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Sonic pulse velocity is a non-destructive method used for diagnosing existing masonry and evaluating the
effectiveness of interventions. A new comparative study is presented here, aimed at checking the relia-
bility of the method in detecting inhomogeneities in order to qualify various masonry conditions, accord-
ing to common practice and up-to-date tools, for both on-site testing and data handling. Four research
groups applied direct and tomographic sonic velocity tests on three full-size wall specimens representing
existing masonry types. The surface wave method was also applied to one of the specimens, to compare
various outputs of elastic wave transmission. The panels incorporated various flaws and inclusions and
were consolidated by grout injections. Each research unit applied its own acquisition systems and pro-
cessing methods before and after panel consolidation. The results confirmed the ability of sonic pulse
velocity tests in detecting large inclusions and significant variations in compactness, and provided quan-
titative reference values for materials and conditions. The research provided directions for further opti-
mization of sonic waves transmission test application in already existing masonry constructions.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The preservation of architectural heritage requires primary
implementation, in the diagnostic phase, of a knowledge process
based on visual inspection and experimental procedures [4]. In
such a context, the correct application of Non-Destructive Testing
(NDT) methods is crucial in evaluating the current conditions
of materials and structural components without affecting their
integrity [3]. Among NDT methods, the Sonic Pulse Velocity Test
(SPVT) is commonly applied to existing and historical structures
to evaluate the quality of masonry. The method applies the
transmission of elastic waves (range of frequency domain
20 Hz–20 kHz) between couples of measurement stations located
at known distances on the wall surface [1,22,24,17,11]. An elastic
mechanical impulse is generated by an instrumented hammer
striking the surface of the material, and the propagated signal is
then received by one or more accelerometers. For each travel time
the signal transmission velocity is computed according to the
assumed minimum distance (straight-line path) between each
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couple of stations. Heterogeneities, voids or inclusions of other
materials would change the wave path, as sonic waves tend to tra-
vel faster in denser materials (minimum speed value refers to
propagation in air). Consequently, as wave velocity is a qualitative
indicator of the density of the study material, the method com-
pares compactness variations in order to identify unknown condi-
tions inside the material and can thus evaluate its state. Direct
configurations of measurement points (source and receiving sta-
tions face each other on opposite wall sides) and tomographic
extension (combination of crossing signal paths involving at least
two sides of a wall section) are mostly used in real-life investiga-
tions. They both refer to the first arrival of longitudinal, primary
(P) waves, the fastest among those generated by impact (including,
e.g., shear and Rayleigh waves) and are therefore particularly suit-
able for identifying and locating inner anomalies [16,23,6,20]. Sig-
nals are collected at a regular mesh of points marked on the
masonry surface, and the computed set of velocities can then be
post-processed by software for mapping values distributed over
the study area. More recently, another method based on elastic
wave propagation, called MASW (Multichannel Analysis of Surface
Waves), has gained popularity in similar applications on various
scales [28,19]. MASW is based on the interpretation of the disper-
sion characteristics of surface waves generated by a hammer.
Applying MASW to masonry structures is also promising, since
the dispersion characteristic of these waves is more pronounced
when the medium is highly heterogeneous. Miranda et al. [21]
compared direct, indirect and impact echo tests, and evaluated a
relationship between the measured wave forms (P and Rayleigh
waves) influenced by the presence of mortar joints.

However, regardless of method and data processing, tests based
on wave transmission may present a series of uncertainties, partic-
ularly in highly non-homogeneous materials such as historic
masonry, with a rather high approximation. Therefore, sonic tests
should be part of a more extensive experimental diagnostic plan,
including other test methods, properly cross-checked to confirm
and/or validate results [7–9,5,15,13,34]. Masonry being a compos-
ite material, due to its heterogeneity and the extreme variety of
types, measured elastic wave velocity values cannot be correlated
with physical or mechanical properties (e.g., mass density, Young’s
modulus). However, the ranges of velocity variation can indicate
the condition of the wall [18,3,25,5], with results which are effec-
tive in comparing the varying conditions of the material in the
building. Hence, sonic velocity figures can identify weak areas,
such as those requiring possible intervention, or can quantify the
effectiveness of consolidation, e.g., in the case of grout injections
[26,12,32,33,27]. According to [3], average sonic velocity exceeds
2000 m/s for good-quality brick masonry (or 2500 m/s for stone
masonry, according to [18]). For medium-quality masonry, velocity
ranges between 1000 and 2000 m/s (or 1500–2500 m/s), with val-
ues below 1000 (or 1500) m/s for poor-quality masonry. Successful
grout injections, capable of filling medium-large voids in injectable
masonry, can easily raise the velocity to that of solid, good-quality
masonry; the average velocity increase after grouting ranges from
40% in real-life applications [8] to about 2.5 times in experimental
laboratory tests [33,27].

