bed joint shear strength at zero axial compression (cohesion,  ) shall be 

calculated using the mortar compressive strength in accordance with Equation (7). The 

bed joint coefficient of friction,  , shall be taken as per Equation (8). 

 
          

  (7) 

 

        (8) 
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D.6 Alternative assessment techniques 

When sample extraction is not possible, alternative assessment techniques detailed in 

section D.6.1 and section D.6.2 shall be conducted to predict brick and mortar 

properties. The predicted brick and mortar properties shall then be used to predict 

masonry properties as per section D.5.1 to section D.5.6. It is noted that these alternative 

testing techniques potentially have a decreased level of accuracy, and therefore shall only 

be conducted as the last possible option.   

 

D.6.1 Brick compressive strength 

The brick compressive strength shall be determined using the scratch test in accordance 

with the procedure outlined in Chapter 2. Table 20 describes the brick unit scratch test 

and the corresponding scratch index. Note that if none of the tools listed in Table 20 

scratches the specimen then a scratch index of 4.0 shall be given. At least five brick units 

within a wall section shall be subjected to the scratch test, and the average scratch index 

is used to estimate the brick compressive strength as per Table 21. Linear interpolation 

shall be performed when required. 

It is recommended that brick strengths be used. However, when more conservative 

strength values are required, then lower characteristic (75% confidence interval) brick 

strengths shall be obtained from Table 21. When the lower characteristic brick strength is 

used,   
  in Equation (1) and Equation (2) shall be replaced with    

 . Note that the use of 

lower characteristic brick strengths in the equations described in previous sections will 

result in lower characteristic masonry properties. 

Table 20: Brick Scratch Test Description 

Brick Description Brick Scratch index 

Scratches using aluminium pick 2.5 

Scratches using 10 cent copper coin 3.0 

Does not scratch using above tools  4.0 
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Table 21: Prediction of Brick Compressive Strength Based on Scratch Index 

Category 
Mohs 

number 

Lower characteristic brick 

compressive strength,      (MPa) 

Brick compressive 

strength,     (MPa) 

Soft 2.5 10.3 13.3 

Medium 3.0 21.7 27.5 

Hard 4.0 31.0 37.2 

 

 

D.6.2 Mortar compressive strength 

The mortar compressive strength shall be determined using the scratch test in accordance 

with the procedure outlined in Chapter 3. Table 22 describes the mortar scratch test and 

the corresponding scratch index. Note that if none of the tools listed in Table 22 

scratches the specimen then a scratch index of 3.0 shall be given. At least five mortar 

joints within a wall section shall be subjected to the scratch test, and the average scratch 

index is used to estimate the mortar compressive strength as per Table 23. Linear 

interpolation shall be performed when required. 

It is recommended that mortar strengths be used. However, when more conservative 

strength values are required, then lower characteristic (75% confidence interval) mortar 

strengths shall be obtained from Table 23. When the lower characteristic mortar strength 

is used,   
  in Equation (2), Equation (4), Equation (6) and Equation (7) shall be replaced 

with    
 . Note that the use of lower characteristic mortar strengths in the equations 

described in previous sections will result in lower characteristic masonry properties. 

 
Table 22: Mortar Scratch Test Description 

Mortar Description Mortar Scratch Index 

Easily scratches using fingernail 1.5 

Scratches using fingernail 2.0 

Scratches using aluminium pick 2.5 

Does not scratch using above tools 3.0 
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Table 23: Prediction of Mortar Compressive Strength Based on Scratch Index 

Category 
Mohs 

number 

Lower characteristic mortar 

compressive strength,      (MPa) 

Mortar compressive 

strength,     (MPa) 

Very soft 1.5 1.0 1.4 

Soft 2.0 2.6 3.3 

Medium 2.5 5.2 7.0 

Hard 3.0 18.4 22.7 
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E APPENDIX E 

 

Worked examples of the material 

property selection procedure 

  

 

 

Worked examples are briefly presented here to demonstrate the correct use of the 

material property selection procedure prescribed in Appendix D. 

 

E.1 Example building 1 

Site: 1882 two storey tavern, Christchurch 

Scenario: Material testing and sample extraction was not performed 
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Figure 38: Example building 1 

 

Step 1: Perform scratch tests as prescribed in Chapter 7 to predict brick unit and mortar 

compressive strengths 

Brick unit 

Scratch number (6 locations)  = 2.5, 2.5, 2.5, 2.5, 3.0, 3.0 

     Average = 2.75 

Linear interpolation from Table 21,   
  = 20.4 MPa 

Mortar 

Scratch number (6 locations) = 2.0, 2.0, 2.0, 2.0, 2.5, 2.5 

  Average = 2.17 

Linear interpolation from Table 23,   
  = 4.6 MPa 
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Step 2: Predict brick unit Modulus of Rupture strength 

From Equation (1),      = 0.12 × 20.4 

              = 2.4 MPa 

 

Step 3: Predict masonry compressive strength and Modulus of Elasticity 

From Equation (2),   
  = 0.75 × 20.4 0.75 × 4.6 0.3 

       = 11.5 MPa 

From Equation (3),    = 290 × 11.5 

    = 3341 MPa 

From Equation (4),     
  = (0.21 × 11.5)/ (4.6 0.25 × 3341 0.7) 

    = 0.0057 

Using Equation (5), the following masonry stress-strain relationship is derived: 

 
 

Figure 39: Predicted masonry compression stress-strain relationship for example building 1 
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Step 4: Predict masonry flexural bond strength and bed joint cohesion 

From Equation (6),    
  = 0.03 × 4.6 

    = 0.14 MPa 

From Equation (7),   = 0.055 × 4.6 

    = 0.25 MPa 

From Equation (8),   = 0.85 

 

E.2 Example building 2 

Site: 1930s two storey restaurant, Auckland 

Scenario: Scratch tests were performed on bricks, whilst irregular mortar samples were 

extracted and tested in compression 

 
 

