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ABSTRACT 12 

Mortar is a principal structural component of unreinforced masonry (URM) buildings, with 13 

mortar mechanical properties having an important influence on the behaviour of URM 14 

buildings when subjected to earthquake induced shaking. However, the mechanical 15 

properties of in-situ mortar have long been known to be difficult to obtain. Recommendations 16 

on mortar properties for preliminary assessment of URM buildings, as well as details of field 17 

assessment procedures for in-situ mortar characterisation have been previously suggested 18 

in national standards and guidelines in the USA, New Zealand and seismically active 19 

countries in Europe. An experimental study was implemented in order to investigate an 20 

improved characterisation procedure for vintage mortars, to be used by structural 21 

engineering practitioners with the aim to improve the accuracy of building seismic 22 

assessments, computer modelling and subsequent seismic retrofit designs. The tested 23 

mortar samples were extracted from 60 different vintage URM buildings throughout New 24 

Zealand. A non-standard mortar compression test procedure was developed, and an 25 

alternative in-situ assessment technique to estimate mortar compressive strength was 26 

investigated. Supplementary tests to estimate the mortar aggregate/binder ratio and to 27 

predict the presence of cement in the mortar are also discussed. 28 

1 INTRODUCTION 29 

Mortar is a principal structural component of unreinforced masonry (URM) buildings, and 30 

therefore the mechanical properties of mortar need to be understood in order to study the 31 

structural behaviour of this building type. Vintage URM buildings, such as typically 32 



encountered in New World countries of North America and European colonies in the 33 

Southern Hemisphere, are particularly vulnerable to severe damage and potential collapse 34 

during earthquake induced shaking (Dizhur et al. 2010; Dizhur et al. 2011; Moon et al. 2014). 35 

The mechanical properties of mortar have particular importance when assessing the likely 36 

behaviour of URM buildings in earthquakes. Similar to that of clay bricks, the mortar 37 

compressive strength is used in the prediction of masonry compressive strength, which 38 

furthermore is the basis for estimating masonry Modulus of Elasticity and stress-strain 39 

behaviour (Kaushik et al. 2007a; Kaushik et al. 2007b; Lumantarna et al. 2014)). However, 40 

determining the compressive strength of in-situ mortar has long been known to be difficult. 41 

Previous researchers (Moropoulou et al. 2000; Moropoulou et al. 2005; Papayianni 2006; 42 

Cizer et al. 2008) have focused primarily on the chemical and microstructural analyses of 43 

mortar, which enabled in-depth characterisation of the mineralogical and chemical 44 

constituents of the mortar mix. This primary focus on the chemical and microstructural 45 

analyses was due to the difficulty in extracting mortar samples of a representative quantity 46 

and size from existing buildings which typically have high heritage value associated with 47 

them. Given that the mortar samples that are extracted from existing buildings are almost 48 

always of an irregular geometry and due to the lack of knowledge in performing compression 49 

tests on mortar samples having non-standard dimensions (Drdácký et al. 2008; Magalhães 50 

and Veiga 2009) physical testing of extracted mortar samples was typically not undertaken.  51 

A number of authors (Valek and Veiga 2005; Drdácký et al. 2008; Magalhães and Veiga 52 

2009) have previously investigated different methods for the compression testing of non-53 

standard mortar samples and have attempted to interpret the compression test results. Also, 54 

methods to predict mortar compressive strength in-situ were proposed by previous 55 

researchers (RILEM 1997b, a; Rocky Mountain Masonry Institute et al. 1999) for potential 56 

application in situations when mortar sample extraction is not possible. Recommended 57 

mortar properties for preliminary assessment of URM buildings are provided by NZSEE 58 

(2006).  59 

A study was undertaken to seek an improved characterisation procedure for New Zealand 60 

mortars found in vintage URM buildings to be used by industry practitioners in order to 61 

improve the accuracy of building seismic assessments, computer modelling and subsequent 62 

seismic retrofit designs. A compression test procedure was developed for non-standardised 63 

mortar sample sizes, and an alternative in-situ assessment technique to estimate mortar 64 

compressive strength was investigated. Supplementary tests that were conducted in order to 65 

estimate the mortar aggregate/binder ratio and to predict the presence of cement in the 66 

mortar as suggested by (Moropoulou et al. 1995; Biggs and Forsberg 2001; Sabbioni et al. 67 

2001; Middendorf et al. 2005) are also presented and discussed in the subsequent sections. 68 



2 TYPES OF MORTAR 69 

An ordinary lime based mortar is made from a mixture of sand, water and quicklime, either in 70 

the form of hydraulic lime or non-hydraulic lime. Lime and sand are firstly mixed thoroughly 71 

on a platform or in a container in order to avoid contact with potential impurities. When lime 72 

putty is used, the lime putty is sieved prior to mixing with sand (Mulligan 1942; McKay 1947; 73 

Mortar Industry Association 2004). 74 

Cement based mortar was introduced following the invention of Portland cement in the 19th 75 

century. Cement mortar has a faster setting time and is known to have a high mechanical 76 

strength and low level of porosity in comparison to lime mortars (Mulligan 1942; McKay 77 

