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Abstract 

This paper proposes a bridge damage detection method using direct rotation 

measurements. Initially, numerical analyses are carried out on a 1-D simply supported 

beam model loaded with a single moving point load to investigate the sensitivity of 

rotation as a main parameter for damage identification. As a result of this study, the 

difference in rotation measurements due to a single moving point load obtained for 

healthy and damaged states is proposed as a damage indicator. A relatively simple 

laboratory experiment is conducted on a 3 m long simply supported beam structure to 

validate the results obtained from the numerical analysis. The case of multi-axle 

vehicles is investigated through numerical analyses of a 1-D bridge model and a 

theoretical basis for damage detection is presented. Finally, a sophisticated 3-D dynamic 

Finite Element model of a 20 m long simply supported bridge structure is developed by 

an independent team of researchers and used to test the robustness of the proposed 

damage detection methodology in a series of blind tests. Rotations from an extensive 

range of damage scenarios were provided to the main team who applied their methods 

without prior knowledge of the extent or location of the damage. Results from the blind 

test simulations demonstrate that the proposed methodology provides a reasonable 

indication of the bridge condition for all test scenarios. 

  

Keywords: Bridge, damage detection, rotation, inclinometers, influence line, SHM, 

BHM. 
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1 Introduction 

As bridges deteriorate over time and due to accidental damage, owners and 

managers seek to estimate their remaining safe working life. Structural Health 

Monitoring (SHM) has the potential to be a key input into this process, providing as it 

does, an indication of the bridge’s current health state (Heitner et al 2019). This paper 

proposes the use of bridge rotation response to a moving load for SHM purposes, to 

indicate the presence of damage and its location in a bridge. In this study, damage is 

represented as a reduction in the Second Moment of Area of a bridge deck over a certain 

extent along its length. Like vertical translation due to a moving force, rotation responds 

to local damage anywhere in the bridge, but rotation is typically easier to measure than 

translation. To give context to this work, Section 1.1 gives a brief overview of bridge 

SHM approaches, Section 1.2 reviews studies where inclinometers have been installed 

on bridges previously and Section 1.3 describes the objectives of this study. 

1.1 Existing approaches to damage identification in a bridge subject to a 

moving force  

Some authors use a wavelet transform of beam translation (W. W. Zhang, Wang, 

& Ma, 2009; Zhu & Law, 2006) or acceleration (Hester & González, 2012) response to 

a moving vehicle to locate damage in a beam, while other researchers have applied 

empirical mode decomposition to the acceleration response (Bradley, González, & 

Hester, 2010; N. E. Huang, Huang, & Chiang, 2005). OBrien, Carey and Keenahan 

(2015) use an indirect approach; they apply a Moving Force Identification algorithm to 

the translation response and use the calculated force histories as indicators of bridge 

damage. In another indirect approach, Li and Au (2014) calculate the modal strain 

energy of the acceleration signals from multiple vehicle passes and succeed in localising 

damage from the extracted frequencies of healthy and damaged bridges. Others use 
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strain response in a bridge to ambient traffic and identify damage from a change in the 

position of the neutral axis of the main girders (Park, Moon, Spencer, & Sim, 2017; 

Sigurdardottir & Glisic, 2013, 2014, 2015) or a change in the transverse load 

distribution factors (Cardini & DeWolf, 2009). 

1.2 Rotation measurement in bridges 

Inclination sensors (inclinometers or tiltmeters) are designed to measure angular 

rotation of a test specimen with respect to an ‘artificial horizon’. The main operating 

principle of most inclinometers is that they perform measurements of different types of 

response generated by pendulum behaviour due to gravity. The types of pendulum used 

in inclinometer sensors can be categorized as solid mass (Chang, Tsai, Liu, Sun, & Fang, 

2011), liquid (Liu & Zhu, 2017) and gas (Crescini, Marioli, Romani, Sardini, & Taroni, 

2004; F. Zhang, 2004), and these are measured using resistive (W. Zhang, Zhu, & Lee, 

2015), capacitive (Zhao & Yeatman, 2007), inductive (Olaru & Dragoi, 2005), magnetic 

(Olaru & Cotae, 1997), fibre optic (Antunes, Marques, Varum, & Andre, 2012) or 

optical (Frazão et al., 2006) methods. In the last decade, the performance and accuracy 

of inclinometers have been significantly improved, and it is now possible to measure 

inclinations to a microradian (10-6 rad) accuracy using state-of-the-art sensors (Bruns, 

2017; Inaudi & Glisic, 2002; Wu & Chuang, 2004; Wyler AG, 2016).  

Inclinometers have been widely utilized in industrial applications such as 

automotive, aerospace and electronics. With recent improvements in sensor technology, 

they have also been used in bridge SHM applications. Haritos and Chalko (1996) 

installed inclinometers at the support locations of Fuge’s Bridge to obtain a better 

understanding of its boundary conditions. They concluded that the behaviour of 

bearings at the abutments corresponds more closely to “pinned” than “fixed”, for which 
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the bridge was originally designed. In a similar study, Micro-Electro-Mechanical 

Systems (MEMS) inclinometers were installed on Ferriby Bridge in the UK to 

investigate the long-term transverse inclination of elastomeric bearing due to 

temperature effects (Hoult, Fidler, Hill, & Middleton, 2010; Stajano et al., 2010). 

Shoukry, Riad, and William (2009) instrumented a steel bridge built according to the 

AASHTO LRFD bridge design specification (American Association of State Highway 

and Transportation Officials, 2012), to evaluate the long-term performance of the bridge 

deck and compare the measured bridge response with the theoretical approaches 

proposed in the LRFD code.  

