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ABSTRACT: The Aurora Tavern was one example of many heritage unreinforced 

masonry (URM) buildings in New Zealand, and therefore like other existing URM 

buildings, this hotel was vulnerable to damage should a moderate magnitude earthquake 

occur. Refurbishment and strengthening work was being implemented on the building, 

during which in-situ testing was performed to investigate the building’s material 

properties. The URM materials in the Aurora Tavern were generally in poor condition, 

and water ingress was observed at various locations in the building. In-situ deformability 

tests and bed joint shear tests were conducted on-site to determine the masonry stiffness 

and the mortar bed joint shear strength respectively. In addition, individual brick units 

and irregular mortar samples were extracted for compression testing in the laboratory. 

Laboratory mortar compression tests and in-situ deformability tests showed that the 

mortar compressive strength and masonry Modulus of Elasticity were low. However, the 

brick compressive and mortar bed joint shear strengths were comparable to those of other 

buildings that were previously investigated by the research team.  

1 INTRODUCTION 

In New Zealand, unreinforced masonry (URM) was the most popular form of construction between 

the 1880s and 1930s despite its vulnerability to earthquake loading. Many URM buildings still exist 

and have not been strengthened to resist earthquakes. The 1886 built Aurora Tavern (see Figure 1(a)) 

was one such example, and therefore like other existing URM buildings, this tavern was vulnerable to 

damage should a moderate magnitude earthquake occur. The Aurora Tavern was built 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 1(b)). 

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 

the engineers in their strengthening designs. The general observation on the building materials, the 

tests performed and the testing outcome are discussed herein. The importance of URM material 

properties for the seismic analysis of unreinforced masonry structures has been emphasised by a 

number of authors (Russell 2010; Venkatarama Reddy and Gupta 2006). Therefore, a reliable material 

property data is essential to produce accurate seismic assessments, computer models and cost effective 

retrofit designs. 
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(a) Front view (b) Aerial view 

Figure 1. Aurora Tavern prior to demolition 

2 MATERIAL OBSERVATION 

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 2(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 corners (see Figure 2(b)). The masonry condition was better as 

the distance from window opening increased, as shown in Figure 2(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 salt 

crystallisation formed by the water transportation, which 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. 2002). Closer 

observation revealed that marine sand was used in the mortar mix, as sea shells were frequently 

encountered in the mortar joints (see Figure 2(d)). This observation further explains 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. Observations revealed that 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 transportation caused a high level of salt crystallisation, 

which led to significant brick deterioration at locations where water ingress occurred. In addition, 

some brick units were likely to be fired at a lower temperature than others, and therefore were less 

resistant to salt crystallisation (Benavente et al. 2006; Elert et al. 2003). This difference in firing 

temperature was the reason why some bricks were more prone to deterioration than others despite 

being at adjacent locations.   

  

(a) Peeling and flaking of masonry at locations where 

water ingress had occurred 

(b) Vegetation growth at a window corner 

Main 3 Storey 

2 Storey Wing 

2 Storey Extension 

2 Storey Wing 

Victoria Street West 
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(c) Masonry where there was no water ingress (d) Sea shell in mortar 

Figure 2. Observed condition of masonry materials 

3 TESTING PROGRAMME 

In-situ testing and sample extractions 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 sections as shown in 

Figure 3. Section 1 was the location next to a window opening, where water-induced damage was 

most significant. Section 2 was located on the other side of the window opening, where water ingress 

was not observed. The masonry at Section 2 was visually in better condition in comparison to that at 

Section 1 and the deterioration was less pronounced as the distance from the window opening 

increased. Section 3 was visually in the best condition in comparison to the other sections investigated. 

In addition, the masonry at Section 3 appeared to be dry in comparison to the condition at Sections 1 

and 2. 