1947; Palomo et al. 2004).  78 

Cement-lime mortar is made from a proportioned mixture of lime, Portland cement, sand and 79 

water. Due to the faster setting time of Portland cement, lime and sand are first mixed, and 80 

the cement is added to the mix shortly before the mortar is used. Cement-lime mortar has 81 

the merits of both pure cement mortars and pure lime mortars, where it has the workability, 82 

deformation capacity and autogenous healing ability of a lime mortar whilst also having the 83 

bond quality and compressive strength of a cement mortar. These properties can be varied 84 

by altering the cement : lime proportion (McKay 1947; Tate 2005). ASTM C 270 - 08a 85 

(2008b) presented the categorisation of cement-lime mortars into five different groups 86 

according to their mix proportions by volume. 87 

Lime-pozzolan mortar is a lime mortar that also contains pozzolanic materials. The reaction 88 

between pozzolanic materials and lime enhances the mechanical strength of the mortar, and 89 

therefore lime-pozzolan mortar generally has a higher mechanical strength than an ordinary 90 

lime mortar. However, lime-pozzolan mortar has a higher level of porosity, and consequently 91 

a lower compressive strength than does cement based mortars. Lime-pozzolan mortar also 92 

has similar deformation characteristics to lime mortar, and therefore lime-pozzolan mortar 93 

can accommodate minor movements within the building structure (Martinez-Ramirez and 94 

Thompson 1999; Palomo et al. 2004; Papayianni and Stefanidou 2006).  95 

3 TESTING PROGRAMME 96 

An experimental programme was undertaken to determine the compressive strength of 97 

mortar samples extracted from existing New Zealand URM buildings and to identify an 98 

adequate non-destructive assessment technique to predict the mortar compressive strength 99 

in-situ. The experimental programme was divided into two stages.    100 



3.1 Stage 1 of testing programme 101 

The Mohs hardness test and the irregular mortar compression test were performed on 365 102 

irregular mortar samples that were extracted from 60 existing New Zealand URM buildings. 103 

Similar to that performed by Válek and Veiga (2005), the irregular mortar samples were cut 104 

using a diamond tipped circular saw to form parallel top and bottom loading surfaces. These 105 

samples were furthermore trimmed to form approximately rectangular test pieces as shown 106 

in Figure 1a. The cutting process was controlled to minimise disturbance to the mortar 107 

samples, which were then capped using gypsum plaster to ensure a flat loading surface.  108 

Prior to compression testing, the rectangular test pieces were subjected to the Mohs scratch 109 

test, which was modified to be suitable for use on vintage mortars (referred to here as the 110 

“modified Mohs scratch test”). Because the Mohs minerals are not commonly available, and 111 

with the aim to simplify the scratch test for possible future use by industry practitioners, 112 

materials which are known to have similar hardness values to the Mohs minerals (denoted 113 

as “equivalent materials”) were sourced (Nicholson and Shaw 2000; MineralTown 2010). 114 

The validity of adopting these equivalent materials was confirmed by testing 365 mortar 115 

specimens that were extracted from 60 different building sites. The mortar surface was 116 

cleaned and levelled using a 400 grit sandpaper prior to performing the modified Mohs 117 

scratch test (see Figure 1b).  118 

Table 1 shows the number of mortar samples that were scratched using both the actual 119 

Mohs minerals and the equivalent materials. Most field extracted mortar samples were found 120 

to have hardness values corresponding to being scratched by gypsum, which was equivalent 121 

to being scratched by a fingernail. However, extremely weak mortars could be easily 122 

scratched using a fingernail, where the mortar was scraped (heavily raked) and the particles 123 

became loose as the fingernail was drawn along the sample. When this scraping of mortar 124 

occurred, a Mohs number of 1.5 was assigned. A Mohs number of 2 was assigned when a 125 

fingernail left an indented scratch mark in the mortar while the mortar was not heavily raked.  126 

It was found that the strongest mortars incorporated in the experimental programme were 127 

scratched using calcite or an aluminium pick. 128 

Following the scratch tests, the mortar samples were tested in compression using a 100 kN 129 

Instron machine. It is noted that these mortar samples were in irregular shapes, having 130 

various height to thickness (h/t) ratio and thickness to length (t/l) ratio. Drdácký et al. (2008) 131 

described that the influence of sample dimensions on the mortar compressive strength was 132 

apparent, and therefore the compression test results required normalisation with respect to a 133 

sample having an h/t ratio and a t/l ratio of 1.0. Lumantarna (2012) describes the 134 

development of compressive strength correction factors to normalise mortar samples having 135 



a height to thickness (h/t) ratio and a thickness to length (t/l) ratio other than 1.0. Thus, all 136 

mortar samples included in the experimental programme were normalised using the mortar 137 

compressive strength normalisation technique described by Lumantarna (2012). Figure 2 138 

shows the compression testing of irregular mortar samples. 139 

3.2 Stage 2 of testing programme 140 

Mortar samples from each group were disaggregated using a hammer, and then crushed 141 

into a fine powder using a grinding mill, as shown in Figure 3. The powder samples were 142 

used for 2 different tests: the acid digestion test and the powder X-ray diffraction analysis. 143 