Several other aspects may affect sonic test results: (a) the test-
ing equipment, (b) on-site application and acquisition phases, and
(c) data processing assumptions [16,10]. In order to investigate still
open issues on the sonic test procedure for calibrating and identi-
fying various conditions in masonry structures, an experimental
laboratory program was organized among research units (RUs)
from the University of Padova, Politecnico di Milano, University
of Bologna and the University of Padova’s spin-off Expin srl.
Research compared the reliability of sonic tests performed by the
RUs on a series of specimens reproducing various types of masonry
and cross-sectional conditions. MASW tests were also carried out
on one specimen. Three three-leaf full-sized panels (about
120 � 120 � 40 cm3, length x height x thickness) were purpose-
built to serve as physical models for all the RUs. The specimens
consisted of outer leaves made of fired-clay solid bricks, rubble
stones or a combination of both (i.e., stonework regularized by
cross-through brick courses) and an incoherent inner core. Wall
designs anticipated a series of anomalies representing voids or
inclusions (e.g., plastic pipes, steel tie rods, pieces of timber). In
addition, in a later phase, the inner cores of the specimens were
improved with grout injections.

In this paper, results are compared in terms of differing wall
conditions but also specific acquisition systems, modes of applica-
tion and processing methods adopted by the RUs. The application
to the same specimens and all data shared among the RUs also
allowed quantitative evaluation of the sonic velocity values repre-
sentative of the various materials and the variable states detect-
able in existing masonry constructions.
2. Experimental campaign

The experimental campaign involved four experienced research
units from the University of Padova (RU1), Politecnico di Milano
(RU2), University of Bologna (RU3) and Expin s.r.l. (RU4). To repro-
duce and compare current application methods of sonic tests to
masonry, all the RUs, according to their current in-situ practice,
used their own equipment, data acquisition systems and post-
processing tools on a set of three multi-leaf masonry panels. Each
RU applied SVPT to the three specimens in turn, so that the results
could be compared in the same conditions. The specimens were
purposely designed and built with some inclusions (e.g., a timber
element, transverse connections made of anchored steel ties or
bricks, a pipe simulating installations) and other irregularities. In
order to reproduce vulnerable masonry conditions in both vertical
and horizontal (e.g., seismic) loads, the three-leaf section walls
were built with weak inner cores. The external layers represented
common types of layouts for existing masonry constructions, i.e.: a
multi-type rubble stone pattern including a solid section of brick
courses (P1-M), a regular fired-clay brick pattern (P2-B) and a rub-
ble stone pattern (P3-S). In a later experimental phase, in order to
improve the overall compactness of the walls, the inner incoherent
layers were filled with grout. Direct sonic tests and sonic tomogra-
phy (across horizontal and vertical sections) were then carried out
on the walls before and after consolidation. In addition, on speci-
men P2-B, the applicability of the MASW method at sonic scale
was tested, in order to evaluate the effectiveness of grout injections
along a bisector of the panel.
2.1. Specimens

Rubble limestone elements of irregular shapes and dimensions
from the Cugnano quarry (Belluno, Italy) [31] were used for con-
struction of specimens P1-M and P3-S; standard commercial
fired-clay solid bricks (12 � 5.5 � 25 cm3) were used for P1-M
and P2-B. Two natural hydraulic lime-based mixes were used for
the panels, one for mortar joints and the other (calibrated with
proper fluidity) for grout injection. During construction, the inner
cores of the walls were filled with gravel and flakes, the latter
made of the same stones as the single walls. Each specimen rested
on a reinforced concrete base to facilitate handling (Fig. 1).

Specimen P1-M (114 � 127 � 37 cm3) was made of rubble
stone masonry whytes with an incoherent core (each crossing at
about one-third of thickness of the wall), with their upper and
lower parts separated by four brick courses crossing the entire
thickness of the wall; Fig. 1a). These courses are sometimes found
in existing irregular stone masonry, to regulate compression
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a: steel tie-rod with anchor plate; b: 
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Fig. 1. Overall view of specimens and details of construction: (a) multi-type wall P1-M, (b) brick wall P2-B, (c) stone wall P3-S.
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stresses acting along panels and to connect external whytes locally.
A vertical PVC pipe (diameter 110 mm) ran in the inner core for the
whole height of one side of the wall, creating a cylindrical void
simulating the passage of a drainpipe or other systems. On the
opposite end of the wall, a transverse steel tie rod (diameter
12 mm), anchored outwards by a steel plate (145 � 100 mm2)
was placed in the upper part of the panel. A timber beam element
(160 � 130 mm2) with a centrally placed steel rod (6 mm in diam-
eter) was positioned in the lower wall portion.

