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Abstract – This research presents an experimental and numerical study focusing on the compression test 11 
of cylindrical samples core drilled from existing masonry walls. This method is suitable for the minor 12 
destructive assessment of the mechanical properties of historical masonry, like that composed of aerial lime 13 
mortar joints and solid clay bricks. This particular material combination, frequently found in the vast 14 
majority of the built cultural heritage, was utilized to build representative specimens that were stored in the 15 
laboratory for one year until their testing. Cylindrical samples of 150 mm diameter were extracted from the 16 
masonry walls by using a dry core-drilling procedure, and then regularized to be tested under compression 17 
in the laboratory. A comparison is presented between the experimental results on cylindrical samples and 18 
those obtained from standard compression tests on prismatic samples consisting in stack bond prisms. 19 
Numerical simulations by finite element micro-modelling of the compression tests on the core samples 20 
were carried out to investigate the experimental behaviour of the specimens and evaluate the compressive 21 
strength of the material from this nonstandard technique. The combined experimental and numerical study 22 
allows the assessment of important mechanical parameters for the compressive characterisation of masonry 23 
composed of aerial lime mortar joints and solid clay bricks.  24 

Keywords: Brickwork; Coring; In-situ; Sampling; Minor Destructive Testing (MDT); 25 

Compressive Strength; Finite Element Method; Micro-modelling; Continuum Damage 26 

Mechanics; Damage. 27 

Abbreviations - MDT: Minor Destructive Testing; 2JC: Two-Joint Cylinder; 3JC: Three-Joint Cylinder; 28 
LVDT: Linear Variable Differential Transformer, DPT: Double Punch Test. 29 

1. Introduction 30 

The knowledge of the compressive behaviour of masonry is essential in the current design 31 

practice [1]. However, the assessment of the compressive mechanical properties of 32 

masonry can be rather challenging in studies involving the assessment of existing 33 
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historical buildings due to the need to minimize possible damage induced to the structure 34 

by the inspection procedures. 35 

For this type of constructions, a rather recurrent material is the combination of lime mortar 36 

joints and solid clay bricks. Experimental studies about this type of masonry are of 37 

paramount importance for people involved in the analysis and restoration of historical 38 

structures. However, the possibility of laboratory tests on newly manufactured lime 39 

mortar samples encounters a significant difficulty in the long curing and hardening 40 

periods [2–4]. In spite of this difficulty, some methods have been proposed to characterise 41 

masonry as a composite material based on the mechanical properties of the material 42 

components, i.e. lime mortar and brick units. The analysed masonry samples are usually 43 

prismatic as those required by current technical standards [5,6], e.g. stack bond prisms 44 

[7,8], small columns [9,10] and Flemish bond wallets [8,11–13].  45 

More recent works focus on laboratory testing of cylindrical samples core-drilled from 46 

lime mortar and clay brick masonry walls [14–17]. This minor destructive testing (MDT) 47 

method was suggested by the UIC 778-3 recommendations [18] and has shown to be 48 

suitable for the assessment of the mechanical properties of existing structures due to its 49 

limited invasiveness [19–21]. The extraction of cylindrical samples from existing 50 

masonry walls is more appropriate than cutting prismatic wallets, as those recommended 51 

by standards for new construction [5,6]. The main reason is that core drilling provides 52 

undamaged cylindrical masonry samples, easy to transport and maintain intact until the 53 

delivery to the laboratory. This favourable feature can ensure a reliable evaluation of 54 

compressive strength from undisturbed specimens. On the contrary, the prismatic wallets 55 

cut from existing brickwork are normally prone to damage during the extraction 56 

operations, consisting typically in the combined use of a circular saw and a chisel, as well 57 

as during the transport to the laboratory. 58 

There is, however, the need for experimental criteria to correlate the results obtained from 59 

this novel non-standard method with those referring to the standard compression tests on 60 

prismatic samples. For this reason, reference laboratory tests on walls replicating 61 

historical-like materials seem necessary to gain further knowledge about the correct 62 

execution of core sampling, experimental setup and testing, results processing and 63 

derivation of mechanical parameters for the compressive characterisation. In particular, 64 

benchmark studies are needed about the application of this MDT technique to aerial lime 65 

mortar and solid brick masonry, a traditional material of the built heritage. The available 66 

numerical methods, such as those based on finite element micro-modelling [22,23], may 67 
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also help to interpret the mechanical behaviour of masonry cylindrical specimens by 68 

advanced computational simulations of their resisting mechanism under compressive 69 

loading. 70 

The main objective of this research is to provide comprehensive experimental results 71 

supported by numerical simulations about the compressive behaviour of cylindrical 72 

specimens of aerial lime mortar and terracotta brick masonry. Compression tests were 73 

carried out by considering cylindrical samples core-drilled from walls replicated in the 74 

laboratory, together with standard stack bond prisms. The extraction of cylindrical 75 

specimens was executed one year after the construction of the walls, by using a dry core 76 

drilling technique to avoid disjointing between low strength mortar joints and units. The 77 

regularization of cylindrical samples was carried out by means of high-strength mortar 78 

caps [14,15] in order to allow the application of the compressive load over the 79 

investigated material. Two different cylindrical specimens were tested, including either 80 

four brick pieces (with two horizontal mortar joints and a vertical one) or three brick 81 

pieces (with two horizontal mortar joints). The results from compression tests on core 82 

samples and prismatic specimens are finally compared in an attempt to provide 83 

experimental correlations among the different types of specimens.  84 

The experimental calibration of this MDT technique is pursued in order to provide reliable 85 

procedures for its possible application to existing structures of the built heritage. The 86 

presentation of advanced numerical simulations by finite element micro-modelling aims 87 

to give insights into the experimental behaviour of the extracted cylindrical specimens 88 

when tested under compression, regarding their resisting mechanism and type of failure. 89 

2. Experimental program 90 

The experimental program was executed at the Technical University of Catalonia (UPC-91 

BarcelonaTech) in the Laboratory of Technology of Structures and Building Materials. 92 