3.2.1 Acid digestion test 144 

18 field extracted and 11 laboratory constructed mortar sample groups were subjected to the 145 

acid digestion test. The acid digestion test was performed following the procedure prescribed 146 

in Rilem TC 167-COM (Middendorf et al. 2005), and 10 grams of powder from each sample 147 

group was used for the acid digestion test. It is noted that the acid digestion test shall not be 148 

performed when the mortar aggregate consists of calcareous sand. The sand used for the 149 

mixing of heritage mortars was likely to have originated from quarries, river beds or beaches 150 

near the construction area. Knowing that the presence of limestone is one indicator of the 151 

presence of calcareous sand, a geological map of New Zealand was used to study the 152 

locations of limestone in New Zealand, and therefore the presence of calcareous sand in the 153 

mortar could be predicted (White 2003; GNS Science 2011b, a). The cities where the 154 

extraction of mortar samples was performed are summarised in Table 2, showing the types 155 

of rocks present in those regions. Based on the geological map of New Zealand (White 156 

2003; GNS Science 2011b, a) and Table 2 it was shown that limestone is not present in the 157 

cities where the extraction of mortar samples was performed. This finding suggests that the 158 

aggregates used for the mixing of field extracted mortar samples included in this 159 

experimental programme were likely to be non-calcareous. It was then assumed that 160 

performing the acid digestion test on these field extracted mortar samples was appropriate. 161 

Table 3 shows the 11 different mortar grades constructed in the laboratory using ordinary 162 

Portland cement, hydrated lime and river sand. Most of these mortar mixes were selected 163 

following the recommendations provided in NZSEE (2006) and ASTM C 270 - 08a (2008b), 164 

except for mortar grades d, f, h and k, which were chosen in order to vary the mortar 165 

binder:aggregate ratio. These mortar samples were left to cure for at least 28 days at room 166 

temperature (20 ± 5º C) before being ground into powder and subjected to the acid digestion 167 

test. The incorporation of these laboratory constructed samples was intended for calibrating 168 

the accuracy of the acid digestion test, and to observe whether the acid digestion test would 169 



enable variations in the mortar binder:aggregate ratio to be identified. Figure 4 shows the 170 

acid digestion test procedure. It is noted that after the acid digestion test, separation 171 

between the liquid and the aggregate was achieved using a centrifuge which rotated at 4000 172 

rounds per minute (see Figure 4 (b) and (c)). 173 

3.2.2 Powder X-ray diffraction analysis 174 

22 field extracted mortar sample groups were subjected to the powder X-ray diffraction 175 

analysis technique. It is noted that for the research reported herein, the focus was to use the 176 

powder XRD analysis to aid the identification of the binder constituents, such as to identify 177 

the presence of cement in the mortar extracted from existing URM buildings. Therefore, 178 

knowledge of the constituents present within cement was considered to be important. 179 

The powder X-ray diffraction analysis was performed to predict the presence of cement in 180 

the mortar mix, by considering the presence of mineral phases as well as the average mortar 181 

compressive strength. The fine powder from mortar samples was placed on a disc and fed 182 

into the XRD machine (Rigaku D/max-2500) with Cu Kα radiation at a scanning speed of 2° 183 

2θ increment per minute. It is also noted that the powder X-ray diffraction analysis was used 184 

only as an indicative measure due to its semi-quantitative nature.  185 

4 DESCRIPTION OF FIELD SITES 186 

Mortar samples were extracted from 60 different field sites throughout New Zealand as 187 

described below. 188 

 Avon House in Wellington (site AH) is a heritage residential house which was 189 

scheduled for reinstatement, and the opportunity for field testing was provided by the 190 

consulting engineer to determine the building’s material properties, facilitating 191 

improved accuracy of the retrofit design;  192 

 Site BC was the heritage Rob Roy Hotel, a three storey heritage URM building; 193 

 Site HC was the Old High Court building in Wellington. The building was scheduled 194 

for restoration in 2008, and therefore provided an opportunity to obtain samples for 195 

laboratory testing; 196 

 Site RB was a two storey Irish Pub in Central Auckland which was demolished in 197 

March 2009; 198 

 Site TA was a single storey horse stable at Te Awamutu, Waikato. The building was 199 

scheduled for demolition due to subdivision purposes; 200 



 Site CFK was the 1910 Campbell Free Kindergarten, intersection between Victoria 201 

Street West and Franklin Road. This building was scheduled for seismic 202 

strengthening; 203 

 Site D was a single storey warehouse at Dominion Road, Auckland that was 204 

demolished in early 2010; 205 

 Site AL is a two storey, stand-alone commercial building that was damaged during 206 

the 20 December 2007 Magnitude 6.8 Gisborne earthquake, and therefore this 207 

building was scheduled for reinstatement; 208 

 Site AU was the Aurora Tavern built in 1886, which is located in Auckland’s Central 209 

Business District. The building was demolished in 2011. Samples AUST and AUW 210 

both originated from this building, but were in noticeably different condition; 211 

