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A B S T R A C T   

Historic urban cores in southern Europe are characterized by a significant number of existing 
unreinforced masonry structures that are known for their seismic vulnerability. The first step in 
the preservation of such damaged buildings is condition assessment and characterization of the 
mechanical properties of the masonry, which can be achieved using non-destructive, semi- 
destructive and destructive methods. In this paper, the emphasis is on determining the modulus of 
elasticity of unreinforced masonry through flat-jack and sonic pulse velocity tests. Both methods 
are explained in detail and results from eight different case studies are presented. The results are 
compared and correlations among the techniques are observed, showing that both methods can 
be suitable for estimating the elastic properties of existing masonry. The paper provides a wide set 
of experimental data that has been made available. Finally, a sensitivity analysis was performed. 
Differences between static and dynamic modulus of elasticity and operational and practicability 
issues regarding on-site testing are discussed.   

1. Introduction 

Southern Europe was recently struck by a series of seismic events that caused severe damage to the masonry building stock in Italy 
[1,2], Albania [3], Greece [4], Turkey [5] and Croatia [6]. As masonry buildings are highly vulnerable to seismic excitations, the 
earthquakes caused great damage to historical urban cores of the affected areas. This paper focuses on the 2020 seismic events in 
Croatia where post-earthquake assessments and renovation of damaged buildings are currently in progress [7–9]. 

The first step in the preservation of damaged buildings is structural condition assessment and characterization of the mechanical 
properties of materials, e.g., masonry. There are numerous methods for the structural assessment of existing masonry structures, which 
can be roughly divided into non-destructive, semi-destructive and destructive methods based on the level of invasiveness. These 
methods provide information on the mechanical properties such as modulus of elasticity, shear modulus [10,11], shear and 
compressive strengths that are crucial for the proper modeling of existing masonry structures. Even though there are important 
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Table 1 
Case studies basic information.  
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research efforts for the validation of in-situ testing for the mechanical characterization of masonry (e.g., [12–18]), there are still 
numerous questions regarding the applicability of non-destructive tests on different masonry typologies, the data processing tech-
niques and the accuracy of the results. 

In this paper, the emphasis is on determining the modulus of elasticity of existing brick masonry through sonic pulse velocity tests 
(mentioned hereafter as sonic tests). This is a non-destructive method that is based on the propagation of sonic waves through the tested 
medium. Even though sonic tests in masonry structures have been more frequently applied for qualitative purposes such as assessing 
the state of the material, the presence of voids or the effectiveness of an intervention [19–21], they have the potential to provide a 
quantitative estimation of the elastic properties [22–27]. The results of the sonic tests were compared with those of standard flat-jack 
tests. The investigation of possible correlations between non-destructive and semi-destructive tests is of great importance as it would 
encourage the use of less destructive and more reliable assessment methods for existing masonry structures. This would be particularly 
beneficial to cultural heritage buildings. The paper provides a large set of experimental data in the Croatian context that shows positive 
correlations between the two techniques. 

An extensive in-situ test campaign [28] was developed to prepare the data set for the comparison between sonic and flat-jack tests. 
A total of 22 tests were conducted on eight case study buildings. Flat-jack tests were carried out in accordance with ASTM guidelines 
[29–31] and RILEM [32–34] standards. Sonic tests were subsequently performed at the same locations. The paper first introduces the 
case study buildings on which tests were performed and then focuses on the experimental campaign. The comparison of the two testing 
methods and possible correlations among the results are subsequently discussed. The paper concludes with a discussion on the ad-
vantages, applicability and practicability of the two testing methods and the limitations of the study. 

2. Case studies 

Croatia’s traditional building stock, just like most of the European countries, has a large number of unreinforced masonry (URM) 
structures. Buildings with the status of cultural heritage are mostly for public use, so the assessment and conservation of such buildings 
are extremely important, not only due to the preservation of the cultural identity but also due to high occupancy load. The traditional 
building stock is primarily URM structures with wooden floors and roofs [35]. 

The case study buildings are situated in the Croatian cities of Zagreb and Sisak, which were affected by two earthquakes in 2020. 
Tests were performed on a total of eight buildings mostly on walls located at the ground and first floors. All buildings except a hospital 
in Sisak are under heritage protection and are a part of the Register of Cultural Heritage of the Republic of Croatia. All the buildings 
have an irregular floor plan and the load-bearing structural system is most often a combination of unreinforced masonry walls with 
masonry vaults or flexible timber floors. The roof structure is also made of timber. Apart from the hospital, which was built with solid 
clay bricks of the normal format 250x120x65 mm, other buildings were built with solid clay bricks of the old format 290x140x65 mm 
in lime mortar. Tests are performed at a height of about 0.5–1.0 m above the floor to facilitate drilling and measuring. All tested walls 
were plastered so environmental and time-dependent deterioration was partially reduced. Core testing and endoscopy were not part of 
this study, but homogeneous wall composition can be assumed (i.e., no core made of a different material). According to [36], the 
accuracy of the flat-jack test may be affected by the thickness of the wall. Although the flat-jack test does not perfectly represent the 
entire cross-section of walls with large thickness, it provides a good approximation of the mechanical properties of such masonry.  
Table 1 provides additional information for each of the case study buildings. The condition and quality of the masonry texture are also 
listed in Table 1. 