Figure 40: Example building 2 
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Step 1: Perform mortar compression tests as prescribed in Chapter 3, predict brick unit 

properties following the procedure outlined in Chapter 7 

Brick unit 

Scratch number (6 locations)  = 2.5, 2.5, 2.5, 2.5, 2.5, 2.5 

     Average = 2.5 

Linear interpolation from Table 21,   
  = 13.3 MPa 

Mortar 

Average of 6 mortar samples incorporating normalisation technique,   
  = 1.6 MPa 

 

Step 2: Predict brick unit Modulus of Rupture strength 

From Equation (1),      = 0.12 × 13.3 

              = 1.6 MPa 

 

Step 3: Predict masonry compressive strength and Modulus of Elasticity 

From Equation (2),   
  = 0.75 × 13.3 0.75 × 1.6 0.3 

       = 6.0 MPa 

From Equation (3),    = 290 × 6.0 

    = 1752 MPa 
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From Equation (4),     
  = (0.21 × 6.0)/ (1.6 0.25 × 1752 0.7) 

    = 0.0061 

Using Equation (5), the following masonry stress-strain relationship is derived: 

 
 

Figure 41: Predicted masonry compression stress-strain relationship for example building 2 

 

Step 4: Predict masonry flexural bond strength and bed joint cohesion 

From Equation (6),    
  = 0.03 × 1.6 

    = 0.048 MPa 

From Equation (7),   = 0.055 × 1.6 

    = 0.088 MPa 

From Equation (8),   = 0.85 
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E.3 Example building 3 

Site: 1907 two storey commercial building, Gisborne 

Scenario:  Brick units were provided by the restoration engineer, whilst scratch tests on 

mortar were performed in-situ 

 

 
 

Figure 42: Example building 1 

 

Step 1: Perform half brick compression test as prescribed in Chapter 2 and conduct 

scratch tests as per Chapter 7 to predict mortar compressive strength  

Brick unit 

Average of 6 half brick samples,     
  = 22.5 MPa 

Mortar 

Scratch number (6 locations) = 2.5, 2.5, 2.5, 2.5, 2.5, 2.5 

  Average = 2.5 
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Linear interpolation from Table 23,   
  = 7.0 MPa 

 

Step 2: Predict brick unit Modulus of Rupture strength 

From Equation (1),      = 0.12 × 22.5 

              = 2.7 MPa 

 

Step 3: Predict masonry compressive strength and Modulus of Elasticity 

From Equation (2),   
  = 0.75 × 22.5 0.75 × 7.0 0.3 

       = 14.2 MPa 

From Equation (3),    = 290 × 14.2 

    = 4107 MPa 

From Equation (4),     
  = (0.21 × 14.2)/ (7.0 0.25 × 4107 0.7) 

    = 0.0054 

Using Equation (5), the following masonry stress-strain relationship is derived: 



Appendix E: Worked examples of the material property selection procedure 

 

E-370 

 

 
 

Figure 43: Predicted masonry compression stress-strain relationship for example building 3 

 

Step 4: Predict masonry flexural bond strength and bed joint cohesion 

From Equation (6),    
  = 0.03 × 7.0 

    = 0.21 MPa 

From Equation (7),   = 0.055 × 7.0 

    = 0.385 MPa 

From Equation (8),   = 0.85 
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F APPENDIX F 

 

R statistical analysis summary 

  

 

 

The statistical analysis using the R software package (Institute of Statistics and 

Mathematics 2010) on the clay brick compressive strength-Mohs hardness number and 

the normalised mortar compressive strength-Mohs hardness number relationships is 

summarised in this appendix. The R software commands are shown and captions were 

added to describe each step in the statistical analysis. 
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F.1 Statistical analysis on clay bricks 

R Commands: 

 

> BrickNDT.df<-read.csv(file.choose(),header=T) 

> attach(BrickNDT.df) 

> Scratch<-Scratch 

> Stress<-Stress 

> length(Scratch) 

[1] 157 

> length(Stress) 

[1] 157 

 

 

*Reads out the Mohs scratch and compressive strength 

data* 

 

 

> BrickNDT.df 

    Scratch    Stress 

1       2.5 12.805368 

2       2.5 27.747450 

3       2.5 25.008401 

4       2.5  8.889513 

5       2.5 10.351712 

6       2.5 14.309199 

7       2.5 16.218214 

8       2.5 26.646458 

9       2.5 19.912071 

10      2.5 29.968962 

11      2.5 27.650501 

12      2.5 19.582575 

13      2.5 15.795876 

14      2.5 17.830788 

15      2.5 14.046415 

16      2.5 13.047464 

17      2.5 14.197243 

18      2.5 11.465671 

19      2.5 11.848198 

20      2.5 12.343277 

21      2.5 15.291093 

22      2.5 21.317752 

23      2.5 19.050686 

24      2.5 23.514860 

25      2.5 12.847355 

26      2.5 20.234296 

27      2.5 17.229300 
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28      2.5  8.123833 

29      2.5 11.662407 

30      2.5 15.301163 

31      2.5 12.380148 

32      2.5 10.477856 

33      2.5 20.217990 

34      2.5 19.510691 

35      2.5 18.783477 

36      2.5 16.098389 

37      2.5 29.828477 

38      2.5 16.857180 

39      2.5 15.419210 

40      2.5 11.369096 

41      2.5 14.598309 

42      2.5 15.902963 

43      2.5 11.179371 

44      2.5 10.894216 

45      2.5  8.714897 

46      2.5 15.099590 

47      2.5 10.174073 

48      2.5 17.430084 

49      2.5 23.031033 

50      2.5 15.655313 

51      2.5 26.773422 

52      2.5 19.243459 

53      2.5 24.152316 

54      2.5 12.265765 

55      2.5 24.116113 

56      2.5 24.914968 

57      2.5 19.504679 

58      2.5 10.996625 

59      2.5  8.835570 

60      2.5  6.472129 

61      2.5  6.368716 

62      2.5  9.443158 

63      2.5  6.478014 

64      2.5 10.309965 

65      2.5  9.864299 

66      2.5 11.043068 

67      2.5  9.531144 

68      2.5 11.727271 

69      2.5 11.903997 

70      2.5  8.076221 

71      2.5  8.511676 

72      2.5 11.485984 

73      2.5  9.930292 

74      2.5 14.480165 

75      2.5  7.463592 

76      2.5 14.840372 
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77      2.5 15.325155 