 Site MR was the two storey Manuka Restaurant in Devonport, Auckland.; 212 

 Sites C1 to C51 were unreinforced masonry buildings in the Canterbury area that 213 

were damaged during the 2010-2011 Canterbury Earthquakes. Two different types of 214 

mortar samples were collected from site C11: ordinary mortar samples (C11 215 

samples) and yellow coloured mortar samples (C11y samples). 216 

5 TEST RESULTS AND DISCUSSION 217 

5.1 Stage 1 test results 218 

The irregular mortar compressive strengths (𝑓𝑗𝑖
′ ) and modified Mohs scratch test results (MH) 219 

are presented in Table 4. The measured irregular mortar compressive strengths were 220 

adjusted following Lumantarna (2012) to normalise the compressive strengths of mortar 221 

samples having irregular dimensions to the compressive strength of a mortar sample having 222 

an h/t ratio and a t/l ratio of 1.0. These adjusted compressive strengths are referred to as the 223 

normalised mortar compressive strengths (𝑓 𝑗
′).The average measured irregular mortar 224 

compressive strengths and the average normalised mortar compressive strengths varied 225 

from 0.75 MPa to 38.58 MPa and from 0.53 MPa to 25.88 MPa respectively. Table 4 also 226 

illustrates that the coefficients of variation (CoV) of the normalised mortar compressive 227 

strengths were mostly lower than those of the measured irregular mortar compressive 228 

strengths, showing that the variation in the irregular mortar compression test results was 229 

reduced as the individual test results were normalised. This decrease in variability shows 230 

that the normalisation technique prescribed in (Lumantarna 2012) was adequate for 231 

normalising the compressive strength of irregular mortar samples. 232 

The average Mohs hardness number (MH) of each field extracted mortar group is also 233 

shown in Table 4. It was found that the normalised mortar compressive strength generally 234 



increased with an increase in the Mohs scratch number. The Mohs scratch numbers were 235 

generally consistent within each mortar group, except for some mortar groups where slight 236 

variability in the scratch numbers was observed. Figure 5 illustrates the relationship 237 

between the normalised mortar compressive strength and the Mohs scratch number. The 238 

majority of the samples (315 samples out of 365 samples) were scratched using a fingernail, 239 

where 223 samples out of 315 samples could be scratched easily using a fingernail. There 240 

were 42 and 8 mortar samples that were scratched using an aluminium pick and a copper 241 

coin respectively. 242 

The normalised mortar compressive strength-Mohs scratch number relationship was 243 

expressed using the box and whisker plot shown in Figure 5, with data calculated according 244 

to Peck et al. (2009). The group median was used to express each mortar category (each 245 

box and whisker plot) as median is less influenced by data extremes than is the mean, and 246 

therefore was considered to be suitable when dealing with a large data population. Figure 5 247 

shows that the median normalised compressive strengths of mortar samples having scratch 248 

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 249 

respectively. It is noted that mortar groups C15 and C39 were modern repointing mortars 250 

that were likely to be cement based, and therefore these mortar groups had high 251 

compressive strengths and scratch numbers of 3.0. 252 

The test data was further analysed to determine the presence of statistical differences 253 

between the four mortar categories. The Kruskal-Wallis test revealed that each mortar 254 

category originated from samples which had a distinct median, suggesting that the modified 255 

Mohs scratch test is an adequate technique to categorise mortar samples according to their 256 

compressive strengths. However, each Mohs scratch number represents a wide mortar 257 

compressive strength range, and thus this testing technique should be reserved for cases 258 

where there is no budget available for destructive testing and should only be used when 259 

extraction of samples from heritage URM buildings is not permitted. 260 

5.2 Stage 2 test results 261 

5.2.1 Acid digestion test results 262 

The main aim of the acid digestion test for the laboratory constructed mortar samples was to 263 

compare the actual mortar aggregate to binder (A/B) ratio with the mortar aggregate to 264 

binder ratio estimated using the acid digestion test. It is noted that whilst the mortar C:L:S 265 

ratio and the commonly known aggregate:binder ratio of 3:1 were prescribed as volumetric 266 

proportions, the acid digestion test measured the mass proportions of the binder and the 267 

aggregate. Therefore, the apparent, non-compacted densities of the cement (𝜌𝑐), hydrated 268 



lime (𝜌𝑙) and river sand (𝜌𝑠) used for mixing these mortar samples were determined by filling 269 

containers of a known volume and weighing them. The non-compacted density was 270 

measured because masons 100 years ago used proportions of non-compacted cement, lime 271 

and sand when constructing vintage URM buildings. The non-compacted densities of the 272 

cement (𝜌𝑐), hydrated lime (𝜌𝑙) and river sand (𝜌𝑠) used were found to be 1,065 kg/m3, 273 