Glišić, Posenato, Inaudi, and Figini (2008) monitored a curved concrete bridge 

during its construction, post-tensioning and first year of service life using fibre optic 

interferometric technology including long-gauge deformation sensors and 

inclinometers. The results obtained from the campaign helped to verify post-tensioning 

and confirmed the sound performance of the bridge. Others installed inclinometers on 

long-span suspension and cable stayed bridges in an effort to better understand the 

behaviour of such complex structures (Andersen, Enckell, Alcover, & 

Chryssanthopoulos, 2013; Bas, Apaydin, Ilki, & Catbas, 2018; Ko & Ni, 2005; H. Li & 

Ou, 2016). Inclinometers have also been used to calculate the deformed shape of bridge 

deck structures (Burdet & Zanella, 2000; He, Yang, & Zhao, 2014; Helmi, Taylor, 

Zarafshan, & Ansari, 2015; Hou, Yang, & Huang, 2005; LLoret, Inaudi, & Vurpillot, 

1998; O’Leary & Harker, 2012; Perregaux, Vurpillot, Inaudi, & Burdet, 1998; Robert-

Nicoud, Raphael, Burdet, & Smith, 2005; Sousa, Cavadas, Henriques, Bento, & 

Figueiras, 2013; Vurpillot, Krueger, Benouaich, Clément, & Inaudi, 1998), the 

advantage being that unlike any other direct methods of measuring bridge deflections, 

inclinometers do not require a reference point.  
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Alten, Ralbovsky, Vorwagner, Toplitzer, and Wittmann (2017) evaluated different 

monitoring techniques through a progressive damage case study conducted on a post-

tensioned reinforced concrete bridge over a 12 week period. The test bridge was 

instrumented with 23 sensors: 6 accelerometers, 2 biaxial inclinometers (at support 

locations) and 15 fibre-optic strain gauges. Three different damage scenarios were 

considered for the bridge within the scope of the study and bridge evaluation using the 

inclinometers was found to be the most effective. An increase in magnitude of rotation 

was clearly observed in both channels as a result of the damage imposed, while the 

accelerometers (used to monitor changes in modal frequencies) failed to identify all 

three damage scenarios. Of the 16 strain sensors, only those close to the damage 

locations recorded an increase in strain and these increases were small.  

Although it has been demonstrated in several recent studies that inclinometers 

could be valuable in assessing the condition of bridge structure, there are a limited 

number of studies in the literature that use direct rotation measurements for the 

assessment of the condition of a bridge. The only bridge damage detection 

methodologies that the authors found in the literature are recent studies presented by 

Erdenebat, Waldmann, Scherbaum and Teferle (2018) and Zeinali and Story (2017, 

2018). Erdenebat et al. (2018) propose a method named Deformation Area Difference 

(DAD) for the condition assessment of bridge structures which identifies damage using 

the area between the rotation curves measured for healthy and damaged bridge 

conditions under static loading. It is demonstrated in the study through numerical and 

experimental studies that the maximum amplitude of the DAD factor occurs at the 

location where the damage occurs. The developed methodology could be applied 

through rotation, vertical deflection or curvature measurements. However, the drawback 
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of the proposal is that it requires deformation measurements at many locations along the 

length of the structure, which makes bridge closures likely. 

Zeinali et al. (2017, 2018) present a novel theoretical framework for estimating the 

flexural stiffness of a bridge deck using its deflection or rotation responses to a moving 

load. It is demonstrated through numerical and relatively simple experimental studies 

that the stiffness of the entire bridge span can be estimated. This is achieved using the 

relationship between the second derivative of the deformation (i.e. deflection or 

rotation) influence line for a single measurement location and the flexural rigidity. Once 

the flexural stiffness distribution of a bridge is calculated, then damage can be identified 

as a change in this distribution. Although the proposed methodology is promising in 

identifying damage on real bridges, both numerical and experimental studies are carried 

out using single moving point analysis. Besides, the magnitude of rotation 

measurements presented in the experimental study is around 5 degrees, much greater 

than the amplitude of rotations expected in a real bridge. 

1.3 Objective of this study 

Although the field of SHM has witnessed significant advances over the last two 

decades, identifying small levels of damage in a bridge still remains a challenge. 

Broadly speaking existing SHM systems, some of which are reviewed above, mainly 

use acceleration, strain and/or deflection responses of a bridge to evaluate its condition. 

Each parameter has certain shortcomings. Acceleration, despite of its popularity, is 

relatively insensitive to damage except the most onerous damage scenarios. Strain 

sensors measure a local response of a bridge hence they can only sense damage at the 

immediate vicinity. Deflections, although being damage sensitive, are often difficult to 
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measure in practice due to nature of its parameter (e.g. a reference point for 

measurements may be required).  

There is a lack of study in literature using rotation measurements for bridge 

condition assessment. The available studies mainly monitor changes in the amplitude of 

rotation measurements, neglecting the variability in the responses that naturally arise 

from the variability in the random traffic loads (i.e. vehicle weight and configuration). 

Such techniques have been shown to be effective in only suggesting the existence of 

damage in a bridge without giving knowledge of its location. Among the existing studies 

only a few rotation based damage detection methodologies look at identifying the 

location of anomaly in a bridge however such techniques require a bridge to be installed 

with a vast number of sensors (Erdenebat et al., 2018). 

To address the limitations of existing studies described in the literature, this study 

presents novel contributions in 3 specific areas; 

• A new bridge condition assessment methodology is proposed that uses 

direct rotation measurements for damage identification. Like deflections, 

rotations are damage sensitive anywhere on the bridge but they easier to 

measure compared to deflections using the state-of-the-art sensors. 

• The influence line of a bridge to a moving load is derived from each 

rotation response to a traversing vehicle to provide a “normalised” 

response that can be compared for all measurements, regardless of the 

vehicle that induced it. 

• The proposed methodology can identify the existence of damage and its 

location with a reasonable accuracy using data from two sensors installed 

at the bridge supports, at the deck level. A sparse number of sensors 
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provide a cost effective and less computationally expensive solution than 

existing approaches. 

In the context of this study, Section 2 investigates the potential of direct rotation 

measurements in assessing the condition of bridge type structures and introduces the 

concept of identifying damage in the rotation signal for a beam subject to a moving 

point force. Numerical and experimental demonstrations of the concept are provided in 

Sections 2.1 and 2.2 respectively. Section 3 looks at the more challenging problem of 

identifying damage when the bridge is loaded by a multi-axle vehicle and further 

validates the robustness of the methodology through blind test simulations conducted 

on a 3-D FE model of a typical 20m long simply supported bridge. 