This section presents in detail the characterisation of the material components, the 93 

masonry specimens and the testing setups. 94 

2.1 Characterisation of construction materials 95 

One of the most important aspects of the experimental campaign was the choice of the 96 

material components for building the specimens. In order to reproduce historical 97 

materials, pure aerial lime mortar CL90 without cement [24] and handmade terracotta 98 
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bricks were used (Figure 1). The mortar was prepared by using a volume ratio of binder 99 

to aggregate of 1:3 (lime:sand), while the content of water was defined by the 100 

workmanship in order to achieve an optimum workability of the mixture. The adopted 101 

silica sand had a grain size distribution of 0 ÷ 2 mm. 102 

The mortar’s flexural (ffm) and compressive (fcm) strengths were measured on prisms with 103 

dimensions 160 × 40 × 40 mm3 (Figure 1a) according to [25]. Four specimens were 104 

provided for the flexure test. Eight halves, resulting from the prisms splitted after the four 105 

flexure tests, were tested under compression with 40 × 40 mm2 steel loading platens 106 

(Figure 1c). The tests were performed with a 10 kN load cell under load control. The rate 107 

of the applied load was constant during each test with values of 10 N/s for the flexure 108 

tests and 50 N/s for the compression tests. Table 1 presents the results obtained one year 109 

after the pouring of mortar. The average value of flexural strength was ffm = 0.55 MPa 110 

and that of compressive strength was fcm = 1.63 MPa, with coefficients of variation (CV) 111 

of 9.5% and 5.3% respectively. These results seem reasonable if compared with the 112 

strength values from previous studies on lime mortar available in the literature [2,3]. 113 

 114 

 115 

 116 

Figure 1 – Flexure and compression testing of prismatic samples of mortar (a,c) and brick (b,d). Double 117 
punch testing of mortar joints (e). 118 

 119 
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Table 1 – Experimental flexural and compressive strengths derived from prisms of aerial lime mortar. 120 

Mortar CL90 sample ffm  
(MPa) 

fcm  
(MPa) 

1 0.48 1.70 
1.54 

2 0.52 1.47 
1.72 

3 0.60 1.63 
1.72 

4 0.60 1.68 
1.58 

Average 0.55 1.63 
CV % 9.5 5.3 

 121 

Masonry specimens were built using handmade terracotta bricks with nominal 122 

dimensions 305 × 145 × 45 mm3. Six units were tested under compression according to 123 

[26], with a machine equipped with a 3000 kN load cell. The average value of the 124 

compressive strength of units was fcb,u = 30.7 MPa with CV=5.6%. The normalized 125 

uniaxial compressive strength of the bricks resulted 21.49 MPa, after applying the shape 126 

factor equal to 0.7 as recommended by the standard [26]. Six cubes cut from the units 127 

were also tested in compression (Figure 1d), providing an average value of the 128 

compressive strength of fcb,c = 18.4 MPa, with CV=5.9%. The difference between the 129 

average compressive strengths measured in the entire units and in the smaller cubes is 130 

due to the very different aspect ratios of the two specimens [27], as the entire brick is 131 

subjected to much higher transversal confinement exerted by the loading plates of the 132 

testing machine than the cube sample. Sixteen brick prisms were tested under flexure to 133 

evaluate the flexural strengths along the header and stretcher directions (Figure 1b), 134 

providing average values ffb,x = 3.63 MPa (CV=3.7%) and ffb,y = 3.79 MPa (CV=13.1%), 135 

respectively. The reference standard considered was the same adopted for mortar prisms 136 

[25] due to the lack of specific guidelines for flexure test of brick samples. The 137 

experimental results for brick samples are summarised in Table 2. These results seem 138 

reasonable if compared with the strength values from previous studies on solid clay bricks 139 

available in the literature [11–13]. 140 

 141 

 142 

 143 

 144 

 145 
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Table 2 – Experimental compressive and flexural strengths of bricks 146 
Brick 
Sample 

fcb,u 

(MPa) 
fcb,c 
(MPa) 

ffb,x 
(MPa) 

ffb,y 

(MPa) 
1 31.2 19.6 3.81 3.81 
2 29.4 19.5 3.67 3.53 
3 30.4 19.1 3.60 3.57 
4 30.3 18.3 3.52 3.74 
5 34.2 16.6 3.51 3.19 
6 28.9 17.5 3.59 3.32 
7   3.88 4.40 
8   3.48 4.73 
Average 30.7 18.4 3.63 3.79 
CV % 5.6 5.9 3.7 13.1 

 147 
The mechanical parameters derived from standard tests show that the present 148 

experimental campaign adopted component materials with low-to-moderate properties, 149 

especially for the lime mortar [2,3]. The handmade terracotta units, due to their traditional 150 

manufacturing process, provided strength values much lower than the modern bricks 151 

produced for the construction of new masonry [23].   152 

2.2 Construction of masonry specimens 153 

Two walls with dimensions 1605 × 870 × 145 mm3 were built in stretcher bond (Figure 154 

2a) using the materials detailed in Section 2.1. The construction was intended to 155 

reproduce a wall with low strength mortar, typical of historical masonry buildings. The 156 

two walls were constructed in the present research to allow the simulation of in-situ core-157 

drilling of 150 mm diameter cylindrical specimens. The walls were built over a steel 158 

beam. At the end of their construction, a regularization layer of mortar was poured over 159 

the wall, to permit the location of another steel beam. The top and the bottom steel profiles 160 

were then connected by two low-tensioned bars in both faces of the walls. The sole 161 

purpose of this pre-compression was to provide sufficient confinement to the walls in 162 

order to avoid their damage during the laboratory operations, like transportation of 163 

samples and coring. 164 

Six stack bond prisms were built with the same materials during the construction of the 165 

walls. The stack bond prisms consisted of five bricks and four mortar bed joints with 166 

dimensions 305 × 305 × 145 mm3 (Figure 2b). The top and the bottom surfaces of the 167 

prisms were coated with a thin regularization layer of high-strength cement mortar, to 168 

ensure the uniform distribution of the compressive load as established by [5]. 169 

 170 
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 171 

Figure 2 – Construction of specimens in the laboratory: (a) masonry walls and (b) stack bond prisms. 172 
 173 

