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Abstract 6 

The geometrical texture and morphology of a masonry wall section represent a key parameter when 7 

evaluating its seismic response. Such estimate is commonly performed through localised, semi-destructive 8 

methods, regarding which Ground Penetrating Radar (GPR) could emerge as an effective alternative survey 9 

method, due to its high-resolution, scalable and non-destructive approach. This research has targeted the 10 

reconstruction of the geometrical properties of a heterogeneous masonry section through a high-frequency, 11 

3D GPR investigation to evaluate the retrievable information, and the achieved results demonstrated the 12 

operational potential of the technique in providing earlier qualitative and quantitative information on the 13 

structure seismic behaviour. 14 

Keywords: Ground Penetrating Radar; Seismic assessment; Masonry texture reconstruction; Signal 15 

processing; NDT surveys. 16 

1 . INTRODUCTION 17 

The definition and characterisation of the texture of a masonry wall represent priority topics not only for 18 

building evaluation and diagnosis, but also within the seismic assessment and hazard mitigation domain, as 19 

the wall capability of sustaining horizontal in-plane and out–of–plane actions can be estimated provided that 20 

the typology, stratigraphy and internal construction and condition of the masonry structure are accurately 21 

determined. With all the mentioned attributes available, it is in principle possible to calculate the strength of 22 

the investigated masonry as a function of that of the components [1], [2]. 23 

Such relevance is enhanced by the fact that earthquake aftermaths are increasingly demonstrating the 24 

inefficacies of commonly found masonry textures in preventing the activation of collapsing mechanisms. 25 
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Even if structural flaws can be principally attributed to improper construction techniques of civil structures in 26 

high seismic risk zones, they are also a direct consequence of the lack of preventive maintenance, as well as 27 

enlargement interventions or structural modifications performed without an adequate historical knowledge of 28 

the building. 29 

It is therefore straightforward that many difficulties could be eliminated if better technical information 30 

regarding the mechanical characteristics of historic masonry are available. To achieve this scope, it is in 31 

principle essential to gather as much information as possible to understand how the structure under 32 

investigation has evolved over time, the modifications, replacements or adjustments that might have taken 33 

place and the correspondent time period, as these details can guide in formulating assumptions on the 34 

original construction approach, essential information for estimating the seismic response of the construction. 35 

In particular, a high percentage of voids in masonry panels and lack of effective connections among 36 

structural components, as well as low-quality stone units and mortar used in the building process, can lead to 37 

a degraded seismic resistance. It is therefore straightforward that such constituent materials heterogeneity 38 

together with the great variability of the possible construction techniques have made it difficult to develop 39 

reliable modelling schemes, in particular for masonry structures. As a consequence, the described 40 

information is typically available after the occurrence of a seismic events, which means that the seismic 41 

assessment of the structure is assessed retrospectively, starting from the damage sustained [3], [4], [5], [6], 42 

[7]. Although over the years such methodological approach has resulted in the development of highly 43 

accurate assessment reports [8] that allow to precisely correlate each single structural topology to a specific 44 

statistical vulnerability index and related seismic hazard curves [9][10][11], it would be important, instead, to 45 

evaluate the status and vulnerability of a masonry given the intact building, so that targeted interventions can 46 

be planned and put forward [12].  47 

It is therefore obvious that in order to qualify the state of preservation of stone or brick masonry walls, a 48 

knowledge of the inside is essential. The analysis of these structural features is often carried out by locally 49 

detaching and removing the plaster wall cover to highlight the masonry behind. Given the invasive nature of 50 

such investigation methodologies, a limited number of samples, typically located in secondary areas of the 51 

building, are extracted, hence limiting the thoroughness of the assessment and the confidence in claiming 52 

that the highlighted local behaviour effectively reflects the building as a whole one. 53 
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An operational breakthrough within these investigations can be achieved using Ground Penetrating Radar 54 

methodology [13], [14], thanks to its non-destructive principles and high resolution performance, which 55 

might allow the survey of multiple areas without the need for uncovering the masonry and consequently the 56 

investigation of extended portions that could lead to a more reliable and accurate assessment [15], [16], [17], 57 

[18], [19]. GPR technique utilises high frequency electromagnetic waves reflections at boundaries between 58 

materials exhibiting different electrical properties to determine the structure of the investigated area, which 59 

in the context of structures and buildings, typically includes voids, areas of wet material, and reinforcement 60 

structural element [20], [21], [22], [23]. Within these scopes, GPR has proven to be a highly effective and 61 

successful techniques, as reported in several reports and case studies [24], [25], [26], [27], [28].  62 

