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Resumen 

En este artículo se incluye la descripción del proyecto de 

investigación SMART-OPS, relacionado con el seguimiento de 

Autocimbras (MSS) durante la construcción de tableros de 

puentes de hormigón pretensado vano a vano. El sistema de 

monitoreo se implementó en una Autocimbra para grandes 

vanos (LMSS) utilizado para construir 12 vanos de hasta 70 m 

cerca de Bratislava entre mayo de 2019 y febrero de 2020. El 

esquema de monitoreo incluyó 2 anemómetros sónicos, 29 

bandas extensométricas y 3 acelerómetros triaxiales. Se 

describen resultados preliminares para demostrar en un 

LMSS a gran escala bajo operación normal las ventajas y 

desafíos del monitoreo. 

El documento también comprende los resultados del 

monitoreo de puentes modulares durante las pruebas de 

carga en Perú. El esquema de monitoreo incluyó 7 sensores 

de distancia infrarrojos, utilizados para medir la deformación 

de varios puentes modulares (con luces de 36,4m y 61.6 m) 

debido a cargas conocidas (materializadas por camiones 

cargados). Las 3 pruebas de carga se realizaron entre 

septiembre de 2019 y enero de 2020. 

Abstract 

This paper includes the description of the SMART-OPS 

research project, related with the monitoring of Movable 

Scaffolding Systems (MSS) during the construction of span-

by-span prestressed concrete bridge decks. The monitoring 

system was implemented in a large Movable Scaffolding 

System (LMSS) used to build 12 spans up to 70m near 

Bratislava between May 2019 and February 2020. The 

monitoring scheme included 2 sonic anemometers, 29 strain 

gages and 3 triaxial accelerometers. The paper describes 

preliminary results to demonstrate in a full-scale LMSS under 

normal operation the advantages and challenges of 

monitoring.  

The paper comprises also the results of modular bridges 

monitoring during load tests in Peru. The monitoring scheme 

included 7 infrared distance sensors, used to measure the 

deformation of several modular bridges (with spans of 36.4m 

and 60m) due to known loads (materialized by loaded 

trucks). The 3 load tests were conducted between September 

2019 and January 2020. 

Palabras Clave: Autocimbra; Sistema de Pretensado Orgánico; Puentes Modulares; Monitorización Estructural; Análisis Modal y Operacional 

Keywords: Movable Scaffolding Systems (MSS); Large MSS (LMSS); Organic Prestressing System (OPS); Modular Bridges; Structural Monitoring; 
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Introduction 

The construction of prestressed concrete bridge decks with Movable 

Scaffolding Systems (MSS), a three-dimensional steel lattice 

structure that supports the formwork, used to construct one entire 

span of the bridge deck, that additionally can self-launch between 

adjacent spans, is typically used in the 40-60 m span range. Until the 

last few years, bridges with 70-90 m deck spans were usually built 

with precast solutions, metallic solutions or by balanced cantilever 

method. However, over the last few years, experiences have been 

made and new solutions have been developed for the 70-90m span 

range, usually referred as LMSS – Large MSS [1]. These experiences 

in large scale MSS were partly supported by the OPS use. The OPS 

technology is an active control system for static or quasi-static 

loadings, where prestress cables and hydraulic jacks become part of 

the structure as structural members [2]. The hydraulic pressure in 

the jacks is controlled by an algorithm based on the mid-span 

deflection of the MSS. When the mid-span deflection reaches a 

predetermined threshold, the OPS algorithm transmits instructions 

to the hydraulic jacks which compensate the deflection (the 

algorithm induces force increment with increasing deflection). 

This already highly technological MSS machines will be equipped 

with the SMART_OPS monitoring system that will permit to monitor 

online the forces transmitted to the supporting structure, the 

evolution of its response to strong winds and the tracking of its 

modal properties, with particular attention to the natural 

frequencies tracking, as a mean to detect structural anomalies and 

variations along MSS typical working cycle. The data supplied by the 

SMART_OPS also provides additional information to improve the 

safety and risk management in bridge construction. 