3. Flat-jack and sonic investigations 

3.1. Flat-jack method 

A minor-destructive testing method using flat-jacks provides useful insights into the mechanical properties of existing masonry. 
Using single flat-jack test, the state of vertical stress in the masonry can be determined. On the other hand, the double flat-jack test 
allows the values of the modulus of elasticity to be determined. Furthermore, an additional third jack can be used to determine the 
shear strength of the masonry. In this paper, the focus is on the application of the double flat-jack test, which is a well-known testing 
methodology for masonry. The test principles and mechanics have already been described in detail in the relevant literature [37–39]. 
The method is based on the principle similar to a standard compressive test performed on an existing masonry structure. It allows the 
evaluation of the mechanical properties of the investigated structural element by analyzing its stress-strain behavior. 

The displacement variation required for further evaluation of the deformation were measured using displacement sensors or LVDTs 
(linear variable differential transformers). Although RILEM [33] and ASTM [30] recommend four measuring devices, they also allow 
the use of three. Due to the size of the brick and the distance between the flat-jack valves, it is often difficult to implement even three 
devices. Also, an obstacle to the installation of additional devices is the age and degradation of the brick’s properties, which make 
drilling and adhesion difficult. Due to all the mentioned reasons and the greater efficiency of performing a large number of tests, it was 
decided to use three measuring devices. The response of the three displacement sensors was generally such that the middle sensor had 
the highest value and the two edge sensors had a similar value but less than the middle one. Such an answer is expected considering 

*tested walls are shown slightly taller and colored. 
**test positions are shown with an arrow and number, colour of the numbers represents the floors (basement – blue, ground floor – brown, 1st floor – 
green, 2nd floor – purple). 
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that the flat-jack has a curved deformation line and is most deformed in the middle. However, such a response was not always 
recorded. In some cases, one edge sensor measured the highest displacement. This can happen due to imperfections in the masonry 
itself or small imperfections during the creation of openings for flat-jacks. Other researchers have also used three vertical measuring 
devices for flat-jack tests [40] or even two in each perpendicular direction for new experimental test configurations [41]. When aiming 
to determine the Poisson’s ratio and shear modulus, an additional horizontal measuring device should be used during the double 
flat-jack test. For the same reasons mentioned earlier and since those parameters were not the focus of this research, a horizontal 
measuring device was not used in the present research. 

Before the test itself, it is necessary to determine the geometric and stiffness properties of each flat-jack. This is done through the 
calibration process in an accredited laboratory following the guidelines from the ASTM standard [30]. In this way, the partial stress 
loss caused by the deformation of the flat-jack is taken into account. At the test site, it is necessary to determine the load-bearing wall 
that is suitable for testing using engineering judgement. Then the slots for flat-jacks are made in the wall. A semi-oval flat jack was used 
in all the tests and an eccentric circular saw was used for cutting the slots. The slot area varies slightly with each test and affects the 
results. Therefore, it is important to determine its dimensions precisely in order to obtain the ratio of the gross area of the flat-jack to 
the area of the slot. This parameter is required for the evaluation of one of the non-dimensional constants required by the standards for 
the calculation of the modulus of elasticity. The dimensions of the slots were measured using a laser scanner (Fig. 1), which signifi-
cantly speeds up and improves the test quality itself. An alternative is to measure the depth of the slot every 10–20 mm and sum up the 
area of the measured strips. This method proved to be unreliable and was abandoned. 

In the first part of the test, the state of vertical stress is measured using a single flat-jack. Three pairs of metal measuring points are 
fixed vertically above and below the mortar joint in the wall where the slot is cut. The initial distance of these points is recorded with 
portable extensometers. Then a slot is cut in the horizontal mortar joint, which causes the masonry to relax and deform. The distance of 
the measuring points is measured again to record the displacement. A flat-jack is inserted into the slot and the pressure is gradually 
increased. After each increase in pressure, the change in displacement is monitored. The pressure (corrected with the previously 
mentioned coefficients) required to return the displacement to the initial position, i.e. to zero, represents the state of vertical stress in 
the masonry. 

Next, the deformation properties (i.e. modulus of elasticity) of the masonry are measured using the double flat-jack test. Above the 
previously used flat-jack, a second slot is made for another flat-jack. The section of masonry between the two flat-jacks is under 
uniform vertical stress, and this stress can be controlled with flat-jacks. Three LVDTs are placed between the flat-jacks. Before the test, 
it is necessary to first pressurize the flat-jacks in the wall to adjust them in the slot. This pressure should not exceed half the expected 
strength of the masonry. The pressure is then reduced to zero and then increased in small increments, while at the same time data is 
collected to evaluate the deformation of the masonry in accordance with the increasing load. Usually, the maximum stress level did not 
exceed the value of 1 MPa to avoid damaging the masonry. The way in which the level of stress and plastic deformation was monitored 
was the observation of the tangent modulus. A sudden change in slope indicates that the masonry is going into a plastic area where 
cracks can occur. The data is processed and a stress-strain diagram and modulus of elasticity are obtained. The exact geometric 
specifications of the test site shown in Fig. 2 are explained in detail in [30]. Finally, the shear strength is measured by adding a third 
horizontal jack. It must be noted that the vertical stress state test and shear strength test are not part of this paper and can be found 
described in more detail in [29,31,42,43]. 

