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Abstract. Asset managers, owners and the engineering companies are facing 

the increasing need to accurately estimate the actual structural condition of ex-

isting infrastructures as well as assess their residual life with respect to prede-

termined reliability levels. In this context, existing concrete bridges require spe-

cial attention due to the growing progressive ageing, deterioration mechanisms 

as well as the increased traffic loads, coupled with the reach of the nominal ref-

erence life. To this extent, a full-scale experimental testing campaign has been 

carried out on a reinforced concrete simply supported beam built around 55 

years ago and with a span equal to 25.90m. The reinforced concrete (RC) beam 

was removed during the demolition operations of the Mollere viaduct, along the 

A6 highway, in Italy. The testing campaign consisted of a load-controlled test 

where the beam, supported on isolated foundations, has been directly loaded 

with a system of cast iron masses calibrated to reach the near-collapse state at 

the end of the test. The beam has been instrumented with continuous monitoring 

systems to effectively observe its structural behaviour throughout the experi-

mental test. This paper summarizes the load test setting and the main results in 

terms of both the static behaviour, showing the efficiency of the testing cam-

paign as well the accuracy of the monitoring systems applied. 
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1 Introduction  

In the last few years, asset managers, owners and the engineering companies are 

facing the increasing need to estimate the actual structural condition of existing infra-

structures as well as assess their residual working life with respect to predetermined 

reliability levels [1]-[4]. In fact, the evaluation of the structural safety of existing 

bridges is extremely relevant for companies that manages large-scale infrastructures. 
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In detail, it is of interest to investigate actual behavior of existing bridges with the aim 

to plan interventions, maintenance and even monitoring programs in agreement with 

the evolution of design codes in both National and International field [5]-[8]. In this 

context, existing reinforced and prestressed concrete bridges require special attention 

due to the ageing and deterioration mechanisms as well as the increased magnitude of 

traffic loads [9]. In the past, full-scale experimental tests on existing reinforced con-

crete (RC) and prestressed concrete (PC) beams which have overpassed their intended 

working life have been successfully performed [10]. However, to plan full-scale tests 

on dismantled existing bridges beams is generally complex for what concerns costs, 

logistic and development of suitable testing procedures and devices.  

In this investigation, a full-scale experimental testing campaign on a RC bridge 

beam built more than 60 years ago is presented. The bridge beam is simply supported 

and have a span equal to 25.90m. The RC beam was removed during the demolition 

operations of the Mollere viaduct, along the A6 highway, in Italy. The testing cam-

paign consisted of a load-controlled test where the beam, supported on isolated foun-

dations, has been directly loaded with a system of cast iron masses calibrated to reach 

the near-collapse state at the end of the test. The beam has been instrumented with 

continuous monitoring systems to effectively observe the structural behaviour of the 

beam throughout the experimental test. The present work illustrates the set up for the 

realization of the full-scale test and the main results in terms of static behavior. In 

particular, the results are useful to discuss and demonstrate the efficiency of the test-

ing campaign as well the accuracy of the monitoring systems. 

2 Description of the RC bridge beam and data available before 

testing  

The beam selected for the full-scale load test presented in this paper is a simply 

supported reinforced concrete beam having a 25.90m span. The RC beam has been 

dismantled from the Mollere viaduct, along the A6 highway in Italy, after around 55 

years of working life. The main features related to the geometry are reported in Figure 

1(a-b). In detail, the beam has been dismantled from a girder bridge deck composed 

of 6 RC precasted RC beams having overall height of 185 cm with 20cm thick cast in-

situ reinforced concrete slab.  

As shown in Figure 1(a), the edge beam has been selected for the test, as it was the 

most damaged one due to its increased exposition to environmental actions and water 

leakage from the platform. As a result of the required operations for the execution of 

the longitudinal cut during the dismantling operations, the RC beam is characterized 

by an asymmetrical cross-section.  