Observing the market for modular bridges, BERD set out to develop 

new types of bridges that were the evolution of traditional bridges 

[3], always prioritizing the objective of a bridge: accessibility and 

integration of populations. In this context, BERD supplied 148 

modular bridges to Provias Descentralizado (division of Peru 

government for infrastructures in local and regional levels), with 

spans ranging from 16.8m to 61.6m. All bridges were already 

targeted for specific locations of Peru remote areas, where these 

bridges have a very significant impact on local populations. This 

supply, for its dimension and contractual requisites, demanded the 

existence of preassembly of several bridges and load tests. These 

loads tests were performed in Peru and were used not only to 

ascertain the load capacity of the bridges, but also to train the local 

assembly teams on the use of assembly kits (also part of the supply). 

To understand the real behavior of the modular bridges during load 

tests, the bridge deflection and the tension in selected elements 

under load were monitored. The load tests described here took 

place between 21/01/2020 and 24/01/2020 in Lima, Peru. 

Smart OPS monitoring 

The 2.9km Danube Bridge is a highway crossing over the Danube 

River, 10km from the center of Bratislava, Slovakia. The structure is 

part of a major highway project, which is being undertaken to ease 

traffic on existing radials and roads in and around the Slovak capital. 

The crossing comprises a 900m-long main bridge and two access 

viaducts: the 12-span 784m-long west viaduct and the 18-span 

1,250.5m-long east viaduct. For simplicity, the superstructure of the 

approach viaducts was built in two phases (see Figure 1). The first 

comprised the central box girder, which was built as a full span 

continuous beam using MSS. Lateral wings were built by wing 

travellers during the second phase. Both viaduct decks have similar 

cross sections and were designed to be built by similar MSS, both 

equipped with Organic Prestressing System (OPS) [1]. 

The commercial monitoring system installed in the MSS represented 

in Figure 1 includes three subsystems, comprising 2 sonic 

anemometers, 3 triaxial accelerometers, 14 linear strain gages and 5 

rectangular rosette strain gages. 

 

Figure 1. Monitored MSS over Danube river with Bratislava on the 

background [3] 

This paper includes preliminary results from the data collected by 

the anemometers and accelerometers. The accelerometers 

collected information between 28/04/2019 and 04/03/2020. The 

anemometers were installed later, operating between 13/09/2019 

and 12/02/2020. 

 

Figure 2. Accelerometers’ positions 
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After some analyses on the MSS numerical model to find the most 

suitable positions for the accelerometers, an ambient vibration test 

was performed onsite on a similar MSS (the viaducts on both sides 

of the bridge were built by similar MSSs). Finally, the elected 

positions include one at the tip of the front cantilever (102), one 

near the middle of central span (103) and one at one-third of central 

span (104) (see Figure 2). Each of the 3 points is instrumented with a 

triaxial accelerometer measuring with a sampling rate of 50Hz 

(longitudinal, transversal and vertical accelerations were recorded). 

Vibration Levels 

The vibration levels of the MSS along the bridge deck construction 

are very variable, depending essentially on the existence and 

magnitude of the most important sources of excitation. It is to be 

expected that the most important sources are the work onsite, the 

wind, foundation microtremors and water movement on the 

Danube river. The work on the MSS is particularly relevant for the 

vibration level, being possible to identify even the working hours, 

the lunch and middle-morning breaks and the change from daylight 

saving time to standard time on 27/10. In Figure 3 it is represented 

the RMS of the vertical accelerations for periods of 5 minutes, as a 

function of the date (in the horizontal axis) and the GMT hour (in 

the vertical axis). The areas in red are associated with higher 

accelerations. 

