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ABSTRACT: Considerable effort has been dedicated in recent years to the development of bridge damage detection techniques. 
Recently, drive-by monitoring has become popular as it allows the bridge to be monitored without installing sensors on it. In this 
work, the Traffic Speed Deflectometer (TSD), which incorporates a set of laser Doppler sensors on a straight beam to obtain the 
relative velocity between the vehicle and the pavement surface, is modelled to obtain deflections on the bridge as the vehicle 
drives. From these deflections it is possible to obtain the curvature of the bridge, from which inferences on damage can be made. 
However, most of the time, the measurements taken by drive-by sensors are subject to a set of uncertainties or noise that can 
lead the damage detection procedure to either give false positives or to miss damage. For that reason, an analysis is needed in 
order to determine if these methods can work properly in uncertain or noisy environments. Moreover, as the road surface 
roughness affects the dynamic interaction between the vehicle and the bridge, this may also have an effect on the damage 
predictions. Hence, the goal of this paper is to study the sensitivity of curvature measurements to both the presence of 
environmental noise and the effect of the road surface roughness. 

KEY WORDS: Noise; Profile; Half-Car model; Drive-by monitoring; Curvature; Structural Health Monitoring; SHM; Traffic 
Speed Deflectometer; TSD. 

1 INTRODUCTION 
Many different Structural Health Monitoring (SHM) 

approaches can be found for bridge safety assessment 
purposes. Direct instrumentation of bridges has proven to be a 
successful solution for continuous monitoring applications 
with possible imminent failure [1], sometimes due to the 
presence of natural hazards [2]. 

Drive-by monitoring has been proposed as an alternative to  
direct instrumentation solutions, avoiding the need to use any 
sensor on the bridge as well as avoiding traffic interruptions 
when measuring [3]. In drive-by monitoring, sensors in the 
passing vehicle are used to monitor the structural response and 
hence the condition of the bridge. Therefore, drive-by is 
increasing in popularity, mainly for short and medium span 
bridges [4]. The Traffic Speed Deflectometer (TSD) has 
considerable potential in this context [5]. The TSD is a vehicle 
originally intended to measure pavement stiffness, but its level 
of accuracy when measuring deflection velocities can be used 
for SHM purposes. A constant velocity is assumed when 
obtaining the data. 

The TSD can provide accurate measurements of deflection 
and it allows the calculation of curvature, which has been 
demonstrated to work well as a damage indicator [6]. 
However, in all drive-by monitoring applications there are at 
least two main sources of uncertainty: the noise present in the 
measured data and the effect of the road profile on the vehicle. 
Thus, it is necessary to determine the influence of these 
uncertainties when applying drive-by monitoring in order to 
develop an accurate damage detection procedure. Hence, the 
aim of this paper is to study if curvature can be used as a 
damage indicator when the uncertainties are considered in the 
damage prediction. 

Four different situations are discussed in this paper: The 
results with no noise or road profile, the results with the added 
road profile but no noise, the results with an added random 

noise but with smooth profile and the results including both 
sources of uncertainty.  

 

2 CURVATURE AS DAMAGE INDICATOR 
As is well known, curvature is defined as the second 

derivative of vertical displacements with respect to the 
distance at a given point in time: 
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Under a moving load, three measurements are required at each 
point in time to obtain curvature: 
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Wahab et al [7] have demonstrated the potential of curvature 
to be used as a damage indicator. In their work, curvatures are 
calculated with the help of the Curvature Damage Factor 
(CDF) and successfully applied to the Z24 bridge in 
Switzerland. As an example of how curvature works, a static 
case is considered on a 20 m long simply supported beam with 
two loads of 100 kN each at 5 and 10 m from the left support. 
The beam has a stiffness of 44.1 × 10  kN/m  and a local 
stiffness reduction of 30% between 13 and 15 m. The 
corresponding curvature is illustrated in Figure 1. In this 
figure, damage can be easily detected between 13 and 15 
metres from the left side of the bridge due to the local increase 
in curvature. 
However, since it has been widely demonstrated that 
measured deflections are sensitive to the presence of different 
sources of uncertainty, it is obvious that the curvatures will 
also be sensitive to those uncertainties. There are two main 