408 kg/m3 and 1,004 kg/m3 respectively. Using the relationship prescribed in Equation (1) 274 

and Equation (2), the actual mass C:L:S proportion (𝐴𝑐𝑡 𝑚𝑐,𝑙,𝑠) for each mortar mix was 275 

determined.  276 

For the acid digestion test results, the estimated mass of the sand, 𝐸𝑠𝑡 𝑚𝑠, was equated to 277 

the mass of the remainder of the acid digestion test, 𝑚𝑎 (see Equation (3)). The mass of the 278 

digested proportion (mass of binder, 𝑚𝑏) was separated into the estimated masses of 279 

cement and lime (𝐸𝑠𝑡 𝑚𝑐 and 𝐸𝑠𝑡 𝑚𝑙) as per Equation (4) and Equation (5). The estimated 280 

volumetric proportions of cement, lime and sand from the acid digestion test results were 281 

calculated using Equation (6), Equation (7) and Equation (8). Lastly, the actual and the 282 

estimated volumetric aggregate to binder (A/B) ratios were calculated as per Equation (9). 283 

These calculated results are shown in Table 5 and Figure 6. It is noted that the calculated 284 

results are presented as a ratio with respect to the material which had the lowest mass or 285 

volumetric proportion. 286 

 𝜌 =
𝑚

𝑉
 

 
 

(1) 

 𝐴𝑐𝑡 𝑚𝑐,𝑙,𝑠 = 𝐴𝑐𝑡 𝑉𝑐,𝑙,𝑠 × 𝜌𝑐,𝑙,𝑠 

 
 

(2) 

 𝐸𝑠𝑡 𝑚𝑠 = 𝑚𝑎 

 
 

(3) 

 
𝐸𝑠𝑡 𝑚𝑐 = 𝑚𝑏 ×

𝐴𝑐𝑡 𝑚𝑐

𝐴𝑐𝑡 𝑚𝑐 + 𝐴𝑐𝑡 𝑚𝑙
 

 
 

(4) 

 
𝐸𝑠𝑡 𝑚𝑙 = 𝑚𝑏 ×

𝐴𝑐𝑡 𝑚𝑙

𝐴𝑐𝑡 𝑚𝑙 + 𝐴𝑐𝑡 𝑚𝑐
 

 
 

(5) 

 
𝐸𝑠𝑡 𝑉𝑐 =  

𝐸𝑠𝑡 𝑚𝑐

𝜌𝑐
 

 
 

(6) 

 
𝐸𝑠𝑡 𝑉𝑙 =  

𝐸𝑠𝑡 𝑚𝑙

𝜌𝑙
 

 
 

(7) 

 
𝐸𝑠𝑡 𝑉𝑠 =  

𝐸𝑠𝑡 𝑚𝑠

𝜌𝑠
 

 
 

(8) 

 
𝑉𝑜𝑙. 𝐴 𝐵 =

𝑉𝑠

(𝑉𝑐 + 𝑉𝑙)
⁄  

(9) 



where: 287 
𝐴𝑐𝑡 𝑚𝑐,𝑙,𝑠 = Actual mass of cement, lime or sand 288 
𝐴𝑐𝑡 𝑉𝑐,𝑙,𝑠  = Actual volume of cement, lime or sand 289 
𝐸𝑠𝑡 𝑚𝑐,𝑙,𝑠 = Mass of cement, lime or sand estimated using acid digestion 290 
𝐸𝑠𝑡 𝑉𝑐,𝑙,𝑠  = Volume of cement, lime or sand estimated using acid digestion 291 
𝑚𝑎  = Mass of aggregate = the remainder from acid digestion 292 
𝑚𝑏  = Mass of binder = material digested by acid 293 
𝑚  = Mass, kg 294 
𝜌  = Density, kg/m3 295 
𝜌𝑐,𝑙,𝑠  = Density of cement, lime or sand 296 
𝑉  = Volume, m3 297 
𝑉𝑜𝑙. 𝐴 𝐵⁄  = Volumetric aggregate to binder ratio 298 
 299 
Table 6 and Figure 6 show that the estimated aggregate/binder volumetric ratios were 300 

mostly close to the actual aggregate/binder volumetric ratios, although there were 301 

differences between the estimated and the actual ratios for some mortar mixes. Figure 6 302 

also shows that in general, the actual aggregate/binder volumetric ratios were approximately 303 

24% greater than the estimated aggregate/binder volumetric ratios (with an R2 value of 304 

82%). This difference was possibly present due to inconsistency in the mortar mix and the 305 

loss of material during the testing process. However, the 24% difference was considered to 306 

be reasonable and adequate in order to obtain an indicative measure of the mortar 307 

aggregate/binder ratio, and therefore the acid digestion test was performed on field extracted 308 

mortar samples that originated from 18 different New Zealand URM buildings. 309 

It was theorised that the lime used for the construction of vintage New Zealand heritage 310 

mortars was traditional lime putty instead of pre-bagged hydrated lime. Previous authors 311 

(Margalha et al. 1985; ASTM 2008a) have recommended lime putty densities varying from 312 

800 kg/m3 to 1,400 kg/m3, which were close to the density of the cement used to construct 313 

the laboratory constructed mortars included in this experimental programme (1,065 kg/m3). 314 