Specimen P2-B (120 � 120 � 39 cm3) wasmade up of two exter-
nal one-head-thick brick whytes with a regular layout and mortar
joint thicknesses ranging from 1 to 1.5 cm (Fig. 1b). Four brick head-
ers, acting as shear elements connecting front and rear wall whytes,
were placed round the central vertical line of the panel at the 4th,
9th, 14th and 15th courses from the top, alternating at the two sides.

Specimen P3-S (126 � 125 � 45 cm3) was made of two rubble
stone leaves and an incoherent core, each spanning about one-
third of the section thickness (Fig. 1c). Due to the irregularity of
the stone courses, the mortar joints in this panel had variable
thicknesses, generally not exceeding 2 cm.

In a second measurement campaign, both P2-B and P3-S panel
cores were fully consolidated with grout injections. In the P1-M
wall, in order to compare sonic test results applied on injected
and non-injected portions directly, only the lower part of the wall
- below the brick courses – was consolidated. The injection grout
was a ready-to-mix product; however, in order to optimize its rhe-
ological properties, preliminary fluidity [2] and injectability tests
were performed [30]. According to the results, a water/mix ratio
of 0.4 by weight was adopted. The panels were injected from one
front only, slowly progressing from the base to the top of the walls,
by means of a manual system of combined pump and mixer
(Fig. 2). To reach the core, a 12-mm diameter drill bit was used
to bore a series of holes through the thickness of the external
whyte, according to a triangular mesh with sides of 30–40 cm.



Fig. 2. Injection phase of panel P3-S (a) and rising grout in panel P2-B (b).
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The holes were slightly inclined downwards, in order to optimize
grout percolation in the core. On the back of the panels, a few addi-
tional (non-injected) control holes allowed monitoring of grout
migration. Plastic hoses (external and internal diameters of 12
and 9 mm, respectively) were inserted into the drilled holes and
used as grout inlets. The whole injection process was monitored
in terms of grout quantities, from one hole to the next, and any
possible grout outflows were promptly sealed after any rise of
grout in the hoses was seen (Fig. 3) (Table 1). For the P1-M panel,
the solid brick courses provided an effective barrier against
upward grout migration.
2.2. Investigation program

Each RU approached the panels for the direct, tomographic or
MASW tests, according to their usual procedures, before and after
injections. Pre-injection sonic tests were performed from 30 to
90 days after panel curing; post-injection tests started 60 days
after injection. Table 2 lists the geometric characteristics of the
meshes adopted by the RUs for direct and tomographic tests. All
four RUs made direct tests on all three panels, according to grids
of corresponding points on the two opposite main faces of the
specimens. RU2 and RU3 did not generally include the full thick-
ness at the vertical edges of walls; RU1 and RU4 extended their
tests to larger surfaces, which would also account for the edge
effect. However, all RUs had quite small-spaced meshes, taking
into account the textural variety of the walls (especially for panel
Fig. 3. Progressive grout migration in specimens (a) multi-type wall P1-M, (b) brick wall
of grout, according to arrowed paths).
P1-M) and facilitating more precise results. RU3 also applied direct
tests to specimen P1-M, with a mesh of 11 � 6 points spaced at
10 cm, to study the lower portion of the wall only (the one sub-
jected to injections). Fig. 4 shows the overlap of the investigated
areas for direct tests by the RUs.

Tomography was applied to horizontal cross-sections of all
three specimens (four sides, by RU1, RU2, RU3; two sides by
RU3) (Fig. 5) and vertical sections to P1-M and P2-B walls only
(two sides, by RU1 and RU3, both using the same configuration
of station of points along 110 cm in the mid-panels, although with
a different number of wave paths) (Fig. 6a). The MASW test was
applied along the bisector line of P2-B panel (RU2) at 12 points,
spaced at 9 cm and covering a total spread length of about 1 m
(Fig. 6b); no brick headers were crossed by the test line, thus the
effect of consolidation of the inner core was compared with the
sonic test results.
2.3. Testing equipment and processing tools

To check any variability of results according to differences in
acquisition and processing tools, each RU adopted hardware and
settings commonly used on-site on masonry structures. RU1’s
equipment was composed of a hammer with a 1.1 kg mass and a
hard plastic tip (51 mmdiameter), instrumentedwith a piezometric
load cell with sensitivity of 0.23 mV/N, the response curve of which
provided a frequency range of 700–1050 Hz, from 5 to 20 dB, on the
tested materials (Fig. 7a). Piezometric accelerometers, sensitivity
P2-B, (c) stone wall P3-S (numbers: position of injection holes and progressive flow



Table 1
Quantity of grout injected in specimens and computed percentage of voids in cores.

