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Featured Application: The use of non-destructive diagnostic techniques for the in situ and non-
invasive mechanical characterization of historic stone masonry.

Abstract: The design of strengthening and securing work for historic buildings requires knowledge
of the masonry mechanical characteristics, often obtainable through laboratory tests that require
invasive samples. The non-destructive techniques, applicable in situ in a rapid and non-invasive way,
represent a valid alternative to estimate mechanical strengths without destructive sampling. In this
study, a methodology was calibrated which, by combining the results of the ultrasonic and impact
tests, makes it possible to reach a good estimate of the compression strength and elastic modulus
of a particular rock: sandstone. Most buildings in Amatrice, the city devastated by the violent
earthquake of Central Italy in 2016, were built by means of this sedimentary rock. By carrying out a
diagnostic campaign on the remaining walls of the St. Agostino church in Amatrice, it was possible to
obtain a correlation, specific for this case study, between the compression strengths from laboratory
tests and the results of the ultrasonic and impact tests. Unlike the traditional Sonreb methods, this
methodology wanted to favor the use of the impact method instead of the sclerometrer test. In this
way, it will be possible to operate on other damaged buildings of similar construction types located
in the seismic crater of Amatrice, evaluating the mechanical characteristics of the masonry structures
be means of in situ non-destructive tests in order to design the safety and strengthening work.

Keywords: historic building; masonry stone; Amatrice earthquake; structural safety; non-destructive
techniques (NDT); ultrasonic test; impact test

1. Introduction

Historic buildings located within seismic areas suffer significant damage and collapse
whenever earthquakes of considerable intensity highlight their structural vulnerabilities.
The ancient masonry structures are affected by material degradation, high variability in the
quality of the masonry texture, an absence of effective connections between walls and floors,
an absence of sufficiently rigid floors, and a lack of adequate box behaviour [1–4]. Many of
these damaged buildings had never received a careful analysis of seismic vulnerabilities
and adequate seismic improvement interventions [5,6]. In particular, churches are seismi-
cally vulnerable buildings due to the presence of very high naves without intermediate
constraints on the walls, as well as being subject to other common structural problems
linked to poor masonry quality [7,8].

The 2016 Central Italy earthquake, which caused the total destruction of Amatrice and
many other historic villages around it, highlighted the vulnerability of historic buildings
due to decay, an absence of anti-seismic devices and poor maintenance in the masonry
structures. The buildings of Amatrice were characterized by sandstone and marl stones
of low strength, but, above all, poor in calcium carbonate. Since the production of lime
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took place with stones quarried in the same sites from which the building stones were
obtained, they were capable of giving only “poor” lime. From this lime, a mortar, as the
binder of the masonry, was obtained with low calcium content, which over time degraded
more rapidly, no longer binding the stones of the masonry. In particular, one of the
symbolic damaged buildings in the historic center of Amatrice was the St. Agostino church,
a Romanesque-Gothic construction built in 1428 (Figure 1a), which suffered an almost
total collapse that occurred in progressive phases during the long seismic earthquake
swarm after the first violent earthquake of 24 August 2016 (Figure 1b) [9]. The façade was
composed of sandstone, and the interior was made from a single nave with a wooden roof
and exposed trusses.
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The safeguarding of this immense artistic heritage urgently deserves careful knowl-
edge of the walls’ mechanical characteristics in order to better design strengthening work
(compatible with the monumental buildings) and prepare more accurate computational
models with different levels of complexities, as described in [10–14], among others. In the
field of cultural heritage, non-invasive diagnostic techniques offer a considerable contribu-
tion to the knowledge of the structural criticalities of historic buildings, partly replacing
the most destructive tests that are not compatible with the conservation of the architectural
aspects of the historic building [15–18]. Non-destructive tests (NDT) are the set of tests
and surveys conducted using methods that do not alter the material and do not require
the destruction or removal of samples from the structure, aimed at searching for and
identifying defects in the structure itself.