78      2.5  9.105516 

79      2.5 10.201111 

80      2.5 13.075276 

81      2.5 12.936478 

82      2.5 19.183812 

83      2.5 16.034271 

84      2.5 13.296084 

85      2.5 10.129170 

86      2.5  9.002169 

87      2.5  5.743823 

88      2.5  9.416471 

89      2.5  7.226105 

90      3.0 31.762604 

91      3.0 35.513557 

92      3.0 34.927715 

93      3.0 29.782096 

94      3.0 37.697502 

95      3.0 26.584908 

96      3.0 22.824084 

97      3.0 26.931656 

98      3.0 29.936294 

99      3.0 45.769079 

100     3.0 22.798605 

101     3.0 27.662512 

102     3.0 24.931463 

103     3.0 21.070512 

104     3.0 15.552520 

105     3.0 14.229999 

106     3.0 14.808154 

107     3.0 21.745178 

108     3.0 15.795876 

109     3.0 17.830788 

110     3.0 23.828632 

111     3.0 22.234187 

112     3.0 14.959900 

113     3.0 26.305757 

114     3.0 21.724803 

115     3.0 20.999540 

116     3.0 20.332360 

117     3.0 18.203340 

118     3.0 28.328838 

119     3.0 27.521753 

120     3.0 42.150283 

121     3.0 34.288668 

122     3.0 32.064796 

123     3.0 32.525139 

124     3.0 41.047580 

125     3.0 31.937194 
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126     3.0 34.728365 

127     3.0 32.525139 

128     3.0 41.047580 

129     3.0 31.937194 

130     3.0 34.728365 

131     4.0 29.394627 

132     4.0 40.931072 

133     4.0 42.936753 

134     4.0 26.135585 

135     4.0 38.097650 

136     4.0 31.322495 

137     4.0 22.143351 

138     4.0 44.145171 

139     4.0 44.060885 

140     4.0 30.642721 

141     4.0 24.196026 

142     4.0 35.391280 

143     4.0 34.101761 

144     4.0 38.250396 

145     4.0 34.550852 

146     4.0 35.752808 

147     4.0 28.315928 

148     4.0 32.660833 

149     4.0 39.600870 

150     4.0 38.760694 

151     4.0 39.826893 

152     4.0 41.527494 

153     4.0 37.179600 

154     4.0 40.223947 

155     4.0 45.125755 

156     4.0 52.139717 

157     4.0 22.490254 

> Scratch<-factor(Scratch) 

 

 

*Create box and whisker plot of brick compressive 

strength vs. Mohs scratch number* 

 

 

> boxplot(Stress~Scratch,ylab="Brick Compressive Strength 

(MPa)",xlab="Scratch Number") 
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Figure 44: Box and whisker plot of brick compressive strength vs. 

scratch number 

 

*Perform the normality test to check if the samples are 

normally distributed or not* 

 

 

> fit<-lm(Stress~Scratch) 

> residuals<-fit$residuals 

> shapiro.test(residuals) 

 

        Shapiro-Wilk normality test 

 

data:  residuals  

W = 0.9842, p-value = 0.07103 

 

 

*P value of 0.07103 means that there is strong evidence 

against null hypothesis, and therefore there is strong 

evidence against the hypothesis that the errors come from 

a normal distribution* 

 

*So, samples are not normally distributed* 

 

*Since data is not normally distributed and does not come 

from equal variance, perform the Kruskal-Wallis test* 

 

 



Ronald Lumantarna 

 

F-377 
 

> kruskal.test(Stress~Scratch) 

 

        Kruskal-Wallis rank sum test 

 

data:  Stress by Scratch  

Kruskal-Wallis chi-squared = 90.7979, df = 2, p-value < 

2.2e-16 

 

 

*Very low p-value implies that the null hypothesis = the 

samples came from identical populations is rejected. This 

strong opposition against the null hypothesis shows that 

the data came from different groups of samples* 

 

*Extract a statistical summary of brick units that had a 

scratch number of 2.5* 

 

 

> BrickNDT.df<-read.csv(file.choose(),header=T) 

> attach(BrickNDT.df) 

> Scratch<-Scratch2.5 

> Stress<-Stress2.5 

> BrickNDT.df 

   Scratch2.5 Stress2.5 

1         2.5 12.805368 

2         2.5 27.747450 

3         2.5 25.008401 

4         2.5  8.889513 

5         2.5 10.351712 

6         2.5 14.309199 

7         2.5 16.218214 

8         2.5 26.646458 

9         2.5 19.912071 

10        2.5 29.968962 

11        2.5 27.650501 

12        2.5 19.582575 

13        2.5 15.795876 

14        2.5 17.830788 

15        2.5 14.046415 

16        2.5 13.047464 

17        2.5 14.197243 

18        2.5 11.465671 

19        2.5 11.848198 

20        2.5 12.343277 

21        2.5 15.291093 

22        2.5 21.317752 

23        2.5 19.050686 

24        2.5 23.514860 

25        2.5 12.847355 
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26        2.5 20.234296 

27        2.5 17.229300 

28        2.5  8.123833 

29        2.5 11.662407 

30        2.5 15.301163 

31        2.5 12.380148 

32        2.5 10.477856 

33        2.5 20.217990 

34        2.5 19.510691 

35        2.5 18.783477 

36        2.5 16.098389 

37        2.5 29.828477 

38        2.5 16.857180 

39        2.5 15.419210 

40        2.5 11.369096 

41        2.5 14.598309 

42        2.5 15.902963 

43        2.5 11.179371 

44        2.5 10.894216 

45        2.5  8.714897 

46        2.5 15.099590 

47        2.5 10.174073 

48        2.5 17.430084 

49        2.5 23.031033 

50        2.5 15.655313 

51        2.5 26.773422 

52        2.5 19.243459 

53        2.5 24.152316 

54        2.5 12.265765 

55        2.5 24.116113 

56        2.5 24.914968 

57        2.5 19.504679 

58        2.5 10.996625 

59        2.5  8.835570 

60        2.5  6.472129 

61        2.5  6.368716 

62        2.5  9.443158 

63        2.5  6.478014 

64        2.5 10.309965 

65        2.5  9.864299 

66        2.5 11.043068 

67        2.5  9.531144 

68        2.5 11.727271 

69        2.5 11.903997 

70        2.5  8.076221 

71        2.5  8.511676 

72        2.5 11.485984 

73        2.5  9.930292 

74        2.5 14.480165 
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75        2.5  7.463592 