The determination of the actual modulus of elasticity is of great importance for the estimation of the stiffness of the structure and to 
get a better understanding of the seismic behavior of the building. For this reason, these types of in-situ tests are important. On the 

Fig. 1. Point cloud of the drilled hole in the wall.  
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other hand, if in-situ tests are not performed and the values recommended in the literature are used, the structure may be under 
designed or overdesigned and often invasively strengthened, which is not consistent with the principles of economic efficiency and 
sustainability. 

Flat-jack test results from 8 buildings and 22 test sites are shown below. The data obtained was processed following the guidelines 
of the ASTM standard [30]. The results are presented graphically for each case study separately in Fig. 3 and a summary is given in  
Table 2 with mean values, standard deviation and coefficients of variation. The values of modulus of elasticity shown are determined as 
the slope of a linear regression line of the obtained values from the double flat-jack test. Strain at any point was obtained by dividing 
the measured displacement by the length of the sensor and calculating the mean value for all three sensors. Stress in masonry between 
flat-jacks at any point was obtained by multiplying the pressure in the flat-jacks with the dimensionless flat-jack constants obtained by 
calibration and a factor that takes into account the ratio of the area of the flat-jack to the slot area. Each flat-jack has its own calibration 
coefficient and each slot has its own surface area ratio coefficient. These coefficients usually vary between 0.75 and 0.80 and 
0.85–0.90, respectively. 

3.2. Sonic tests 

The sonic test is a non-destructive method that can provide a qualitative assessment of existing masonry, based on the introduction 
of mechanical energy into the construction material using a hitting device (e.g. instrumented hammer). The propagation of the me-
chanical energy through the material consists mainly of elastic waves [44]. The hitting device thus introduces acoustic waves of low 
frequency into the material that travel through the material and are received by a receiver (e.g. an accelerometer) located on another 
point of the solid. In this way, it is possible to measure the travel time of the wave through the solid. The propagation velocity of the 
elastic wave is calculated by dividing the distance between the hitting device and the accelerometer by the travel time. 

The application of sonic tests for the evaluation and diagnosis of masonry structures started in the 1980s [45–47] and arose due to 
the previously mentioned limitation of ultrasonic waves in penetrating heterogeneous materials like masonry, where high frequency 
waves rapidly attenuate when going through discontinuities [48,49]. The lower frequencies generated by the impact of a hammer or a 
similar hitting device allow the waves to penetrate deeper into the material even though they offer a lower resolution, because of the 
longer wavelengths being larger than inner heterogeneities, e.g. micro cracking at the mortar joints. The technique is easy to perform, 
requires simple instrumentation, is fully non-destructive and allows the characterization of the elastic wave motions that propagate 
through the material: compressional (P) waves, shear (S) waves, and surface Rayleigh (R) wave. The sonic test thus proved to be a 
powerful method to measure the elastic waves propagation velocity within different masonry elements and eventually became one of 
the most widely used Non-Destructive Technique (NDT) for the evaluation of historical masonry structures [19] However, it was 
mainly applied in qualitative terms, aiming to characterize the masonry cross-section [20,50–53] or evaluate the effectiveness of repair 
interventions on masonry elements, specifically grout injections [15,21,54]. 

Fig. 2. Test setup for the computation of the elastic modulus using flat-jack tests.  
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Fig. 3. Flat-jack test results for each case study in terms of calculated modulus of elasticity (MPa).  
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Particularly interesting in structural engineering terms is the fact that the propagation velocity of the elastic waves through the 
material is correlated with its mechanical properties, namely the density (ρ), the dynamic modulus of elasticity (Ed) and the Poisson’s 
ratio (ν). There is a RILEM standard to estimate the sonic pulse velocity for masonry [55] but its scope is the qualitative evaluation of 
the masonry, e.g. locate flaws or voids. The physical principle is the same that applies to another non-destructive method that is well 
established in several international standards for the inspection of concrete elements: the Ultrasonic Pulse Velocity (UPV) test [56,57]. 
It is also based on the measurement of the travel time of elastic waves that, in this case, are emitted and received by ultrasonic 
transducers (i.e. transducers with a significantly higher frequency of the mechanical vibrations emitted, typically superior to 20 kHz). 
The UPV test standard is applicable to measure the dynamic modulus of elasticity of concrete (Ed) because of the abovementioned 
relationship between wave velocity and elastic properties of the material. Nevertheless, the penetration capacity of acoustic waves 
depends on their frequency. Ultrasonic waves cannot penetrate heterogeneous materials with many interfaces and voids, such as stone 
and brick masonry. For this, sonic lower frequencies are necessary when the thickness or attenuation of the material does not allow the 
propagation of ultrasonic waves. 

