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 Masonry arch bridges are structures that have complex behavior, despite being essentially 
old structures, they are still functional and constitute an important number of European 
bridges that require inspection and monitoring. The aim of the present study is to apply an 
expeditious approach of ambient vibration measurement to masonry arch bridges to define 
the first vertical frequency and the associated damping ratio, the main characteristic of the 
expeditious methods is the ease and speed of execution, thus providing technical 
information for preliminary inspections on the structure. The expeditious approach was 
applied to 28 masonry arch bridges which have distinct geometric characteristics, inserted 
in the road structure of the district of Bragança Portugal. The application of the Enhanced 
Frequency Domain Decomposition (EFDD) and Stochastic Subspace Identification (SSI) 
Techniques allowed the determination of vertical frequencies in the range of (5-25) Hz with 
an average value of 14Hz and damping ratio with an average value (2.5-3)%. Correlations 
were established between the vertical frequency and the geometric characteristics of the 
bridges, with the relation of the arch span and width f=14.735 (S⁄Sw)(-0.429) which provides the 
best relation to estimating the frequency for masonry arch bridges. The results obtained are 
congruent with previous studies that applied the full Operational Modal Analysis Method. 

1.Introduction 

Masonry arch bridges are in general old structures, with examples of 
structures built A.C. that still resist through the time like the Fabrício 
bridge and Pont-San-Martin in Italy. The use of this technique is little 
reported-today. The durability of these structures is undeniable, most 
of them exceed 100 years, with the advantage of requiring few 
maintenance interventions and showing signs of failure, allowing 
corrective actions to be carried out, increasing their useful life. These 
structures are part of the set of cultural heritage works, which can still 
fulfill the initial purpose [1]. 

Across the European continent, several historic bridges still integrate 
the road structure, in Portugal, there are 103 bridges classified as 
National Monument or as property of public or municipal interest, 
93% of these structures are masonry arch bridges, whose use and 
improvement must be appreciated as a principle for sustainable 
development and quality of life [2].  

During the period of operation of a bridge, it is natural to occur 
damage to its components due to natural hazards or deterioration, 
when these are associated with a lack of predictive maintenance, and 
an increase in the loads may result in the need for intervention to re-
establish safety structural. Therefore, it is necessary to carry out 
routine inspections to determine a repair schedule range and degree. 

Given the significant amount of masonry arch bridges, keep a 
maintenance list can be a complicated and costly task. Visual 
inspection is usually used for preliminary assessment of the 
structure's conditions, however, without the aid of instruments, it is 
not possible to accurately estimate the conditions of the bridge [3], the 
main problem is how to regularly monitor the extensive set of bridges. 
Some studies propose to evaluate the change in the frequency of the 

bridge component to determine the safety condition due to scour [3-
7], the dynamic behavior is fundamentally governed by stiffness, 
mass and structural damping, which are intrinsic characteristics of 
the structure, change in behavior is linked to a change in these 
characteristics, it can mean the presence of damage and a need for 
further technical investigation (e.g., finite element). 

The literature presents studies that evaluate the behavior of masonry 
arch bridges in the laboratory and field, including techniques such as 
the use of ambient vibration testing and model updating [8-14]. In the 
field of expeditious techniques for masonry structures, Pieraccini [15] 
presented a method based on laser scanner and interferometric radar 
and Pavlovic [16] report a method founded on the application of the 
digital tromograph for dynamic identification of masonry towers. 
Oliveira [17] presents a study that includes several structures 
including bridges; however, masonry arch bridges are not inserted. 

The most widely used technique in monitoring the dynamic behavior 
of bridges is the ambient vibration testing [18], the studies presented 
in the literature analyze and characterize the structure completely, 
requiring the use of several accelerometers and setups to determine 
the frequencies and shape modes, expending a considerable amount 
of time in the execution of the test. This study aims to propose an 
expeditious approach to estimate the frequency and damping ratios 
of masonry arch bridges so that it can be used in the monitoring of 
bridges in the road structure, and whose data can be used reference 
values for masonry arch bridges 

For this purpose, twenty-eight masonry arch bridges, that are subject 
to road traffic located in the district of Bragança, Portugal, were 
selected, and expeditious ambient vibration measurements were 
performed, with the application Frequency Domain Decomposition 
(FDD), the Enhanced Frequency Domain Decomposition (EFDD) and 
Stochastic Subspace Identification (SSI) techniques for determining 
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the first frequency and damping ratio associated with the vertical 
mode.  