Therefore, the densities of cement and lime putty for the field extracted mortars were both 315 

assumed to be equal to 1,000 kg/m3 for ease of estimating the aggregate/binder volumetric 316 

proportion. The density of the aggregate (sand) in heritage mortars was assumed to be 317 

similar to the density of the sand used to construct the laboratory constructed mortars 318 

included in this experimental programme (1,004 kg/m3). 319 

The acid digestion test results of the field extracted mortars are shown in Table 6  and 320 

Figure 7. It is noted that the calculated results are presented as a ratio with respect to the 321 

material which had the lowest mass or volumetric proportion. The mass of aggregate (𝑚𝑎) 322 

was equated to the remainder of the acid digestion test, whilst the mass of binder (𝑚𝑏) was 323 

equated to the digested proportion. The mass proportions of the binder and the aggregate 324 

were then converted to volumetric proportions as per Equation (10): 325 

 𝐸𝑠𝑡 𝑉𝑎,𝑏 =  
𝑚𝑎,𝑏

𝐴𝑠𝑢 𝜌𝑎,𝑏

 (10) 



where: 326 
𝐸𝑠𝑡 𝑉𝑎,𝑏  = Estimated volume of aggregate or binder 327 
𝐴𝑠𝑢 𝜌𝑎,𝑏  = Assumed aggregate (1,004 kg/m3) or binder (1,000 kg/m3) density 328 

 329 

Whilst being consistent with the above mentioned assumptions associated with the 330 

aggregate and binder densities, Table 6 and Figure 7 show that in general, the tested 331 

heritage mortar samples were likely to be constructed following the widely known 3:1 332 

aggregate to binder ratio. Where present, variation in the estimated aggregate/binder 333 

volumetric ratio was attributed to the difference between the assumed binder density and the 334 

actual binder density, and to inconsistencies in the construction process. Some mortar 335 

groups, in particular groups CFK and C6, had high estimated aggregate/binder volumetric 336 

ratios (6.1 and 4.7 respectively). These high estimated aggregate/binder volumetric ratios 337 

were either due to inaccuracy of the estimated aggregate and binder densities, 338 

inconsistencies in the construction process, or because these mortars were not mixed 339 

following the widely known 3:1 aggregate to binder ratio. Also, Table 6 shows that the 340 

masses of the aggregate (remainder from the acid digestion test) were significantly higher 341 

than the masses of the digested binder, which implied that the aggregates were not digested 342 

by the HCL solution. This non-digestive nature suggested that these aggregates were non-343 

calcareous, in agreement with the study of the geological map of New Zealand (see section 344 

3.2.1), where it was theorised that calcareous sand was unlikely to be present in the cities 345 

where sample extractions were performed. In alignment with the findings of Biggs and 346 

Forsberg (2001), the above observations show that although the acid digestion test is 347 

associated with a degree of uncertainty and inaccuracy, this testing technique is an 348 

adequate tool to obtain an indicative measure of the aggregate/binder ratio of heritage 349 

mortars, given that the aggregate used was non-calcareous and that reasonable 350 

assumptions on the material densities were adopted.  351 

5.2.2 Powder X-ray diffraction analysis results 352 

The results of the powder X-ray diffraction analysis are detailed in Table 7. As noted 353 

previously, the powder X-ray diffraction analysis was performed to obtain an indicative 354 

measure of the presence of cement in heritage mortars whilst also considering the average 355 

compressive strength of the corresponding mortar group. The presence of each mineral 356 

phase was determined using DIFFRAC.EVA XRD software (Bruker AXS 2011), and 357 

additional information on the Powder Diffraction File (PDF) numbers of C3A, C2S, C3S and 358 

C4AF was obtained from the work presented by Idris et al. (2007) to assist in the mineral 359 

phase determination process. The presence of these minerals was then categorised 360 

following Rilem TC 167-COM (Middendorf et al. 2005) into dominantly present, present, 361 



traces, possibly present and not detected (see bottom of Table 7) according to the relative 362 

proportion of the phase peaks.  363 

Table 7 shows that the observed mineralogical compositions of the field extracted mortars 364 

were generally in alignment with the findings of Sabbioni et al. (2001), where quartz and 365 

calcite were dominantly present or present in most mortar groups analysed. Albite, andesite, 366 

anorthite and labradorite, which are included in the plaglioclase feldspar series (Society for 367 

Mining Metallurgy and Exploration 2006), were also commonly present. Diopside was 368 

dominantly present in sample groups BC, RB and CFK, whilst augite was dominantly present 369 

and present as traces in sample groups CFK and BC respectively. As reported by Sabbioni 370 

(2001), the presence of diopside and augite suggested that mortar groups BC, RB and CFK 371 

were made using pozzolanic aggregates. 372 

The absence of C3A, C2S, C3S and C4AF in most of the field extracted samples indicated 373 

that these mortars were likely to have been made without cement. Instead, in alignment with 374 

the findings of Moropolou et al. (1995), most of these field extracted samples were likely to 375 

be lime mortars as they were mainly composed of quartz and calcite. Traces of C3A were 376 

present in mortar groups BC and C6, while more abundant proportions of C3A were present 377 

in mortar groups RB and CFK. Also, traces of C4AF were present in sample groups RB and 378 