Specimen P1-M P2-B P3-S

Dimensions (l � h � t) (cm3) 114 � 52 � 37 120 � 120 � 39 126 � 125 � 45
Core thickness (approx.) (cm) 13 14 15
No. of injection holes 3 10 9
No. of control holes 2 4 4
Quantity of grout injected (lt) 13.4 31.8 90.0
Percentage of voids in core (%) 17.3 15.8 38.1
Overall void percentage in walls (%) 6.1 5.7 12.7

Table 2
Main testing configurations applied by RUs.

Research unit Specimen Direct tests Tomographic tests

Tested area (cm2) Mesh spacing (cm2) Horizontal (no. of points) Vertical (no. of points)

RU1 P1-M 90 � 90 10 � 10 4 � 11 11
P2-B 90 � 80
P3-S 90 � 90 – –

RU2 P1-M 75 � 75 15 � 15 1 � 7 –
P2-B 1 � 8
P3-S

RU3 P1-M 90 � 90 10 � 10 0 � 11 11
P2-B 100 � 80
P3-S 110 � 100 3 � 10 –

RU4 P1-M 100 � 100 10 � 10 – –
P2-B 80 � 80
P3-S 110 � 110

Fig. 4. Direct sonic tests: overlapping of areas tested for (a) multi-type wall P1-M, (b) brick wall P2-B, (c) stone wall P3-S.
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10000 mV/g and resolution 0.000008 g ms, were used as receivers.
The acquisition system was an integrated PXI-1025 system with
PXI-4472modules,with a sampling frequency of 102.4 kS/s. A signal
sampling frequency of 50 kHz was used. Three signals were
acquired at each test station with a CoV of 10% between each
velocity value along the same path. Travel time was computed by
an automatic algorithm implemented in the Labview environment
[14]. Tomographic configuration allowed simultaneous acquisitions
of seven accelerometers per impact. In-house software based on
straight ray paths was used for tomographic processing.

RU2 performed sonic pulse velocity tests with an instrumented
hammer with an aluminium tip (8 mm diameter) and a load cell of
4.48 kN, providing frequency content of signals around 4.5 kHz,
and an accelerometer (Fig. 7b). Signals were acquired at a sampling
rate of 20 ls by a National Instrument card connected to a portable
PC and recorded by in-house software implemented in Labview
[10]. Signals were checked directly by a user-friendly interface;
one value (presumed to be the most reliable) per measurement
station was recorded. For tomographic elaborations, GeoTomCG
commercial software based on curved ray paths was used. For
application of the MASW, a hammer equipped with an accelerom-
eter connected to the triggering input of the recording device was
used. Lamb-Rayleigh waves were generated in a proper frequency
range. Receivers consisted of 12 piezoelectric sensors, fixed with
metal springs on L-shaped aluminium elements pasted on the
brick surface (Fig. 7c). Since the expected investigation depth of a
MASW survey is about half the spread length [29], the covered dis-
tance of about 1 mwas sufficiently long to explore the whole depth
of the specimen section (39 cm thick for P2-B). The expected reso-
lution was about half the receiver spacing, i.e., 5 cm, which was
enough to detect the three-layer bricks-core-bricks structure. The
possible velocity ranged from 200 m/s in the core before injections
to 1500 m/s in the external brick layers (Rayleigh waves travel at
about 0.9 the velocity of shear waves), a rough estimate of the fre-
quency bandwidth needed to detect three layers with about the
same thickness (i.e., 13 cm) was 200–4000 Hz. This is a frequency
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Fig. 5. Sonic tomography on horizontal sections: tested areas and ideal signal paths for (a) multi-type wall P1-M, (b) brick wall P2-B, (c) stone wall P3-S.