The operations of extraction of cylindrical samples started after one year of curing, after 174 

taking out the walls of their storage. At that moment, the aerial lime mortar showed to 175 

have reached a proper level of carbonation, as proved by the use of phenolphthalein 176 

indicator solution, as well as a sufficient strength, as derived from the prismatic 177 

specimens, see Table 1. The core-drilling was executed using a dry procedure, i.e. without 178 

water (Figure 3a). This solution showed several advantages in recent research by the 179 

authors [16] compared with the traditional wet procedures that spoil the samples by 180 

washing the mortar joints away. The drilling machine induced only a rotation to the 181 

diamond bit, avoiding any excess of vibration that may cause the formation of internal 182 

cracks within the cylindrical specimen. The position of the extracted cylinders was 183 

decided in order to provide as many specimens as possible. Coring operations were 184 

carefully executed in order to avoid undesirable disjointing of specimens. The procedure 185 

was subdivided into different stages. First, the machine drilled until the half of the 186 

thickness of the wall. Second, the dust produced by the drilling was removed from the 187 

interior of the core bit and from the prints on the wall. The drilling operation was 188 

eventually completed through the whole thickness of the wall. The cylinders were 189 

carefully extracted from the core bit and immediately confined with strong adhesive tape 190 

stuck on their lateral curved surface. They were finally stored in the laboratory to be 191 

tested. Figure 3b shows the remaining wall after the core-drilling. It is worth noticing the 192 
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absolute absence of water as well as the reduced amount of dust due to the use of the 193 

vacuum cleaner connected to the drilling equipment. Therefore, the operations of 194 

extraction of samples proved to be usefully clean. 195 

 196 

 197 

Figure 3 – Extraction of the cylindrical specimens of masonry: (a) core drilling and (b) wall after the 198 
extraction. 199 

 200 

Three types of specimens were extracted from the walls. First, 150 mm diameter cores 201 

with three brick pieces and two horizontal mortar joints, called 2JCs (two-joint cylinders) 202 

(Figure 4a). Second, 150 mm diameter cores including four brick pieces, two horizontal 203 

mortar joints, and a vertical mortar joint, called 3JCs (three-joint cylinders) (Figure 4b). 204 

Finally, 90 mm diameter cores with a mortar diametric joint between two brick cylindrical 205 

segments that were employed in another experimental study [17]. The 2JCs and the 3JCs 206 

were used for the compression test following the procedures presented in [14,15]. Even 207 
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though fifteen 2JCs and fifteen 3JCs were extracted successfully, compression tests were 208 

executed on six 2JCs and six 3JCs. 209 

The 2JCs and 3JCs were regularized with mortar caps of 105 mm width made of high 210 

strength mortar, shaped by means of special wooden moulds (Figure 4c). The average 211 

value of compressive strength for the regularization mortar after 28 days was 65 MPa and 212 

thus much higher than the one expected from masonry core samples. The curved lateral 213 

surface of the cylinders was regularized to create two plane surfaces parallel to the bed 214 

joints to be loaded by vertical compression. The specimens were stored in the laboratory 215 

conditions and, once hardened, extracted from the moulds to be tested (Figure 4d). This 216 

regularization ensures an optimal transmission of the compressive force from the testing 217 

machine to the specimen through a perfectly adherent high-strength cap, therefore 218 

avoiding possible stress concentrations [14]. This specific approach is different from the 219 

one proposed by UIC guidelines [18] and other relevant works [20] which used metal 220 

concave pieces gripped to the testing machine. 221 

 222 

 223 

Figure 4 – Cylindrical specimens obtained from core-drilling of the wall: (a) two-joint cylinders, (b) 224 
three-joint cylinders, (c) regularization by mortar capping, (d) samples ready for testing. 225 

2.3 Characterisation of mortar joints 226 

Additionally to the compression tests on mortar prisms detailed in Section 2.2, the 227 

compressive strength of the aerial lime mortar in the joints of the walls was evaluated 228 
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through the double punch test (DPT) following the DIN 18555-9:1999 standards [28] as 229 

well as references [18,29]. After the execution of core drilling, the remaining walls with 230 

holes in them (Figure 3b) were dismantled very cautiously course by course by using a 231 

very small chisel, in order to extract carefully the mortar slabs. Mortar samples with 232 

dimensions roughly 50 × 50 × 18 mm3 were extracted from the joints of the masonry 233 

walls after the extraction of the core samples. Gypsum powder was used to regularize the 234 

irregular faces of the mortar samples, placed between loading platens with 20 mm 235 

diameter (Figure 1e). The loading rate of the testing machine was 0.0094 kN/s and the 236 

load cell had a capacity of 10 kN.  237 

Table 3 presents the results of the 11 tested mortar joint samples. The average 238 

compressive strength measured with the DPT was fcm,DPT = 0.91 MPa, with CV=24%. 239 

This value is lower than the average compressive strength derived from the standard 240 

prismatic specimens (1.63 MPa, see Table 1), even though the joint samples had lower 241 

thickness. This difference is due to the diverse curing conditions of the two typologies of 242 

mortar specimens. The aerial lime hardens when exposed to air and the mortar joints of 243 

the wall had a much lower external exposed surface, with a limited thickness of around 244 

18 mm, than the 160 × 40 × 40 mm3 prismatic mortar samples conforming with the 245 

standards [25]. For this reason, the development of the strength in the mortar joints was 246 

slower than in the standard prisms. In addition, the joints were built in contact with the 247 

bricks’ surfaces, whereas the prismatic samples were casted into steel moulds. The initial 248 

moisture of the bricks during the construction of the walls might also influence the 249 

evolution of the strength of the joints. All the mentioned factors may also explain the 250 

higher CV in DPT tests than in the standard compressive ones, together with the 251 

unavoidable geometric irregularity of the joint samples extracted from the walls.   252 

The previous observations suggest that the DPT provided a more realistic evidence of the 253 

actual compressive strength reached by the aerial lime mortar joints within the wall, since 254 

the compressive strength derived from standard prismatic samples was affected by 255 

different curing conditions and thus exhibited different physical and mechanical 256 

properties. 257 

 258 

 259 

 260 

 261 

 262 
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Table 3 - Experimental strengths from double punch tests on mortar joints extracted from the walls. 263 
Mortar CL90  
joint sample 

fcm,DPT  
(MPa) 

1 0.87 
2 1.48 
3 0.80 
4 0.93 
5 1.28 
6 0.92 
7 1.07 
8 0.88 
9 0.99 
10 0.67 
11 1.02 