CFK. Considering the literature studies (Moriconi et al. 1994; Sabbioni et al. 2001; Marques 379 

et al. 2006; Puertas et al. 2006), it was theorised that different proportions of cement were 380 

present in mortar groups BC, C6, RB and CFK. This supposition is in alignment with the 381 

average normalised compressive strength of these four mortar groups (𝑓𝑗
′ ranged between 382 

1.56 MPa to 6.65 MPa), which were within the upper bound of the average normalised 383 

compressive strengths of all mortar groups considered (refer to Table 7).  384 

The above observations suggested that the powder X-ray diffraction analysis is an 385 

appropriate tool to obtain an indicative measure of the mineralogical composition of heritage 386 

mortars. However, powder X-ray diffraction analysis is a semi-quantitative technique that is 387 

associated with a degree of uncertainty and inaccuracy, and therefore it is recommended 388 

that this technique be used whilst also considering the mortar compression test results. For 389 

example, both the XRD analysis and compression test results shall be considered when 390 

predicting the presence of cement in mortar. 391 

6 SUMMARY AND CONCLUSIONS 392 

An experimental programme was undertaken to determine the compressive strength of 393 

mortar samples extracted from existing New Zealand URM buildings and to identify a 394 



suitable non-destructive assessment technique to predict the mortar compressive strength 395 

in-situ. The following conclusions were drawn based on the experimental results: 396 

The Mohs hardness test and the irregular mortar compression test were performed on 365 397 

irregular mortar samples that originated from 60 existing New Zealand URM buildings. It was 398 

found that an increase in the normalised mortar compressive strength generally led to an 399 

increase in the Mohs scratch number. The Kruskal-Wallis test revealed that each mortar 400 

category originated from samples which had a distinct median, suggesting that the modified 401 

Mohs scratch test is an adequate technique to categorise mortar samples according to their 402 

compressive strengths, although each Mohs scratch number represents a wide compressive 403 

strength range. It was also suggested that this testing technique be reserved for cases 404 

where sample extraction is not permitted. 405 

The acid digestion test was performed to estimate the sample aggregate/binder ratio. A pilot 406 

study on 11 laboratory constructed mortar samples showed that the actual aggregate/binder 407 

volumetric ratios were approximately 24% greater than the estimated aggregate/binder 408 

volumetric ratios due to inconsistency in the mortar mix and the loss of material during the 409 

testing process. However, the 24% difference was considered to be reasonable and 410 

adequate to obtain an indicative measure of the mortar aggregate/binder ratio, and therefore 411 

the acid digestion test was performed on field extracted mortar samples that originated from 412 

18 different New Zealand URM buildings. 413 

The acid digestion test outcome for the field extracted mortar samples showed that, although 414 

the acid digestion test is associated with a degree of uncertainty and inaccuracy, this testing 415 

technique is an adequate tool to obtain an indicative measure of the aggregate/binder ratio 416 

of heritage mortars, given that the aggregate used was non-calcareous and that reasonable 417 

assumptions on the material densities were adopted. 418 

22 field extracted mortar samples were subjected to the powder X-ray diffraction technique 419 

in an attempt to predict the presence of cement in the mortar mix. The experimental outcome 420 

showed that the presence of cement in the mortar mix could be predicted if both the 421 

presence of C3A, C2S, C3S and C4AF in the mortar and the average normalised mortar 422 

compressive strength were considered. The powder X-ray diffraction analysis technique is 423 

generally an appropriate tool to obtain an indicative measure of the mineralogical 424 

composition of heritage mortars. 425 
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(a) Preparation of irregular mortar 

samples 

 
(b) Modified Mohs scratch test procedure 

 555 
Figure 1: Preparation of mortar samples 556 

 557 

  
(a) Preparation of extracted mortar samples (b) Field extracted mortar 

compression test 
 558 

Figure 2: Irregular mortar samples prepared for compression testing 559 



 560 

 561 

Figure 3: Preparation of fine mortar powder using a grinding mill 562 
 563 

  
 

(a) Mortar powder, HCL and water (b) Placement of liquid + 
aggregate in centrifuge tubes  

  
(c) Placement of centrifuge tubes in 

the centrifuge machine  
(d) Separated aggregate after 

drying  
 564 

Figure 4: Acid digestion test procedure 565 
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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 

 567 
Figure 5: Relationship between normalised compressive strength and Mohs scratch number 568 

 
 569 

Figure 6: Comparison between actual volumetric A/B ratio and estimated volumetric A/B ratio 570 
 571 

 
 572 

Figure 7: Estimated volumetric A/B ratio of field extracted samples 573 
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(a) XRD pattern of mortar group C1 
 

 
 

(b) XRD pattern of mortar group C13 
    575 

Figure 8: Examples of XRD patterns for mortar samples 576 
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Table 1: Comparison between the numbers of mortar samples scratched using the Mohs minerals 578 
and the equivalent materials 579 