The estimation of the mechanical properties of a masonry wall can be obtained by considering the behaviour 63 

of an ideal masonry wall and the mechanical properties of the constituent materials (stones, bricks, mortars, 64 

etc.), described by the following parameters [1], [29] [30]: 65 

– Conservation state of bricks and mortar, in particular possible weathering effects and material 66 

erosion. 67 

– Stone/brick dimension properties, with respect to the longer axis of each single element. 68 

– Stone/brick shape, in particular concerning the associable morphology of the element (from pebbles 69 

to perfectly cut stones) for each masonry leaf. 70 

– Wall leaf connections, factors related to the presence of headers that might connect adjacent leaves. 71 

– Horizontal bed joints characteristics, in particular their continuity. 72 

– Vertical bed joint characteristics, in particular their staggering pattern. 73 

By assigning a qualitative index to each of these factors, typically based on a fulfilled – not fulfilled scale, it 74 

is possible to calculate a numerical value representing the behaviour of the masonry that is correlated to its 75 

mechanical parameters (compressive strength, shear strength and modulus of elasticity). Despite being not 76 

completely exhaustive, such strategy has demonstrated its efficacy in providing a general overview of the 77 

masonry status which might help and assist the execution of experimental measurements targeting the 78 

materials mechanical properties.   79 
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Although it is a promising subject, few GPR studies have targeted the masonry texture definition under this 80 

operational perspective, revealing the difficulty inherent to this complex scenario [31], [32], [33]. 81 

The deployment of GPR as a tool for the diagnosis of a structure, being this in terms of maintenance, 82 

restoration or safety assessments, requires to accurately evaluate the internal construction and condition of 83 

masonry, its geometrical morphology and composition, as well as the capability of determining the possible 84 

coexistence of modern constructive elements with ancient masonry ones. The challenge is therefore to 85 

precisely reconstruct the order and the alternation between bricks, determine their size and orientation, and 86 

delineate the mortar joints distribution, all tasks that requires a high resolution definition of shallow objects 87 

with limited size and potentially limited electromagnetic impedance contrast. Finally, it must be considered 88 

that such assessment should be performed without excessively altering or damaging the surface, and 89 

potentially from one side only.  90 

These requirements necessarily imply the deployment of a survey platform optimised for the task, as it 91 

should answer two main operational demands. First of all, the need for sufficient resolution to detect and 92 

image elements within the first 2-5 centimetres, as well as to produce results as much informative and 93 

readable as possible [34], [35], [36], [37]. This aspect is also a consequence of the well-known GPR 94 

effectiveness dependency on the user ability to interpret the obtained images. Secondly, the necessity of 95 

moving towards a three dimensional acquisition approach, due to the shallow depth of the targets of interest, 96 

their limited size and the level of detail required for the subsurface characterisation [38], [39]. All these 97 

aspects prevent the adoption of a sparse 2D profile approach, resulting in the necessity of collecting a 3D 98 

data volume spatially compliant with the Nyquist spatial sampling criterion, in order to avoid aliasing during 99 

data reconstruction [40]. 100 

Under this perspective, the aim of the following research is to determine the potential of GPR methodologies 101 

in providing useful, i.e. quantitative and numerical, details related to the geometrical morphology of a 102 

masonry wall, to a level such that the extracted information can be effectively employed for determining the 103 

quality level of the masonry and to support the building assessment procedures, essential precondition for 104 

bringing the GPR technique into practice for on-site investigations. For this reason, a portion of a wall with 105 
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known masonry architecture was surveyed with a high frequency GPR platform, making it possible to assess 106 

the reliability of the methodology with respect to the previously highlighted parameters. 107 

The paper is organised as follows. Section 2 describes the carried out geophysical survey methodology and 108 

the survey strategy, while in Section 3 the obtained GPR results and the analysis of the reconstruction 109 

performance are presented and discussed. Finally, Section 5 integrates the obtained reconstruction in the 110 

evaluation of the masonry quality, and a summary of the findings and potential developments are briefly 111 

addressed in Section 6. 112 

. SURVEY AREA AND METHODOLOGY  113 

For the purpose of the study, a recently covered wall has been selected to evaluate the GPR potential in 114 

reconstructing the morphology of masonry buildings. The site has been chosen as it presents several critical 115 

aspects in terms of masonry design, constituent elements distribution, size and geometry, as can be seen in 116 