The determination of the mechanical strength of the historic masonry structures and
their components (stones, bricks and mortar) is a very important issue for the evaluation
of the static and seismic safety of the existing building, especially in consideration of any
damage already suffered. Often, this determination takes place through semi-destructive
tests, such as flat jacks, or through the extraction of samples to be tested in the laboratory.
However, in the context of monumental buildings, the destructive diagnostic techniques
must be limited, and can be accompanied (in many cases, partially replaced) by non-
destructive techniques, which for historical masonry concern precisely the sonic and
ultrasonic technique, and the impact test [19].

One of the non-destructive methods calibrated for evaluating the compression strengths
of concrete is the Sonreb method. It is based on calibration curves, obtained from several
experimental tests, which correlate the compression strength of the concrete with the ultra-
sonic speed waves and with the rebound values of the sclerometer, so that only one or both
non-destructive techniques can be used in situ to estimate the strength of the reinforced
concrete structure without invasive laboratory tests. Unlike the traditional Sonreb method
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for concrete structures, several authors, such as Vasconcelos et al. [20], Vasanelli et al. [21],
Cobanoglu et al. [22] and Concu at al. [23], also calibrated and validated the application
on stone structures. The calibration on stones requires different curves in relation to the
different types of lithotypes. The precision of these calibration curves varies according to
the anisotropy that characterizes the different lithotypes.

This experimental research has positively evaluated the application of the Sonreb
method on a specific case study for the estimation of the mechanical characteristics of stone
walls damaged by the earthquake: the St. Agostino church in Amatrice. The purpose was
to correlate the compression tests carried out in laboratory on the stones taken from the
masonry ruins of the church, with the ultrasonic and impact tests performed in situ on the
same stones. In fact, unlike the traditional Sonreb methods, this methodology wanted to
favor the use of the impact method instead of the sclerometer test, as it is a similar tool
that nevertheless offers much more information. The sclerometer test records only the
returned elastic energy. On the other hand, the impact test also records the given energy,
the dissipated energy, the impact time, and the maximum force, as well as being able to
estimate and the elastic modulus of the material [19].

The correlation curves obtained in this experimental research can be used for further
diagnostic investigations on other masonry buildings and historic monuments in the
Amatrice area, built with the same masonry texture (Figure 2). It will be sufficient to
calibrate the curves with reference to limited core samples or other semi-destructive tests,
and then estimate in situ the mechanical strengths by mainly performing non-destructive
tests for the benefit of the conservation of architectural artefacts. As a matter of fact, in
Section 11.10.3 of the Italian technical codes for construction [24], insofar as this approach is
to be considered mainly applicable for dimensioned square stones, the legislation provides
for the possibility of estimating the compression strength of masonry by comparing the
strength of the individual materials, stone blocks and mortar. The compression strength of
the mortar can be estimated in situ by means of a Windsor penetrometric test or by means
of small samples and the packing, in the laboratory, of specimens of similar composition
tested by compression [25]. In this way, both the design of urgent safety work and post-
earthquake strengthening work will be able to make use of the mechanical strength values
of the old stones and of the masonry textures formed with them, derived mainly through
non-invasive tests. The mechanical strength values of the individual stones will be useful
for the subsequent estimation of the compression strength of masonry structures.
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Figure 2. (a) Damaged masonry buildings in the area around the epicenter of the 2016 Central Italy earthquake; (b) St.
Francesco church in Amatrice, damaged by the same earthquake.

2. Materials and Methods

The experimental tests consisted of:

- Compression tests on cores obtained by extraction from masonry stones taken in situ
after the collapse of the St. Agostino church (Figure 3a);
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- Ultrasonic tests for the determination of the elastic dynamic modulus performed on
the same stones (Figure 4);

- Impact tests carried out on the same stones (Figure 5).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 14 
 

2. Materials and Methods 
The experimental tests consisted of: 

- Compression tests on cores obtained by extraction from masonry stones taken in situ 
after the collapse of the St. Agostino church (Figure 3a); 

- Ultrasonic tests for the determination of the elastic dynamic modulus performed on 
the same stones (Figure 4); 

- Impact tests carried out on the same stones (Figure 5). 