Drive-by Bridge Damage Detection Using Curvatures in Uncertain Environments 

D. Martinez1, E.J. OBrien1, E. Sevillano1 
1School of Civil Engineering, University College of Dublin, Newstead, Dublin 4, Ireland  

Email: daniel.martinezotero@ucd.ie, eugene.obrien@ucd.ie, enrique.sevillanobravo@ucd.ie  



2 
 

Figure 1. Curvature under two point loads 
 
sources of uncertainty as outlined before: road profile and 
measurement noise. Vehicle-bridge interaction is affected 
during the measurement procedure by the road profile. A 
profile is simulated in this paper with a road class “A”, which 
changes in degree of roughness from 0 to 32 [8]. The noise is 
a random parameter that can also alter the measurements 
taken. Noise models have been formulated depending on the 
circumstances of the case study, but in [9] details of the two 
most typical ones can be found. The added random noise 
considered in this paper can be expressed as: 

 

maxyNEyy noisePcalcnoise                 (3) 
 

where ynoise is the noise-polluted deflection, ycalc is the 
measured deflection, ymax is the maximum deflection, Ep is the 
noise level (1 for 100% noise) and Nnoise is a random uniform 
distribution with zero mean and unit standard deviation. 
Simulating the noise in this way results in lower differences 
for polluted data when deflection is small.   

 

3 NUMERICAL MODEL 
A Half-Car model passing over an Euler-Bernoulli beam 

has been programed in MATLAB. This model has 4 degrees 
of freedom (DOFs): sprung mass bounce translation, sprung 
mass pitch rotation and two axle hop translations. It is 
illustrated in Figure 2.   
 

 
    Figure 2. Diagram of the Half-Car model, adapted from 

[10].  
 

The geometrical and mechanical properties considered for 
the vehicle are shown in Table 1, while those corresponding to 
the 1D elements of the Euler-Bernoulli beam are shown in 
Table 2. 

A random noise of a 5% of the local deflection is introduced 
to the measured deflection signal and a class “A” roughness is 
introduced in the road profile. The parameters for the Half-
Car model are given in Table 1. 
 

Table 1. Geometrical and mechanical properties of the 
modelled vehicle 

 
Half-Car Property Notation Value 

Weight of the sprung mass ms 18 t 
Unsprung mass axle 1 mu1 1000 kg 
Unsprung mass axle 2 mu2 1000 kg 
Length of the vehicle Lv 11.25 m 
Axle spacing As 7.6 m 
Tyre 1 stiffness Kt,1 1.75×106 N/m 
Tyre 2 stiffness Kt,2 3.5×106   N⁄m 
Damper 1 stiffness Ks,1 4×105   N⁄m 
Damper 2 stiffness Ks,2 106   N⁄m 
Damper 1 damping Cs,1 103   Ns⁄m 
Damper 2 damping Cs,2 2×103   Ns⁄m 
Centre of gravity distance 
from axle 1 D1 3.8 m 

Centre of gravity distance 
from axle 2 D2 3.8 m 

Height of the vehicle h 3.76 m 
Constant velocity c 80 km/h (22.22 m⁄s) 

 
 

Table 2. Geometrical and mechanical properties of the bridge 

Bridge Property Notation Value 
Number of elements N 20 

Frequency fs 1000 Hz 
Length L 20 m 

Young’s modulus E 3.5×1010 N/m2 

2nd moment of area J 1.26 m4 
Mass per unit length µ 37500 kg⁄m 

Damping ξ 3% 
First natural frequency f1 4.26 Hz 
Length of the approach Lapp 100 m 

 

Details about the damage considered in this work are 
indicated in Table 3. 