76        2.5 14.840372 

77        2.5 15.325155 

78        2.5  9.105516 

79        2.5 10.201111 

80        2.5 13.075276 

81        2.5 12.936478 

82        2.5 19.183812 

83        2.5 16.034271 

84        2.5 13.296084 

85        2.5 10.129170 

86        2.5  9.002169 

87        2.5  5.743823 

88        2.5  9.416471 

89        2.5  7.226105 

> summary(Stress2.5,Scratch2.5) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  5.744  10.310  13.300  14.800  18.780  29.970  

 

 

*Extract a statistical summary of brick units that had a 

scratch number of 3.0* 

 

 

> BrickNDT.df<-read.csv(file.choose(),header=T) 

> attach(BrickNDT.df) 

> Scratch<-Scratch3 

> Stress<-Stress3 

> BrickNDT.df 

   Scratch3  Stress3 

1         3 31.76260 

2         3 35.51356 

3         3 34.92771 

4         3 29.78210 

5         3 37.69750 

6         3 26.58491 

7         3 22.82408 

8         3 26.93166 

9         3 29.93629 

10        3 45.76908 

11        3 22.79860 

12        3 27.66251 

13        3 24.93146 

14        3 21.07051 

15        3 15.55252 

16        3 14.23000 

17        3 14.80815 

18        3 21.74518 

19        3 15.79588 
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20        3 17.83079 

21        3 23.82863 

22        3 22.23419 

23        3 14.95990 

24        3 26.30576 

25        3 21.72480 

26        3 20.99954 

27        3 20.33236 

28        3 18.20334 

29        3 28.32884 

30        3 27.52175 

31        3 42.15028 

32        3 34.28867 

33        3 32.06480 

34        3 32.52514 

35        3 41.04758 

36        3 31.93719 

37        3 34.72836 

38        3 32.52514 

39        3 41.04758 

40        3 31.93719 

41        3 34.72836 

> summary(Stress3,Scratch3) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  14.23   21.72   27.52   27.60   32.53   45.77  

 

 

*Extract a statistical summary of brick units that had a 

scratch number of 4.0* 

 

 

> BrickNDT.df<-read.csv(file.choose(),header=T) 

> attach(BrickNDT.df) 

> Scratch<-Scratch4 

> Stress<-Stress4 

> BrickNDT.df 

   Scratch4  Stress4 

1         4 29.39463 

2         4 40.93107 

3         4 42.93675 

4         4 26.13559 

5         4 38.09765 

6         4 31.32250 

7         4 22.14335 

8         4 44.14517 

9         4 44.06088 

10        4 30.64272 

11        4 24.19603 

12        4 35.39128 
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13        4 34.10176 

14        4 38.25040 

15        4 34.55085 

16        4 35.75281 

17        4 28.31593 

18        4 32.66083 

19        4 39.60087 

20        4 38.76069 

21        4 39.82689 

22        4 41.52749 

23        4 37.17960 

24        4 40.22395 

25        4 45.12575 

26        4 52.13972 

27        4 22.49025 

> summary(Stress4,Scratch4) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  22.14   30.98   37.18   35.92   40.58   52.14  

 

F.2 Statistical analysis on mortar 

R commands: 

 

> MortarNDT.df<-read.csv(file.choose(),header=T) 

> attach(MortarNDT.df) 

> Scratch<-Scratch 

> Stress<-Compression 

> length(Scratch) 

[1] 365 

> length(Stress) 

[1] 365 

 

 

*Reads out the Mohs scratch and compressive strength 

data* 

 

 

> MortarNDT.df 

    Scratch Compression 

1       1.5   1.5998339 

2       1.5   1.0776593 

3       1.5   0.8277331 

4       1.5   1.2003987 

5       1.5   1.1187149 

6       1.5   0.8689066 
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7       1.5   0.8662209 

8       1.5   1.1051990 

9       1.5   0.9243562 

10      1.5   1.0891475 

11      1.5   1.4905843 

12      1.5   0.8061583 

13      1.5   1.1072765 

14      1.5   1.2816405 

15      1.5   1.2425210 

16      1.5   1.3053825 

17      1.5   1.6061098 

18      1.5   1.0306755 

19      1.5   1.1134897 

20      1.5   0.9997154 

21      1.5   5.0180163 

22      1.5   6.8564399 

23      1.5   6.2185768 

24      1.5   1.0576418 

25      1.5   0.9311429 

26      1.5   0.8871014 

27      1.5   1.0727776 

28      1.5   0.8980728 

29      1.5   1.2086619 

30      1.5   1.0431365 

31      1.5   1.1431529 

32      1.5   1.3245142 

33      1.5   1.5091099 

34      1.5   1.9277631 

35      1.5   1.4371557 

36      1.5   1.1211651 

37      1.5   1.1539821 

38      1.5   1.2135111 

39      1.5   1.4614307 

40      1.5   0.9987695 

41      1.5   0.6802483 

42      1.5   0.7302080 

43      1.5   0.5731763 

44      1.5   0.6432828 

45      1.5   0.8913409 

46      1.5   0.7447560 

47      1.5   0.6455809 

48      1.5   1.5868865 

49      1.5   1.3496897 

50      1.5   1.9457719 

51      1.5   1.5093024 

52      1.5   1.6843926 

53      1.5   1.6293132 

54      1.5   3.0158263 

55      1.5   2.1340042 
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56      1.5   0.9425376 