 

2 Damage detection in a beam using rotation measurements 

due to a moving point load  

This section develops the theoretical basis for the proposed damage detection 

method using rotation measurements when a beam is loaded with a single moving point 

force. Section 2.1 investigates the sensitivity of rotation to detect damage in bridge type 

structures through numerical analysis, and Section 2.2 presents the results obtained from 

an experimental study to validate the feasibility of the proposed method. 

2.1 Sensitivity of rotation to damage 

In theory, the change in rotation between any two points along the length of the 

structure is equal to the area under the M/EI diagram, where M is moment and EI is 

stiffness. Hence, in principle, any change in a structure’s stiffness, either locally or 

globally, should be evident in the rotation measurements of the structure. To 

demonstrate this, numerical simulations are carried on a 1-D simply supported 
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numerical beam model loaded with single point force to address the following 

questions:  

• Is rotation a sensitive parameter to damage? 

• What is the effect of change in stiffness and its location on rotation 

measurements? 

• What is the optimum sensor location for recording rotations? 

The structure modelled is a 3m long 1-D simply supported beam structure. The 

flexural properties adopted for the beam are similar to those of a 127×76×13 universal 

beam loaded in the weak direction (Steel Construction Institute, 2015). The Young’s 

modulus is defined as 210 GPa and the hypothetical sensors (inclinometers) are placed 

at three locations, i.e. at mid-span and the two support locations. Figures 1 (a) and (b) 

show the elevation and cross-section of the numerical beam model. 

[insert Figure 1.] 

 

Figure 1. Numerical beam model a) Elevational view showing sensor locations b) 

Cross-sectional view. 
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In this section three damage scenarios are investigated, at quarter-span, at the 

centre, and at two simultaneous locations (i.e. at quarter- and three-quarter-span). For 

all scenarios investigated in this section, damage is modelled as a 30% reduction in 

Second Moment of Area for an extent of 180 mm (6% of the beam span), and the effect 

of damage on the bridge response is examined under a 31 kg point loading. Figure 2(a) 

presents the deformed shape of the first damaged beam model loaded with the 31 kg 

load at 3L/8 and damage at quarter-span. The continuous curve represents the translation 

of the healthy beam while the dashed red curve shows the corresponding results for the 

damaged beam. As expected, when damage occurs, translation increases. Assuming that 

baseline (healthy) data will be available, the difference in translation between the 

healthy and damaged beam cases is plotted in Figure 2(b). The shape of the difference 

plot is triangular, with the maximum corresponding to the damage location. Rotation is 

the first derivative of translation and, with this sign convention, varies from negative 

before the damage location to positive after it – Figure 2(c). As translation difference 

(healthy minus damaged) varies from constantly sloping down to constantly sloping up, 

rotation difference varies from constant negative to constant positive, with a sharp 

change at the damage location – Figure 2(d). In fact, at the centre of the damaged 

location the difference in rotation between the healthy and damaged case is close to 

zero. This simply shows that the sensitivity of a sensor to damage reduces when sensor 

is at the damage location. 
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Figure 2. Displacement responses of healthy and damaged beam models loaded with 

a single point load at 3L/8. a) Translation b) Difference in translation between healthy 

and damaged cases c) Rotation d) Difference in rotation between healthy and 

damaged cases. 

 

A further consequence of the plot in Figure 2(d) is that for the single load location 

and the damage scenario represented here, the sensor at mid-span and the sensor at the 

right support will show the same difference in rotation. The amplitude of the rotation 

difference is greater on the left-hand side of the damage than on the right. It simply 

means that sensors placed along the beam length from the damage location to the closest 

support location are more sensitive to damage than the sensors placed on the opposite 

side. 

The plots in Figure 2 are in the spatial domain, i.e. the displacements at all points 

on the beam are plotted for a fixed point in time and therefore a fixed position of the 
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load. In reality having sensors everywhere on the beam is not feasible but it will be 

shown that the concepts illustrated in Figure 2 are still relevant in the time domain for 

a moving point loading crossing a beam. Figure 3 (a) presents the rotation response 

obtained at sensor locations A-C under a 31 kg moving point loading for healthy and 

off-centre damaged case (i.e. damage is at L/4 location). In this case, rotation is plotted 

against the location of the moving point force. Sensors A and C, placed at the support 

locations, experience negative and positive rotation, respectively, as the point load 

crosses the beam. The Sensor B at mid-span initially experiences positive rotation but 

this becomes negative when the load passes this point. For sensor A, the increase in 

rotation due to damage is small but clearly evident. For sensors B and C the increase in 

rotation due to damage is smaller. Overall the figure shows that when damage occurs, 

even if it is remote from the sensor location, it results in an increase in rotation at all 

three sensor locations and confirms that, as expected, rotation increases when stiffness 

is reduced.  

The differences between the rotation responses for healthy and damaged beam 

cases, are plotted in Figure 3(b). The rotation difference for each sensor is triangular 

with maximum amplitude when the load is over the damage location (at L/4 in this case). 

The magnitude of the rotation difference, which reflects the sensitivity of a particular 

sensor to damage, is approximately 4.8 mdeg for Sensor A, located at the left-hand 

support and 1.5 mdeg for Sensors B and C, located at mid-span and the right-hand 

support. These results are similar to the findings presented in Figure 2. Since Sensor A 

is located at the support closer to the damage location, it is more sensitive to damage 

than Sensors B and C. Also note that Sensors B and C are both on the same side of the 

damage location (to the right in this case) and hence have the same sensitivity to 
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damage. The reason that sensors B and C are showing the same sensitivity to damage 

can be understood by examining Figure 2(d). 