 
Table 3. Definition of damage 

Damage Property Value 
Type of damage Loss of stiffness (EI) 

Quantity of damage 20% of EI 
Extent of damage 2 m (10% of length) 

Centred location of damage 7.5 m from left bearing 

  
An approach of 100 m has been selected to ensure that the 

DOFs are in equilibrium when the vehicle arrives on the 
bridge. The number of elements has been chosen according to 
a simulated sensor gap of 1 m, which means that different 
sensors can measure the same point at different times 
 
 



3 
 

4 RESULTS AND DISCUSSION 
 
Figure 3 shows the curvature under each moving axle for 

the healthy and damaged cases. The loss of stiffness causes a 
sudden curvature change in the damaged area that is 
particularly pronounced as the second axle crosses the 
damaged zone. The difference in curvature at 8 m, where the 
largest deviation of curvature is found when comparing the 
damaged curve with the healthy one, is 23% for the first axle 
and 26% for the second. Hence, the results clearly show that 
the use of curvature as a damage indicator is possible when no 
uncertainties are considered. 

 

 
Figure 3. Curvature at moving reference for the healthy and 

damaged states under a) Axle 1 and b) Axle 2 

 
Figure 4. Bridge’s road profile 

 
Figure 4 shows a randomly generated road profile of class 

“A” roughness [8]. Figure 5 illustrates the curvatures 
calculated under the influence of the road profile. The graphs 
look very similar in shape compared to the smooth profile 
case. The largest difference between the healthy and the 
damaged situations is again at 8 metres from the left side of 
the bridge, with a deviation of 24% in the first axle and 26 % 

in the second. This means that the effects of the road profile 
are negligible, at least for the case under study in this paper. 

 

 
Figure 5. Curvature measurements influenced by the road 

profile in a) Axle 1 and b) Axle 2 
 
Figure 6 shows the curvatures obtained when adding a 

random noise of 5% to the ‘measured’ deflections for a beam 
with a smooth profile considering that exactly the same 
situation of noise can be obtained. The graph does not match 
in shape with Figure 3, demonstrating that curvature is very 
sensitive to the presence of noise in the measurements. 
Nevertheless, the scales differ very little in absolute values 
between Figures 3 and 6, and the damaged case is still 
substantially different from the healthy one in all positions 
coincident with the location of damage. However, even 
though it is quiet easy to see  that damage location is still well 
predicted, it is not possible to estimate accurately the 
magnitude of this damage, since the presence of noise 
noticeably reduce the difference between the healthy and the 
damaged lines. 

Similar conclusions can be extracted from Figure 7, where 
the results presented correspond to those obtained with the 
same amount of noise and the same road profile as in Figure 
4. Noise can be seen to have a greater influence than the 
profile, as the figure behaves in a similar way to the case with 
noise and smooth profile (Figure 6). 

Therefore, from these two figures, it is clear that a method 
is needed in order to handle the presence of noise in these 
measurements. Even though the location of damage is quite 
clear, the severity of the damage cannot be predicted 
accurately, which can lead to dangerous scenarios in practical 
situations. 
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Figure 6. Curvature measurements with a random noise of 5% 

of deflection at a) Axle 1 and b) Axle 2 
 
 

 
Figure 7. Curvature measurements with 5% random noise in 
deflection ‘measurement’ and a road profile for a) Axle 1 and 

b) Axle 2 
 

5 CONCLUSIONS 
The paper analyses the sensitivity of bridge curvature to a 

local loss of stiffness in a beam. The presence of noise in the 

measurement is considered, as well as the effects of road 
profile. The curvature method works well when none of these 
sources of uncertainties are considered. When random noise is 
present in the measurements, it is more difficult to quantify 
the damage. However, when considering the effects of the 
road profile, the effect is small; a similar curvature change can 
be seen as for the smooth profile. In the case with the added 
noise, the curvature changes significantly, both for the 
damage and healthy cases. Fortunately, there is still a 
significant difference between healthy and damaged 
measurements, making it possible to at least detect the 
damage location, although no accurate severity predictions are 
possible given that the noise distorts a lot the shapes of the 
calculated curvatures. More investigation is required to handle 
the influence of random noise in the data in the damage 
detection procedure. 
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