The proposed research aims to investigate the capability of sonic tests to estimate its elastic mechanical properties through their 
correlation with the propagation velocity of an elastic wave. The use of acoustic test methods to determine the elastic properties of the 
media under investigation is based on the fundamental physics of the elasticity of materials. The relationship between the wave ve-
locities (e.g. P-wave velocity, VP) and the dynamic modulus of elasticity (Ed) is described as: 

VP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ed

ρ
1 − υ

(1 + υ)(1 − 2υ)

√

(1)  

where ρ is the density of the material and υ is the Poisson’s ratio. It is noted that these expressions are originally developed for solid, 
elastic, isotropic and homogeneous materials, which is not the case of masonry. Local conditions, voids and the differences between 
masonry components may affect the local velocity measurements while having little influence on the modulus of elasticity. Therefore, 
the expressions demand further investigation and data on the use of sonic testing to characterize heterogeneous materials like masonry 
are needed and may lead to the calibration of the expression, as occurs for concrete [58–60]. 

Moreover, sonic tests provide an estimation of the dynamic modulus of elasticity, which cannot be directly compared with the 
values of static modulus of elasticity that are obtained from the flat-jack tests. There is a theoretical inequality between static and 
dynamic modulus of elasticity of the masonry and its components [61], but specific correlations do not exist. These are difficult to 
determine because they may vary significantly for each masonry typology, which raises the need for calibration on a case-by-case basis. 
Recent works have performed sonic tests in parallel to experimental campaigns involving laboratory mechanical compression tests [22, 
24,62] or in-situ campaigns involving flat-jack tests [16,63], which allowed to compare the results and validate the capability of sonic 
tests. This is also the approach selected in the present research work, which also explores the relationship between the static modulus 
of elasticity obtained from a flat-jack testing campaign with the dynamic modulus of elasticity obtained from sonic tests for the specific 
brick masonry typology under study. Performing flat-jack test in a few locations allows obtaining an estimation of the static modulus of 
elasticity and, subsequently, extract correlations between the static modulus and the dynamic one estimated by the sonic tests, which 
can be carried faster, causing less damage and covering a larger number of elements throughout the inspected structure. This shows the 
great potential of the technique to estimate the mechanical properties of historical masonry in a non-invasive manner, but still requires 

Table 2 
Flat-jack tests results summary.  

No. Building Floor Test site Modulus of elasticity [MPa] Mean value [MPa] St. dev. S [MPa] CoV [%] 

1. Gymnasium Sisak Ground FJ-1 4020 3849.7 386.7 10.0 
FJ-2 4122 

1st FJ-3 3407 
2. Zagreb Cathedral Roof FJ-1 1222 1412.8 263.0 17.1 

FJ-2 1797 
FJ-3 1373 
FJ-4 1259 

3. Deželićeva building Ground FJ-1 888 896.0 11.3 1.3 
1st FJ-2 904 

4. Tobacco factory Ground FJ-1 3386 2400.8 803.8 33.5 
1st FJ-2 2594 
2nd FJ-3 1468 
1st FJ-4 2155 

5. Hospital Sisak Basement FJ-1 2715 2180.7 527.2 24.2 
Ground FJ-2 2166 
1st FJ-3 1661 

6. Museum of Arts and Crafts Ground FJ-1 911 948.0 74.7 7.9 
1st FJ-2 1034 

FJ-3 899 
7. St. Catherine Church Ground FJ-1 795 621.5 245.4 39.5 

FJ-2 448 
8. The State Archives Ground FJ-1 1187 1187.0 - -  
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further research and experimental testing to consolidate and validate the method. 
There are two main types of transmission methods that are typically used when performing a sonic test: direct and indirect (Fig. 4). 

Direct tests consist of aligning the hitting device with the accelerometer in two opposite surfaces of the investigated element. For 
indirect tests, the hitting device and accelerometer are placed on the same surface of the construction element (Fig. 4a). The latter is the 
most appropriate configuration to adopt when the objective is to estimate the elastic properties of the masonry because it allows to 
estimate the properties for different loading directions, which, in the case of masonry, an anisotropic material, can be important. For 
example, when testing a masonry wall, the test should be done in the vertical direction, allowing to evaluate the vertical load bearing 
properties. Moreover, this is also a convenient configuration for on-site measurements because many times there is no access to 
opposite surfaces of the construction element. 

The common testing apparatus used for the sonic test consists of a hitting device (e.g. instrumented hammer), a transducer able to 
record the mechanical response on the material (e.g. accelerometer), a data acquisition system (DAQ), a computer and connecting 
cables. In the present research work, a PCB instrumented hammer (model 086D05) with a measurement range of ± 22,240 N pk was 
used. The receiving transducer is a PCB accelerometer (model 393B12) with a measurement range of ± 0.5 g and a sensitivity of 10 V/ 
g (± 5 %). The data acquisition system is a DEWE-43A from Dewesoft. The sampling frequency is 200 kHz to allow for a detailed 
recognition of the arrival time of the wave. Fig. 4b and c show some photographs of the test being carried on-site. Essentially, three 
persons are required to operate the hammer, accelerometer and computer. 

3.2.1. Sonic test data post-processing 
The propagation velocity of the elastic wave under investigation, which is the longitudinal stress wave or primary wave (VP), is 

calculated by dividing the distance between the hitting device and the accelerometer (L) by the travel time (dt): 

VP =
L
dt

(2) 

The travel path distance (L) is defined as the distance between emitter and receiver. This is a necessary conservative assumption 
given the uncertainty in estimating the real travel path of the wave. Therefore, to further reduce uncertainties in the calculation, the 
errors in the determination of the travel time should be minimum. Typically, the interpretation of the results of sonic tests is still done 
manually and is thus highly dependent on the operator, which can lead to a large scatter in the results [64]. 