Fig. 6. Sonic tomography on vertical sections: areas studied for multi-type wall P1-M (a). MASW test on panel P2-B (b) (blue: spread of sensors; red: impact positions). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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range which can easily be generated with a small hammer and be
received with enough energy at a distance of about 1 m. The
recording unit was a 24-channel seismograph from Geometrics
(GEODE model). Data were sampled at the highest sampling rate
of the seismograph (48 kHz). Four shots were recorded by
hammering the specimen surface at different distances from the



Fig. 7. Sonic data acquisition equipment used by RU1 (a), RU2 for sonic (b) and MASW (c) tests, RU3 (d), and RU4 (e) (hammer and/or receiver sensors).
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closest (lower) sensor (Fig. 6b). The dataset was analysed with
WinMASW, a commercial software specifically developed for
MASW data inversion.

The sonic equipment used by RU3 included a small impact ham-
mer (mass of 0.1 kg and an alloy tip of 6 mm diameter) and sensi-
tivity of 11 mV/N, featuring an integrated high-sensitivity force
sensor for amplitude and frequency contents, together with
accelerometers as receiving probes with linear response in the
region of interest of the spectrum (Fig. 7d). Waveforms were
recorded by a PC equipped with a very high-frequency acquisition
card. In-house software in Labview environment was used for
checking real-time quality signals prior to data recording. Mea-
surement number was limited to one per reading point or more,
if necessary. On the materials tested in this experimental work,
the generated signals showed maximum frequency between about
1750 Hz and 6650 Hz. In-house data recall and visualization soft-
ware, as well as commercial software, were used for manual
travel-time picking and tomographic inversions, respectively. The
latter uses a SIRT algorithm performing both straight-line and
curved waveform path iterations.

RU4 used a small hammer of mass 0.16 kg and alloy tip of 6-mm
diameter, instrumented by a piezometric load cell with a sensitiv-
ity of 2.25 mV/N (Fig. 7e). Receivers, acquisition systems and set-
tings were the same as those for RU1. Travel times were
manually detected and displayed by in-house software imple-
mented in Labview.

Table 3 compares acquisition parameters and hammer capaci-
ties for the various systems applied to brick or stone masonry
specimens.
3. Results and discussion

The various choices made by the RUs resulted in slightly differ-
ent areas covered by direct tests and different resolutions of both
acquisition meshes and processed maps in tomography. Therefore,
comparison of the results of direct tests was performed by examin-
ing only the common areas investigated by all RUs on panel sur-
faces, and a uniform definition of the processed meshes was
Table 3
Acquisition parameters and maximum frequency of impulses on basic wall materials.

Parameter RU1

Sampling frequency (Hz) 50,000
Sampling time (s) 0.00002
Sample number 4096
Waveform length (s) 0.082
Max frequency (Hz) Brick 794

Stone 668
proposed among the RUs for tomography. The following sections
describe the main results of direct and tomographic tests applied
to the three masonry panels in contour map images of values com-
puted on the mesh areas.
3.1. Direct tests

Direct tests gave significant results in identifying large varia-
tions in compactness along the cross-sections of the multiple-leaf
walls and evaluating the effectiveness of injections. Results were
consistent among all the RUs, as shown in Figs. 8, 9 and 10, which
compare the results with respect to the same range of velocities for
the contour maps. The most significant aims in pre-injection con-
ditions were achieved, i.e., identification of various masonry mate-
rials, brick headers and large cavities, for P1-M, P2-B and P3-S
specimens, respectively. The results for panel P1-M show edge
effects due to the closeness of the concrete beam at its base and
the low position (compared with the other panels) of acquisition
meshes, to allow the injected portion of the wall to be examined
(Fig. 4a). A similar effect was detected for panel P3-S on the vertical
full-thickness edges by all RUs except RU3, whose acquisition
mesh purposely did not include borders in order to enhance eval-
uation of injection effectiveness (Fig. 4c). These interferences in
wave transmission affected the average sonic velocity values, as
shown in Table 4, which may indicate that, in practical applica-
tions, investigations near boundaries of 1–1.5 times the wall thick-
ness should be avoided.

In spite of the denser grid meshes used by some of the RUs, the
low resolution of generated signals compared with the size and
nature of the inclusions impeded the accuracy of results in the
pre-injection state, so that smaller inclusions (e.g., timber elements
and PVC pipes) were not identified. However, comparison of veloc-
ities computed on specific points gave significant results in terms
of quantification of representative average values for as-built
masonry (Table 4: missing values correspond to outside tested area
points). Consistently average RU values were obtained for all ele-
ments (maximum CoV 18%), except for a few out-of-range peaks
of velocity in panel P2-B. In particular, RU1 detected a peak for
RU2 RU3 RU4

51,200 500,000 50,000
0.00002 0.000002 0.00002
1260 10,240 4096
0.025 0.020 0.082
2302 2315 2056
4496 4017 3423