The tests conducted on-site were the bed joint shear test ASTM C 1531-03 (2003a) and the in-situ 

deformability test ASTM C 1197-04 (2004). Individual brick units and irregular mortar samples were 

extracted for laboratory testing from Sections 1, 2 and 3, 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 are shown in Figure 3. 

   

Section 1: In-situ deformability 

test; brick & mortar extraction 

Section 2: In-situ deformability 

tests; bed joint shear tests; brick & 

mortar extraction 

Section 3: in-situ deformability 

test; brick & mortar extraction 

Figure 3. Locations of tests performed 

3.1 Mortar compressive strength 

The compressive strengths of the mortar joints were determined by compression testing of irregular 

mortar samples following the procedure reported by Valek and Veiga (2005). The standard method of 

evaluation for mortar compressive strength is detailed in ASTM C 109-08 (2008). This method 
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involves testing of 50 mm x 50 mm x 50 mm cube mortar samples, which is generally not achievable 

in existing buildings as most mortar joints are only 12 to 18 mm thick. Consequently, irregular mortar 

samples were instead collected from Aurora Tavern and were cut into approximate cubical shapes 

having two parallel sides (top and bottom), capped using gypsum plaster and tested in compression. 

The mortar compression test setup is shown in Figure 4. 

  

(a) Irregular mortar sample (b) Mortar compression test 

Figure 4. Testing of irregular mortar samples 

The mortar samples were collected from Sections 1, 2 and 3. In order to investigate the influence of 

water-induced damage on the mortar mechanical properties, samples from Sections 1 and 2 were 

separated from samples that were extracted from Section 3. The irregular mortar sample compressive 

strengths (f’j) are reported in Table 1. 

Table 1. Irregular mortar compression test results 

Mortar origin No. of samples Average dimensions f’j (MPa) CoV 

Sections 1 & 2 7 27 mm x 21 mm x 16 mm 1.08 0.20 

Section 3 9 27 mm x 24 mm x 19 mm 1.76 0.24 

Table 1 indicates that the average mortar compressive strength of Sections 1 and 2 was significantly 

lower than that of Section 3 (1.08 MPa as opposed to 1.76 MPa). This difference in the average 

compressive strength emphasised that weathering had a significant influence on the mortar properties, 

and confirmed the visual observation that Section 3 was in a notably better condition in comparison 

with the other two sections. In general, the compressive strengths of mortars from the Aurora Tavern 

were low in comparison to those from other URM buildings reported in Lumantarna et al. (2010).   

3.2 Brick Modulus of Rupture, compressive strength and Modulus of Elasticity 

Individual brick samples were collected from Sections 1, 2 and 3 for laboratory testing. To investigate 

the influence of water-induced damage on the brick properties, the individual bricks 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. 

The extracted brick units were subjected to the laboratory Modulus of Rupture test ASTM C 67-03a 

(2003b) as shown in Figure 5(a). The remaining brick halves from the Modulus of Rupture test were 

then cut using a diamond tipped circular saw and used for the half brick compression test ASTM C 67-

03a (2003b). The half bricks were capped using gypsum plaster prior to compression testing. For the 

frogged bricks in particular, gypsum plaster was used to fill the frogs to enable compression load 

distribution. Displacement gauges were incorporated to measure displacement, and therefore the brick 

stress-strain relationship and Modulus of Elasticity (Eb) were also determined. The stress and strain 

values considered in the calculation of the Modulus of Elasticity were those at 0.05 and 0.70 times the 

maximum compressive strength (f’b). The half brick compression test setup is shown in Figure 5(b). 