 

 

Figure 3. Effect of quarter-point damage on beam rotation measurements (a) 

Rotation time history recorded for healthy and damaged beam cases. (b) Differences 

between the healthy and damaged rotation signals shown in part (a). 
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Figure 4 shows the rotation difference when damage is simulated at midspan. For 

Sensors A and C placed at the supports the differences are triangular with a peak value 

of 4.25 mdeg and the peak corresponding to the damage location. However, for Sensor 

B at midspan the amplitude of the difference in rotation is much smaller and it is not 

triangular in shape. This is because, Sensor B is located at the damage location, where 

the change in rotation due to damage is close to zero which is consistent with the 

behaviour previously observed in Figure 2(d). 

 

 

Figure 4. Difference in rotation measurements for healthy and damaged beams where 

damage is at midspan. 

 

Figure 5 shows the rotation difference plot for a multiple damage scenario, where 

damage is modelled similarly at the quarter and three-quarter span locations. The 

damage severity for both locations is a 30% reduction in stiffness over 180 mm. It is 

clearly visible in the figure that there are two slope discontinuities can be seen in each 

plot, corresponding to the passing of the load over the damage locations. The rotation 
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difference amplitudes are approximately 5.5 mdeg and 3.25 mdeg at the damage 

locations for Sensors A and C. The corresponding results for Sensor B, located at 

midspan, are approximately 1 mdeg and vary in sign. 

 

 

Figure 5. Difference in rotation measurements between healthy and damaged beam 

cases where damage is modelled at L/4 and 3L/4. 

 

In conclusion, when damage occurs in a bridge structure, it is evident in rotation 

measurements. Furthermore, the differences between rotations plots for healthy and 

damaged beam cases provide information on the damage locations. Sensitivity tends to 

be better for sensors placed in the zone between the damage and the nearest support to 

the damage. However, there is a reduced magnitude of rotations for sensors close to the 

centre of the damage. Support locations are chosen here as a good compromise for short 

span bridges with the further advantage that access on site is likely to be easier.  
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2.2 Experimental Validation 

An experimental study was carried out on a 3 m long simply supported beam to 

validate the results of the simulations presented in Figure 4. Section 2.2.1 describes the 

laboratory setup and instrumentation used, while Section 2.2.2 presents the results. 

2.2.1 Laboratory Setup 

The material and geometric properties of the beam structure was designed to be 

similar to the flexural properties defined for the 1-D beam model used in the numerical 

studies presented above. The beam was a 127x76x13 steel universal beam loaded in the 

weak direction. The supports of the beam were fabricated to function as pin and roller. 

A 31 kg dumb-bell mass was used to load the structure at discrete points. The load was 

applied in a series of static load cases at 100 mm intervals along the length of the beam. 

At each loading position the load remained stationary for approximately 45 s before it 

was rolled to the next loading position. 

 

 

Figure 6. 3 m long simply supported beam structure set up in the laboratory with load 

at 0.4 m and rotation sensors at supports.  
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Rotations were calculated using the acceleration data obtained from two uniaxial 

Honeywell QA-750 accelerometers placed at the ends of the beam and orientated in the 

longitudinal direction (i.e. at points A and B in Figure 6). These accelerometers can 

sense frequencies as low as 0 Hz, so they can sense gravity and are suitable to be used 

as inclinometers. Data acquisition was carried out at a 512 Hz sampling rate using a 24-

bit Data Physics Mobiliser II spectrum analyser, controlled by a computer.  

The output of an accelerometer follows a sinusoidal relationship when it is rotated 

through gravity (g). When it is oriented in the horizontal direction it records 0 g whereas 

when it is placed in the vertical direction it reads +/- 1 g. From basic trigonometry, the 

rotation is obtained from acceleration, Acc, using the inverse sine function given in 

Eq.1: 

𝜃 = 𝑠𝑖𝑛−1(𝐴𝑐𝑐[𝑔]) (1)  

As the 31 kg mass is moved in 100 mm increments across the bridge, it is not possible 

to apply it perfectly ‘statically’ at each location, (i.e. it is not applied infinitely slowly). 

As a result, some dynamic movements of the beam occur in the immediate aftermath of 

placing the load.  

Figure 7(a) shows the raw acceleration time history data from the accelerometer 

placed at point A as the mass is moved across the length. At each loading position, the 

mass remained stationary for approximately 45 s. There are 29 peaks in the figure 

corresponding to 29 loading positions (0.1 to 2.9 m in intervals of 0.1 m). A low pass 

filter is applied to remove the high frequency content of the response. This high 

frequency content is due to the dynamic movements which inevitably occur when the 

load is not applied perfectly statically.  Subsequently rotation is calculated using Eq. 1. 

Figure 7(b) shows the rotation calculated from the accelerometer placed at point A. 
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Figure 7. Experimental results for accelerometer at the left-hand support while it is 

statically loaded with a 31 kg dumbbell. (a) Acceleration time history (b) Rotation 

time history calculated from the measured accelerations. 

 

To show that the levels of rotation of Figure 7(b) are representative of the levels 

experienced in a real bridge, Figure 8 shows the results of a load test performed on a 

17.8 m span bascule bridge, loaded with a 4-axle 32 tonne truck. When the bridge is 

down it behaves as a simply supported bridge. The accelerometers used in the bridge to 

calculate rotations at the support locations are the same QA-750s used in the laboratory 
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test. Overall, the maximum amplitudes of rotations recorded during the field testing and 

the laboratory experimentation are similar being 1.1 deg and 0.08 deg, respectively.  

 

Figure 8. Recording rotations on a real bridge, a) Elevation of the test structure b) 4-

axle 32 tonne test truck c) Rotation time history calculated at support locations. 
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2.2.2 Rotation measurements in stiffened laboratory beam  

The simply supported beam structure in the laboratory was initially loaded using 

the 31 kg point load at 29 locations. This is assumed to be the healthy beam case. 

Subsequently, the beam was stiffened at the midspan location using steel angle sections 

to simulate negative damage. The negative damage concept is non-destructive and 

allows the beam to be used for other purposes after the test. To test repeatability, the 

healthy and stiffened beams were both loaded four times. The steel angle sections were 

180 mm long and increased the second moment of area of the cross section by 33%. 