Average 0.91 
CV% 24.0 

2.4 Testing setups 264 

All the specimens, i.e. core samples and stack bond prisms, were tested under 265 

compression one year after their construction [30].  266 

The compression tests of six 2JCs and six 3JCs were executed according to the procedures 267 

reported in [14,18]. The tests consisted in applying a compressive loading on the 268 

regularization caps perpendicularly to the bed joints (Figure 5a). The compression 269 

machine was equipped with a 200 kN load cell. Both the vertical and horizontal 270 

displacements were recorded through four linear variable differential transformers 271 

(LVDTs). Two vertical LVDTs (±5 mm range and 5 μm precision) were attached to the 272 

regularization caps, two horizontal LVDTs (±1.5 mm range and 1.5 μm precision) were 273 

placed horizontally in the front faces of the specimens and two horizontal LVDTs (±5 274 

mm range and 5 μm precision) were fixed on two external metal supports along the 275 

diametric direction of the specimen. The test was divided into two stages, corresponding 276 

to elastic loading/unloading and then loading beyond the failure. The first stage was 277 

performed under load control by carrying out three loading/unloading cycles in order to 278 

evaluate the elastic response of masonry. The cycles were performed between the 5% and 279 

20% (3 kN ÷ 20 kN) of the originally expected maximum load. The second loading stage 280 

was performed under displacement control, at a rate of 0.004 mm/s. This last stage 281 

allowed to measure the compressive strength of the sample and to characterise its 282 

softening behaviour. The Young’s modulus of masonry was evaluated from the last 283 

loading/unloading cycle, using the measurements from the two vertical LVDTs placed on 284 

the specimens.  285 
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The stack bond prisms were tested under compression loading in order to compare the 286 

results with those from the core samples. The standard [6] was followed for the testing 287 

procedures. The samples were regularized with a 10 mm layer of high strength mortar on 288 

the upper and lower parts to ensure the uniform loading distribution during the test. The 289 

compression machine was equipped with a 3000 kN load cell. Six LVDTs were used to 290 

measure vertical and horizontal displacements, according to [5] (Figure 5b). Four vertical 291 

LVDTs (±5 mm range and 5 μm precision) were stuck on each lateral face of the prism 292 

and two horizontal LVDTs (±1.5 mm range and 1.5 μm precision) were stuck on the two 293 

larger lateral faces of the prism. Three initial loading cycles under force control were 294 

executed between the 5% and 33% (11 kN ÷ 73 kN) of the expected maximum load. The 295 

latter was estimated by using the equation suggested by the Eurocode 6 [31] based on the 296 

individual strengths of the masonry components. The second loading stage was performed 297 

under displacement control, with a rate of 0.008 mm/s, in order to reach the compressive 298 

strength and then to follow the post-peak response of masonry. 299 

 300 

 301 

Figure 5 – Experimental setups for compression tests on: (a) core samples and (b) stack bond prisms. 302 

3. Experimental results 303 

This section summarizes the main results of the experimental campaign. Standard and 304 

non-standard compression tests provided a meaningful set of data that can be analysed to 305 

evaluate the mechanical parameters of the investigated materials. The outcomes of the 306 

tests from all the specimens were used to evaluate the compressive strength and the elastic 307 

parameters of the studied masonry. 308 

3.1 Compression tests on core samples 309 

The compressive stress acting on the cylindrical specimens was evaluated considering 310 

two different values. The stress value σ1 was calculated by considering the total diametric 311 
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section of the cylinder, while the stress value σ2 was obtained by using the section of the 312 

regularization cap. The first approach is the one suggested by the UIC 778-3 313 

recommendations [18] to calculate the compressive strength of masonry from cylindrical 314 

specimens. It considers the entire horizontal cross section of the specimen as the resistant 315 

section until reaching the maximum load. The second approach has been investigated in 316 

previous research by the authors [14,15] and it is also considered herein, in addition to 317 

the first one, to evaluate the compressive strength. This second approach is suggested by 318 

the experimental evidence of the crack pattern shown by the specimens close to failure. 319 

According to this evidence, observed in all tests, the specimens experience cracking and 320 

subsequent detachment of the lateral less confined portions of material. Close to failure, 321 

the compressive stresses are concentrated in a sand cone shape limited by the cracks 322 

developed. As a result, the effective resisting cross-section of the cylinder may be smaller 323 

than the total horizontal one.  324 

Figure 6 shows the stress-strain curves calculated for the first stage of loading/unloading 325 

for both 2JCs and 3JCs, as well as the curves obtained for the last loading stage beyond 326 

failure. As mentioned, the loading/unloading cycles were used to evaluate the Young’s 327 

modulus of the material. They were evaluated making reference to both σ1 and σ2 values, 328 

leading to the definition of the relevant values E1 and E2. 329 

As for the evaluation of the compressive strength values, the value fC1 was defined 330 

considering the maximum force divided by the diametric cross-section of the cylinder, 331 

while the value fC2 was obtained considering the maximum force divided by the cross-332 

section of the regularization cap. The relevant expressions are: 333 

max max
1 2C C

F Ff f
l blφ

= =  (1a,b) 334 

in which b is the width of the mortar cap, l is the length of the cylinder and φ its diameter. 335 

 336 
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 337 

Figure 6 – Stress vs. strain curves of core samples: elastic loading/unloading cycles for two-joint (2JC) (a) 338 
and three-joint cylinders (3JC) (c); loading beyond failure for two-joint (b) and three-joint cylinders (d). 339 

 340 

Table 4 presents a summary of the experimental results from compression tests on core 341 

samples. As for the values of fC1 and fC2, the 2JCs provided average values of 4.25 MPa 342 

and 6.17 MPa, whereas the 3JCs provided average values of 3.98 MPa and 5.78 MPa, 343 

respectively. As for the values of E1 and E2, the 2JCs provided average values of 1182 344 

MPa and 1716 MPa, whereas the 3JCs provided average values of 1323 MPa and 1921 345 

MPa, respectively. 346 

Table 4 – Experimental results of compression tests on core samples in terms of compressive strengths 347 
and Young’s moduli. 348 

Sample 
2JC 

fC1 
(MPa) 

fC2 
(MPa) 

E1 
(MPa) 

E2 
(MPa) 

Sample 
3JC 

fC1 
(MPa) 

fC2 
(MPa) 

E1 
(MPa) 

E2 
(MPa) 