The brick Modulus of Rupture (MoR), compression (f’b) and Modulus of Elasticity (Eb) test results are 

presented in Table 2. 
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(a) Modulus of Rupture test (b) Half brick compression test 

Figure 5. Brick testing 

Table 2. Brick unit test results 

Sample Location & Type MoR (MPa) f’b (MPa) Eb (MPa) E/f’b 

1S Section 1, Flat 0.16 6.7 1200 179 

2S Section 2, Flat 0.53 16.7 3860 231 

3S Section 2, Flat 1.01 13.3 5160 388 

4S Section 2, Flat 1.40 13.7 1500 109 

5F Section 2, Frogged 0.47 6.8 770 114 

6F Section 2, Frogged 0.69 5.9 841 143 

7F Section 2, Frogged 0.35 7.9 - - 

8F Section 3, Frogged 0.62 8.0 635 79 

9S Section 3, Flat 1.37 11.9 1420 119 

10S Section 3, Flat 0.93 10.5 1520 145 

11S Section 3, Flat 0.56 14.5 2860 198 

Average of S samples* 0.97 13.9 2640 187 

Average of F samples 0.53 7.1 748 112 

 * Excluding brick 1S 

Table 2 shows that there was a notable difference in the properties of the two different brick types. 

The flat brick units were generally found to be stronger and stiffer than the frogged bricks, where the 

flat bricks had average MoR, f’b and Eb values (excluding brick 1S) of 0.97 MPa, 13.9 MPa and 

2640 MPa respectively, as opposed to 0.53 MPa, 7.1 MPa and 748 MPa for the frogged bricks.  

Brick 1S, which was extracted from the water damaged Section 1, was non-representative of the 

overall brick units and therefore was excluded from the average calculations as it had exceptionally 

low MoR and f’b values in comparison to the other flat bricks. The compressive strength of brick 1S 

was approximately half of the group average (6.7 MPa in comparison to 13.9 MPa), while its Modulus 

of Rupture was close to one sixth of the average (0.16 MPa as opposed to 0.97 MPa). The compressive 

strengths of brick units from the Aurora Tavern were comparable to those from other buildings 

reported in Lumantarna et al. (2010). 

3.3 Masonry Modulus of Elasticity 

The in-situ deformability test ASTM C 1197-04 (2004) was conducted at four different locations 

within the building to investigate the stiffness properties of the masonry. This testing technique was 

moderately destructive, as it required the removal of two horizontal mortar joints for the insertion of 
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the two flat jacks. The flat jack devices were loaded using a pressure controlled hydraulic pump to 

apply vertical confinement pressure to the masonry between the two jacks.  

To monitor displacement, a displacement gauge (spanning across four courses of brickwork) was 

attached between the two flat jacks, and the displacement values were recorded using a data logging 

computer. The vertical confinement pressure was recorded manually as the pressure applied into the 

two flat jacks, which was calibrated to consider the inherent stiffness of the jacks (ASTM 2004). 

Figure 6 shows stress-strain curves from all in-situ deformability tests, derived using the displacement 

readings from the displacement gauge and the vertical confinement pressure. Tests IDT 1 and IDT 2 

were conducted at Section 2 (refer to Figure 6), and test IDT 2 was located closer to the window 

opening. Tests IDT 3 and IDT 4 were conducted at Sections 1 and 3 respectively.  

The masonry at location IDT 3, which was located at the water damaged Section 1, had the lowest 

value of Modulus of Elasticity in comparison to other test locations (Em = 299 MPa). Failure in the 

masonry between the two flat jacks was also observed at an axial compression load of 1.22 MPa.  

These low test results were consistent with the low compressive strength of brick 1S and the low 

average mortar compressive strength from Sections 1 and 2. 

The Modulus of Elasticity at location IDT 2 (445 MPa) was lower than that at location IDT 1 

(638 MPa) although both tests were conducted at Section 2. This difference was possibly due to the 

higher level of deterioration at location IDT 2, as this test location was closer to the window opening 

than location IDT 1. The variability in the state of deterioration was also in agreement with the earlier 

observation that deterioration was less pronounced away from the window opening.  