  
(a) (b) 

Figure 3. (a) Extraction of cores from stones; (b) compression test on the stone core sample. 

 
Figure 4. Ultrasonic test setup. 

Figure 3. (a) Extraction of cores from stones; (b) compression test on the stone core sample.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 14 
 

2. Materials and Methods 
The experimental tests consisted of: 

- Compression tests on cores obtained by extraction from masonry stones taken in situ 
after the collapse of the St. Agostino church (Figure 3a); 

- Ultrasonic tests for the determination of the elastic dynamic modulus performed on 
the same stones (Figure 4); 

- Impact tests carried out on the same stones (Figure 5). 

  
(a) (b) 

Figure 3. (a) Extraction of cores from stones; (b) compression test on the stone core sample. 

 
Figure 4. Ultrasonic test setup. Figure 4. Ultrasonic test setup.



Appl. Sci. 2021, 11, 6352 5 of 14Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 14 
 

  
(a) (b) 

Figure 5. (a) Electric impact hammer; (b) Pimento model multichannel LMS signal analyzer. 

2.1. Compression Test 
For the assessment of the stone mechanical characteristics and the wall texture of the 

St. Agostino church, 10 stone samples were taken in situ from the rubble that resulted 
from the collapse. For each stone, 2 cylindrical specimens were obtained with a diameter 
of 50 mm and height of 100 mm (Figure 3a). The top and bottom surfaces of the 
cylindrical specimens were mechanically rectified to make them coplanar to the test 
machine plates, and they were arranged between the press platens without the 
interposition of friction-reducer layers. The compression tests were carried out using a 
Baldwin–Zwick 500 kN material testing machine, in accordance with the Italian technical 
code UNI EN 1926: 2007 [26], by applying a monotonically increasing axial load (force 
control 1 MPa/s) until failure (Figure 3b). 

2.2. Ultrasonic Test 
Ultrasonic tests were also conducted on the same stones to estimate the dynamic 

elastic modulus (Ed). Ultrasonic inspection is a non-destructive method, in which high 
frequency sound waves are introduced into the material to be examined, in order to 
highlight any surface or internal defects. Longitudinal waves were produced by means of 
an electro-acoustic transducer (emitting probe in piezoelectric or magnetostrictive 
material) placed in contact with the stone surface under test; after passing through a path 
of known length, the train of waves was converted by a second transducer (receiving 
probe) into an electrical signal processed by electronic timing circuits that allow 
measurement of the transit time of the impulses. The ultrasonic test device consisted of: a 
Proceq Tico® pulse generator; two transducers of 54 kHz (one emitting and the other 
receiving); a pulse amplifier; and an electronic device for measuring the time interval 
(Figure 4). The speed of the wave (v) depends on the presence of any defects inside the 
material, and is related to the value of the dynamic elastic modulus (Ed) through the 
density (ρ) and the Poisson’s ratio (ν) of the material. Therefore, the value of the dynamic 
elastic modulus (Ed) of the stone can be obtained using the following relationship, in 
accordance with the technical standards ASTM D2845 1995 and UNI EN 12504-4: 2005 
[27,28]: 𝐸ௗ =  𝑣ଶ 𝜌 ሺ1 + 𝜈ሻ ሺ1 − 2𝜈ሻሺ1 − 𝜈ሻ  (1)

Figure 5. (a) Electric impact hammer; (b) Pimento model multichannel LMS signal analyzer.