By means of the analysis of the historical documentation and on-field inspections, 

the main features of the materials used to build the RC beam have been identified.  In 

particular, the beam presents main reinforcement for bending composed by 20 φ28 

longitudinal bars (Figure 1(c)). These bars are bent in correspondence of the edges of 

the beam with the aim to bear the major part of the shear force inside the web. 
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a) 

 
b) 

 
 

c) 

Fig. 1. Main features of the RC bridge beam of the Mollere viaduct: a) cross section of the deck 

and selected edge beam (measures in m); b) lateral view of the beam after the longitudinal cut 

(measures in cm); c) detail of the main reinforcement of the precast RC beam. 

In particular, the cast “in situ” concrete which composes the top RC slab presents 

cubic characteristic compressive strength (Rck) equal to 24 MPa that corresponds to 

20.75 MPa as for related cylinder one (fck). The mean value of the cylinder compres-

sive strength (fcm) can be assumed equal to 28.75 MPa [8]. The concrete that consti-

tutes the RC precast beam have Rck equal to 35 MPa which correspond to fck equal to 

29.05 MPa. The related fcm is equal to 37.05 MPa [8]. The steel reinforcements are 

represented by ribbed bars having squared cross section with characteristic value of 

yielding strength (fyk) equal to 440 MPa (FeB44k). The mean value fym can be esti-

mated as 484 MPa [8]. The elastic modulus is assumed equal to 200000 MPa. All the 
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material properties not available from historical documentation have been assumed 

according to [8],[11].  

3 Structural health monitoring and static testing procedure 

In this section the test configuration and procedure together with the monitoring 

systems adopted are described. 

 

3.1 Test procedure and set-up   

The test set-up consisted in the application of a vertical static load by means of 

iron masses (i.e., iron pallets), each having a weight of 105 kN and dimensions of 35 

cm height, 243 cm width and 194 cm depth. In particular, the midspan of the beam 

was loaded over a length of about 11 m along its axis, by aligning four iron pallets 

(Figure 3). In order to reduce, as much as possible, the torsional rotations around the 

longitudinal axis, two symmetric steel supports were placed, each of them at a dis-

tance of 275 cm from the midspan. Two hydraulic jacks supported by layers of Azobé 

wood were placed below each of these torsional supports. An additional supporting 

system was placed below the beam in correspondence of the central area, made of a 

steel plate 5 cm thick, placed on top of four hydraulic jacks, which were supported by 

layers of Azobé wood. It is noteworthy that the steel plate was not in contact with the 

beam but was kept at a distance of a few centimeters from the intrados of the beam, as 

a measure of safety in case of an eventual occurrence of a brittle failure.  

By considering the mean values of the mechanical properties of the materials, a 

resisting flexural moment of 10728 kNm was computed. With the goal to reach this 

estimated ultimate resistance, it was decided to load the structure with 4 different 

layers (i.e., SA, SB, SC, SD), each of them made of 4 iron weights (i.e., 1, 2, 3 and 4) 

placed over a width of 11 m in correspondence of the midspan. Since each layer of 

iron pallets weights 420 kN, by summing up the 4 layers, a total load of 1680 kN was 

provided.  

 

Fig. 3. Experimental test set-up. 
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Figure 4(a-b) illustrates the different stages of load application before failure oc-

curred and the picture representing the loading operations. The first and the second 

stages are equal and consisted in the application of four steps of load (such that the 

layer SA was placed), followed by four steps of unload. The third stage consisted in 

the loading of two layers of iron pallets (i.e., layer SA and SB) followed by their un-

loading and the last stage ended with the application of three layers of iron pallets 

(i.e., layer SA, SB and SC). Hence, collapse occurred in correspondence of a total 

load of 1260 kN, which coincided with the positioning of the SC1-4 iron weight. The 

observed collapse mechanism consists of a bi-axial bending failure mode due to the 

failure of the top slab concrete placed in proximity of the midspan. It should be evi-

denced that the top slab in the 90ties was repaired with demolition of the top layer for 

few centimeters and reinforced with additional high strength concrete not mechanical-

ly connected to the original one. As a consequence, at failure the additional concrete 

layer was detached from the beam causing a brittle mechanism. 
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Fig. 4. Experimental test procedure: a) number of loading steps and applied load; b) picture of 

the loading operations and of the test-set configuration. 