2. Testing process 

2.1. Bridges description 

The bridges selected for this study are part of the road structure of the 
District of Bragança Portugal, the set consists of 28 structures whose 
location is shown in Figure 1, all the structures are inserted in roads 
with low traffic volume. 

 
Figure 1. Details of test model 

The bridges were built in different periods of history, spanning from 
the Roman and medieval periods to the 90s, some of which have 
passed through changes such as the expansion of the slab. The 
masonry arch bridges were built in granite and schist, have different 
geometric characteristics, span arches (3.9 to 15.5 m), height (1.33 to 
7.6 m) and slab/arch width (3.5 to 8.6 m), characteristics described in 
Table 1 with the mean references’ values for arch span 8.5m, height 
3.57m and slab/arch width 6.36m. 

Table 1. Summary of the selected bridge characteristics 

Br
id

ge
 n

º 

Name 

Construc-
tion/ 

Alterati-on 
year 

Main 
arch 
span 
(S) [m] 

Main 
arch 

height 
(H) [m] 

Slab/ 
arch 

width 
(Sw) 
[m] 

S/Sw 

1 
Bridge over 

Rabaçal 
River 

1915 10.00 4.95 8.00 1.25 

2 Bridge over 
Tuela River 

1879/ 
1992 15.15 7.60 6.10 2.48 

3 Brigde over 
Baceiro river --/-- 6.90 3.55 6.00 1.15 

4 
Bridge over 
Ribeira da 

Granja 
--/1997 4.00 2.00 5.80 0.69 

5 Feteira 
Bridge --/1987 5.30 2.60 8.20 0.65 

6 
Bridge over 
Ribeiro de 
Bem Saúde 

--/1987 6.00 3.00 8.00 0.75 

7 Cavaco 
Bridge --/1987 5.80 3.00 8.00 0.73 

8 Freixeda 
Bridge --/1987 8.00 2.00 7.15 1.12 

9 Lassa Bridge --/1987 10.85 5.00 7.00 1.55 

10 
Bridge over 
a Ribeira da 

Cal 
--/1987 11.00 5.50 7.70 1.43 

11 
Bridge over 
Ribeira da 

Veiga 
1897/-- 4.25 2.00 5.80 0.73 

12 Bridge over 
Sabor river 1897/-- 10.00 1.33 6.00 1.67 

13 
Bridge over 
Ribeiro do 

Portelo 

1890/ 
1993 4.00 2.00 6.00 0.67 

14 
Quintanilha 
Internationa

l Bridge 
1903/-- 14.95 2.45 6.40 2.34 

15 Gimonde 
Bridge 1888/-- 7.00 2.00 6.00 1.17 

16 
Brigde over 
the Fresno 

river 

1883/ 
1994 10.80 5.00 6.00 1.80 

17 Mosteiro 
Bridge --/-- 9.90 4.95 6.05 1.64 

18 Franco 
Bridge 1872/-- 12.20 6.00 6.30 1.94 

19 Azibeiro 
Bridge 1867/-- 3.90 1.95 7.00 0.56 

20 
Bridge over 

Penacal 
Bridge 

--/-- 10.00 2.00 6.05 1.65 

21 Gralhós 
Bridge --/-- 8.15 4.00 5.66 1.44 

22 Frechas 
Bridge --/-- 10.45 5.15 3.50 2.99 

23 Vieiro Bridge 1952/-- 6.00 3.00 8.60 0.70 

24 Pedra Bridge 1915/ 
2002 8.95 4.00 6.05 1.48 

25 Bridge on 
R206 --/-- 5.00 2.50 6.00 0.83 

26 Formigosa 
Bridge 

Medieval/20
06 10.00 4.85 5.00 2.00 

27 Maçãs 
Bridge --/-- 12.00 4.00 5.85 2.05 

28 Gimonde old 
bridge Roman 7.50 3.50 3.90 1.92 

 