2.1. Compression Test

For the assessment of the stone mechanical characteristics and the wall texture of the St.
Agostino church, 10 stone samples were taken in situ from the rubble that resulted from the
collapse. For each stone, 2 cylindrical specimens were obtained with a diameter of 50 mm
and height of 100 mm (Figure 3a). The top and bottom surfaces of the cylindrical specimens
were mechanically rectified to make them coplanar to the test machine plates, and they
were arranged between the press platens without the interposition of friction-reducer
layers. The compression tests were carried out using a Baldwin–Zwick 500 kN material
testing machine, in accordance with the Italian technical code UNI EN 1926: 2007 [26],
by applying a monotonically increasing axial load (force control 1 MPa/s) until failure
(Figure 3b).

2.2. Ultrasonic Test

Ultrasonic tests were also conducted on the same stones to estimate the dynamic elastic
modulus (Ed). Ultrasonic inspection is a non-destructive method, in which high frequency
sound waves are introduced into the material to be examined, in order to highlight any
surface or internal defects. Longitudinal waves were produced by means of an electro-
acoustic transducer (emitting probe in piezoelectric or magnetostrictive material) placed in
contact with the stone surface under test; after passing through a path of known length, the
train of waves was converted by a second transducer (receiving probe) into an electrical
signal processed by electronic timing circuits that allow measurement of the transit time
of the impulses. The ultrasonic test device consisted of: a Proceq Tico® pulse generator;
two transducers of 54 kHz (one emitting and the other receiving); a pulse amplifier; and
an electronic device for measuring the time interval (Figure 4). The speed of the wave (v)
depends on the presence of any defects inside the material, and is related to the value of
the dynamic elastic modulus (Ed) through the density (ρ) and the Poisson’s ratio (ν) of
the material. Therefore, the value of the dynamic elastic modulus (Ed) of the stone can
be obtained using the following relationship, in accordance with the technical standards
ASTM D2845 1995 and UNI EN 12504-4: 2005 [27,28]:

Ed = v2 ρ
(1 + ν) (1 − 2ν)

(1 − ν)
(1)
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In this case, from scientific literature sources [29,30] a ν value equal to 0.20 was
considered for the sandstone. Three speed measurements were made for each sample.

2.3. Impact Test

The impact test represents another valid non-destructive diagnostic technique, capable
of evaluating surface detachment phenomena (for example of historical plasters [31]) and
of quantifying the static elastic modulus of a material [32]. The methodology is adaptable
to any masonry surface, and has already been tested on historic stone structures [33]. The
electric impact hammer was a piezotronic PCB, and the impact was performed on the
surface material under investigation by a 10 mm diameter steel ball with a total mass of
207 g, connected to a piezoelectric pulse transducer (Figure 5). For technical and theoretical
details related to the use of the instrumentation, please refer to the research previously
carried out by the authors in [19,31–33]. The analysis of the diagram (F, t) made it possible
to obtain the value of the homogeneous material’s elastic modulus (Es) through the Hertz’s
impact theory [34,35], using the following equations:

Es =
E∗E0

(
1 − ν2)

E0 + E∗(ν2
0 − 1

) , (2)

where E* was obtained by:

E∗ =

√(
2.87

T

)5 m3

RA1
. (3)

The parameters in Equations (2) and (3) were the following: A1 was the area beneath
the diagram (F, t) corresponding to supplied energy (see Figure 6), T represented the time in
which the contact occurs between the two surfaces; R was the radius of curvature (10 mm)
of the impact mass m (0.207 Kg), E0 was the mass elastic modulus (222,000 MPa), and ν0
was its Poisson’s ratio (0.2), while, with regard to the stone material, a Poisson’s ratio of 0.2
was considered [29,30].
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Figure 6. Example of force–time diagram in impact test.