Fig. 8. Direct velocities in panel P1-M before injection: contour maps of various masonry materials (irregular stone leaves and rubble core, solid layer of brick courses) and
their conditions (low-density core in upper part of wall and just below brick courses).
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transverse brick headers and RU3 for full brick thickness at the
edge. This indicates the higher reliability of multiple measures on
the same area (minimum CoV of 4%) and the influence of the extent
of the area in which the presence of various objects may affect the
value (CoV higher than 30%). As expected, the lowest velocity val-
ues were those of the incoherent inner core, regardless of the
material of the outer layers (stones or clay bricks), and the highest
values were those of solid elements (timber, full-thickness stone,
or bricks/headers). The variability of these results was not overall
high (less than 40%, when the highest singularities were removed)
and were due to device calibration and set-up sensitivity.

Table 5 compares the results obtained in study areas in com-
mon among all the RUs, before and after injections of the panels
(missing values for RU3 are due to the different areas tested before
and after injection). All RUs recorded remarkable improvements in
the sonic velocity values provided by grouting. Fig. 11 shows some
examples of the most significant cases. The most evident results in
terms of intervention effectiveness appear in P3-S (Fig. 12), due to
the extended volume of the injectable core, unlike P1-M and P2-B,
in which inner elements obstructed smooth, regular grout migra-
tion inside the wall (also, in the case of P1-M, the injectable core
portion was narrower; see also Table 1). Nevertheless, consolida-
tion was able to homogenize the sections of all specimens: core
material density improved, as measured by the increase in velocity,
with consequent expected positive effects on overall structural
performance. This was confirmed by the fact that inner high-
density anomalies could not be distinguished, examples being
brick shear elements in P2-B after grouting (Fig. 11), where a sig-
nificant decrease in the CoV was also recorded after injection
(Fig. 12). Unlike high-density inclusions, after core injection any



Fig. 9. Direct velocities in Panel P2-B before injection: contour maps clearly identify position of brick headers placed as shear connecting elements.
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low-density elements still present became more visible on the
map: in the lower portion of P1-M (Fig. 11), the low-velocity areas
were clearly visible at both PVC and timber element positions.
Before injection, density contrast and therefore the difference in
signal propagation velocity between these materials and the core
was insufficient to detect these items clearly.

MASW results are traditionally represented by a 1D shear
velocity model which describes the layered structure resulting
from surface wave inversion. Surface wave velocities are con-
verted into S-wave velocities, assuming that their ratio is 0.9.
The basic assumption is that surface waves are dispersive, i.e.,
their velocity is frequency-dependent. Since each frequency
explores a different range of thickness of the material (i.e., high
frequencies penetrate less than low frequencies), the velocity ver-
sus frequency plot (dispersion curve) can be transformed into a
velocity versus depth model. Fig. 13a shows an example of a dis-
persion curve obtained on specimen P2-B before core injection.
The velocity-frequency spectrum is dominated by a fundamental
mode from about 400 to 2400 Hz. Although a possible higher
mode seems to appear at about 1000 Hz and higher, analysis
was limited to the fundamental mode, which shows better reso-
lution and a higher signal-to-noise ratio. Fig. 13b and c show
the resulting models obtained before and after injections, due to
picking and inverting the dispersion curves in the 400–2400 Hz
and 400–3500 Hz frequency ranges, respectively. A larger fre-
quency range in the post-injection situation is the direct conse-
quence of the lower absorption of the injected core compared
with that of the pre-injection filling material. The pre-injected
model (Fig. 13b) clearly identified the core of a low-velocity
material within specimen P2-B. A contrast of 360 m/s versus
1450 m/s was observed between the low-velocity core and the
brickwork. The second model (Fig. 13c) showed a significant
increase in velocity inside the wall core (from 360 to 750 m/s),
which proves the general effectiveness of core injections.



Fig. 10. Direct velocities in Panel P3-S before injection: contour maps identify large incoherent core in comparison with full stone thickness at left and right borders.

Table 4
Average values of velocity computed by direct tests on wall elements.