2.2. Expeditious ambient vibration test 

The testing campaign was carried out using a data acquisition system 
composed of NI USB-4431 data acquisition board with 4 input 
channels, 24-bit ACD resolution, sampling rate from 1 kS/s to 102.4 
kS/s resolution 2.10 mS/s, uniaxial seismic accelerometer ICP® model 
393A03, with 1000 mV/g sensitivity, frequency range from 0.5 to 2000 
Hz and a laptop with SignalExpress© software. For fastening the 
accelerometer to the structure, a quick-drying mortar was used, which 
allows the surface to be planed so that the sensitive axis of the 
accelerometer is aligned with the desired measurement direction 
(vertical) and which after the test is easily removable and does not 
damage the structure, the rigid coupling of the accelerometer with the 
use of instant glue, complying with the recommendations of ISO 
14963 [19] and ISO 5348 [20], the data acquisition set is shown in 
Figure 2. 
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Figure 2. Measuring equipment during uniaxial testing 

Generally, ambient vibration tests are performed with different 
setups, where one reference sensor is kept in the same position in all 
setups while the other sensors are arranged in different positions of 
the structure to capture the mode shapes. The main characteristic of 
the expeditious tests is that they are fast, so the execution of several 
setups ends up costing test time, so the present methodology is based 
on the performance of two measurements using only one 
accelerometer. It is used only for the determination of frequencies and 
damping ratios, not allowing the determination of mode shapes. The 
measurement is made at the outer end of each of the paths as 
regarded in Figure 3 (b) with accelerometers location on the slab 
(vertical direction only) and longitudinally in the middle span of one 
of the main arch as evidenced Figure 3 (a). 

  
(a)Longitudinal location (b) Transverse location 

Figure 3. Accelerometers locations  

The duration of each measurement was based on previous studies 
defined as 10 minutes [21] [22], thus the total average time to complete 
the test from the assembly of equipment to its removal is 40 min, 
enable the execution of several tests on the same day. 

2.3. Signal processing 

The acquired acceleration data was saved for further data processing 
in the ARTeMIS Modal Pro software that allows the application of 
several OMA techniques, such as frequency-domain decomposition 
(FDD), the enhanced frequency - domain decomposition (EFDD), and 
the stochastic subspace identification (SSI) were utilized.  

The FDD technique is based on the classical approach, uses the 
singular value decomposition (SVD) of the estimated spectral densities 
of the measured response, and the response spectrum can be 
separated into a set of systems with one degree of freedom and modal 
damping is not calculated [23]. The EFDD technique is an 
enhancement to the FDD, the Inverse Discrete Fourier Transform 
(IDFT) is applied to each spectral density function extracted from the 
spectra of singular values, then the autocorrelation function of an 
SDOF system is obtained allowing the determination of frequencies 
and modal damping in the time domain [24]. The SSI technique is a 
time-domain technique that estimates the modal parameters directly 
from the raw measured time series and applied together with Crystal 

Clear SSI algorithm, which allows results leading to cleaner and more 
stable stabilization diagrams [25].  

There is a good coherency in the first vertical natural frequencies of 
the masonry bridges for both techniques, so only SSI results are given 
in this study because this technique handles better with noise. 

3. Results 

Table 2 present the values of the first vertical frequency and damping 
ratios for each structure, and Table 3 report the median, mean values 
and standard deviation, 72% of the masonry arch bridges have 
vertical frequencies in the 9-16 Hz range.  

There are several factors that can influence the dynamic behavior of 
masonry arch bridges, these factors are related to the intrinsic 
characteristics of each structure, and some are not known and are 
difficult to estimate. 

Table 2. 1st frequency and damping ratios  

Nº Name Frequency 
[Hz] 

Damping 
[%] 