The ratio between the energy returned (A2) and the energy supplied (A1) represented
the restitution coefficient (e). When it was equal to 1, the impact was perfectly elastic
without dissipated energy. For each stone specimen, 15 impacts (n) were performed to
allow stabilization of the restitution coefficient (e) towards unity.
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3. Results

The results were related to the tests of 20 samples (cores), obtained from 10 sandstone
stones taken from the ruins of the St. Agostino church in Amatrice. The cores were named
by the letter C, followed by the number of the stone from which they were extracted, and
by the letter A and B, which indicated the first and second extraction. Table 1 summarized
the experimental results, comparing the cylindrical compression strength (fc) with the
different values of the elastic modulus: static modulus (Es) by the secant line of the fc - ε
diagram during the compression test and by impact tests; and speed waves (v) and dynamic
modulus (Ed) obtained by ultrasonic tests.

Table 1. Results of laboratory tests correlated to non-destructive tests.

Compression Test Impact
Test Ultrasonic Test

Specimen fc (MPa) Es (Mpa) Es (Mpa) Ed (MPa) v (m/s)

C_01_A 65.2
75.45

23,866
25,624 27,605 28,850 3542C_01_B 85.7 27,382

C_02_A 146.5
147.90

35,083
36,435 41,722 45,140 4367C_02_B 149.3 37,787

C_03_A 106.7
87.05

32,096
27,760 27,498 25,831 3343C_03_B 67.4 23,425

C_04_A 150.2
167.60

35,670
35,616 33,124 44,859 4370C_04_B 185.0 35,562

C_05_A 85.9
80.90

28,538
24,412 13,163 15,527 2593C_05_B 75.9 20,286

C_06_A 209.4
180.85

57,168
50,175 42,869 36,627 3943C_06_B 152.3 43,183

C_07_A 119.3
117.45

40,919
34,863 19,425 32,719 3730C_07_B 115.6 28,807

C_08_A 113.8
112.90

34,521
34,843 23,171 37,084 4010C_08_B 112.0 35,164

C_09_A 139.3
141.55

35,788
36,963 52,540 43,872 4347C_09_B 143.8 38,139

C_10_A 137.7
140.65

40,605
42,249 40,088 43,318 4297C_10_B 143.6 43,894

Average 125.2 34,894 32,121 35,383 3584

St. dev. 37.0 7359 11,539 9272 544

The compressive mean strength and the mean strain recorded at peak stress were
of 125.2 MPa and 3143 µm/m, respectively. The fc - ε diagrams (Figure 7) highlighted an
expected dispersion of the results due to the anisotropy of material, most likely accentuated
by any internal microcracks that the stones of masonry walls may have undergone during
the collapse. The Gauss distribution of cylindrical compression strength (fc), elastic secant
and dynamic modulus (Es, Ed) of each stone specimen were evaluated in Figures 8–10.
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In order to validate the potential of non-invasive tests only, in the wake contribu-
tions made by other authors [36–38], the following exponential correlation was obtained
(Figure 11) between the ultrasonic speed (v), and the cylindrical compression strength (fc):

fc = 23.131e0.0004ν. (4)
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Figure 11. Exponential correlation between cylindric compression strength and ultrasonic speed.

A similar relationship was obtained in Figure 12 by correlating the dynamic elastic
modulus (Ed) (from the ultrasonic speed) and the cylindrical compression strength (fc).
Finally, to better characterize the mechanical behavior of sandstone, the values of the static
(Es) and dynamic (Ed) elastic modules were correlated in Figure 13.
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Figure 13. Exponential correlation between dynamic and static elastic modulus.