Specimen Object Direct test velocity (m/s) Average velocity (m/s) CoV (%)

RU1 RU2 RU3 RU4

P1-M Timber element 3132 3750 4348 3126 3589 16
Full stone thickness (border) 2864 2682 3553 2566 2916 15
Full brick thickness 3289 2830 2256 2566 2735 16
Inner core (intersecting stone whytes) 1966 2417 2494 1818 2174 15

P2-B Full brick thickness (border) 3330 – 4019 3290 3546 51
Transverse brick headers 4221 2313 2103 2597 2809 34
Inner core (intersecting brick whytes) 1350 1271 1393 1373 1347 4

P3-S Inner core (intersecting stone whytes) 1237 1212 1740 1574 1441 18
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Assuming rough estimation of Poisson’s ratios of 0.3 for the core
before injections and 0.2 for bricks and core after injections, S-
wave velocities were converted into P-wave ones and compared
with results from direct sonic tests. P-wave velocities turned out
to be about 2400 m/s for the brick layers, and 700 and 1200 m/s
for the pre- and post-injected core materials, respectively.



Table 5
Average velocity detected before and after grout injection and improvement ratios (CoV in brackets).

Specimen Velocity (m/s) RU1 RU2 RU3 RU4

P1-M Before 2874 (38%) 2778 (28%) 2645 (36%) 2202 (29%)
After 3352 (38%) 3623 (18%) 3451 (–) 2535 (28%)
Improvement ratio 25% (45%) 26% (173%) 30% (–) 17% (18%)

P2-B Before 1674 (47%) 1358 (29%) 1455 (31%) 1413 (32%)
After 2211 (33%) 1906 (18%) 2332 (18%) 2047 (18%)
Improvement ratio 51% (47%) 48% (26%) 60% (31%) 57% (33%)

P3-S Before 1237 (51%) 1560 (37%) 1753 (50%) 1547 (50%)
After 4439 (14%) 3270 (11%) 3777 (13%) 3661 (12%)
Improvement ratio 321% (39%) 132% (31%) 115% (41%) 181% (37%)

Fig. 11. Example of post-injection results: sonic velocity increased significantly in injected wall portions, particularly for wall P3-S.

Fig. 12. Comparison of effectiveness of injection for P2-B (a) and P3-S (b) panels grouted in whole core (size of circles: CoV values).
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Fig. 13. Results of MASW method applied to P2-B specimen: (a) example of dispersion curve before injection; shear wave velocity models obtained from surface wave
velocity before (b) and after (c) core injection.
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Computing P-wave velocities as the average of the three-layer
structure gave values of about 1800 and 2000 m/s for pre- and
post-injected conditions. These results were comparable with
those obtained by direct tests, for both single-brick material (see
Table 4) and pre/post-injection phases (Table 5).

3.2. Tomography

Tomography applied to wall sections (both horizontal and ver-
tical) processed a combination of a high number of wave paths
crossing the investigated areas, by means of ideal rays of various
inclinations (paths orthogonal to wall faces belonging to direct
tests were included in the data set) (Fig. 5). These data were pro-
cessed by RUs with their own tools after the section area had been
subdivided into a mesh of pixels, and then processed for compar-
isons with Surfer� mapping software (in the following, contour
maps refer to the same range of velocities for all RUs).

Comparison of results obtained at the lowest horizontal section
of panel P1-M (RU2), at the highest one in panel P2-B (RU1), and at
the mean one of panel P3-S (RU3) are shown in Fig. 14, according to
the meshes shown in Fig. 5.

Results for panel P1-M before injection identified high velocities
near the steel rod (about 7200 m/s) inserted in the timber element
(1625 m/s). Unlike direct test results, the PVC pipe was clearly vis-
ible: reduced velocities in that area (around 400 m/s) were mea-
sured. After injection, a general but not homogeneous increase in
velocities was detected. The area occupied by the PVC pipe seemed
to be reduced and, in fact, due to the effect of injections, a definite
increase of 400–600 m/s was recorded around the pipe. The inner
core showed more uniform distribution of velocities, which stabi-
lized around 3000–3500 m/s; no significant changes were
observed around the timber element.

In panel P2-B, transverse high-density brick headers were
clearly located with respect to the incoherent core in the pre-
injection phase, at a velocity of 3200 m/s (a lower value, 1600 m/s,
was measured in the core of the wall). In the post-injection condi-
tion, homogenization of section density provided by grouting could
no longer distinguish them, as expected for successful interven-
tion. As confirmation, the map of increased velocities before and
after injections clearly showed that the grout was distributed cor-
rectly in the core of the wall, with a maximum increase in velocity
of 50%.

In panel P3-S, the pre-injection tomography map showed high
velocity areas (values between 4500 and 5000 m/s) on the left,
where the stone leaves were solidly connected. In addition, limited,
isolated high-velocity areas (3500–5000 m/s) were detected along
the perimeter of the section (2000–3800 m/s). This discontinuity
was due to the great irregularity of the stone units in this coarse
stone masonry: the unconsolidated core area (velocity values of
300–1800 m/s) extended up to the perimeter in the center of the
wall, where the highest core velocities (3500–4800 m/s) were
measured after consolidation.