 
Figure 3. Vibration levels on the MSS during the bridge construction (the vibration level increases from blue to red) 

The wind also plays a vital role in the excitation of the MSS. The 

acceleration response to wind is governed by buffeting (see Figure 

4). Since it is much more flexible, the influence of wind on the front 

cantilever (Etna 102, see Figure 4) is higher than on the central span 

(Etna 103 and Etna 104, see Figure 4). 

 
Figure 4. Relation between mean wind speed and the RMS of transversal 

acceleration, both for 10 minute periods 

Ambient Vibration Tests 

For comparison with the numerical model and to obtain a higher 

spatial definition of the modes, an ambient vibration test was 

performed during the construction of the 5th deck span. Etna 102 

on its original position was used as reference during all setups (see 

Figure 2). All other points of the MSS (represented in blue in Figure 

6) and the points on the bridge deck (represented in magenta in 

Figure 6) were instrumented only in 1 setup. 

For modal identification, it was used the peak picking method. The 

averaged normalized spectrum (ANPSD) for transversal and vertical 

directions is represented in Figure 5 for all points (in green), for the 

points on the MSS (in blue) and for the points on the bridge deck (in 

magenta). 

On the spectrum associated with the points on the MSS (blue line) 9 

peaks were identified, marked by red vertical lines in Figure 5. 

 
Figure 5. ANPSD for transversal and vertical directions 

Date 

Frequency [Hz] 

Mean Wind Speed 10min 

[m/s] 
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Figure 6. Mode shapes for f=1.099Hz (on the left) and f=1.666Hz (on the 
right) 

The more prominent peaks are related with the front nose modes, 

the peak with frequency around 1.099Hz with transversal bending 

and torsion of the nose (see Figure 6 on the left) and the frequency 

around 1.666Hz with the vertical bending of the front nose (see 

Figure 6 on the right). 

Modal Identification 

After removal of long-term trends and decimation to 25Hz, each 

one-hour transversal and vertical time series were subjected to a 

modal identification process using the Enhanced Frequency Domain 

Decomposition method (EFDD). 

Since the modes are well-spaced, it was considered only the 1st 

singular value of the decomposition. The peaks of the spectra were 

grouped into modes with similar characteristics (frequency, 

damping and modal configuration) and compared with the modes 

obtained with the ambient vibration test. The more relevant modes 

are included in Figure 7. 

 
Figure 7. Identified modes using EFDD grouped by color and compared with ambient vibration tests (in red, on the right) 

The natural frequencies identified in the ambient vibration test 

(numbered from W.EVA.1 to W.EVA.8 on Figure 7) and 

afterwards with the continuous monitoring data are nearly the 

same. 

The modal configurations obtained with EFDD are compared 

with the ones estimated with the ambient vibration tests in 

Figure 8. Figure 8 includes the information presented in Figure 

9, together with the results delivered by the EFDD method (in 

red). The outcomes from both methods agree very well. 

  

Figure 8. Mode shapes for f=1.098Hz (on the left) and f=1.668Hz (on 
the right) 

The mean characteristics of the modes identified with EFDD are 

detailed in Table 1. Comparing the mode characteristics, 5 of 

the modes identified recurrently by the EFDD were also 

identified with the ambient vibration test: 

• FDD.1 ≈ W.EVA.1 

• FDD.2 ≈ W.EVA.2 

• FDD.3 ≈ W.EVA.3 

• FDD.4 ≈ W.EVA.4 

• FDD.6 ≈ W.EVA.6 

The other modes identified in the ambient vibration tests have 

also a correspondent mode in the continuous monitoring, but 

their appearance is not so frequent, eventually because they 

are related with specific conditions of excitation or particular 

conditions of the MSS. 
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Table 1. Modes identified with EFDD. 

 

Modular Bridges Monitoring 

Structurally, the modular bridges are constituted by two main 

longitudinal trusses formed by prefabricated panels, joined by 

cross transom members, that support the deck modules (see 

Figure 9 for details). The modular bridges are entirely metallic, 

of the half-through type, simply supported, which are usually 

used as temporary bridges. The bridges are extra wide width 

(4.2m of track), without walkways, with bridges from 16.8m to 

61.6m in this project. 