 

 

Figure 9. Beam stiffening detail (a) Elevation view of the stiffening angles. (b) Cross 

section of beam and stiffeners. 
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Figure 10(a) shows the rotations measured at the left end (sensor A) and right end 

(sensor B) for all load positions. In total there are four plots for the original beam and 

four for the stiffened beam cases for each accelerometer (see insert in the figure). The 

figure shows that the two measurements are consistent (hence reliable) and that the 

rotations for the stiffened beam are less than for the original (healthy) beam. The 

average of the four rotation measurements calculated for the original beam case is 

subtracted from the corresponding average rotation for the stiffened beam cases and the 

results for sensor locations A and B are presented in Figures 10 (b) and (c) respectively. 

Each point in the plots represents the rotation difference for a given loading position. 

The red line plots in Figures 10 (b) and (c) show the numerically predicted difference 

in rotation calculated using the numerical model discussed in Section 2.1. It can be seen 

that the experimentally measured points agree well with the predictions and the plots 

approximate a triangular shape with the peak corresponding to the stiffening location. 

It can be concluded that stiffening at this level can be successfully detected in a 

laboratory setting. 
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Figure 10. Effect of damage on beam rotation measurements (a) Rotation versus load 

location (b) Difference in rotation measurements for healthy and stiffened beam cases 

for sensor at the left-hand support (Point A) (c) Difference in rotation measurements 

for healthy and stiffened beam for sensor at the right-hand support (Point B). 
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3 Damage detection for a multi axle vehicle 

This section investigates the damage detection method when the rotation response 

is due to a multi-axle vehicle. Initially, a static 1-D bridge model is used to develop the 

theoretical basis of the proposed damage detection method. Subsequently, a 3-D bridge 

model is used to simulate dynamic vehicle-bridge interaction and to the test the 

robustness of the proposed bridge damage detection method on more realistic bridge 

signals. 

3.1 Theoretical basis for multi-axle vehicle  

In this section simple static analyses are carried out on a 1-D bridge model to 

investigate the application of the proposed damage detection method to a multi-axle 

vehicle signal. The bridge is modelled as a 20 m long simply supported beam. The 

flexural properties adopted are typical for a 10 m wide bridge structure consisting of 9 

No Y3 precast beams spaced at 1.25 m centres with a 160 mm thick deck slab (“Concast 

Precast Group Concrete Prestressed Girders Technical Guide” 2009). This results in a 

total depth of 1060 mm, a second moment of area of 0.76 m4, and a total cross-sectional 

area of 5.2 m2. A Young’s Modulus for concrete is assumed as 34 GPa. Hypothetical 

sensors A and B are placed at the left and right hand support locations, respectively to 

record rotations under a 40 tonne 5 axle moving vehicle loading. The damage is 

simulated as a 30% reduction in stiffness over a 1 m length (5% of the bridge span) at 

the quarter span location (Figure 11).  
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Figure 11. Sketch of 20 m long 1-D simply supported bridge model subject to 5-axle 

vehicle loading, with rotation sensors at A and B. 

 

Figure 12 (a) gives the rotation responses for the healthy and damaged bridge cases 

as the 5-axle vehicle loading is moved incrementally across the bridge. The differences 

between the rotation time histories (ΔRotation) are given in Figure 12 (b). In this case, 

it is difficult to identify the damage location accurately from Figure 12 (b) since the plot 

is no longer triangular and the largest amplitude occurs away from the damage location. 

This is because each plot in Figure 12(b) is in effect the sum of 5 separate triangles, as 

illustrated in Figure 12(c). 
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Figure 12. Simulation of rotation responses to 5-axle vehicle loading (a) Response 

for healthy and damaged bridge cases for sensor locations A and B, (b) Difference in 

rotation measurements between healthy and damaged states (c) Difference in rotation 

measurements at A and contributions to the difference from each axle. 
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It is proposed in this study to back-calculate the rotation influence line (IL) of the 

bridge from its response to the vehicle. As the IL is the response to a unit load, the 

difference between healthy and damaged ILs will be triangular. Obtaining the IL is 

possible (McNulty & OBrien, 2003; Moses, 1979; OBrien, Quilligan, & Karoumi, 2006; 

Yamaguchi, Kawamura, Matuso, Matsuki, & Naito, 2009), if the axle weights and 

spacings are known, as would be the case if a Weigh-In-Motion system were present. 

Here, the rotation ILs are calculated using a process described by OBrien et al (2006). 

Figure 13(a) depicts the ILs for the two sensor locations (i.e. two supports). The 

continuous blue curves are for the healthy bridge case and the dashed red curves are for 

the damaged bridge case. The increase in the amplitude of the unit rotation response is 

due to the presence of damage. Figure 13(b) shows the difference between calculated 

ILs (Healthy – Damaged). As expected, the difference is triangular with the maximum 

amplitude at L/4 span, where the damage is simulated. 

In practice, rotation influence lines (IL) can be obtained using the procedure 

described by OBrien et al (2006). This procedure takes the deformation response of a 

bridge, in any form, and back-calculates the response of the bridge to a unit axle load. 

To do so, certain information is required as an input into the algorithm such as axle 

weights, axle configuration and the speed of the traversing vehicle which could be 

obtained either during a load test or if Bridge Weigh-In-Motion axle detecting sensors 

are present at the bridge site.  

 



28 

 

 

Figure 13. Effect of damage on calculated rotation influence lines (a) Rotation 

influence line (b) Difference in rotation influence lines for healthy and damaged 

states. 

 

Figure 14 presents a flowchart highlighting the steps in the proposed damage 

detection methodology. The idea is to first conduct a careful inspection of the bridge 

using traditional methods and to use responses to passing traffic to collect the 

‘reference’ or ‘healthy’ rotation influence line (Process Nos. 1 and 2). The system of 
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continuous SHM of the bridge will consist of rotation monitoring (Process No. 3) and 

elements of Bridge Weigh-In-Motion (WIM) technology to extract the axle spacings 

and relative axle weights of passing vehicles (Process No. 4). The rotation monitoring 

system provides the response of the bridge to each passing vehicle which, together with 

the relative axle weights and spacings are used to calculate the rotation IL of the 

structure in real time (i.e. current state) (Process No. 5). Any possible damage to the 

bridge is identified by evaluating the difference between the rotation IL for the reference 

and current states (Process No. 6). 