2JC3 3.72 5.40 1007 1463 3JC1 4.23 6.15 1137 1652 
2JC4 4.76 6.91 1272 1848 3JC2 3.36 4.88 1127 1637 
2JC5 3.73 5.42 985 1431 3JC8 4.74 6.89 1588 2306 
2JC10 3.58 5.20 1109 1610 3JC9 3.73 5.42 1019 1479 
2JC13 4.82 7.00 1707 2479 3JC14 4.08 5.92 1254 1822 
2JC15 4.88 7.09 1009 1466 3JC15 3.74 5.43 1811 2631 
Average 4.25 6.17 1182 1716 Average 3.98 5.78 1323 1921 
CV % 13.6 13.6 21.5 21.5 CV % 11.04 11.05 21.4 21.4 

 349 
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Both the 2JCs and 3JCs presented a typical sandglass failure after the compression test 350 

(Figure 7). All the specimens, after reaching the peak of the compressive load, exhibited 351 

cracks in correspondence with the edges of the regularization cap, which created two 352 

lateral wings falling off from the specimens. At the end of the test, the remaining central 353 

part of the specimens was hourglass shaped, with upper and lower sections equal to those 354 

of the regularization caps, and central one smaller than the extreme ones.  355 

 356 

 357 

Figure 7 – Typical hourglass failure exhibited by core samples after the compression tests: (a) two-joint 358 
and (b) three-joint cylinders. 359 

 360 

3.2 Compression tests on stack bond prisms 361 

Figure 8 shows the stress-strain curves calculated for the first stage of loading/unloading 362 

for stack bond prisms, as well as the curves obtained for the following monotonic loading 363 

stage until failure. The post peak branch was not measured in specimens SBP2, SBP4 and 364 

SBP5, as the vertical LVDTs either detached at the maximum force or were removed to 365 

avoid their damaging during the completion of the test in the softening stage. 366 
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 367 

Figure 8 – Stress vs. strain curves of stack bond prisms: elastic loading/unloading cycles (a) and loading 368 
beyond failure (b). 369 

 370 

Table 5 shows the summary of the compression tests on stack bond prisms in terms of 371 

compressive strength and elastic parameters. The average compressive strength of stack 372 

bond prisms was 5.79 MPa, whereas the Young’s modulus was 2014 MPa. The evaluation 373 

of the elastic parameters was possible for all the specimens. All the six stack bond prisms 374 

showed a similar failure mode. First, cracks appeared in the central bricks and then 375 

propagated towards the upper part of the specimens. All the cracks were vertical and 376 

crossed almost all the height of the prism, as expected from a compression test. Extensive 377 

cracks appeared also in the lateral fragments. Several substantial cracks appeared on both 378 

sides of the prisms (Figure 9).  379 

 380 

 381 

 382 
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Table 5 – Experimental results of compression tests on stack bond prisms in terms of compressive 383 
strengths and Young’s moduli. 384 

Stack Bond 
Prism  

fC 
(MPa) 

E  
(MPa) 

SBP1 7.37 2850 
SBP2 4.98 2055 
SBP3 6.05 1098 
SBP4 5.97 1940 
SBP5 6.15 2685 
SBP6 4.20 1453 
Average 5.79 2014 
CV % 17.2 30.8 

 385 

 386 

Figure 9 – Typical failure exhibited by stack bond prisms after the compression tests: (a) front, (b) back 387 
and lateral sides. 388 

3.3 Discussion 389 

Figure 10 shows the comparison of the experimental results for prismatic and cylindrical 390 

samples, in terms of average values of Young’s modulus and compressive strength.  391 

The values of the Young’s modulus of the investigated lime mortar masonry ranged 392 

between 1182 MPa and 2014 MPa, depending on the type of sample. The experimental 393 

Young’s modulus of stack bond prisms showed to be in good agreement with the values 394 

E2 of core samples, i.e. when the stress was computed according to the cross-section of 395 

the regularized cap. The CV was only 6.6% in this case. Lower values were obtained for 396 

E1 of core samples, i.e. when the stress related to the entire diametric cross-section of the 397 

core samples was considered in the calculations. 398 

The experimental values of the compressive strength of masonry ranged between 3.98 399 

MPa and 6.17 MPa, depending on the type of sample. The maximum strength was 400 

provided by fC2 of the core samples 2JC. As for the core samples, the presence of the 401 

vertical mortar joint resulted in an average reduction of the compressive strength of -402 

6.3%. However, this difference between the strengths of 2JCs and 3JCs actually depends 403 
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on the condition and integrity of the head joint. It is worth mentioning that the head joints 404 

are often badly executed in existing masonry, i.e. they may have been partially filled by 405 

the masons during the construction. For this reason, other experimental programs on 406 

masonry characterised by partially filled head joints might result in a higher discrepancy 407 

between the 2JC and 3JC compressive strengths. 408 

It is worth mentioning that the calculation of the compressive strength fC2 obtained from 409 

the tests on the cylindrical cores considering the width of the cap is much closer to the 410 

compressive strength of the prisms than fC1, calculated considering the diameter of the 411 

cylinders. The coefficient of variation was only 3%.  412 

 413 

 414 

Figure 10 – Comparison between compression tests on cylindrical samples and stack bond prisms: a) 415 
Young’s modulus, b) compressive strength. 416 

 417 
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The ratios between the experimental Young’s moduli and compressive strengths obtained 418 

for the different specimens were 278 for 2JCs, 332 for 3JCs, and 347 for stack bond 419 

prisms. All the obtained values are much lower than the ratios suggested by the current 420 

European and American standards, such as 1000 by CEN [31] and 700 by ACI [32]. This 421 

disagreement suggests that the reference ratios provided by these standards are not 422 

suitable for aerial lime mortar and brick masonry. On the other hand, the Italian standards 423 

[33] suggest typical ratios around 450 for masonry made of solid bricks and lime mortar.  424 

4. Numerical simulation of compression tests on 425 

cylindrical samples 426 

The extraction of cylindrical samples from existing masonry walls shows to be a very 427 

useful minor destructive technique for the evaluation of the compressive strength of 428 

existing masonry structures. Nevertheless, the presented experimental results illustrate 429 

some difficulties in the interpretation of the experimental results, such as the choice of 430 

the effective resistant area of the cylindrical samples, which is used for the determination 431 

of the compressive strength of aerial lime mortar and brick masonry. This section aims to 432 

provide a numerical insight into the evolution of the resisting and failure mechanisms of 433 