Fig 1.  117 

 118 

Figure 1: Experimental area. 119 

From the photographs prior to the restructuring, it can be seen that the selected site is composed of three main 120 

areas: a first sector exhibiting a geometrically regular brickwork (marked A in Fig. 1) on top of a segmental 121 

arch (marked B in Fig. 1), i.e. an arch whose intrados is circular but less than a semicircle, a sign of a former 122 

aperture within the masonry wall, visible with its correspondent jack arch in the lower part of Fig. 1 (marked 123 
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C in Fig. 1). This represents the typical relieving arch design, built over a lintel or a jack arch to divert loads 124 

and hence relieving the lower member from excessive loading.  125 

An area of 70-by100 cm has been surveyed (Fig. 2a), covering the first two previously described areas, as 126 

shown in Fig. 2b.  127 

 128 

Figure 2: survey area details. 129 

Within these (Fig. 2c), the portion of the upper area that has been acquired consists of 3 rows of bricks each of 130 

them including 5 to 6 elements, unevenly distributed, as well as inhomogeneous mortar joint thickness, while 131 

the underlying segmented arch includes 9 voussoirs (an additional element straddles the acquisition 132 

boundaries) with a maximum skewback angle of 35 degrees with respect to the arch keystone, and a core of 133 

brickwork between the underside of the arch and the top of the lintel. 134 

GPR data were acquired using an IDS Georadar TR-SHF radar, a ground coupled impulse system with a 135 

central frequency and a bandwidth of 3 GHz. The device carries two bow-tie antennas spaced 6 cm and 136 

oriented perpendicular to the survey line (Fig. 3a). The sensor head, which is essentially a passive component 137 

weighting approximately 2 kg and with a size of 6 by 12 cm, is connected to a central unit responsible for the 138 

generation, transmission and reception of the signal. The required dense and regular 3D acquisition grid has 139 

been obtained by directly placing a cardboard variant of the PSG (Pad System for Georadar, [41]) over the 140 

wall (Fig. 3b), ensuring parallelism between adjacent profiles, while the inline sampling was controlled 141 

through an odometric wheel directly connected to the sensor head.  142 
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 143 

Figure 3: (a) employed GPR platform and (b) survey geometry. 144 

In this case, data were acquired along the ceilings to the floor direction. However, as logistic constraints 145 

might necessitate different acquisition geometries compared to the chosen one, two orthogonal volumes have 146 

been acquired to assess eventual differences in the imaging results. The choice of the orthogonal direction 147 

derived from the fact that, despite not expected to exhibit a strong polarimetric response, the regular 148 

geometry of a brickwork, particularly the vertical and horizontal mortar joints, might impact the magnitude 149 

of the scattering response [42]. Moreover, in case of structural metallic reinforcement elements such scheme 150 

will ensure a full detection, as a consequence of the well-known sensitivity to polarisation of highly 151 

conductive linear targets [43]. Precise correspondence among the acquired samples has been ensured by 152 

rotating the system with respect to the reflection centre of the antennas, while maintaining the same 153 

acquisition geometry. 154 

Acquisition parameters are provided in Table I. For each volume, a total of 150 profiles have been acquired, 155 

with an acquisition time of approximately 60 minutes. 156 

Table I: acquisition parameters. 157 

Parameter Value 

Inline sampling 0.4 cm 

Crossline sampling 0.7 cm 

Time sampling 0.039 ns 

Time window 20 ns 

Antenna separation 6 cm 

Antenna height < 1 cm 

Antenna frequency 3 GHz 

(a) (b) 
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System bandwidth 3 GHz 

 158 

Considering the resolution performance and consequently the capability of correctly recognising the bricks 159 

layer, as a general rule two events can be distinguished if the targets are separated in time by a time 160 

difference at least equal to half of the envelope width. The emitted waveform of the employed GPR system 161 

exhibits a -3 dB envelope width of approximately 0.14 ns, resulting in a required time difference between the 162 

top and the bottom of each layer of 0.14 ns in order to be separated. Considering that the dielectric constant 163 

of typical plaster used in masonry lies within the 3-5 range, even considering a velocity of 17 cm/ns, i.e. the 164 

less favourable conditions, the spectral characteristics of the system allows for a proper separation between 165 

the plaster layer, which has a thickness of 3 cm, and the upper faces of the brickwork, as the temporal 166 

extension of the plaster covering is approximately 0.17 ns. 167 

As mentioned in the previous section, although in some cases it might be easier to detect subsurface features 168 

from raw GPR data, migration represents one of the most useful tool to facilitate a correct interpretation and 169 

geometrical reconstruction of the subsurface features. Therefore, the results of the experimentation are 170 

presented both in term of raw time slice, obtained by applying a time calibration and a linear frequency 171 

filtering to remove out of band noise, and a set of depth slices, retrieved via Kirchhoff migration. Details on 172 

the processing algorithms are provided in Table II. 173 

Table II: data processing details. 174 

Processing step Description 

Time calibration Time shift. 