1 Bridge over Rabaçal River 5.523 2.105 

2 Bridge over Tuela River 6.713 2.741 

3 Brigde over Baceiro river 13.922 2.816 

4 Bridge over Ribeira da Granja 14.348 4.914 

5 Feteira Bridge 15.834 3.678 

6 Bridge over Ribeiro de Bem 
Saúde 12.158 1.656 

7 Cavaco Bridge 24.601 0.557 

8 Freixeda Bridge 15.735 2.045 

9 Lassa Bridge 13.529 2.279 

10 Cal Bridge over a Ribeira da Cal 10.050 4.151 

11 Bridge over Ribeira da Veiga 20.045 1.432 

12 Bridge over Sabor river 15.247 1.446 

13 Bridge over Ribeiro do Portelo 19.783 1.663 

14 Quintanilha International 
Bridge 6.679 4.205 

15 Gimonde Bridge 7.390 2.238 

16 Brigde over the Fresno river 9.806 1.256 

17 Mosteiro Bridge 11.666 4.108 

18 Franco Bridge 12.035 4.340 

19 Azibeiro Bridge 11.611 2.675 

20 Bridge over Penacal Bridge 15.950 0.746 

21 Gralhós Bridge 15.594 2.785 

22 Frechas Bridge 11.709 1.328 

23 Vieiro Bridge 24.167 3.253 

24 Pedra Bridge 10.278 3.225 

25 Bridge on R206 15.182 2.303 

26 Formigosa Bridge 6.204 2.510 

27 Maçãs Bridge 13.263 1.840 

28 Gimonde old bridge 14.175 4.255 
 

Table 3. Statistics 

 Frequency [Hz] Damping [%] 

Median 13.726 2.593 

Mean 14.048 2.633 

Standart deviation 4.473 1.161 
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However, the geometric characteristics such as maximum arch span, 
arch type, height, slab/arch width, and span number, can influence 
the structural behavior, in Figure 5 there are correlations between the 
vertical frequency and some geometric characteristics and the 
relationship between the main arch span/arch width is the one that 
presents the power law with better R2 factor. 

Previous studies [26][17], although not specifically evaluating 
masonry arch bridges, show correlations between arch bridges span 
and frequency, within masonry arch bridges [9], report a logarithmic 
correlation between the frequency and the maximum span. 

In Figure 4, it is possible to observe the relationships proposed by 
these authors and the one proposed in this study, the equations 
proposed by Cantieni (1983) [26] and Oliveira (2004) [17] present more 
pronounced curves because their studies include arch bridge 
structures in general, the law proposed in this study and the one 
indicated by Bayraktar (2015) [9] that specifically include masonry 
arch bridges show similar values for bridges with a span greater than 
10 m that are those included in the Bayraktar study. 

Figure 6 shows the variations of the damping ratio with geometric 
characteristics, as in previous studies there is no correlation between 
these variables [9], so the mean value of the damping ratio (2.5–3)% is 
a good estimation, congruent with the previous study. 

e test machine consists of two plates: upper and bottom plates with 
dimensions of 1500 × 1500 mm and a plate thickness of 30 mm. The 
plates were first cut into 1500 × 1500-mm sizes by a CNC cutting 
device and then ring-cut with a CNC cutting machine. Soldering was 
applied to minimize the error rate and improve the weld performance 
via the seam fusing method [4–6, 20–22]. To decrease the initial 

distortion and residual stress, the edges of the cylinder were joined 
through soldering. The steel plates were cut in the exact dimensions 
of the models and rolled into cylinders by a rolling machine 

 

Figure 4. Comparation of proposed and other authors equation for 
estimation the first frequency 

 

 

Figure 5. Variation of first vertical frequency with geometric characteristics of bridge 
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Figure 6. Variation of damping ratio with geometric characteristics of bridges

4. Conclusions 

The technique of expeditious tests to estimate the proper frequency 
of masonry arch bridges, proved to be a viable technique to monitor 
and preliminarily inspect the substantial amount of these structures 
present in the European road structure, providing information that 
will support the inspection and evaluation of these structures. 

From the analysis of the first vertical frequency of each of the 28 
bridges with their geometric characteristics, it was possible to 
establish a relationship between the first frequency and the ratio 
between the arch span and the width of the arch f=14.735 (S⁄Sw)(-0.429) 

which is a proper estimation for initial analysis of analytical models. 

The frequencies of 72% of the structures are in the range of 9 -16Hz 
with an average value of 14Hz for structures with an arch span 
between 4 and 15 m. 

No good correlations were found between the damping ratio and 
geometric characteristics, nevertheless, the damping ratio between 
2.5 and 3% can be used for initial estimates. 

Albeit the results obtained establish values similar to precedent 
studies, it is necessary to expand the sample with intent to increase 
the statistical representativeness of the results and obtain a more 
significant R2 factor between frequency and geometric 
characteristics. 
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