2JCs and 3JCs.  434 

4.1 Numerical models 435 

The cylindrical samples are simulated by using a continuum finite element approach with 436 

distinct modelling of the mortar, the brick and the regularization mortar cap [22]. Figure 437 

11 illustrates the used finite element meshes for the 2JCs and 3JCs. These are composed 438 

of 8208 isoparametric solid brick elements (9800 nodes) based on linear interpolation and 439 

2 × 2 × 2 Gauss integration. Only a quarter of the specimen is modelled, while proper 440 

symmetrical boundary conditions restraining only horizontal displacements are imposed 441 

to the interior surfaces of the specimen along the two vertical planes of symmetry to 442 

consider the effect of the non-modelled parts of the cylinders. The experiment is 443 

simulated by applying a vertical incremental displacement at the top of the regularization 444 

cap, precluding horizontal displacement, while the lower end is kept fixed. The system of 445 

nonlinear equilibrium equations is solved at each analysis step through the use of a secant 446 

method along with a line-search procedure. Convergence is attained when the ratio 447 

between the norm of the iterative residual forces and the norm of the total external forces 448 
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is lower than 10-2 (1%). The simulations are performed using the finite element analysis 449 

software COMET [34], while GiD [35] is used for the pre- and post-processing, both 450 

developed at the International Centre for Numerical Methods in Engineering (CIMNE) in 451 

Barcelona, Spain. 452 

 453 
Figure 11 – Finite element meshes used in the numerical simulations for the two joint cylinder (left) and 454 
the three joint cylinder (right). The planes of symmetry are those having a normal vector with direction 455 

towards the +x and the –z. 456 
 457 

Table 6 presents the mechanical properties of the brick and mortar used in the numerical 458 

model. The tensile strength (ft) for both materials was defined using the experimental 459 

results of the flexural tests and the expressions proposed by CEB-FIB [36]. The 460 

normalized uniaxial compressive strength of the bricks was measured through uniaxial 461 

compressive tests, presented in Table 2, and by applying the shape factor equal to 0.7 462 

recommended by CEN [26]. The uniaxial compressive strength of the mortar was 463 

estimated through the DPT on mortar joints extracted from the dismantled wall of Figure 464 

2a and presented in Table 3. The Young’s modulus of the units was measured in [15] by 465 

adopting the experimental procedure proposed for concrete by CEN [37]. The adopted 466 

value is the average given from cylinders extruded from the lateral sides of the brick 467 

(header and stretcher) and for cyclic loading up to 60% of unit’s maximum force [15]. 468 

The Young’s modulus of the mortar was defined such that the elastic stiffness of the 469 
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numerical model was equivalent to that of the experimental one of the specimens 2JC4, 470 

2JC13 and 2JC15 at the beginning of the experiment, which presented the highest 471 

stiffness. The formula suggested by the standard [36] has been used for the tensile fracture 472 

energy (Gft), while the compressive fracture energy (Gfc) was the result of a sensitivity 473 

analysis aimed at obtaining a good agreement with the experimental results in the post 474 

peak nonlinear range. Linear elastic behaviour is assumed for the regularization cap with 475 

a Young’s modulus equal to 23000 MPa.  476 

Table 6 – Mechanical properties of brick and mortar used in the numerical simulations 477 
Property Brick Mortar 
E   (MPa) 7140 100 
ν (−) 0.18 0.25 
𝑓𝑓𝑡𝑡  (MPa) 1.64 0.24 
𝑓𝑓𝑐𝑐    (MPa) 21.49 0.91 
𝐺𝐺𝑓𝑓𝑡𝑡  (J ⁄ m2) 126 80 
𝐺𝐺𝑓𝑓𝑐𝑐  (J ⁄ m2) 34400 1440 
𝑓𝑓𝑐𝑐0  (MPa) 10.75 0.405 
𝜀𝜀𝑝𝑝𝑐𝑐  (−) 0.025 0.045 
𝑓𝑓𝑏𝑏𝑐𝑐 𝑓𝑓𝑐𝑐⁄    1.15 1.5 
ρ (−) 0.75 0.75 

 478 

The numerical analysis simulates the cracking and crushing of the mortar and bricks by 479 

using a continuum damage mechanics model with damage induced orthotropic behaviour 480 

along the principal axes [38]. The model uses two distinct damage indices to distinguish 481 

between tensile and compressive damage. The tensile response is characterised by a linear 482 

part until reaching the peak strength, and the post-peak part with an exponential softening 483 

law. For the compressive damage, the constitutive law presented in [39] is adopted, 484 

allowing for a parabolic hardening-softening part followed by exponential softening. 485 

Table 6 presents the selected values of the elastic limit of the compressive strength (fc0) 486 

and the strain (εpc) for the peak compressive strength (fc) for each material. For both tensile 487 

and compressive laws, a residual strength equals to 10% of the maximum capacity is used. 488 

The adopted failure criterion is the one presented by Lubliner et al. [40]. The ratio 489 

between biaxial and uniaxial compressive strength (fbc/fc) is defined equal to 1.15 for the 490 

units and 1.50 for the mortar. Parameter ρ defines the shape of the compressive failure 491 

surface under triaxial compression and is considered equal to 0.75 for both units and 492 

mortar. The latter values for fbc/fc and ρ are selected based on a sensitivity analysis due to 493 

the difficulty of their derivation from standard experimental procedures. 494 
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4.2 Numerical simulation of compression tests on two joint cylinders 495 

Figure 12 presents the graphs of experimental and numerical force against vertical 496 

displacement at the top of the cap for the case of the 2JCs. For each experimental graph, 497 

the loading-unloading cycles are omitted and the part of the graph before them (not 498 

included in Figure 6b,d) is reproduced using the tangent to the curve after the end of the 499 

cycles. 500 

 501 
Figure 12 – Two joint cylinder specimens: graphs of experimental and numerical force against 502 

displacement at the top of the sample. 503 
 504 

As said in the previous Section 5.1, the calibration of the Young’s modulus of the mortar 505 

has been based on specimens 2JC4, 2JC13 and 2JC15, which present the highest stiffness. 506 