 

 

Figure 14. Flowchart highlighting the steps of the proposed methodology. 

 

The methodology proposed in this study focuses on the effect of local damage in a 

bridge such as would occur due to a bridge strike. The stiffness of a bridge can also vary 

due to ambient conditions (i.e. temperature and humidity). Unlike local damage, the 

effect of temperature and humidity is global, i.e., is distributed along the length of the 

bridge. Temperature change for example, is likely to be similar through the length of 

the deck and therefore to have a similar effect on (concrete) stiffness through the length. 

In such a case, the difference in rotation responses would be reasonably uniform and 

certainly would not be triangular in shape. 
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In this section, the effect of damage on the bridge structure is studied using a 1-D model, 

but detecting damage is clearly more challenging for a full 3-D bridge, as will be 

demonstrated in the next sections. 

3.2 Three-Dimensional Finite Element Model  

3.2.1  Bridge model 

The next bridge modelled is of beam-and-slab construction with precast concrete 

beams and a continuous structural slab connecting them (Figure 15). Young’s modulus 

for the beams is set at 34x109 N/m2 assuming to be high strength precast, while 31x109 

N/m2 is assumed for the in-situ slab. In both cases, a Poisson ratio of 0.15 and material 

density of 2500 kg/m3 is assumed. The structure is 20 m long and 10 m wide; 

representing a short-span bridge with two lanes and narrow shoulders. Sensor locations 

A-F and the path to be travelled by the vehicle across the bridge are also indicated in 

the figure. 

The model comprises 10 longitudinal beams spaced at 1 m centres and located 

symmetrically with respect to the bridge centreline. Beams have a constant depth of 0.9 

m, resulting in a second moment of area (I) of 0.0685 m4. The 0.16 m thick slab is 

modelled using 1 m x 1 m plate elements, with the exception of those closest to the edge 

that are 1 m x 0.5 m. An overall structural damping of 3% is considered. The 

fundamental natural frequency of the bridge is 6.13 Hz and has the mode shape of a half 

sine in the longitudinal direction.  
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Figure 15. Schematic of bridge modelled in simulations (coordinates and dimensions 

in m) (a) Plan view (b) Cross – section (Section A-A) 

 

3.2.2 Vehicle model  

The vehicle is a typical European 5-axle truck with a rear tridem. It consists of two 

rigid bodies, with masses and springs and a hinge, as shown in Figure 16. The overall 

length of the truck, including front and rear frame overhangs, is 14.9 m. The axle 

spacings are 3.6, 6.33, 1.31 and 1.31 m respectively from front to back wheel. The 

transverse distance between the two wheels of each axle is 2 m. Two truck 

configurations are tested, with the same geometry but different total weight. For the first 

truck model, denoted V40 (full-loaded truck), the gross vehicle weight (GVW) is 40 
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tonnes while, for the second truck model, denoted V25 (half-loaded truck), the GVW is 

25 tonnes. Individual axle weights are provided in Table 1. 

 

 

Figure 16. Five axle vehicle model. 

Table 1. Vehicle axle weights in tonnes 

Axle No. 1st 2nd 3rd 4th 5th GVW 

V40 6.5 11 7.5 7.5 7.5 40 

V25 5.9 7.1 4 4 4 25 

 

All axles are assumed to have steel suspensions except the 2nd, which is assumed 

to have air suspensions. Viscous damping is considered to be zero for the air suspension. 

Single tires are assumed in the 1st axle and doubles elsewhere. The main properties of 

the truck are shown in Table 2 (Henning, Nielsen, & Enevoldsen, 1997). Given these 

properties, body frequencies of vehicle V40 range from 1.4 to 2.9 Hz and axle roll and 

hop frequencies range between 10.5 and 15.6 Hz. In the case of vehicle V25, due to the 

change in the GVW, body frequencies can be found in a different range, namely from 

1.9 to 4.1 Hz.  
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Table 2. Suspension and tyre parameters 

Parameter Value 

Steel suspension stiffness (N/m) 1.8 x 106 

Air suspension stiffness (N/m) 5 x 105 

Suspension viscous damping (N·s/m) 5 x 103 

Tyre stiffness, 1st axle (N/m) 1 x 106 

Tyre stiffness, 2nd to 5th axles (N/m) 2 x 106 

Tyre damping (N·s/m) 3 x 103 

3.2.3 Numerical simulations 

The 5th and 6th authors carried out 12 numerical simulations and returned the 

results as ‘blind’ i.e. the 1st-4th authors did not know the location or severity of the 

damage a priori. However, responses for four calibration runs were provided, for which 

the bridge was known to be healthy. The goal was to test if the algorithm was able to 

identify/quantify damage for the twelve blind signals. 

In all simulations, vehicle-bridge interaction is implemented using a Lagrange 

multiplier technique (Gonzalez, 2010). This is applied to ensure compatibility of 

equations for the vehicle and the bridge at the contact points. The Lagrange multiplier 

is incorporated by modifying the bulk file of the system containing the model 

information about vehicle and bridge prior to solving the transient problem. In order to 

dynamically excite the truck before entering the bridge, a 50 m approach road with a 

small bump at the beginning is simulated. In the simulations, the road profile is assumed 

to be a ‘very good’ (Class A) profile typical of pavements found on well-maintained 

highways. The profile consists of 101 spatial waves between 0.01 cycles/m and 4 

cycles/m with a geometric spatial mean of 0.5x10-6 m3/cycle and phases randomly 

generated for each wave. The vehicle moves from left to right, with the left wheels 

travelling over the beam placed at 4.5 m and the right wheels, over the beam placed at 
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2.5 m (see Figure 15). The rotation response of the structure is recorded at six locations, 

three at the left-hand end of the deck (A, C and E) and three at the right-hand end of the 

deck (B, D and F). Details of the calibration runs are provided in Table 3. In this study, 

the calibration data is used to obtain the reference bridge state and is collected when the 

bridge has been confirmed by conventional means as being healthy. 