Fig. 15 shows the results of sonic tomography applied by RU1
and RU3 on the vertical section of panel P1-M before and after



Fig. 14. Tomography velocity maps of representative horizontal sections from panels: pre-injection (a) and post-injection (b) contour maps, and increased ratio after
injection (c).
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grout injection (only the lower portion below the brick courses was
consolidated). Results confirmed the effectiveness of the consolida-
tion intervention. Any changes (increases) in velocity in the upper
part of the wall were due to changes in the mean signal velocity
because of slight compaction of the loose core material, probably
due to vibrations during drilling the injection holes in the
specimen.
4. Conclusions

An extensive experimental campaign was carried out on three-
leaf panels representative of existing masonry types subjected to
elastic wave transmission tests with various acquisition systems
and data processing tools. The panels were subjected to compres-
sion (P-type) and surface (Lamb-Rayleigh) waves by applying sonic
and MASW tests, respectively. The specimens were studied in var-
ious configurations: (i) direct tests distributed on the main faces of
the panels, (ii) tomography applied to horizontal and vertical panel
sections, (iii) surface wave transmission tests along diagonals of
panels. This study also established a framework for quantitative
evaluation of the sonic pulse velocity characterizing various condi-
tions detectable in representative masonry types. Results showed
that:

- Sonic tests are confirmed as effective in detecting large varia-
tions in the density of materials inside walls. In particular, dif-
ferences in material type (e.g., brick courses with respect to
multi-layer structures with incoherent cores, transverse ele-
ments acting as shear stones, inner incoherent cores), were
clearly detectable with direct tests.
- Smaller inclusions can be identified, although still approxi-
mately, when crossed by tomographic sections or immersed
in a high-density matrix, as in the case of effective consolidation
of their surrounding incoherent material with grout injections.
Nonetheless, more comprehensive processing of the extended
tomographic results reported here will better clarify some
aspects which are still difficult to interpret, particularly in the
case of small density variations in coupled materials and/or
conditions.

- Direct tests provided average values of sonic velocities repre-
sentative of the various constructive materials (e.g., full brick
or stone section, timber element, transverse headers, inner rub-
ble core), with a good approximation among RUs. The reliability
of results increased for averages computed on multiple mea-
sures in the same area (maximum CoV lower than 40%), thus
revealing the significant accuracy of low-frequency waves to
define inhomogeneous media.

- Both direct and tomographic tests confirmed their high reliabil-
ity in quantifying the effectiveness of grout injections to
homogenize consolidated inner cores with outer leaves: the
increase in sonic velocity detected in the panels with respect
to pre-injection conditions ranged from 15 to 30% for P1-M,
30–60% for P2-B, and from 2 to 3.5 times for P3-S (average
CoV among RUs of about 20%). Tomographic results were also
consistent with the grout quantities migrating across the void
distribution, which were estimated on the walls during the
injection phase: comparing the two panels in which the com-
plete inner cores were injected, i.e., P2-B and P3-S, with about
16% and 38% of voids, respectively, velocity increases after
injections (average values among all RUs) were 54% for the
brick wall and 187% for the stone one.



Fig. 15. Tomographic velocity maps of vertical section from panel P1-M: comparison between pre- and post-injection contour maps, and increased ratio after injection.
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- The surface wave transmission method was also effective in
identifying the layered internal structure of the wall and the
improvements provided by injection. The conversion of
recorded velocity values into P-wave velocities matched the
results of sonic test outcomes for panel P2-B: compared with
the average of sonic velocity computed for all RUs, MASW
results were slightly lower (about 20% and 6% for pre- and
post-injection velocity values, respectively). The applicability
of this method depends on the possibility of surveying a wall
section which is twice as long as the wall thickness. In terms
of working time, although the MASW method is comparable
to direct tests, it is much faster than tomography.

- Results were comparable among the different RUs involved in
this research, although different acquisition systems and equip-
ment as well as processing tools were adopted. Further process-
ing of the huge dataset of wave signals recorded in this study
will provide better understanding of correlations among wave
parameters, material properties, and the dimensions and types
of inclusions.
This research validated different methods applied in various
conditions to experimental models for the extension of wave trans-
mission tests to several masonry types detectable in historic con-
structions. The method remains qualitative for highly
heterogeneous materials, although relationships with mechanical
properties can be evaluated by collecting results obtained in vari-
ous contexts and material conditions.
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