Trace alignment Correlation window. 

Frequency filtering Zero-phase Butterworth filter. Frequency range 1 – 4 GHz. 

Velocity analysis Hyperbola fitting. Mean aperture: 5 cm. 

3D migration 2D-2step approach. 

 175 

As a result of the velocity analysis, providing a velocity of approximately 15 cm/ns, the vertical resolution 176 

limit can be set at approximately 1.25 cm considering the central frequency of 3 GHz, once again 177 

demonstrating the background separation ability.  178 
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2 . GPR RESULTS 179 

The following section presents the obtained GPR results, for both raw/processed data and horizontal/vertical 180 

antenna orientation. To quantitatively assess the detection accuracy and reconstruction performance, the 181 

following aspects have been evaluated: for the raw data, the detection performance, defined as the 182 

comparison between the number of identifiable elements within the time slice ensemble and the actual one. 183 

In addition to this, the migrated data have been assessed also considering the reconstruction accuracy, 184 

determined as the evaluation of the estimated element size and the actual one. Such decision has been taken 185 

considering that the resolution along the crossline direction in unfocussed data depicts low resolution 186 

features owing to the long tails of the diffraction hyperbola, hence the factual size and location of the 187 

scattering element is typically erroneous. 188 

2.1 Unmigrated time slices 189 

Unmigrated time slices produced by the horizontal configuration, i.e. with the dipoles perpendicular to the 190 

survey direction, are presented in Fig 5. 191 
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  192 

Figure 5: GPR results, unmigrated horizontally oriented time slices. 193 

From the analysis of the slices ensemble, the two different morphologies previously highlighted can be 194 

identified. In particular, the intrados and the extrados of the segmented arch are evident (particularly from 195 

slice 13 to slice 20 of Fig. 5) in the lower part of the slice (inline direction interval from 30 cm onward), 196 

spanning the entire crossline dimension, while the geometrically regular brickwork can be delineated within 197 

the area above. The scattering contribution from the masonry can be assumed to start from the eleventh slice 198 

after the background reflection, corresponding to a time interval of 0.46 ns and resulting in an estimated 199 
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plaster thickness of approximately 3.5 cm, which is closely resembling the existent value. Both the areas 200 

exhibit a similar temporal extension, lasting for roughly 20 slices and consequently resulting in an estimated 201 

layer thickness of 0.8 ns, which leads to a thickness of 12 cm. Finally, mortar joints can be easily delineated, 202 

and in particular the horizontal bed ones, as a consequence of the orientation of the antenna pattern, which 203 

can better image the horizontal mortar lines compared to the vertical ones. 204 

It is therefore possible to extract some quantitative information on the geometrical composition of the 205 

masonry, even if it is clear that the actual number of bricks would be difficult to determine. This remark 206 

applies to the relieving arch as well, for which the contour can be accurately delineated, but several 207 

uncertainties remain when attempting to enumerate each voussoir. Carefully analysing the set slice by slice, 208 

it is possible to determine a quantitative indication of the level of fidelity that can be obtained under the 209 

perspective of defining the geometrical texture of the wall. In particular, in each slice the potential presence 210 

of a masonry element has been highlighted to obtain the final texture map provided in Fig. 6, along with the 211 

actual status. 212 

 213 

Figure 6: Reconstruction performance, unmigrated horizontally oriented time slices. 214 

The achieved detection capability, generated by approximately 8 to 10 slices and relying to a certain extent 215 

on the user interpretation ability, is numerically described in Table 3. 216 

Table III: Numerical reconstruction performance, unmigrated horizontally oriented time slices. 217 
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Second row 4 5 

Third row 4 5 

 

 
 