 580 
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 

 581 

 582 

 583 
Table 2: Locations of sample extraction, showing the type of rocks present 584 

 585 
City Region Type of rock 

Auckland Auckland sedimentary and volcanic 

Te Awamutu Waikato sedimentary, volcanic and volcaniclastic 

Gisborne Hawke’s Bay sedimentary 

Wellington Wellington greywacke 

Christchurch Canterbury sedimentary and volcanic 

 586 

 587 

Table 3: Laboratory constructed mortar mixes used for the acid digestion test 588 
 589 

Grade Cement:Lime:Sand 

volumetric proportion 

Aggregate:Binder  

ratio 

Equivalent 

qualification 

a 0:1:3 3:1 NZSEE ‘firm’ 

b 1:3:12 3:1 ASTM ‘K’ 

c 1:2:9 3:1 ASTM ‘O’ 

d 1:1:9 9:2 - 

e 1:1:6 3:1 ASTM ‘N’ 

f 1:1:3 3:2 - 

g 2:1:9 3:1 ASTM ‘S’ 

h 4:1:12 12:5 NZSEE ‘stiff’ 

i 4:1:15 3:1 ASTM ‘M’ 

j 1:0:3 3:1 - 

k 1:0:1 1:1 - 

  590 
 591 

 592 

 593 

 594 



Table 4: Irregular and normalised mortar compressive strengths 595 
 596 

Mortar 
Group 

No. of 
samples 

Avg 𝒇𝒋𝒊
′  

(MPa) 

CoV 

𝒇𝒋𝒊
′  

Avg 𝒇 𝒋
′  

(MPa) 

CoV 

𝒇 𝒋
′  

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 - 
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 - 

 597 

Table 5: Acid digestion test results for laboratory constructed samples 598 
 599 

Grade Actual proportions Estimated proportions from acid 
digestion 

Act 

Vol. 
A/B  

Est 

Vol. 
A/B  𝑨𝒄𝒕 𝑽𝒄,𝒍,𝒔 𝑨𝒄𝒕 𝒎𝒄,𝒍,𝒔 𝑬𝒔𝒕 𝒎𝒄,𝒍,𝒔 𝑬𝒔𝒕 𝑽𝒄,𝒍,𝒔 

C L S C L S C  L S C L S 

a 0 1 3 0 1.0 7.4 0.0 1.0 4.8 0 1 2.0 3.0 2.0 

b 1 3 12 1.0 1.1 11.3 1.0 1.2 8.5 1 3 9.0 3.0 2.3 

c 1 2 9 1.3 1.0 11.1 1.3 1.0 6.4 1 2 5.2 3.0 1.7 

d 1 1 9 2.6 1.0 22.2 2.6 1.0 17.5 1 1 7.1 4.5 3.6 

e 1 1 6 2.6 1.0 14.8 2.6 1.0 12.5 1 1 5.1 3.0 2.6 

f 1 1 3 2.6 1.0 7.4 2.6 1.0 6.6 1 1 2.7 1.5 1.4 

g 2 1 9 5.2 1.0 22.2 5.2 1.0 18.5 2 1 7.5 3.0 2.5 

h 4 1 15 10.4 1.0 36.9 10.4 1.0 31.7 4 1 12.9 3.0 2.6 

i 4 1 12 10.4 1.0 29.5 10.4 1.0 28.1 4 1 11.4 2.4 2.3 

j 1 0 3 1.0 0 2.8 1.0 0 2.5 1 0 2.7 3.0 2.7 

k 1 0 1 1.0 0 0.9 1.0 0 0.9 1 0 1.0 1.0 1.0 

 600 
 601 

Table 6: Acid digestion test results for field extracted samples 602 
 603 

Mortar 
Group 

Mass Proportion 

Aggregate, 
g 

Binder, g 𝒎𝒂/𝒎𝒃 and 

𝑬𝒔𝒕 𝑽𝒂 /𝑬𝒔𝒕 𝑽𝒃 

BC 7.74 2.39 3.2 

HC 7.54 2.44 3.1 

RB 8.69 2.69 3.2 

CFK 8.04 1.32 6.1 

TA 7.74 2.73 2.8 

AUST 7.26 2.98 2.4 

AUW 7.89 2.73 2.9 

MR 7.60 3.38 2.2 

C3 8.15 2.68 3.0 

C4 8.37 2.66 3.1 

C6 8.99 1.91 4.7 

C7 7.76 2.29 3.4 

C10 8.14 2.49 3.3 

C12 7.81 2.30 3.4 

C13 7.72 2.76 2.8 

C14 7.97 2.46 3.2 

C16 8.36 2.32 3.6 

C31 8.77 2.40 3.7 

 604 
 605 
 606 
 607 
 608 
 609 



Table 7: Key constituents determined from XRD analysis 610 
  611 

Group 𝒇𝒋
′ Q 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 Q = quartz; Ca = calcite; Al = albite; Ad = andesite; An = anorthite; La = labradorite;  612 
  C1 = C3A; C2 = C2S; C3 = C3S; C4 = C4AF; Di = diopside; Au = augite. 613 
b +++ = dominantly present; ++ = present; + = traces; ? = possibly present; - = not detected. 614 