Although test IDT 4 was conducted at Section 3, which was in the best condition in comparison to the 

other sections, the measured value of the masonry Modulus of Elasticity was not greater than at 

location IDT 1 (612 MPa as opposed to 638 MPa). This low test result was attributed to the 

discontinuity of the wall at Section 3 (Refer to Figure 6), and therefore the test location was less 

confined than those at Sections 1 and 2. The Em values from the Aurora Tavern were low when 

compared to those from other buildings reported in Lumantarna et al. (2010) 

 

 

 

(a) Stress-strain curves at different test locations (b) Typical in-situ deformability test 

Figure 6. Masonry stress-strain relationship derived from in-situ deformability test 

3.4 Bed joint shear strength 

Five in-situ bed joint shear tests were performed following ASTM C 1531-03 (ASTM 2003a). 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 bed joint movement (see Figure 7).  
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Figure 7. In-situ bed joint shear test 

A displacement gauge was attached on the wall face adjacent to the vertical joint cut to monitor the 

lateral displacement, and therefore the bed joint shear strain was derived. The hydraulic jack was 

loaded using a pressure controlled hydraulic pump until bed joint sliding failure occurred. The bed 

joint shear strength was derived from the load cell values. The bed joint lateral Modulus of Elasticity 

was calculated as the slope on the stress-strain curve between 0.05 and 0.70 times the maximum shear 

stress (τ). Bed joint shear tests were performed at Section 2, and the bed joint shear strength (τ) and 

lateral bed joint Modulus of Elasticity (Ex) are presented in Table 3 in the order of their location with 

respect to the window opening. 

Table 3. In-situ shear test results 

Test Number τ (MPa) Ex (MPa) 

IS1 0.11 33 

IS2 0.15 131 

IS3 0.32 230 

IS4 0.20 185 

IS5 0.24 313 

Table 3 reveals that the bed joint shear strength (τ) at Section 2 generally rose as the distance from the 

window opening increased, with an average τ of 0.204 MPa. Location IS1 (shown in Figure 7) 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 further 

locations relative to the window opening in comparison to tests IS1 and IS2, hence the bed joint shear 

strengths were higher. The difference between the bed joint shear strengths at locations IS3, IS4 and 

IS5 was signified by the variability in the mortar properties.   

The difference in the lateral Modulus of Elasticity of the mortar bed joints (Ex) between each test 

location was more apparent in comparison to the shear strength (τ). For example, location IS1 had a 

far lower lateral Modulus of Elasticity (33 MPa) in comparison to other test locations, whilst the 

difference in the bed joint shear strength was not as significant (refer to Table 3). In general, the bed 

joint shear test results from the Aurora Tavern were comparable to those from other buildings reported 

by Lumantarna (2010). 

4 CONCLUSION 

A number of authors (Russell 2010; Venkatarama Reddy and Gupta 2006) have expressed the 

importance of URM material properties for the seismic analysis of unreinforced masonry structures. 

Field material testing is important as it provides a reliable material property data that is essential to 

produce accurate seismic assessment, computer model and cost effective retrofit design. 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, the wide variability in material properties was apparent.  

Increasing 

distance from 

window opening 

Displacement 
gauge 

Load cell Hydraulic jack 
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Material deterioration was difficult to quantify, but the experimental results clearly showed that water 

ingress significantly influenced the URM material properties, where masonry that was close to the 

location of water ingress had poor mechanical properties when compared to that located away from 

the water ingress. The presence of sea shells in mortar joints has to be noted, as it suggests the use of 

marine sand 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. It was found that in general, the masonry Modulus of 

Elasticity (Em), mortar bed joint shear strength (τ) and lateral bed joint Modulus of Elasticity (Ex) 

increased as the distance from the location of water ingress increased. Finally, although the mortar 

compressive strength and masonry Modulus of Elasticity were in general low when compared to URM 

buildings reported by Lumantarna et al. (2010), the brick compression test and mortar bed joint shear 

test results from the Aurora Tavern were comparable to those from other buildings that were 

previously investigated by the research team.  
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