Lower area 

Relieving 

arch 
7 9 

Brickwork 

core 
2 9 

 218 

To assess the effects of a change in the survey direction, the same set of slices is presented for the 219 

orthogonally oriented acquisition, i.e. vertical configuration (Fig. 7).  220 
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 221 

Figure 7: GPR results, unmigrated vertically oriented time slices. 222 

As a first strand of the analysis, it can be seen that, compared to Fig.6, there are no noticeable differences in 223 

the imaging performance, as also changing the survey direction still manages to highlight the two masonry 224 

areas previously described. A comparable similarity exists also with respect to the amplitudes distribution of 225 

the two ensembles, both presented with the same dynamic range for a proper comparison. 226 

However, from a deeper analysis, it emerges that the vertical mortar joints are better imaged, as expected 227 

from the previous considerations on the antenna pattern geometry, and consequently the reconstruction of the 228 
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elements exhibiting a limited height turns out to be facilitated, as shown in Fig. 8 and numerically described 229 

in Table IV.  230 

 231 

Figure 8: Reconstruction performance, unmigrated vertically oriented time slices. 232 

Table IV: Numerical reconstruction performance, unmigrated vertically oriented time slices. 233 

 
Investigated 

area 

Investigated 

sector 

Estimated 

number of 

elements 

Actual 

number of 

elements 

 

 
 

Upper area 

First row 4 5 

Second row 3 5 

Third row 4 5 

 

 
 

Lower area 

Relieving 

arch 
7 9 

Brickwork 

core 
4 9 

 234 

What can be achieved, in this case through the interpretation of a slightly lower number of slices (6 to 8 235 

approximately) is still a partial reconstruction, as the advantages in determining the vertical discontinuities is 236 

balanced by the limited readability of the image. Concerning the segmented arch, no significant 237 

discrepancies exist with the orthogonal correspondent, in terms of both imaging readability and level of 238 

information that gathers. The comparison between the two schemes demonstrates that, although some 239 
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differences can be appreciated, no significant advantages exist in choosing a specific acquisition direction, 240 

meaning that such aspect does not represent a critical parameter when planning the survey. 241 

Summarising what can be extract from the presented results, it can be concluded that unmigrated data, 242 

although providing acceptable and satisfactory results, allows mostly for a qualitative interpretation, as only 243 

the appearance of the investigated area can be characterised and retrieved, but a complete reconstruction is 244 

still out of reach. While missing the elements close to the boundaries of the acquisition pad represents a 245 

solvable issue when approaching the survey on a larger scale, several bricks are not detectable regardless 246 

their size or geometry.    247 

2.2 Migrated depth slices 248 

To solve the challenge of quantitatively reconstruct the masonry wall, i.e. determine the number and actual 249 

location of each element, migrated data are presented for each acquisition scheme, starting from the 250 

horizontally oriented volume (Fig. 9). As described in Table II, a limited aperture value has been selected to 251 

further improve the resolution of the produced images and to avoid the introduction of processing artefacts. 252 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 253 

Figure 9: GPR results, migrated horizontally oriented depth slices. 254 

As expected, the additional processing step has the benefit of accurately reconstructing each scattering 255 

element and the relative boundaries, at the same time sharpening the image, as can be clearly seen in the 256 

depth slices ensemble. In agreement with the predicted plaster thickness and brick thickness, masonry layer 257 

appears at a depth of 3 cm, and its scattering contributions vanishes with depths greater than 11 cm. What 258 

can be also noticed is that the signature of the arch appears slightly deeper, meaning either a locally 259 

increased covering thickness or an underestimated velocity value. The close correspondence with the existent 260 

masonry texture is particularly evident for the geometrically regular brickwork (slice 4 in Fig. 9).  261 

The additional advantage of analysing migrated data over unmigrated ones is that it requires a significantly 262 

reduced number of radar slices to properly reconstruct the masonry morphology, 2 to 3 images, thus 263 

mitigating as well the effects of the user familiarity in interpreting the data. Detection performance are 264 

sketched in Fig. 10.   265 
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 266 

Figure 10: Reconstruction performance, migrated horizontally oriented depth slices. 267 

As before, Table V describes the quantitative results in terms of detected masonry elements with respect to 268 

the existent ones. 269 

Table V: Numerical reconstruction performance, migrated horizontally oriented depth slices. 270 

 
Investigated 

area 

Investigated 

sector 

Estimated 

number of 

elements 

Actual 

number of 

elements 

 

 
 

Upper area 

First row 4 5 

Second row 4 5 

Third row 5 5 

 

 
 