For this reason, the stiffness and capacity predicted by the numerical simulation are very 507 

close to those given by the particular cylindrical specimens. It is noted that after the value 508 

of the mortar’s Young’s modulus was calibrated for the 2JCs, the same value was also 509 

used for the 3JCs, presented in the following Section 5.3. The numerical simulation 510 

predicts a peak strength of 103.0 kN. This value falls within the limits given by the 511 

experimental results, which are between 79.1 kN for 2JC13 and 107.9 kN for 2JC15.  512 

The simulation shows that the first cracks in the cylinder appear close to the lateral edge 513 

of the regularization cap and affect mostly the upper and lower bricks and less the mortar 514 

joints. At this stage of the analysis, presented in the second column of Figure 13 (for a 515 

vertical displacement uy = 1.0 mm), most compressive damage exists at the external parts 516 

of the mortar joints. The lower capacity of the external part of the mortar joints compared 517 

to the internal part is due to its different stress state. As shown in Figure 14, the external 518 

parts of the mortar joints are under a tension-compression stress state, while the internal 519 

parts are under triaxial compression allowing them to sustain higher compression. The 520 
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first drop of the capacity occurs for a vertical displacement at the top uy = 2.3 mm and is 521 

associated to the opening of a crack at the middle of the central brick (third column of 522 

Figure 13). The compressive damage at the brick (Figure 13b) occurs under a tension-523 

compression stress state. Compressive damage evolves also at the external parts of the 524 

mortar joints. After the appearance of the central crack, the cylinder recovers some of the 525 

capacity up to a vertical displacement uy = 2.5 mm, when a second crack appears at the 526 

central brick (fourth column of Figure 13). The new crack results in the partial closure of 527 

the central one, as demonstrated from the contour of the maximum principal strains in 528 

Figure 13c. The rest of the analysis leads to the increase of the degradation of the mortar 529 

and the brick at the already damaged locations. When the tensile or compressive fracture 530 

energy is exhausted at one of these parts, another drop is obtained in the capacity curve 531 

(Figure 12).  532 

 533 
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 534 
Figure 13 – Numerical simulation of two joint cylinder specimens: evolution of (a) tensile damage, (b) 535 

compressive damage, (c) maximum principal strains εmax and (d) minimum principal strains εmin for 536 
different levels of vertical displacement. 537 
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 538 

 539 
Figure 14 – Numerical simulation of two joint cylinder specimens: vectors of the principal stresses at the 540 

mortar joints for a vertical displacement of uy = 1 mm: (a) σI (b) σII and (c) σIII. 541 
 542 

Figure 15 presents the crack surface in the two joint cylinder at the end of the numerical 543 

simulation, as the isosurface of horizontal displacements of 1 mm. The numerical 544 

simulation predicts correctly the typical hourglass failure observed in the experimental 545 

results (Figure 7a). 546 

 547 
Figure 15 – Numerical simulation of two joint cylinder specimens: final failure pattern shown as the 548 

isosurface of horizontal displacements ux of 1 mm 549 
 550 
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The presented numerical analysis of the 2JCs has provided an insight into their resistant 551 

part during the compression tests, useful to understand how to evaluate their compressive 552 

strength. Figure 16 presents the distribution of the vertical stresses (σyy) at the middle of 553 

the mortar joint and the central brick for the 2JC in two instances of the numerical 554 

analysis. Before damage occurs to the central brick (Figure 16a), a similar stress profile 555 

is observed within both the mortar and the brick, with the vertical stresses increasing from 556 

the exterior to the interior and center of the cylinder. After the opening of the central 557 

crack, a stress redistribution occurs within the brick, affecting mostly the front part close 558 

to front face of the cylinder. This is because the central crack does not propagate through 559 

the whole length of the cylinder, as also observed in the fourth column of Figure 13. 560 

Regarding the mortar, the increase of the compressive damage at the external faces, 561 

reduces significantly the level of the vertical stresses at these locations. The interior part 562 

though, presents a plateau of high vertical stresses. Overall, the vertical stress distribution 563 

during the different stages of the simulation shows that the size of the regularization cap 564 

delimits the actual resisting area of the 2JC. 565 

 566 

 567 
Figure 16 – Numerical simulation of two joint cylinder specimens: vertical stress distribution σyy (a) 568 
before the opening of the central crack and (b) before the opening of the external crack at the central 569 

brick. 570 

4.3 Numerical simulation of compression tests on three joint cylinders 571 

Figure 17 presents the graphs of experimental and numerical force against vertical 572 

displacement at the top of the cylinder for the case of the 3JCs. As for the 2JCs, the part 573 

before the loading-unloading cycles is reproduced using the tangent to the curve after the 574 
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end of the cycles. The numerical analysis predicts a capacity of 96.7 kN for the 3JCs, 575 

which falls within the limits of the experimental results defined by the capacity of 3JC2 576 

and 3JC8 samples of 74.6 kN and 104.9 kN, respectively. Similar to the experimental 577 

results, the numerical simulations predict a reduction of the capacity of the cylindrical 578 

cores due to the presence of the vertical joint of -5.9%. This value is very close to the 579 

experimentally measured reduction in the capacity of the cylinders of -6.3%, see Table 4 580 

and Figure 10. The numerical simulation represents the ideal case of a perfectly filled 581 

head joint attached to the central brick, which is rarely the case of existing masonry. This 582 

fact justifies the slightly lower reduction of the capacity due to the existence of the head 583 

joint compared to the experimental results. 584 

 585 
Figure 17 – Three joint cylinder specimens: graphs of experimental and numerical force against 586 

displacement at the top of the sample. 587 
 588 

The first damage in the 3JC are the cracks at the top and bottom bricks close to their 589 

connection with the regularization mortar cap (second column of Figure 18a). Compared 590 

to the 2JC, the low tensile strength of the mortar leads to the appearance of the vertical 591 

crack at the central head joint for low levels of loading. This crack results in the gradual 592 

loss of the stiffness of the specimen until reaching the peak load for a vertical 593 

displacement at the top of the cylinder uy = 3.1 mm. The drop of the capacity coincides 594 

with the appearance of another crack in the central brick, see third row of Figure 18. From 595 

that point on, compressive and tensile damage continues to increase in the already 596 

damaged locations, as can be seen in the last column of Figure 18. The second drop of 597 

the capacity, shown in Figure 17, coincides with the compressive failure of a part of the 598 

lower mortar joint. 599 

 600 
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 601 
Figure 18 – Numerical simulation of three joint cylinder specimens: evolution of (a) tensile damage, (b) 602 

compressive damage, (c) maximum principal strains εmax and (d) minimum principal strains εmin for 603 
different levels of vertical displacement. 604 
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 605 