57      1.5   1.1392621 

58      1.5   0.8296171 

59      1.5   1.1484395 

60      1.5   0.8022291 

61      1.5   0.8638935 

62      1.5   0.6555411 

63      1.5   0.5362968 

64      1.5   0.5640813 

65      1.5   0.5080844 

66      1.5   0.8521114 

67      1.5   1.2153809 

68      1.5   0.8071258 

69      1.5   1.3407937 

70      1.5   1.1629150 

71      1.5   0.4673034 

72      1.5   0.3674394 

73      1.5   0.6608315 

74      1.5   0.6133016 

75      1.5   0.8018925 

76      1.5   1.6019673 

77      1.5   1.9946362 

78      1.5   1.3375515 

79      1.5   1.5702304 

80      1.5   2.0447354 

81      1.5   1.1819205 

82      1.5   0.7321292 

83      1.5   1.1507134 

84      1.5   1.0939287 

85      1.5   1.2056685 

86      1.5   1.9853776 

87      1.5   0.9356968 

88      1.5   1.0887136 

89      1.5   1.6215980 

90      1.5   1.6149084 

91      1.5   0.9238560 

92      1.5   1.2887146 

93      1.5   1.1797821 

94      1.5   0.8461288 

95      1.5   1.4082648 

96      1.5   0.8766588 

97      1.5   1.1980880 

98      1.5   0.7782435 

99      1.5   1.0409800 

100     1.5   0.8032991 

101     1.5   1.0354547 

102     1.5   1.1888089 

103     1.5   0.6712142 

104     1.5   0.7386138 



Appendix F: R statistical analysis summary 

 

F-384 

 

105     1.5   0.5986951 

106     1.5   1.1169405 

107     1.5   1.2197392 

108     1.5   1.3761314 

109     1.5   1.1217309 

110     1.5   1.8864415 

111     1.5   1.1561821 

112     1.5   1.1159479 

113     1.5   2.0817788 

114     1.5   2.2462953 

115     1.5   2.2017564 

116     1.5   2.4756310 

117     1.5   2.4594654 

118     1.5   2.6344442 

119     1.5   2.9970281 

120     1.5   0.9835184 

121     1.5   0.9769120 

122     1.5   1.1902190 

123     1.5   1.4343672 

124     1.5   1.3505031 

125     1.5   0.9774494 

126     1.5   1.0799706 

127     1.5   4.0041589 

128     1.5   0.8536531 

129     1.5   1.0822065 

130     1.5   1.4433377 

131     1.5   1.0964130 

132     1.5   1.0914848 

133     1.5   0.7050293 

134     1.5   1.0040603 

135     1.5   0.7961488 

136     1.5   1.1185761 

137     1.5   0.8612361 

138     1.5   1.7901188 

139     1.5   2.4882443 

140     1.5   3.2158210 

141     1.5   2.6130734 

142     1.5   2.8237790 

143     1.5   0.9877390 

144     1.5   0.7416865 

145     1.5   0.8255774 

146     1.5   0.8709310 

147     1.5   0.8619556 

148     1.5   0.7393339 

149     1.5   0.9858478 

150     1.5   0.8150797 

151     1.5   0.5903093 

152     1.5   1.1821747 

153     1.5   0.8133585 
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154     1.5   0.8463152 

155     1.5   0.9489960 

156     1.5   0.7305510 

157     1.5   1.0960420 

158     1.5   2.0887119 

159     1.5   2.1017948 

160     1.5   2.2681582 

161     1.5   2.5864976 

162     1.5   2.6760907 

163     1.5   2.5651624 

164     1.5   1.0144470 

165     1.5   0.8884450 

166     1.5   1.2017334 

167     1.5   0.7671283 

168     1.5   0.7204127 

169     1.5   1.0930535 

170     1.5   0.8699142 

171     1.5   3.2345415 

172     1.5   2.6877197 

173     1.5   3.3053749 

174     1.5   2.4368968 

175     1.5   1.3654592 

176     1.5   1.8351002 

177     1.5   1.7750039 

178     1.5   1.4295908 

179     1.5   1.3095688 

180     1.5   1.5756713 

181     1.5   0.7364761 

182     1.5   0.8104744 

183     1.5   0.9658485 

184     1.5   1.3266656 

185     1.5   1.9462208 

186     1.5   1.3423118 

187     1.5   1.8579976 

188     1.5   1.6589767 

189     1.5   1.3215312 

190     1.5   1.7604866 

191     1.5   1.8341086 

192     1.5   1.7863253 

193     1.5   0.9031658 

194     1.5   0.9249156 

195     1.5   0.8457982 

196     1.5   0.9038005 

197     1.5   0.9767880 

198     1.5   1.0744029 

199     1.5   1.5794000 

200     1.5   1.8024877 

201     1.5   1.8858413 

202     1.5   0.8921164 
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203     1.5   1.9999523 

204     1.5   0.9477073 

205     1.5   1.3883677 

206     1.5   0.7294659 

207     1.5   0.5542293 

208     1.5   0.4736823 

209     1.5   0.5777225 

210     1.5   0.4354888 

211     1.5   1.1227082 

212     1.5   1.2385336 

213     1.5   1.2207769 

214     1.5   1.2550033 

215     1.5   1.1025580 

216     1.5   1.1839499 

217     1.5   0.7730735 

218     1.5   0.5671423 

219     1.5   0.8400699 

220     1.5   0.7903874 

221     1.5   0.8217742 

222     1.5   0.8737499 

223     1.5   0.8120494 

224     2.0   4.0551196 

225     2.0   3.8319265 

226     2.0   4.5519821 

227     2.0   4.9657175 

228     2.0   7.6566501 

229     2.0   6.9333614 

230     2.0   6.7791580 

231     2.0   6.7924461 

232     2.0   6.5971213 

233     2.0   4.2500810 

234     2.0   5.5287382 

235     2.0   4.8324455 

236     2.0   7.0897492 

237     2.0   2.8550063 

238     2.0   3.4248854 

239     2.0   4.1068420 

240     2.0   3.9092936 

241     2.0   3.2907840 

242     2.0   3.7764669 

243     2.0   5.0521680 

244     2.0   3.3684635 

245     2.0   4.7182805 

246     2.0   4.8540950 

247     2.0   4.9474228 

248     2.0   5.4078907 

249     2.0   3.5806777 

250     2.0   2.0745274 

251     2.0   2.1314951 
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252     2.0   2.4039088 