Regarding the impact test, 15 strokes were performed on each stone taken from the
ruins of the St. Agostino church. Figure 14a showed, as an example, the time–force diagram
of an impact test (stone n. 4). To fall within a range of greater stabilization of the material,
the value of the elastic modulus (Es) was obtained only between the tenth and the fifteenth
beat that recorded e > 0.90, which was considered more stable (Figure 14b) [31].
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4. Discussion

The experimental campaign involved the calibration and the combination of various
in situ non-destructive investigation techniques through laboratory tests on stone samples.
A variant of the Sonreb method was tested in the specific case study of the stone walls of the
church of St. Agostino in Amatrice, damaged by the 2016 Central Italy earthquake. More
specifically, within the Sonreb protocol, the sclerometric test was replaced with the impact
test, which highlighted the accuracy of the ultrasonic test to evaluate the elastic modulus
of the stone. In this way, it was possible to obtain useful correlations to acquire reliable
values of the stones’ compression strengths and elastic modulus only by means of in situ
non-invasive techniques. The results showed the values with an expected dispersion. The
authors evaluated this dispersion as physiological in the case of stone materials, and this
was confirmed in other research studies that are present in the scientific literature [36–39]
including ongoing experimental studies that demonstrate the anisotropic behavior of the
stones relative to the different layers. Furthermore, in this specific case, it is also necessary
to consider the presence of microcracks inside the stones, generated by the fall during the
seismic actions.

The speed detected by the ultrasonic technique showed a good correlation with the
cylindrical compression strength of the same stones (Figure 11). Furthermore, the impact
test showed a good precision to estimate the value of the static elastic modulus (Table 1).
Even for stones, there was a minimal difference between the dynamic elastic modulus (Ed,
obtained from ultrasonic tests) and the static one (Es, obtained by compression tests or by
impact tests). According to the scientific literature [38], these differences are variable due
the anisotropy that characterizes the sandstone. Even in this specific case study, Ed was
10–15% higher than Es, thus validating the results found with only non-invasive techniques.

The correlation can also be improved for wall textures different from those of Amatrice
through the intensification of the number of tests. However, the results obtained so far
in the Amatrice area showed a full correlation in the average values, they are applicable
in situ on other similar buildings, and are useful to estimate the residual strengths of
other damaged masonry structures. The correlations between non-destructive tests and
laboratory tests will be calibrated for the different types of historic masonry walls. The
results of this experimental research may also be useful for further specific shear tests
between strengthening mortars and stone structures [40], in order to model the behavior of
the mortar-stone composite system, as already carried out in other research studies [41,42],
and to validate the mechanical compatibility and durability of strengthening materials to
be applied on damaged masonry structures.
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5. Conclusions

The experimental research validated a rapid technique, based on non-destructive
techniques, to estimate the compression strength and the elastic modulus of the stones that
characterize the wall textures of the buildings damaged in the area of Central Italy during
the 2016 earthquake. From the St. Agostino church in Amatrice, a well-known building
that symbolizes the damage caused by the 2016 Central Italy earthquake, some sandstones
were taken and tested in the laboratory under compression test and by ultrasonic and
impact tests. The average compression strength of Amatrice sandstone was found of about
125.2 MPa. Moreover, the experimental methodology made it possible to compare the
average value of the static elastic modulus obtained from the compression tests (34894 MPa)
with the average one estimated from the impact tests (32121 MPa). Very similar values
were obtained from the experimental results.

Subsequently, from these tests, it was possible to elaborate a series of correlations
between the compression strengths, obtained from the laboratory test, and the values
offered by the non-invasive tests. In particular, the applied Sonreb methodology replaced
the sclerometric test obtained with the impact hammer, which accurately estimated the
value of the elastic modulus in relation to what is already possible with the ultrasonic test.
In fact, this experimental research validated the possibility of replacing the Schmidt hammer
with the impact test, which offers more information related to the dissipated energy.

The results of this research tend to prove that the obtained experimental results can
be applied in situ for a quick and non-destructive estimate of the residual strengths and
mechanical characteristics of stones, or other damaged masonry structures with similar
texture. For different textures, this estimate can be achieved after specific calibration with
limited sampling of cores and laboratory compression tests. The described methodology
may have useful applications in the evaluation of the mechanical characteristics of masonry
damaged by earthquakes and in the design of safety and strengthening works.
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