The numerical simulation predicts also for the 3JC the typical hourglass failure as in the 606 

experimental results (Figure 7b). The surface of the lateral crack in the central brick at 607 

the end of the analysis and its propagation through the mortar joint is illustrated in Figure 608 

19.  609 

 610 
Figure 19 – Numerical simulation of three joint cylinder specimens: final failure pattern shown as the 611 

isosurface of horizontal displacements ux of 5 mm 612 
 613 

Similar to the 2JC, Figure 20 presents the vertical stress distribution σyy at the middle of 614 

the top bed joint and at the middle of the central brick and the head joint at two stages of 615 

the numerical simulation. The stress distribution is similar to that of the 2JC, with the 616 

exception of the lower stress gradients at the location of the head joint due to the early 617 

appearance of the central crack. During the whole length of the simulation, the parts of 618 

the cylinder outside the area defined by the regularization cap appear to have a limited 619 

contribution to the sustainment of the imposed vertical load. 620 

 621 
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 622 
Figure 20 – Numerical simulation of three joint cylinder specimens: vertical stress distribution σyy (a) at 623 

an early stage of the analysis with the crack at the head joint already opened and (b) before the opening of 624 
the external crack at the central brick. 625 

5. Conclusions 626 

This research has presented an experimental and numerical investigation of the laboratory 627 

compression test of cylindrical samples core drilled from masonry walls. A specific type 628 

of traditional masonry has been considered, composed of handmade terracotta solid bricks 629 

and aerial lime mortar joints. Such material is frequent in existing construction, especially 630 

in the structures of the built heritage. 631 

Two walls were built in the laboratory with the aim of reproducing the in-situ sampling 632 

and subsequent testing of masonry cores. One year after the construction, 150 mm 633 

diameter cylindrical specimens were extracted from the walls by using a dry core-drilling 634 

procedure (without water) in order to avoid disjointing of the samples. Some of the cores 635 

(2JC) presented two horizontal mortar joints, whereas some others had two horizontal 636 

mortar joints plus a vertical one (3JC). The cylindrical samples were regularized by using 637 

high strength mortar caps and then tested in the laboratory under compression. Stack bond 638 

prisms were also built and tested at the same time, in order to have a direct comparison 639 

between the novel tests on extracted cylindrical samples and the tests on prismatic 640 

samples conforming to the current standards for new construction. 641 

The materials used in the present experimental campaign have presented low-to-moderate 642 

mechanical properties, with a normalized compressive strength of bricks of 21.5 MPa and 643 

a compressive strength of mortar of 1.63 MPa after 1 year of curing. The experimental 644 

tests on masonry samples have shown that a compressive strength above 4 MPa can be 645 
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obtained by using aerial lime mortar with proper carbonation level (mature period) and 646 

moderately strong units.  647 

The average compressive strength of stack bond prisms has been 5.79 MPa, i.e. 3.6 times 648 

higher than the compressive strength of the mortar after one year of curing. The average 649 

Young’s modulus of stack bond prisms, of 2014 MPa, has provided a ratio to the 650 

compressive strength equal to 347.  651 

As for the cylindrical samples, besides the 3JCs suggested by the UIC 778-3R guidelines 652 

[18], this research program has considered a type of cylindrical sample, identified as 2JCs, 653 

which does not include the vertical joint, in order to assess its effect on the measured 654 

strength. The 2JCs have provided an average compressive strength 6.3% higher than the 655 

3JCs. However, this value may vary depending on the condition of integrity of head joints 656 

in the existing brickwork. 657 

The compression test on 150 mm diameter cylinders has shown to be an appropriate 658 

technique for the evaluation of the compressive capacity of existing masonry. The 659 

hourglass type of failure has been observed in both 2JCs and 3JCs. The compressive 660 

strengths from core samples have resulted in a good agreement with those derived from 661 

the standard tests on stack bond prisms. However, the compressive strength of cylindrical 662 

specimens has to be calculated carefully. This work has evaluated it by making use of two 663 

extreme values, based on the assumptions of either a total diametric or a cap wide resisting 664 

cross-section [14,15]. The present study has shown that the second estimate (6.17 MPa 665 

for 2JCs and 5.78 MPa for 3JCs) provides compressive strength values more in agreement 666 

with those from stack bond prisms. The values of the Young’s modulus of the core 667 

samples have shown a good agreement with the results from the standard tests when, once 668 

again, the cap wide resisting cross-section is considered in calculation. 669 

The paper has presented also the numerical simulation of the compression tests of the 670 

2JCs and 3JCs with the aim to interpret their resisting mechanism and identify the 671 

procedure for the calculation of the compressive strength. The finite element micro-672 

modelling technique has been considered for this purpose. The numerical simulations 673 

have predicted correctly the capacity given by the experimental results and the hourglass 674 

failure mechanism of both the 2JCs and 3JCs. The vertical stress distributions within the 675 

FEM models of the cylinders indicate that the parts outside the regularization parts have 676 

a limited contribution to the resistance of the specimen under compressive loading. The 677 

numerical study has complemented the experimental outcomes with further insight into 678 
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the mechanical behaviour of the extracted cylindrical specimens when tested under 679 

compression. 680 

The research has presented an experimental and numerical understanding of a technique 681 

intended to assist experts working in the analysis of historical buildings, who are 682 

constantly in need for reference values for specific typologies of masonry and also require 683 

reliable validation criteria for the non-standard tests on samples extracted from existing 684 

structural members. Following this line, it is highly advisable to continue investigating 685 

and improving the experimental MDT procedures based on core drilling and testing of 686 

cylindrical samples, as they have shown to be very promising and minimally invasive. At 687 

the same time, the enlargement of the database of experimental results for other 688 

typologies of masonry materials is also suggested, in order to obtain more data allowing 689 

to validate and extend the prescriptions of the current technical standards applicable to 690 

existing masonry structures. 691 
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