253     2.0   2.5636429 

254     2.0   2.1897815 

255     2.0   2.5398750 

256     2.0   2.7710502 

257     2.0   2.1732976 

258     2.0   2.3298061 

259     2.0   2.4362210 

260     2.0   2.0245159 

261     2.0   2.9804995 

262     2.0   3.0803330 

263     2.0   3.6040332 

264     2.0   2.9983440 

265     2.0   4.3789249 

266     2.0   6.4834339 

267     2.0   4.2690308 

268     2.0   2.6980773 

269     2.0   1.1001907 

270     2.0   1.4319193 

271     2.0   3.2079734 

272     2.0   2.5822584 

273     2.0   2.8867186 

274     2.0   2.5104950 

275     2.0   1.0303938 

276     2.0   3.9358883 

277     2.0   2.7391860 

278     2.0   3.3239148 

279     2.0   3.5675458 

280     2.0   1.8797367 

281     2.0   2.7510541 

282     2.0   2.8583958 

283     2.0   2.3173471 

284     2.0   2.6531326 

285     2.0   4.0329889 

286     2.0   7.9542540 

287     2.0   6.3686081 

288     2.0   4.1262683 

289     2.0   3.3060962 

290     2.0   3.8334426 

291     2.0   6.2037494 

292     2.0   6.7862974 

293     2.0   5.6878359 

294     2.0   3.9889770 

295     2.0   3.8866898 

296     2.0   3.1139937 

297     2.0   3.6860092 

298     2.0   4.0872666 

299     2.0   3.1182374 

300     2.0   4.1992843 
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301     2.0   2.7565399 

302     2.0   3.8172987 

303     2.0   3.4956394 

304     2.0   2.3350043 

305     2.0   2.6707443 

306     2.0   2.6421118 

307     2.0   2.4354081 

308     2.0   2.1742851 

309     2.0   2.8720526 

310     2.0   2.4644108 

311     2.0   2.5588762 

312     2.0   2.1205703 

313     2.0   2.8264506 

314     2.0   3.3159054 

315     2.0   4.6357800 

316     2.5   5.3795457 

317     2.5   4.4382218 

318     2.5  10.3011306 

319     2.5   8.0925906 

320     2.5   9.5019918 

321     2.5   9.4087354 

322     2.5   8.9887114 

323     2.5  10.3342197 

324     2.5   7.8782821 

325     2.5   8.6089274 

326     2.5   9.0385538 

327     2.5   7.2966546 

328     2.5   6.8919398 

329     2.5   7.2047439 

330     2.5  10.0010033 

331     2.5   9.0658163 

332     2.5   7.8461708 

333     2.5   9.3341186 

334     2.5   7.7165038 

335     2.5   6.0693487 

336     2.5   6.4701342 

337     2.5   5.1403469 

338     2.5   5.3892671 

339     2.5   5.0691338 

340     2.5   6.7700880 

341     2.5   6.6137591 

342     2.5   6.1529473 

343     2.5   6.1285831 

344     2.5   4.2474514 

345     2.5   3.9540957 

346     2.5   2.6062656 

347     2.5   8.1673721 

348     2.5  10.7059115 

349     2.5  11.7107204 
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350     2.5  13.4189110 

351     2.5   4.6613472 

352     2.5   3.6445136 

353     2.5   3.7099063 

354     2.5   5.1303291 

355     2.5   9.3439520 

356     2.5   4.9092781 

357     2.5   6.0672903 

358     3.0  19.0502674 

359     3.0  24.4805650 

360     3.0  30.4588183 

361     3.0  20.8342639 

362     3.0  31.5637479 

363     3.0  16.6249783 

364     3.0  25.2228876 

365     3.0  14.7925319 

> Scratch<-factor(Scratch) 

 

 

*Create box and whisker plot of normalised mortar 

compressive strength vs. scratch number* 

 

 

> boxplot(Stress~Scratch,ylab="Mortar Compressive 

Strength (MPa)",xlab="Scratch Number") 

 

 
 

Figure 45: Box and whisker plot of mortar compressive strength 

vs. scratch number 
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*Perform the normality test to check if the samples are 

normally distributed or not* 

 

 

> fit<-lm(Stress~Scratch) 

> residuals<-fit$residuals 

> shapiro.test(residuals) 

 

        Shapiro-Wilk normality test 

 

data:  residuals  

W = 0.8475, p-value < 2.2e-16 

 

 

*Very low p-value implies that the null hypothesis is 

rejected as there is very strong evidence against the 

hypothesis that the errors come from a normal 

distribution* 

 

*So, samples are not normally distributed* 

 

*Since data is not normally distributed and does not come 

from equal variance, perform the Kruskal-Wallis test* 

 

 

> kruskal.test(Stress~Scratch) 

 

        Kruskal-Wallis rank sum test 

 

data:  Stress by Scratch  

Kruskal-Wallis chi-squared = 238.817, df = 3, p-value < 

2.2e-16 

 

 

*Very low p-value implies that the null hypothesis = the 

samples came from identical populations is rejected. This 

strong opposition against the null hypothesis shows that 

the data came from different groups of samples* 

 
*Extract a statistical summary of mortar samples that had 

a scratch number of 1.5* 

 

 

> MortarNDT.df<-read.csv(file.choose(),header=T) 

> attach(MortarNDT.df) 

> Scratch<-Scratch1.5 

> Stress<-Compression1.5 

> MortarNDT.df 

    Scratch1.5 Compression1.5 
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1          1.5      1.5998339 