The travel time is measured by detecting the arrival of the primary wave, which is considered to be the first disturbance in time 
domain above a given threshold. Nevertheless, there are different criteria of defining the exact arrival time of the sonic wave, e.g., first 
deflection, first zero crossing, major first peak, maximum amplitude of the envelope, etc. The present research estimates the arrival 
time of the wave front by detecting the first apparent deviation (first deflection) from the horizontal axis, using a threshold criterion 
defined next. This is the most common approach observed in the literature and practice for the inspection of concrete and masonry 
structures with ultrasonic and sonic testing [27,64–67]. 

Fig. 4. (a) Typical indirect sonic test transmission method; and (b,c) on-site application of sonic tests.  
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In the present work, the random errors associated with the identification of the arrival time of the wave are minimized using an 
automated procedure for the data processing, which is similar to other automated procedures proposed by other authors in the 
literature [64,66]. The procedure is based on establishing a variable acceleration threshold that depends on the distribution of the 
white noise in the signal, following a statistical approach, instead of using an ad hoc acceleration threshold for the estimation of the 
arrival time. The procedure analyzes the distribution of the white noise with data recorded by the accelerometer before the hammer 
hits and determines the mean and standard deviation. Then, a threshold value can be established as a factor of the standard deviation. 
Additionally, a number of consecutive observations that exceed the threshold is also defined to avoid possible single outliers, 
increasing the robustness of the algorithm. The threshold value adopted for the present research work is equal to two times the 
standard deviation of the white noise and the number of consecutive observations is five. The suggested automated approach can 
reduce the uncertainties and inherent subjectivity related to the human factor and increase the test’s reliability. Moreover, it greatly 
reduces the post-processing time typically employed when the signals are processed manually. 

3.2.2. Sonic test results 
Sonic tests were performed in all buildings described in Table 1. Taking advantage of the previous works carried out to perform the 

flat-jack tests (e.g. plaster removal), we performed sonic tests at the exact same locations (Fig. 5). Note that the removal of the plaster 
was important because indirect sonic tests should be carried out by placing the emitter and the receiver directly on the masonry 
surface. Otherwise, depending on the characteristics of the plaster (e.g. if the wave propagation velocity through the plaster is higher 
than the one through the masonry), the identified waves could travel through the plaster instead of the masonry. The sonic tests were 
carried out months after the flat-jack tests, avoiding locations with visible disruption (cracks or missing bricks). For example, tests in 
the location shown in Fig. 5a were carried out in the bottom area and, similarly, in the bottom right area at the location shown in 
Fig. 5b. 

In each location where a flat-jack test was carried out, several sonic tests were performed. The indirect sonic tests were carried out 
in the vertical direction (orthogonal to the mortar bed joints) to assess the modulus of elasticity along the vertical axis, which is the 
same direction of the load applied during the flat-jack tests. At least, two sonic tests were carried out in various locations of each tested 
wall section, with an average of 4–5 tests per location. The distance between the emitter and the receiver typically varied between 0.5 
and 1 m. The criterion to select the distance was based on the expected velocity (500–1000 m/s) and frequency of the sonic pulse 
(700–1000 Hz). The dimensions of the test area were selected to be within the range of the wavelengths of the emitted sonic waves 
(pulse velocity divided by the frequency). 

To further reduce errors associated with the identification of the arrival wave, the data was analyzed statistically. At least 10 hits 
were done per test, to obtain an average value and standard deviation. At each case, outliers caused by anomalies in the testing 
procedure were identified and discarded. As an outlier we consider results increasing the standard deviation such that the estimated 
COV becomes above 10 %. 

Fig. 6 shows an example of the wave analysis carried out during the automated post-processing of the sonic test. The determination 
of t0 (generation of the wave by the hammer) and t1 (arrival of the wave at the receiver) was done automatically. The travel time (dt) 

Fig. 5. Sonic tests were carried out at the same location of flat-jack tests: (a) Museum of Arts and Crafts; (b) Zagreb cathedral.  

J. Ortega et al.                                                                                                                                                                                                          



Case Studies in Construction Materials 19 (2023) e02467

10

that is needed for the calculation of the velocity (Eq. (2)) is simply calculated as t1-t0. 
The results of the sonic tests from the 8 buildings are shown in Fig. 7, displayed graphically for each case study separately. Table 3 

lists the average values, standard deviation and additional information necessary to relate to Table 2 from the flat-jack test campaign. 
The dynamic modulus of elasticity presented is calculated using Eq. (1) and assuming values of density of 1800 kg/m3 and a Poisson’s 
ratio of 0.2, in the absence of specific data from the masonry under evaluation. Nevertheless, Section 4.2 shows a sensitivity analysis to 
assess how the uncertainty related to these two parameters affect the results. 