Lower area 

Relieving 

arch 
9 9 

Brickwork 

core 
6 9 

 271 

The texture is clearly identifiable, and the actual number of elements and their size can be guessed, with a 272 

remarkable level of accuracy and detail. Only the smallest and less regularly organised elements still 273 

represent a challenge, even if their presence can be supposed considering the texture of the surrounding 274 

neighbourhood. As a figure of merit, Table VI describes the obtained accuracy in determining the size of 275 

brick examples compared to the actual values. 276 
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Table VI: Numerical reconstruction accuracy, migrated horizontally oriented depth slices. 277 

   Brick example Element label Estimated size  Actual size 

 

1 
Height: 7.5 cm 

Length: 14 cm 

Height: 6.5 cm 

Length: 14 cm 

2 
Height: 6 cm 

Length: 30 cm 

Height: 5 cm 

Length: 27 cm 

3 
Height: 12 cm 

Length: 7 cm 

Height: 12 cm 

Length: 6 cm 

4 
Height: 13 cm 

Length: 7 cm 

Height: 12 cm 

Length: 6.5 cm 

 278 

Given the spatial uncertainty given by the system resolution, it is evident the close match between the 279 

retrieved data and the factual one, even for bricks with limited size, as for the case of element labelled 1 in 280 

Table VI. 281 

From the results, it is evident that a number of parameters and features that can be used for evaluating the 282 

quality of the masonry can be extracted, including the disposition of the vertical joints, their offset to the 283 

normal direction, the horizontal continuity and regularity, and the proper adjacency between vertical and 284 

horizontal elements.  285 

To complete the evaluation, the migrated depth slices acquired with the vertical configuration are presented 286 

in Fig. 11. 287 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 288 

Figure 11: GPR results, migrated vertically oriented depth slices. 289 

A very similar level of detection and reconstruction performance can be defined, following what has been 290 

commented from the analysis of Fig 9. The better delineation of vertical elements that emerged from the 291 

analysis of the unmigrated data results in a clearer definition of the brickwork core under the arch, as 292 

assessed in Fig. 12 and Table VII, respectively. The geometrical characterisation from the vertically oriented 293 

acquisition required approximately 2 to 3 slices, in agreement with the values obtained from the horizontal 294 

one. 295 

  296 
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Figure 12: Reconstruction performance, migrated vertically oriented depth slices. 297 

Table VII: Numerical reconstruction performance, migrated vertically oriented depth slices. 298 

 
Investigated 

area 

Investigated 

sector 

Estimated 

number of 

elements 

Actual 

number of 

elements 

 

 
 

Upper area 

First row 5 5 

Second row 4 5 

Third row 5 5 

 

 
 

Lower area 

Relieving 

arch 
9 9 

Brickwork 

core 
8 9 

 299 

Except for these evidences, the process of summing the scattering energy within the limited aperture and 300 

collapsing it at the apex of the relative diffraction have the effects of reducing the differences due to the 301 

acquisition direction, which are even less noticeable. Results of the reconstruction accuracy evaluation are 302 

provided in Table VIII. 303 

Table VIII: Numerical reconstruction accuracy, migrated vertically oriented depth slices. 304 

   Brick example Element label Estimated size  Actual size 

 

1 
Height: 6 cm 

Length: 13 cm 

Height: 6.5 cm 

Length: 14 cm 

2 
Height: 6 cm 

Length: 29 cm 

Height: 5 cm 

Length: 27 cm 

3 
Height: 14 cm 

Length: 6 cm 

Height: 12 cm 

Length: 6 cm 

4 
Height: 11.5 cm 

Length: 6 cm 

Height: 12 cm 

Length: 6.5 cm 

 305 
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To summarise, despite the increased processing weight required to produce the focussed results, the 306 

migration procedure has proved to be a crucial processing step to achieve a correct final interpretation, 307 

capable of providing valuable information for determining the characteristics and the morphology of a 308 

masonry wall. The analysis of the depth slices has shown that each element can be accurately located and its 309 

size estimated, all features that are involved, directly or not, in the structural assessment process. 310 

5 – MASONRY QUALITY ESTIMATION  311 

From the outcomes summarised in Figure 12 and Table VIII, it is possible to confidently index and label the 312 

parameters described in the introduction section, and in particular it can be stated that they are almost all 313 

fulfilled (conservation state, constituents dimension and shape, horizontal joint characteristics) or at worst, as 314 

a consequence of the remaining uncertainties, partially fulfilled (vertical joints characteristics, wall leaf 315 

connection).  316 

This means that the surveyed area can be categorised with a high masonry quality index, and consequently a 317 

good behaviour of masonry related to both horizontal and vertical actions. Table XI describes these concepts. 318 

Table IX: Masonry quality estimation results. 319 

Quality parameter Assessment  Index GPR evidence 

Conservation state of 

bricks and mortar and 

appraisable 

mechanical properties 

Apparently in good state. Fulfilled 

 

Stone/brick dimension 

properties 

Accurately determined 

(examples in Table VIII). 