2          1.5      1.0776593 

3          1.5      0.8277331 

4          1.5      1.2003987 

5          1.5      1.1187149 

6          1.5      0.8689066 

7          1.5      0.8662209 

8          1.5      1.1051990 

9          1.5      0.9243562 

10         1.5      1.0891475 

11         1.5      1.4905843 

12         1.5      0.8061583 

13         1.5      1.1072765 

14         1.5      1.2816405 

15         1.5      1.2425210 

16         1.5      1.3053825 

17         1.5      1.6061098 

18         1.5      1.0306755 

19         1.5      1.1134897 

20         1.5      0.9997154 

21         1.5      5.0180163 

22         1.5      6.8564399 

23         1.5      6.2185768 

24         1.5      1.0576418 

25         1.5      0.9311429 

26         1.5      0.8871014 

27         1.5      1.0727776 

28         1.5      0.8980728 

29         1.5      1.2086619 

30         1.5      1.0431365 

31         1.5      1.1431529 

32         1.5      1.3245142 

33         1.5      1.5091099 

34         1.5      1.9277631 

35         1.5      1.4371557 

36         1.5      1.1211651 

37         1.5      1.1539821 

38         1.5      1.2135111 

39         1.5      1.4614307 

40         1.5      0.9987695 

41         1.5      0.6802483 

42         1.5      0.7302080 

43         1.5      0.5731763 

44         1.5      0.6432828 

45         1.5      0.8913409 

46         1.5      0.7447560 

47         1.5      0.6455809 

48         1.5      1.5868865 

49         1.5      1.3496897 
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50         1.5      1.9457719 

51         1.5      1.5093024 

52         1.5      1.6843926 

53         1.5      1.6293132 

54         1.5      3.0158263 

55         1.5      2.1340042 

56         1.5      0.9425376 

57         1.5      1.1392621 

58         1.5      0.8296171 

59         1.5      1.1484395 

60         1.5      0.8022291 

61         1.5      0.8638935 

62         1.5      0.6555411 

63         1.5      0.5362968 

64         1.5      0.5640813 

65         1.5      0.5080844 

66         1.5      0.8521114 

67         1.5      1.2153809 

68         1.5      0.8071258 

69         1.5      1.3407937 

70         1.5      1.1629150 

71         1.5      0.4673034 

72         1.5      0.3674394 

73         1.5      0.6608315 

74         1.5      0.6133016 

75         1.5      0.8018925 

76         1.5      1.6019673 

77         1.5      1.9946362 

78         1.5      1.3375515 

79         1.5      1.5702304 

80         1.5      2.0447354 

81         1.5      1.1819205 

82         1.5      0.7321292 

83         1.5      1.1507134 

84         1.5      1.0939287 

85         1.5      1.2056685 

86         1.5      1.9853776 

87         1.5      0.9356968 

88         1.5      1.0887136 

89         1.5      1.6215980 

90         1.5      1.6149084 

91         1.5      0.9238560 

92         1.5      1.2887146 

93         1.5      1.1797821 

94         1.5      0.8461288 

95         1.5      1.4082648 

96         1.5      0.8766588 

97         1.5      1.1980880 

98         1.5      0.7782435 
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99         1.5      1.0409800 

100        1.5      0.8032991 

101        1.5      1.0354547 

102        1.5      1.1888089 

103        1.5      0.6712142 

104        1.5      0.7386138 

105        1.5      0.5986951 

106        1.5      1.1169405 

107        1.5      1.2197392 

108        1.5      1.3761314 

109        1.5      1.1217309 

110        1.5      1.8864415 

111        1.5      1.1561821 

112        1.5      1.1159479 

113        1.5      2.0817788 

114        1.5      2.2462953 

115        1.5      2.2017564 

116        1.5      2.4756310 

117        1.5      2.4594654 

118        1.5      2.6344442 

119        1.5      2.9970281 

120        1.5      0.9835184 

121        1.5      0.9769120 

122        1.5      1.1902190 

123        1.5      1.4343672 

124        1.5      1.3505031 

125        1.5      0.9774494 

126        1.5      1.0799706 

127        1.5      4.0041589 

128        1.5      0.8536531 

129        1.5      1.0822065 

130        1.5      1.4433377 

131        1.5      1.0964130 

132        1.5      1.0914848 

133        1.5      0.7050293 

134        1.5      1.0040603 

135        1.5      0.7961488 

136        1.5      1.1185761 

137        1.5      0.8612361 

138        1.5      1.7901188 

139        1.5      2.4882443 

140        1.5      3.2158210 

141        1.5      2.6130734 

142        1.5      2.8237790 

143        1.5      0.9877390 

144        1.5      0.7416865 

145        1.5      0.8255774 

146        1.5      0.8709310 

147        1.5      0.8619556 
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148        1.5      0.7393339 

149        1.5      0.9858478 

150        1.5      0.8150797 

151        1.5      0.5903093 

152        1.5      1.1821747 

153        1.5      0.8133585 

154        1.5      0.8463152 

155        1.5      0.9489960 

156        1.5      0.7305510 

157        1.5      1.0960420 

158        1.5      2.0887119 

159        1.5      2.1017948 

160        1.5      2.2681582 

161        1.5      2.5864976 

162        1.5      2.6760907 

163        1.5      2.5651624 

164        1.5      1.0144470 

165        1.5      0.8884450 

166        1.5      1.2017334 

167        1.5      0.7671283 

168        1.5      0.7204127 

169        1.5      1.0930535 

170        1.5      0.8699142 

171        1.5      3.2345415 

172        1.5      2.6877197 

173        1.5      3.3053749 

174        1.5      2.4368968 

175        1.5      1.3654592 

176        1.5      1.8351002 

177        1.5      1.7750039 

178        1.5      1.4295908 

179        1.5      1.3095688 

180        1.5      1.5756713 

181        1.5      0.7364761 

182        1.5      0.8104744 

183        1.5      0.9658485 

184        1.5      1.3266656 

185        1.5      1.9462208 

186        1.5      1.3423118 

187        1.5      1.8579976 

188        1.5      1.6589767 

189        1.5      1.3215312 

190        1.5      1.7604866 

191        1.5      1.8341086 

192        1.5      1.7863253 

193        1.5      0.9031658 

194        1.5      0.9249156 

195        1.5      0.8457982 

196        1.5      0.9038005 
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197        1.5      0.9767880 