 

3.2 Description of the adopted SHM system   

Among the variety of sensors installed to record the site load test, the present paper 

focuses on the analysis of the static response registered by the SHM (i.e., Structural 

Health Monitoring) continuous monitoring systems installed and processed by Sacer-

tis Ingegneria S.r.l. The RC beam was instrumented with 5 MEMS (i.e., Micro Elec-

tro-Mechanical System) bi-axial clinometers and 5 tri-axial accelerometers, wired 

connected using a power-line based architecture combined with a CAN-BUS network 

to a IoT Gateway installed near one of the plinths. In terms of positioning along the 

beam, sensors are placed close to both the span ends (Sens. T1.1.1. and T1.1.5) and at 

about 1/3 (T1.1.2), 1/2 (T1.1.3) and 3/4 (T1.1.4) of the span length, as shown in Fig-

ure 4.  

The data gathered from the sensors have been filtered at the gateway level and 

sent to both a local server for near-real time processing as well as to the Cloud for 

data storage and further post-processing. The bi-axial MEMS clinometers, analyzed in 
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the present paper, provide rotations around axes x and y in the horizontal plane. Spe-

cifically, the x axis corresponds to the transversal direction of the beam (torsional 

behaviour), whilst the y axis is parallel to the longitudinal direction of the beam (flex-

ural behaviour).  

MEMS clinometers have a 32-bit microcontroller and are provided with humidity 

and temperature sensors installed inside the sensor node box. The clinometer data are 

collected in sequential samples, averaged over a 1s window with a sampling frequen-

cy of 208 Hz, providing synthetic statistical parameters like the mean value, standard 

deviation, maximum and minimum rotation, internal temperature, and relative humid-

ity.  

MEMS bi-axial clinometers allow to monitor the evolution in time of the local ro-

tations under progressive load as well as after the unloading processes as plastic re-

sidual rotations arise as a consequence of the damage process [12][13]. The static 

response derived from the analysis of the MEMS sensors is compared with the topo-

graphic monitoring of the vertical displacements, registered under sensors T1.1.3 at 

midspan and T1.1.4 at 3/4L. 

 

 

 

Fig. 4. MEMS clinometers and accelerometers monitoring system. 

4 Experimental results 

As regards the static response, Figure 5a shows the load-displacement curve de-

rived from the MEMS clinometers with respect to the deflection at mid-span, com-

pared with the recordings or the topographic monitoring. The results are presented 

following the i-th progressively increasing load phase (from 1 to 4) described in Sec-

tion 3.1. It can be noticed from Figure 5a that there is a very good correspondence in 

terms of direct (topographic monitoring) and indirect measurement (deformed shape 

derived from MEMS clinometers installed at discrete locations along the beam) of the 

mid-span displacement. 

Figure 5b illustrates the trend over time of the rotations read by the clinometer 

sensors T1.1.4, installed at 3/4L, in the y direction (longitudinal axis of the beam), 

representative of the bending of the beam in the vertical plane. Due to the short-term 

duration of site test performed, no thermal compensation of the signal has been re-
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quired due to the limited environmental condition influence on the structural response 

and on the sensors.  

 

a)

b)

Load 1 Load 2 Load 3 Load 4

Load 1 Load 2

Load 3

Load 4

 

Fig. 5. Experimental results: a) Load-displacement curve derived from the MEMS clinometers 

analysis, compared with the topographic monitoring at mid-span; b) Evolution of the flexural 

rotation registered by sensor T1.1.4 installed at 3/4L. 