 

Figure 9. Modular Bridge elements 

The durability of the structure is ensured by hot dip 

galvanization, applied to all parts. The deck modules in addition 

to the galvanization, are coated in their top surface with epoxy 

anti-skid material. 

The assembly of the bridges is designed for typical manual 

assembly conditions in remote areas, with minimal use of 

heavy equipment and tools (most supplied in the assembly kit) 

and unskilled workforce with minor training. In general, the 

bridges are installed through cantilever launching, but it is also 

possible to do it with the support of adequate cranes, if the 

evaluation of this possibility is done in advance. 

The loads and combinations used in the design comply with the 

provisions of the American standard for highway bridges 

AASHTO LRFD - version 2017 [4], the Manual of Bridges of Peru 

[5] and the provisions of the Public Tender Technical 

Specifications of the project. 

Load Tests 

The main purpose of the load tests is to verify the adequate 

conception and design of the bridges. For this, the structural 

behavior of several random selected bridges was evaluated 

through the observation of deformations and stresses and the 

comparison of the real response measured in the tests and the 

matching analytically expectations based in the bridge design 

numerical model. The tests onsite were divided according to 

the element to test: (i) the deck module, (ii) the cross transom 

and (iii) the bridge truss. For the bridge truss were adopted 2 

load tests, the first with the load prescribed in the AASHTO, 

materialized onsite by a truck loaded approximately at mid-

span of the bridge. The second test was implemented onsite by 

2 loaded trucks back-to-back approximately at mid-span of the 

bridge (see Figure 10). The bridge loading according to the 

second test is very much unlikely but it was devised to assure 

that the elastic limit of the bridge is far from design criteria 

imposed by the AASHTO. All tests proved successful, and in this 

paper will be described the bridge truss tests with 1 and 2 

loaded trucks for the bridge with maximum span, 61.6m. 

 

Figure 10. Load Test with 2 loaded trucks 

Sensors position 

The measurement of vertical displacement was done with 

contactless infrared sensors positioned below both trusses at 

¼, ½ and ¾ of the span (see Figure 11).  

 

Figure 11. Bridge plan view with displacement sensors 

102_OY 103_OY 104_OY 102_OZ 103_OZ 104_OZ

FDD.1 1.098 0.91% 1.00 0.00 -0.06 -0.19 -0.01 0.00

FDD.2 1.538 0.28% 0.14 0.90 1.00 0.00 -0.02 0.02

FDD.3 1.668 0.27% 0.01 0.00 0.00 1.00 -0.03 -0.02

FDD.4 2.089 1.46% -0.26 0.21 -0.11 1.00 -0.01 0.01

FDD.5 2.517 0.84% 0.06 -0.02 -0.01 1.00 0.36 0.38

FDD.6 2.911 0.87% 0.80 -0.35 -0.07 1.00 0.10 -0.05

FDD.7 3.296 1.36% 0.04 -0.05 -0.02 0.98 1.00 0.71

FDD.8 3.906 2.12% 1.00 0.21 0.28 0.29 0.00 0.00

FDD.9 3.927 2.36% 1.00 0.29 0.37 0.59 0.04 0.01

FDD.10 4.713 2.65% 0.39 0.10 0.64 1.00 -0.01 -0.03

Modo
Freq.

[Hz]
x [%]

Modal Configuration
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Additionally, to measure the lateral displacement, a sensor of 

the same type was also positioned laterally at mid-span. Since 

the loads are typically centered, the lateral displacement is 

expected to be small. 

The sensors can measure distances between 20mm and 

150mm. They are below the bridge, above a levelling plate 

supported on a timber block (see Figure 12). 