 

Table 3. Calibration run data 

Calibration 

Test No. 

Speed          

(m/s) 

Vehicle 

Type 

1 20 V40 

2 20 V25 

3 30 V40 

4 30 V25 

 

Table 4 shows the parameters for the other 12 simulations. However, prior to 

testing the damage detection algorithm only the data in the first three columns 

(unshaded) in the table were provided to the analyst. Blind test No 1 (Table 4) can be 

visualised in Figure 17(a), where the fully loaded truck (V40) is travelling at 20 m/s in 

Lane 1 when there is road profile type 1 on the bridge. The damage is simulated at 3L/8 

span location as 12.1% reduction in stiffness over 3 m length and 5 m width (i.e. damage 

entirely situated at lane – 1). For demonstrations purposes, Figure 17 (b) and (c) 

illustrate the blind test simulation Nos. 2 and 3 respectively. To check for potential false 

positives, in blind test simulation No 4 the bridge was simulated as being healthy but 

the analyst was not told this a priori. 

Damage is modelled as a percentage stiffness loss at the selected beam elements, 

while the slab is assumed to remain intact in all cases. The longitudinal location given 

in Table 4 corresponds to the centre of the damage in the affected beams, which extends 
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longitudinally 1.5 m both sides of the centre. The damage values are calculated with 

respect to the bending stiffness (modulus of elasticity multiplied by second moment of 

area) of the entire cross-section. The profile labelled as ‘1’ is the same as that used in 

the calibration runs whereas profiles labelled ‘2’ and ‘3’ are randomly generated with 

geometric spatial means of 2x10-6 and 8x10-6 m3/cycle, respectively. This was to 

investigate if the effectiveness of the approach is sensitive to a change in road profile 

on the bridge after the healthy influence line has been calculated. 

 

Table 4. Blind test data parameters 

Provided Data Blind Data 

Test 

no. 

Vehicle 
Road 

Profile 

Damage 

Longitudinal Transverse 
Stiffness loss 

(%) 
Speed 

(m/s) 
Type 

Location 

(m) 

Lane 

position 

Width 

(m) 

1 20 V40 1 3L/8 1 5 12.1% 

2 30 V40 1 L/2 2 5 10.0% 

3 20 V40 1 L/3, 3L/4 1&2, 1 10, 5 11.9%, 12.1 % 

4 30 V25 3 Healthy 

5 20 V40 1 5L/8 1 5 8.0% 

6 30 V25 1 L/8 1 5 12.1% 

7 20 V25 1 5L/8 1&2 10 16.0% 

8 20 V25 1 L/2 2 5 6.0% 

9 30 V40 1 5L/8 2 5 8.0% 

10 30 V25 1 2L/3 1&2 10 16.0% 

11 20 V40 2 3L/4 2 5 8.0% 

12 30 V25 1 3L/8, 2L/3 1&2, 1 10, 5 24.2%, 8.0% 
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Figure 17. Schematic views of blind test simulations (a) Test 1 (b) Test 2 (c) Test 3. 
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3.3 Calculating influence lines from the raw rotation signal 

The rotation influence lines for the healthy bridge model are calculated for each 

sensor location (A-F in Figure 15(a)) using the responses provided to the calibration 

runs. Figure 18(a) shows the rotation time history obtained from sensor F for calibration 

run 1 (Table 3), this signal is typical of the signals obtained for other calibration runs 

and for other sensor locations. The continuous blue curve is the raw rotation signal due 

to the 5-axle vehicle travelling in the path indicated in Figure 15. It is clear from the raw 

signal that the response consists of both static and dynamic components. Initially, a 

moving average filter is applied to the raw signal to remove high frequency oscillation 

due to bridge vehicle dynamic interaction. The filtered rotation data is plotted in red in 

Figure 18(a). This filtered data is used to calculate the rotation influence line of the 

bridge. The resulting influence line for sensor location F (for the vehicle path indicated 

in Figure 15) is the uppermost plot in Figure 18(b). The influence lines for the other 

sensor locations, found in a similar way, are also plotted.  The contributions of each axle 

to the total bridge response can be calculated using these influence lines and the know 

axle weights, and for completeness these are shown as dashed plots in Figure 18(a). 
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Figure 18. Results from calibration run No 1, (a) Rotation time history for Sensor F 

due to a 5-axle truck and contribution of each axle (b) Calculated rotation influence 

lines for each sensor. 

 

3.4 Results of blind tests and further discussion 

Rotation influence lines obtained at each sensor location for the blind test 

simulations are used to assess the condition of the 3-D bridge model. In these analyses, 

calibration data are used to determine the reference bridge (healthy) condition. Figure 

19(a) presents the results obtained from the calibration (continuous) and blind test 
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simulation No. 1 (dashed). A small but clear increase in rotation ILs can be seen, 

suggesting damage in the bridge. The increase in the amplitude of rotation influence 

line is most significant at Sensor location E suggesting damage near that sensor. This 

was subsequently confirmed – damage was in Lane 1 at 3L/8, and it was also in the 

same lane as the travelling vehicle. 

Figure 19 (b) shows the rotation IL difference between the calibration runs and 

blind test simulation No.1. The rotation IL difference plots are triangular with a 

maximum amplitude of around 32x10-6 deg/tonne at approximately 8.5 m from the left-

hand support. The damaged zone predicted by the algorithm is indicated in Figure 19(b). 

Sensors E and F show the largest amplitude which indicates that the damage is likely to 

be on the side of Lane 1 where they are located. Damage in this test is, indeed, in Lane 

1 at 3L/8.  The match between actual and predicted (longitudinal) location of damage is 

good, as can be seen in the figure.  