The results show a significant variation among the masonries from the different sites. The highest velocities (and subsequent 
highest mean dynamic modulus of elasticity) are observed at the two buildings in Sisak (the gymnasium and the hospital), exceeding 
2000 MPa (2682 MPa in the case of the gymnasium). The lower values are observed at the Museum of Arts and Crafts (900 MPa), St. 
Catherine Church (601 MPa) and the State Archives (379 MPa). Note that the latter refers to a single location, where only one sonic test 
could be performed so the results might not be representative of the masonry. In any case, these three buildings are part of the his-
torical city center of Zagreb and are the oldest buildings among the selected case studies (see Table 1). Indeed, St. Catherine Church 
and the State Archives are buildings from the 18th century. The museum, the factory, the cathedral and the residential building at 
Deželićeva are from the late 19th century and the velocities obtained from these buildings lie within the same range (1000–1500 MPa). 
Finally, the two buildings in Sisak are from the mid-20th century, where the highest velocities were observed. Therefore, the masonry 
used in the different time periods could be similar and present similar mechanical properties. 

The coefficient of variation presented in Table 3 illustrates the degree of homogeneity of the masonries tested within each building. 
The variation is overall low with values lower than 10 % (in the residential building and the gymnasium in Sisak) or close to 20 %. The 
greatest variation was observed at St. Catherine Church, but it should be noted that again only one setup could be performed when 
testing at FJ-1, the location that presents the lower value. Thus, this specific result may correspond to particularities of the masonry at 
that specific location (e.g. damaged masonry due to the flat-jack test). It is also noted that this location showed signs of eroded brick 
due to rising damp at lower courses of brick, which might have affected the integrity of the masonry at this location. 

It is noted that the dataset with raw sonic test results obtained on-site is publicly available for future studies in https://doi.org/ 
10.5281/zenodo.7128546. 

4. Comparison of the results and discussion 

After the individual analysis of both techniques, the present section aims to compare the results obtained and identify a possible 

Fig. 6. Example of the hammer (red line) and accelerometer (black line) signals measured using the automated procedure for the data processing 
and calculation of the travel time between emitter and receiver. 
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Fig. 7. Box-plots of the sonic test results for each case study in terms of calculated P-wave velocity (m/s). Triangle corresponds to the mean and the 
orange line to the median values, respectively. 
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correlation between the mechanical property estimated using them, namely the modulus of elasticity of the masonry. First, the an-
alyses are assessed on a case-by-case basis to conclude on the possible correlation. This section also assesses the uncertainties related to 
the estimation of the modulus of elasticity using sonic test through a brief sensitivity analysis. The section then reflects on the possible 
correlation between the static modulus of elasticity obtained through the flat-jack method and the dynamic one obtained from the 
sonic test. The conclusions are important to point out practicability issues on how to perform condition assessment and character-
ization of mechanical properties of the materials in existing masonry buildings. 

4.1. Sonic vs flat-jack 

From the data shown in Tables 2 and 3, a case-by-case comparison of the results can be carried out (Fig. 8a). The graph in Fig. 7a 
already shows a significant correlation between the results obtained from both techniques. Overall, the sonic test results follow well the 
trend observed in the flat-jack test results. The highest sonic test E values are computed where the highest E values were obtained from 
the flat-jack tests and the same occurs with the lowest ones. Moreover, the E values obtained using both methods are similar in most 
cases. Note that the graph displays the static modulus of elasticity in the case of flat-jack tests and the dynamic one in the case of the 
sonic tests. The greatest discrepancy occurs for: (1) the state archives (case study 8), which may be due to the previously mentioned 
scarcity of sonic data; (2) the tobacco factory; and (3) the Sisak gymnasium. In the case of the latter, the modulus of elasticity obtained 

Table 3 
Sonic tests results summary.  

No. Building Floor Test 
site 

P-wave velocity [m/ 
s] 

Dynamic modulus of elasticity 
[MPa] 

Mean value 
[MPa] 

STD [MPa] 
(CoV) 

1. Gymnasium Sisak Ground FJ-1 1298 2613 2682 61 
(2 %) FJ-2 1292 2729 

1st FJ-3 1270 2704 
2. Zagreb Cathedral Roof FJ-1 1032 1726 1442 340 (24 %) 

FJ-2 841 1145 
FJ-3 1038 1747 
FJ-4 842 1150 

3. Deželićeva building Ground FJ-1 869 1224 1155 98 
(8 %) 1st FJ-2 818 1085 

4. Tobacco factory Ground FJ-1 1024 1499 1468 288 
(20 %) 1st FJ-2 962 1620 

2nd FJ-3 806 1053 
1st FJ-4 1000 1698 

5. Hospital Sisak Basement FJ-1 1101 1965 2239 827 
(37 %) Ground FJ-2 1398 3168 

1st FJ-3 988 1583 
6. Museum of Arts and 

Crafts 
Ground FJ-1 772 967 911 143 

(16 %) 1st FJ-2 680 749 
FJ-3 792 1017 

7. St. Catherine Church Ground FJ-1 409 271 601 467 
(78 %) FJ-2 758 931 

8. The State Archives Ground FJ-1 484 379 379 0 
(0 %)  

Fig. 8. (a) Case by case comparison of the mean values of modulus of elasticity obtained from both methods (numbers in the x-axis correspond to 
the case studies reported in Tables 2 and 3); and (b) Flat-jack (FJ) versus sonic test values of modulus of elasticity. 
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from the flat-jack tests was higher than expected, exceeding the common range that can be found in the literature for brick masonry, e. 
g. range defined by the Italian code [68]. 