198        1.5      1.0744029 

199        1.5      1.5794000 

200        1.5      1.8024877 

201        1.5      1.8858413 

202        1.5      0.8921164 

203        1.5      1.9999523 

204        1.5      0.9477073 

205        1.5      1.3883677 

206        1.5      0.7294659 

207        1.5      0.5542293 

208        1.5      0.4736823 

209        1.5      0.5777225 

210        1.5      0.4354888 

211        1.5      1.1227082 

212        1.5      1.2385336 

213        1.5      1.2207769 

214        1.5      1.2550033 

215        1.5      1.1025580 

216        1.5      1.1839499 

217        1.5      0.7730735 

218        1.5      0.5671423 

219        1.5      0.8400699 

220        1.5      0.7903874 

221        1.5      0.8217742 

222        1.5      0.8737499 

223        1.5      0.8120494 

> summary(Stress,Scratch) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

 0.3674  0.8616  1.1160  1.3350  1.5400  6.8560  

 

 

*Extract a statistical summary of mortar samples that had 

a scratch number of 2.0* 

 

 

> MortarNDT.df<-read.csv(file.choose(),header=T) 

> attach(MortarNDT.df) 

> Scratch<-Scratch2 

> Stress<-Compression2 

> MortarNDT.df 

   Scratch2 Compression2 

1         2     4.055120 

2         2     3.831927 

3         2     4.551982 

4         2     4.965717 

5         2     7.656650 

6         2     6.933361 

7         2     6.779158 
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8         2     6.792446 

9         2     6.597121 

10        2     4.250081 

11        2     5.528738 

12        2     4.832445 

13        2     7.089749 

14        2     2.855006 

15        2     3.424885 

16        2     4.106842 

17        2     3.909294 

18        2     3.290784 

19        2     3.776467 

20        2     5.052168 

21        2     3.368463 

22        2     4.718281 

23        2     4.854095 

24        2     4.947423 

25        2     5.407891 

26        2     3.580678 

27        2     2.074527 

28        2     2.131495 

29        2     2.403909 

30        2     2.563643 

31        2     2.189782 

32        2     2.539875 

33        2     2.771050 

34        2     2.173298 

35        2     2.329806 

36        2     2.436221 

37        2     2.024516 

38        2     2.980499 

39        2     3.080333 

40        2     3.604033 

41        2     2.998344 

42        2     4.378925 

43        2     6.483434 

44        2     4.269031 

45        2     2.698077 

46        2     1.100191 

47        2     1.431919 

48        2     3.207973 

49        2     2.582258 

50        2     2.886719 

51        2     2.510495 

52        2     1.030394 

53        2     3.935888 

54        2     2.739186 

55        2     3.323915 

56        2     3.567546 
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57        2     1.879737 

58        2     2.751054 

59        2     2.858396 

60        2     2.317347 

61        2     2.653133 

62        2     4.032989 

63        2     7.954254 

64        2     6.368608 

65        2     4.126268 

66        2     3.306096 

67        2     3.833443 

68        2     6.203749 

69        2     6.786297 

70        2     5.687836 

71        2     3.988977 

72        2     3.886690 

73        2     3.113994 

74        2     3.686009 

75        2     4.087267 

76        2     3.118237 

77        2     4.199284 

78        2     2.756540 

79        2     3.817299 

80        2     3.495639 

81        2     2.335004 

82        2     2.670744 

83        2     2.642112 

84        2     2.435408 

85        2     2.174285 

86        2     2.872053 

87        2     2.464411 

88        2     2.558876 

89        2     2.120570 

90        2     2.826451 

91        2     3.315905 

92        2     4.635780 

> summary(Stress,Scratch) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  1.030   2.627   3.346   3.713   4.297   7.954 

  

 

*Extract a statistical summary of mortar samples that had 

a scratch number of 2.5* 

 

 

> MortarNDT.df<-read.csv(file.choose(),header=T) 

> attach(MortarNDT.df) 

> Scratch<-Scratch2.5 

> Stress<-Compression2.5 
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> MortarNDT.df 

   Scratch2.5 Compression2.5 

1         2.5       5.379546 

2         2.5       4.438222 

3         2.5      10.301131 

4         2.5       8.092591 

5         2.5       9.501992 

6         2.5       9.408735 

7         2.5       8.988711 

8         2.5      10.334220 

9         2.5       7.878282 

10        2.5       8.608927 

11        2.5       9.038554 

12        2.5       7.296655 

13        2.5       6.891940 

14        2.5       7.204744 

15        2.5      10.001003 

16        2.5       9.065816 

17        2.5       7.846171 

18        2.5       9.334119 

19        2.5       7.716504 

20        2.5       6.069349 

21        2.5       6.470134 

22        2.5       5.140347 

23        2.5       5.389267 

24        2.5       5.069134 

25        2.5       6.770088 

26        2.5       6.613759 

27        2.5       6.152947 

28        2.5       6.128583 

29        2.5       4.247451 

30        2.5       3.954096 

31        2.5       2.606266 

32        2.5       8.167372 

33        2.5      10.705911 

34        2.5      11.710720 

35        2.5      13.418911 

36        2.5       4.661347 

37        2.5       3.644514 

38        2.5       3.709906 

39        2.5       5.130329 

40        2.5       9.343952 

41        2.5       4.909278 

42        2.5       6.067290 

> summary(Stress,Scratch) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  2.606   5.200   7.048   7.224   9.059  13.420  
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*Extract a statistical summary of mortar samples that had 

a scratch number of 3.0* 

 

 

> MortarNDT.df<-read.csv(file.choose(),header=T) 

> attach(MortarNDT.df) 

> Scratch<-Scratch3 

> Stress<-Compression3 

> MortarNDT.df 

  Scratch3 Compression3 

1        3     19.05027 

2        3     24.48056 

3        3     30.45882 

4        3     20.83426 

5        3     31.56375 

6        3     16.62498 

7        3     25.22289 

8        3     14.79253 

> summary(Stress,Scratch) 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

  14.79   18.44   22.66   22.88   26.53   31.56  

 