Figure 20 presents the results from blind test simulation Nos. 2 – 4. In simulation 

No. 2, the damage is at midspan on the Lane 2 side of the bridge and is a 10% reduction 

in stiffness over 3 m. It is clearly visible in Figure 20 (a) that the maximum amplitude 

of difference in rotation influence line occurs at midspan. The predicted damage extent 

is a little greater, being 1 m longer than the actual length of damage. The maximum 

amplitude of difference in rotation influence lines are obtained from sensors A, C, D, B 

which are located on the bridge centre line at the Lane 2 side of the bridge. This 

indicates, correctly, that the location of damage is likely in Lane 2. 

The maximum difference in rotation influence lines obtained from test No. 2 is 

approximately 5x10-6 deg/tonne. Although the severity of damage simulated in this test 

is close enough to that of Test No. 1, the magnitudes of the changes in rotation influence 

lines vary significantly. This is because, in Test No. 1 damage is in the lane where the 
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vehicle is traversing. In Test No.2, on the other hand, the damage location and wheel 

path are in different lanes. Clearly, the sensitivity of a sensor to damage is not only 

dependent on the sensor location, but also on its distance from the traversing vehicle. 

 

 

Figure 19. Results obtained from blind test simulation No.1 (a) Calculated rotation 

influence lines (b) Difference in predicted rotation influence lines for calibration and 

blind test No-1. 
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Figure 20. Difference in rotation influence line plots for blind test data. (a) Test 2 (b) 

Test 3 (c) Test 4. 
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Figure 20 (b) shows the results obtained from Test No. 3. This time, for all sensors, 

there are two peaks in the influence line difference plots, indicating damage at two 

separate locations. The first peak is observed around 8.75 m and the second at 

approximately 14.75 m from the left-hand support. The second damage location is 

identified accurately but for the first damage there is a 2 m offset between the predicted 

and actual damage locations. The locations of damage across the width of the bridge are 

predicted by examining the relative magnitudes for each sensor location. Since the 

maximum amplitudes for both peak locations are obtained from sensors E and F, 

damage is deemed to be in the Lane 1 side of the bridge. Admittedly damage at the first 

peak location is actually across the full width of the bridge, but it was hard to discern 

this by looking at the figure. 

The results obtained from the Test No. 4 are presented in Figure 20(c). It is clearly 

visible in the figure that the shape of the plot is almost constant which implies a healthy 

bridge condition. The magnitudes of rotation IL differences obtained from each sensor 

are in a range of +/- 2x10-6 deg/tonne which is significantly less than the corresponding 

results observed in the previous simulations. The only difference in defined parameters 

between Test No. 4 and the calibration runs, is a change in road profile (see Table 4) 

and the resulting difference in the plots was deemed to be due to the change in road 

profile.  

Figure 21 summarises the results obtained from all 12 blind test simulations. The 

blue and red lines in the figure represent the predicted and actual damage extents along 

the length of the bridge model, respectively. It is shown in the figure that the proposed 

damage detection method successfully identifies the presence of damage in all blind test 

simulations, even if the prediction of extent/location is not always accurate, particularly 

for the more complicated damage scenarios. In summary, all blind test simulations 
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where damage was simulated are identified as damaged, and the one healthy simulation 

in the blind test data (Test No. 4) was correctly identified as undamaged. In only one 

case (No. 12) there was a failure to identify one of two damages. As a general trend, the 

predicted damage extent is slightly more conservative than the actual extent of damage. 

In some of the tests, where damage is modelled across the full width of the bridge (i.e. 

Test Nos. 3, 7, 10 and 12), it was not possible to identify damage on the Lane-2 side. 

This is because, for all blind test data provided to authors seeking to detect damage, the 

vehicle was positioned only in Lane 1. Hence, the effect of damage on the Lane 2 side 

of the bridge was more difficult to detect. In Test No. 12, where damage is simulated at 

two locations (i.e. at 3L/8 and 2L/3 span locations), it was not possible to detect damage 

simulated at the 2L/3 span location. The severity of damage modelled at the 3L/8 

location is 24.2% across the full width of the bridge, whereas at 2L/3 the severity of 

damage is much less (i.e. 8%) and occurs only on the Lane 1 side of the structure. Since 

the damage locations are close to each other with significantly varying severities, the 

effect of damage at the 2L/3 span location, was not evident in the rotation IL difference 

plot (i.e. it was hidden by the effect of damage at 3L/8 span location). This is illustrated 

in Figure 22. Overall, Figure 21 confirms that the proposed damage detection method 

identifies the condition of the bridge reasonably well and is a promising tool for 

evaluating the condition of bridge structures. 



44 

 

 

Figure 21. Summary of results: simulated and predicted damage locations for 12 

blind test simulations. 

 

Figure 22. Difference in predicted rotation influence lines for calibration and blind 

test No-12. 



45 

 

4 Conclusion 

This paper develops a novel bridge condition assessment methodology using 

rotation measurements. Initially numerical and experimental analysis are carried out to 

investigate the sensitivity of rotation as a parameter to identify damage on bridge type 

structures. Numerical analyses carried out on a 1-D bridge model provide the theoretical 

basis of the proposed damage detection method and the difference in rotation influence 

lines between healthy and damaged bridges is proposed as a damage indicator. 

Following this, a 3-D bridge dynamic FE vehicle bridge dynamic interaction model is 

developed, and the proposed damage detection method is tested under more realistic 

conditions using 12 blind test simulations. The method accurately evaluated the bridge 

condition for all 12 blind test simulations. The following conclusions can be drawn from 

this study: 

• Rotation is a sensitive parameter for identifying damage in a bridge structure. 

In essence, if damage occurs, either locally or globally, it results in an increase 

in the magnitude of rotation measurements. 

• Difference in rotation influence lines obtained for healthy and damaged states 

using the response of a bridge to a vehicle of known weight, can successfully 

identify damage and its location. 

• For simply supported bridge structures the most effective sensor locations to 

identify damage are supports, where the maximum amplitude of rotations 

occurs. 

• A sensor placed at a support location closer to a damage location is more 

sensitive to damage than a sensor placed at a remote location. 
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• The method is more effective when the vehicle passes close (transversely) to 

the damage location. 
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