Fig. 8b shows a direct comparison between average values obtained from the sonic and the flat-jack tests. The good correlation 
previously commented becomes more evident and the three locations where greater discrepancies were found are also highlighted. In 
any case, the mean absolute error (MAE = 1

n
∑

|Esonic − EFJ|) is 414 MPa and the coefficient of determination (R2), a measure of the 
correlation, is 0.76. Despite the need for more data and further validation, the results show that for the studied cases the sonic tests 
provide a similar estimation of the mechanical properties of the brick masonry to the one obtained through flat-jack testing. Fig. 9 
shows a direct comparison between flat-jack and sonic test results using all results per location tested instead of average values for 
buildings. The positive correlation is still visible, even though the coefficient of determination is reduced (0.57). The mean absolute 
error is 613 MPa. 

Concerning the correlation between the dynamic modulus of elasticity (results from sonic tests) and static one (results from flat- 
jack), an average ratio of 0.92 is observed (taking into account all results and not average values). However, excluding the two lo-
cations where the greatest discrepancies are observed (i.e. state archives and Sisak gymnasium), the average ratio between the dy-
namic and the static modulus computed is 0.99. 

Fig. 10 shows a more detailed comparison of the results, showing the results per location tested instead of average values for 
buildings. Again, the results show a reasonable agreement. Nevertheless, greater discrepancies can be found looking at the results 
individually. This highlights the importance of performing a significant amount of sonic tests in each location to avoid local mea-
surements that may not be representative of the entire masonry. Both tests are sensitive to local features of the masonry (e.g. damaged 
or deteriorated masonry, presence of voids, etc.). Moreover, sonic tests also have a significant variability within each test and that is 
why 10 hits are done per test, to minimize errors and reduce the variation. In conclusion, the results highlight the importance of 
performing multiple tests in each location and to estimate the mechanical properties in terms of average values. 

Another recommendation is to carry out the sonic tests at the exact same locations as the flat-jack tests, before the latter are 
performed. The sequence of the investigations in this campaign is acknowledged as a limitation of the study since the sonic tests were 
performed after the flat-jack tests. The load applied during the flat-jack tests can have a sizeable influence on the masonry around the 
location, creating a slight movement of the mortar in the adjacent joints. Performing sonic tests before the flat-jack tests would avoid 
having to: (1) test at a slightly different position; and (2) test over an already altered masonry. If sonic tests are carried out before the 
flat jack tests (therefore on unaltered masonry), results might have led to slightly higher values of velocity and should be explored in 
future works. 

4.2. Sensitivity analysis 

The estimation of the dynamic modulus of elasticity through sonic tests also entails uncertainty related to the assumed material 
parameters, namely Poisson’s ratio and density, that are necessary to use Eq. 1. In the absence of specific information about the 
evaluated masonries, values of 1800 kg/m3 and 0.2 were assumed for the density and Poisson’s ratio in all cases. Since the real values 
are not known but some variability is expected, a sensitivity analysis was carried out to assess their influence on the final dynamic 
modulus of elasticity calculated. 

The variations considered are ± 200 kg/m3 for the density (range of 1600–2000 kg/m3) and ± 0.05 for the Poisson’s ratio (range of 
0.15–0.25), which are considered as plausible ranges of variations of the evaluated properties. The influence of these variations is 
studied in three cases: (1) the Sisak Gymnasium, corresponding to the location where the highest values were obtained; (2) the Zagreb 
Cathedral, which is a location where middle values were observed; and (3) the Museum of Arts and Crafts, where lower values of the 
dynamic modulus of elasticity were calculated. 

Fig. 11 shows the variations with respect to the reference case in the computed dynamic modulus of elasticity according to the 

Fig. 9. Flat-jack (FJ) versus sonic test values of modulus of elasticity taking into account all results per location.  
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Fig. 10. Comparison of sonic test results with flat-jack test results for each location in each case study, in terms of estimated modulus of elasticity, 
E (MPa). 
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previously defined variations in density and Poisson’s ratio. Since density and Poisson’s ratio are independent variables in Eq. (1), the 
proportional variation of the dynamic modulus of elasticity is the same in all cases (see Table 4). That is why, in absolute values, the 
variations are more notable for greater values of velocity (e.g. Gymnasium of Sisak). The highest variation results after the variation of 
both parameters at the same time (i.e. increasing density and decreasing Poisson’s ratio and decreasing density and increasing 
Poisson’s ratio), which is approximately ± 17 % and leads to approximately ± 500 MPa in the case of the Gymnasium of Sisak and ±
150 MPa in the museum of Arts and Crafts. 

In conclusion, the material properties that are necessary to estimate the dynamic modulus of elasticity with the sonic test have a 
significant weight (up to 17 % for the studied case). A parallel experimental campaign to characterize at least the density would be 
beneficial to improve the reliability on the results. In any case, the results of the sonic tests can also be provided in statistical terms 
according to the expected variations of density and Poisson’s ratio, e.g. as a normal distribution. 