It can be noticed that for the first two loading and unloading cycles up to 420kN, 

the RC beam responds in a linear-elastic condition, there is a symmetry in the rota-

tions and therefore in the deformation of the beam under load, with limited evidence 

of a residual rotation induced by local damages read by sensor T1.1.4. Following the 

third loading-unloading cycle, up to 840kN, a considerable residual rotation equal to 

0.05° is detected by the sensor T1.1.4, which corresponds to the formation of a crack-

ing pattern concentrated near the measuring point, and subsequently subjected to con-

trol with an LVDT sensor, as shown in Figure 6. The deformation assumes an asym-

metrical trend in load step 4, up to collapse. The load-displacement curve as well as 

the recorded rotations indicate a lack of plasticization of the beam, except for the final 

phase before the collapse. In the x transverse direction, on the other hand, the rota-

tions of the clinometer sensors confirmed the progressive accumulation of a rigid 

rotation around the longitudinal axis of the beam, equal in sign for all the sensors, 

during the entire course of the test. These rotations were never fully recovered in the 

unloading phase and reasonably reached their maximum value in the instant preceding 

the overturning of the beam itself. 
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Fig. 6. a) Location of the cracking formed after Load 3; b) Crack width in mm measured with 

horizontal LVDT vs Time [min].    

Figure 7a presents the deformed shape derived from the MEMS clinometers under 

Load steps 1, 2, 3 and 4, compared to the measurements of the topographic sensors 

installed at L/2 (Sensor P9) and installed at 3/4L (Sensor P7). There is an accurate 

correspondence and cross-correlation between both the direct and indirect measure-

ments performed by the different types of instruments installed to support the diag-

nostic activities and the identification of the main damage mechanisms.  

Figure 7b shows the residual deformed shape after each i-th unloading step. It can 

be noticed that up to Load 2, the deformed shape under 420kN remains almost sym-

metric and limited sign of residual rotation is recorded. The residual deflections after 

load steps 1 and 2 are comparable and are affected by the adjustments made to the 

support conditions during the first phases of the site test. The deflected shape under 

Load 3 (860kN) shows the asymmetry induced by the local damage occurred near 

sensor T1.1.4 (3/4 L); the asymmetry and concentrated rotation became even more 

evident under Load 4, recorded just before the beam collapse. A residual rotation 

concentrated at 3/4 of the span induced an asymmetric residual deflection equal to 

2mm. Therefore, the analysis of the reference parameters of the structural response 

(such as rotations under load and residual, displacements and deformations, crack 

opening,..) proved to be good indicators of the variation of response as the application 

of the load proceeded, accurately representing the effect of the variable constraint 

conditions and progress of the damage. 
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b)

a)

X TOPOGRAPHICMEASUREMENTS

 

Fig. 7. a) Deformed shape derived from the MEMS clinometers under Load steps 1, 2, 3 and 4; 

b) Deformed shape derived from the MEMS clinometers after the unloading phase at steps 1, 2, 

3, showing the effect of the local damages and residual rotations. 

5 Conclusions  

This paper proposes and illustrates some of the achievements related to the full-scale exper-

imental testing of an existing RC bridge beam after around 60 years of working life. The select-

ed beam presents very common features with respect to a major part of the beams used during 

the ‘60s to build highways girder bridges in Italy. In particular, after the description of the beam 

selected for the test and of the related testing procedure, the main outcomes derived from the 

SHM system provided by Sacertis Ingegneria S.r.l. in terms of static response are reported and 

compared to other direct measurement systems (topographic monitoring), showing a good 

cross-correlation. As widely recognised, the use of SHM systems with continuous data acquisi-

tion are becoming of high interest for infrastructures managers. The RC bridge beam was in-

strumented with 5 MEMS bi-axial clinometers and 5 tri-axial accelerometers appropriately 

located along the beam span. The results of the test and of the related monitoring are of high 

relevance because they allow to assess the performances of the mentioned above SHM system 

over the loading and damaging process of the beam. In particular, the SHM devices were able 

to catch the non-symmetric static response of the beam approaching the failure condition. The 

analysis of the results is useful to increase the ability of professionals and engineers to interpret 
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the observed data from SHM installed on bridges along main infrastructures. For instance, 

further research is ongoing with the aim to propose methodologies able to determine safety 

thresholds of the monitored parameters at the purpose of prompt intervention by the Authorities 

in case of adverse events.  
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