 

Figure 12. Displacement sensors installed under the bridge 

During the load tests was used also a temperature and 

humidity sensor to account for eventual significant changes 

along the tests. All sensor units and the acquisition unit allow 

the simultaneous acquisition of several sensors (in this test 7 

infrared sensors and 1 temperature/humidity sensor at the 

same time) were developed at FEUP (Faculdade de Engenharia 

da Universidade do Porto). These sensor’ units integrate a 

microcontroller, a microSD card to save data locally, and an 

internal clock to organize a folder structure with data files 

collected for 10 minutes. The acquisition unit is connected to a 

laptop computer which runs a program developed specifically 

for this application at FEUP (see Figure 13). The measurements 

can be seen in real-time in the laptop. 

 

Figure 13. Software used to control the load tests in real-time 

Load Tests Results 

Here will be detailed the results of load tests performed for the 

bridge truss. The test with the load prescribed in the AASHTO 

was repeated 3 times with similar results and completely elastic 

behavior (total recovery of the bridge deformation and stresses 

after load removal). In Figure 14, Figure 15 and Figure 16 is 

represented the deformation at mid-span (sensors 11 and 12 

from Figure 11) during the 3 repetitions of the load tests. The 

deformation under load is very similar for the 3 repetitions of 

the load test. The contractual limit of L/800 of deformation at 

mid-span (77mm = 61600mm/800) was far from being reached 

because the structural solution adopted for the bridge is very 

efficient. To estimate the expected deformations, the 

numerical model used for the design was applied to simulate 

the load test loads (the exact loads and distribution of loads 

amongst the truck axles was measured in a truck scale nearby). 

The bridge deformation is inside the numerical estimation 

range. This range was established considering the variability of 

the bridge geometry, steel characteristics, the supports’ 

stiffness and the truck position and load. 

 

Figure 14. Mid-span deformation in load test 1 

 

Figure 15. Mid-span deformation in load test 2 

 

Figure 16. Mid-span deformation in load test 3 

The peak visible in the inferior step of load test 3 (see Figure 

16) is due to reposition of the loaded truck (the 1st position had 
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to be adjusted a little bit). This peak is also visible in Figure 19 

where is depicted the deformation of the ¼ and ¾ span points 

(see Figure 11). 

The ¼ and ¾ of the span was also monitored by the sensors 13, 

14, 15 and 16 (see Figure 11). The results were also aligned 

with the numerical estimations (see Figure 17, Figure 18 and 

Figure 19). 

 

Figure 17. ¼ and ¾ span deformation in load test 1 

 

Figure 18. ¼ and ¾ span deformation in load test 2 

 

Figure 19. ¼ and ¾ span deformation in load test 3 

The deformation at mid-span for the Extra load test with 2 

loaded trucks (which is around the double of the load 

prescribed for the bridge) is depicted in Figure 20. 

 

Figure 20. Mid-span deformation in extra load test 

Again, the deformations at mid-span falls inside the numerical 

estimated interval. It is also identifiable the positioning and 

removal of the 1st truck on the left and on the right, 

respectively. 

 

Figure 21. ¼ and ¾ span deformation in extra test 

After the load removal, in all load tests (including in the extra 

load test) the bridge behaved elastically, and the deformation 

returned to zero. 

The results for lateral deformation of the bridge presented low 

values for all load tests. To exemplify the results, in Figure 22 is 

represented the lateral deformation during the extra load test, 

where the lateral deformation was less than 1mm. 

 

Figure 22. Mid-span lateral deformation in extra load test 

The ambient temperature and relative humidity changed very 

little during the load tests. For example, during the extra load 

tests the temperature changed only 1.3ºC (see Figure 23) and 

the relative humidity changed only 7% (see Figure 24). 

 

Figure 23. Ambient temperature during extra load tests 

 

Figure 24. Relative Humidity extra load tests 
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Since the temperature and humidity were almost constant, no 

further actions were taken to account for their effect.  
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