4.3. Static vs dynamic modulus of elasticity 

Regarding the theoretical inequality between static and dynamic modulus of elasticity of masonry, the results shown in Fig. 8 
cannot lead to major conclusions. As previously discussed and shown in Fig. 8b, the results are almost coincidental for most locations. 
It is noted that in those locations where there are higher discrepancies, the static modulus obtained through the flat-jack tests is indeed 
higher. However, the empirically observed inequality between both moduli typically that is reported in the literature revealed a higher 
dynamic modulus of elasticity, even though most studies available relate to rock properties, within the geophysical context [69,70] 
and specific correlations for masonry are not established. Some authors have proposed ratios of 1.2 and 1.3 between the dynamic and 
the static modulus [71,72]. Also, some standards establish ranges varying from 1.1 to 2 [73]. 

Thus, the results obtained in the present research led to an inverse correlation in relation to the existing literature. Using the data 
from Fig. 9 and taking all tests into account, a ratio of 0.92 between the dynamic and the static modulus of elasticity is observed (0.99 if 
the locations with greater discrepancies are not taken into account). Since this is not the common pattern observed for other materials 
in the literature (even though there are no specific studies about these correlations for historic brick masonry), this cannot be observed 
as a conclusive result and further research is needed, including experimental laboratory testing. As highlighted previously, if sonic tests 
were carried out before the flat jack tests (therefore on unaltered masonry), the results might have led to slightly higher values of 
velocity. 

4.4. Operational and practicability issues 

An important aspect of on-site investigations and condition assessment is the operability of the methods that are applied. In this 
regard, the flat-jack test is a consolidated method with specific standards, which facilitates its application by practitioners. Never-
theless, it is a minor destructive and time-consuming method and its application in many locations could be limited due to preservation 
issues. In fact, repairs and patching are needed after the test and not all building owners are willing to undertake this level of 
intervention. 

On the other hand, sonic testing is a non-destructive technique, even though the removal of plaster is necessary for some test 
configurations. The average time of performing a sonic test is in the order of minutes, whereas a single flat-jack test can take up to 
3–5 h. In this regard and in the light of the results obtained in the present research, sonic tests appear to be a promising complementary 
technique for condition assessment. The use of minor destructive tests (flat-jack testing) in combination with sonic tests can help to 
perform a more thorough material characterization of one site [63]. When inspecting a site, flat-jack tests can be performed in a few 
locations, which allows obtaining an estimation of the static modulus of elasticity and, subsequently, extract correlations between the 
modulus of elasticity estimated by the sonic tests. Then, since sonic tests can be carried out in a more expeditious way and with less 
harm to the material fabric of the building, they can be performed in a larger number of elements throughout the inspected structure. 

Sonic tests can also be complemented with other non-destructive evaluation techniques, e.g., in-situ dynamic identification tests, to 
estimate masonry material properties [26,74]. They can be a useful tool to have a preliminary estimation of material properties but 
should be complemented with other non-or minor destructive approaches. If complementary tests are not carried out, results should be 
interpreted with care and mainly serve for comparative purposes, e.g., to qualitatively assess the variation of different masonry 
qualities within the same building. 

5. Conclusions 

The main objective of the paper was to evaluate the correlation between non- and semi-destructive techniques when estimating the 
deformability of unreinforced brick masonry in existing buildings. The paper specifically evaluated the use of sonic pulse velocity tests 
(non-destructive) and flat-jack tests (minor destructive tests that is easily repairable). The use of such approaches is essential to protect 
the valuable fabric of masonry heritage structures. The research has presented the results obtained in an extensive field campaign that 
allowed to collect data from eight different buildings in Zagreb and Sisak, in Croatia, affected by the recent 2020 earthquakes, 
providing a wide set of data for comparison between the two studied techniques. The characterization of the material condition and 
properties of the affected buildings is essential to take subsequent informed decisions on possible intervention measures at an urban 
scale. Therefore, determining proper tools that allow for a rapid, efficient and reliable characterization is a necessity for the post- 
earthquake assessment. The paper aims to show different tools that can be used for that purpose. 

After a brief presentation of the inspected buildings, the paper presented the results obtained from each test independently, 
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explaining both the equipment and methods to carry out the tests. Both techniques were used to estimate the modulus of elasticity of all 
buildings and showed a great variability among the masonries of the different buildings. A significant correlation was observed be-
tween the quality of the fabric and the age of construction. The highest moduli of elasticity were computed for the buildings belonging 
to more recent periods (i.e. 20th century). 

Addressing the main objective of the research, the paper then compared the results obtained from both tests and studied the 
correlations among them. The case-by-case comparison showed a significant correlation between the results obtained from both 
techniques. There is a general correlation across structures, as the computed values of modulus of elasticity were similar in most cases 
with a coefficient of determination (R2), a measure of the correlation, of 0.76. The possibility of using sonic tests (notably faster, easier 
to implement and non-destructive) to characterize the masonry shows a great potential, both as an independent technique and as a 
complementary technique to flat-jack testing. The combination of both methods for the condition assessment of masonry buildings 
allows carrying out flat-jack testing in a few locations to establish correlations between sonic and flat-jack data and sonic test in a more 
extended area to evaluate a large number of elements of the building. The paper illustrates the need for more research in this field to 
further validate the technique, find appropriate correlations and eventually define standards for sonic testing so professionals can gain 
confidence on the method and allow its widespread use for conservation. 
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