 

Bed: 12-14 cm 

Header: 6-7.5 cm 

Stretcher: 25-34 cm 

Fulfilled 

 

Stone/brick shape 

Brickwork predominant, 

no evidences of 

stonework. 

Fulfilled 
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Wall leaf connections 
Presence of possible 

headers. 

Partially 

fulfilled 

 

Horizontal bed joints 

characteristics 

Continuous horizontal 

bed joints. 
Fulfilled 

 

Vertical bed joint 

characteristics 

Partially staggered 

vertical joints. 

Partially 

fulfilled 

 
 320 

Commenting on these performances, the lower level of quality estimated for the vertical mortar lines is a 321 

result of the limited extension of such features and considering also the resolution, and hence the spatial 322 

ambiguity, achieved by the adopted GPR system. However, it can be also seen that the missing an element, 323 

in this particular case the brick under the arch, does not actually invalidate the approach, as (1) the 324 

characterisation of such parameter can still be confidently computed thanks to the obtained knowledge of the 325 

surrounding areas, and (2) the presence or absence of the brickwork has a limited impact on the masonry 326 

strength, as it is completely sustained by the overlying arch, considering also that the structural element is 327 

completely and correctly reconstructed. Regarding the headers between masonry leaves, and therefore the 328 

possibility of being in the presence of a multiple leaves masonry structure, the estimation relies in the first 329 

instance on the geometrical aspect of the brickwork, i.e. an element is defined as a candidate header based on 330 

the appearing size. Finally, the positive index on the condition state of the masonry constituents arises from 331 

the absence in the GPR slices of visible voids or significant erosion phenomena degrading the accuracy in 332 

elements delineation.  333 
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It can be therefore affirmed that the GPR survey methodology advanced in this article has demonstrated its 334 

capability in properly retrieving the majority of the required parameters needed for a quantitative masonry 335 

quality assessment, with a high level of confidence and without impacting on the wall surface at all. 336 

Applying the methodology described in (Borri et. al. 2015a and 2015b), the investigated masonry appears to 337 

be characterised by a compressive strength (𝑓𝑚) of approximately 600 𝑁/𝑐𝑚2, a shear strength (𝜏0) of 9 338 

𝑁/𝑐𝑚2, a shear modulus (𝐺) of 640 𝑁/𝑐𝑚2 and a modulus of elasticity (𝐸, overestimated by the 339 

methodology) of 2300 𝑁/𝑐𝑚2. Such values represent a masonry exhibiting a high carrying capacity of 340 

horizontal in- and out-of-plane actions, as well as a satisfactory resistance to the vertical ones.  341 

As a comparison, in case the distinguishing parameters were totally fulfilling the quality requirements, the 342 

masonry strength would be enhanced of a 10 percent factor in contrasting the horizontal actions, while the 343 

shear properties would gain a 30 percent increase. Conversely, if we assume no information on the presence 344 

of headers, a decrease of the parameters defining the masonry quality can be estimated in a 16 – 20 percent 345 

range, mainly as a consequence of the contraction in the out-of-plane horizontal actions resistance. As well, 346 

the inability of adequately delineating the vertical bed joints causes an additional reduction of the parameters 347 

up to a 30 percent, or even higher (as for the shear strength value computation). In this case, such contraction 348 

is a consequence of the decreasing of the masonry resistance also to in-plane horizontal actions. 349 

Table X details the commented performance.  350 

Table X: Estimated masonry response comparison. 351 

Masonry evidences Compression strength 

(𝑓𝑚) 

Shear strength 

(𝜏0) 

Shear modulus 

(𝐺) 

Modulus of elasticity 

(𝐸) 

Ideal masonry 

characterisation 
670 𝑁/𝑐𝑚2 13 𝑁/𝑐𝑚2 900 𝑁/𝑐𝑚2 2500 𝑁/𝑐𝑚2 

From GPR survey 

(Table XI) 
600 𝑁/𝑐𝑚2 9 𝑁/𝑐𝑚2 640 𝑁/𝑐𝑚2 2300 𝑁/𝑐𝑚2 

No information on 

headers 
480 𝑁/𝑐𝑚2 7 𝑁/𝑐𝑚2 540 𝑁/𝑐𝑚2 1950 𝑁/𝑐𝑚2 

No delineation of 

vertical bed joints 
425 𝑁/𝑐𝑚2 5.7 𝑁/𝑐𝑚2 455 𝑁/𝑐𝑚2 1780 𝑁/𝑐𝑚2 

 352 
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In summary, the Table once again underlines the significance of determining the presence of headers and the 353 

role of the vertical joints delineation for a proper structural assessment, features that can both be adequately 354 

addressed through a high frequency, 3D GPR investigation.   355 

In conclusion, this study has revealed that the proposed methodology might become an operationally suitable 356 

tool to investigate a masonry structure and to provide preliminary qualitative and quantitative information on 357 

its potential behaviour to both horizontal and vertical actions. In addition, it should be considered also the 358 

well-known capability of the GPR technique of detecting wooden and metallic elements within the structure, 359 

which allows the designer to additionally understand the quality of the performed modifications or 360 

interventions and the residual resistance level. 361 

6 – CONCLUSIONS  362 

Within the context of the condition assessment of masonry walls for seismic behaviour characterisation, and 363 

generally for structure inspection and diagnosis, this study has demonstrated the successful application of 364 

GPR technique in retrieving essential information on the masonry typology and the geometrical properties of 365 

its constituent elements (brick, stone and mortar) properties, a knowledge that is typically achieved through 366 

the use of more invasive approach and consequently with a limited scalability. In particular, the aim was to 367 

evaluate the performance of the methodology in determining the presence, the partial presence, or the 368 

absence of specific construction features that could provide a quantitative indication of the quality of the 369 

masonry.  370 

Therefore, the challenges addressed are associated not only with the detection of shallow targets with limited 371 

size and potentially a similar dielectric behaviour, but also with their precise reconstruction, accurately 372 

enough to allow for the extraction of the masonry quality parameters, a set of attributes which includes 373 

among others the delineation of the mortar joint and the constituent elements dimensions. These scopes have 374 

required the deployment of a dedicated 3D, high frequency GPR platform. 375 

Results have been obtained for both unmigrated and focussed GPR slices, as well as acquired along different 376 

survey directions, and their analysis has highlighted that unmigrated data only provide a qualitative 377 

characterisation of the surveyed area, adequate for determining typology and texture morphology, but the 378 

achieved performance in terms of single element reconstruction are limited. On the contrary, the migration 379 
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algorithm has the effect of improving the readability of the produced images, thus consequently reducing the 380 

influence of the user confidence in interpreting the data, and allows for an encouraging recognition and 381 

geometrical reconstruction of all the elements composing the masonry, retrieving almost the entire set of 382 

parameters needed for the masonry quality assessment.  383 

Research remains to exploit some important aspects, first of all a clearer and improved identification of the 384 

number of headers, considering its importance in determining the wall capacity to resist seismic actions (as 385 

highlighted in Table X). This can be done by acquiring a correspondent area on the other side of the wall, 386 

considering that a properly connected multi-leaf connection requires elements traversing the entire wall 387 

structure, and hence location matches between potential header candidates can expectedly identify the 388 

fulfilment of such structural property. Another aspect requiring attention for a deeper seismic behaviour 389 

characterisation is the identification of toothing, i.e. the process of constructing the temporary end of a wall 390 

with the end stretcher of every alternate course projecting, at the wall-to-tie-column interface, either being at 391 

an interior or at corner, as well as toothing at cross walls intersections. Such confinement technique ensures a 392 

satisfactory bond between adjacent structural elements, controlling the out-of-plane behaviour and therefore 393 

improving the building robustness and ductility against seismic forces. 394 

From an engineering perspective, future works will be focussed on the automation of the detection, 395 

recognition and identification process through the development of dedicated image processing algorithms, so 396 

that the reliance upon the user interpretation ability can be further reduced and the system performance 397 

improved. Another advancement that can be put forward is the conceptualisation of a flexible, wide-scale 398 

survey equipment for an efficient and productive application on site, seamlessly integrating the sensor and 399 

the positioning equipment. 400 
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