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Abstract 
Railroads experience different track failure mechanisms, which may cause problems ranging from service interruptions to 
derailments. With reference to the crossties-ballast system, one of the most acknowledged high-risk scenarios is the center 
binding condition, a situation in which the support of the ballast under the crossties is initially concentrated at the rail-seat 
rather than uniformly distributed. As a result, a firm support of the ballast is only provided at the center of the crosstie, while 
it cantilevers over its two ends. For this reason, novel track inspection technologies for detecting crossties’ vertical deflection 
and displacement are continuously sought. In recent years, three-dimensional (3D) Digital Image Correlation (DIC) systems 
have proven to be an effective technique for extracting structural deformations and geometry profiles of large-sized civil 
structures. In this study, the feasibility of a novel railroad tracks examination system is proposed for crossties-ballast conditions 
assessment. It consists of four pairs of cameras installed on the underside of a rail car to detect the induced displacements. To 
validate the performance of the proposed system, different center binding conditions were simulated on a full-scale railroad 
mock-test. Experimental results showed that the 3D-DIC system was able to measure the relative tie deflections with a 
resolution of approximately 10-4 m, well below the deflections that these crossties experience in operation. 
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Introduction 
Statistics released from the Federal Railroad Administration (FRA), show that nearly 20,000 train accidents happened in the 
last decade and they accounted for more than $2.5 billion USD in reportable costs [1]. One-out-of-three of those accidents were 
caused by track failures at different levels (e.g. rails, crossties, etc.). One of the most common failure mechanisms is generated 
by the different levels of abrasion experienced by the crosstie-ballast system at different locations. Because of the cyclic loading 
of the vehicles over time, the deformation and abrasion of the ballast is most severe under the rail-seat area of the crosstie. As 
the support of the ballast under the crossties becomes concentrated at the ties’ middle-point rather than being uniformly 
distributed, the two far ends of the crosstie begin to cantilever producing the high-risk phenomenon known as center binding. 
Therefore, a method for efficiently assessing the state of crossties and ballast support and preventing train derailments is sought.  
Current employed methods, such us human visual inspections and other techniques performed using traditional sensors (e.g. 
strain gages, accelerometers, ultrasound sensors, and ground penetrating radars), are extremely expensive, labor intensive, time 
consuming, and can be used for obtaining information at only a few discrete points. Those methods are not suitable for large 
scale railroad track monitoring [2]. For these reasons, the FRA continuously solicits proposals for developing automated track 
inspection technologies capable to detect defects at an earlier stage and prevent failures in service.  
In recent years, interest has grown in performing structural health monitoring (SHM) by measuring structural deformations, 
full-field strains, and geometry profiles using three-dimensional (3D) Digital Image Correlation (DIC) systems [3, 4]. In this 
study, the feasibility of a novel railroad tracks examination system that detects crossties’ vertical deflection and full field 
displacement using 3D-DIC techniques is described. If fully developed, the proposed system could expand the use of automated 
recording methods to provide more frequent and cost-effective measurements of tracks and to assess the conditions of the 
crosstie-ballast interface. 
 
 
Methodology 
In this work, the possibility to develop a 3D-DIC system to monitor the crossties’ deflection profiles from a full-size rail car is 
investigated. In particular, the feasibility of using four sets of camera-pairs attached to the underside of a rail car to detect the 
induced displacements is discussed. The selected DIC system consists of a pair of 2 Megapixel FWX201 series digital cameras 
installed with 8.5 mm focal length lenses. Because of geometrical limitations due to the features of the train cars commonly 
used, the working distance of the cameras (i.e. 1 meter) allowed for measuring a limited area of 0.81 x 0.67 m. Since these 
dimensions correspond to nearly 56% of the distance between the two rails, it is clear that a single stereo-photogrammetry 



system cannot cover the whole length of the crosstie. For this reason the field of view (FOV) of the full crosstie has been 
obtained by stitching together the images recorded using four pairs of cameras [5], in a setup similar to that shown in Figure 1. 
In order to combine the individual sections into a single image, the recorded fields of view were laid out with several centimeters 
of overlap. The SVIEWTM software, developed by the German company GOM, was then used for stitching the multiple fields 
of view together. 
The 3D-DIC system proposed in this work has been evaluated through extensive experiments on a full-scale railroad model, 
which experiences displacement levels similar to what is experienced in the field when a railcar passes over a section of the 
track [6]. To measure the performance of the proposed system, different center binding conditions were simulated on the model 
and measurements were recorded for two different loading conditions applied to the crosstie being tested. 

 
Fig. 1 - Concept setup of the proposed stereo-photogrammetry system used to observe the whole crosstie deflection profiles 

attached to the underside of a rail car using four pairs of cameras sets (not to scale). 
 
Analyses of the results proved the capability of the 3D-DIC system to measure crossties’ full-field vertical displacement and 
to highlight changes in their longitudinal profile. 
 
 
Results 
To demonstrate the feasibility of the 3D-DIC system described in the previous paragraph, two different loading conditions (i.e. 
zero and 510 N (114.65 lbf) ) were applied to a crosstie for simulating the transit of a train. The mock crosstie is a wooden 
board that has geometrical length and width similar to a typical railway tie.  The thickness of the board is only ~2.0∙10-2 m and 
is designed to generate a transverse displacement similar to a crosstie in the field for the loading provided in the lab.  The 
crosstie experienced three different support conditions to simulate different ballast configurations. In the first test, the crosstie 
was attached to the rails only to simulate an evenly supportive ballast; while in the second and third tests another support was 
placed below the crosstie; one-quarter and one-half of the tie’s whole length respectively. These two conditions were used for 
simulating the ballast providing localized support in specific areas only, rather than being uniformly distributed. Analysis of 
the noise floor performed on the recorded images proved the systems’ capacity to measure vertical displacement, Z, on the 
order of 10-4 m. Experimental results obtained by stitching together the fields of view recorded using the four sets of cameras 
are shown in Figure 2, where the displacement values plotted in false colors are superimposed on an image of the mock-test. 
In particular, the full-field distribution measured in the vertical direction when the 510 N loads are applied to the rails is plotted 
in Figure 2b, c, and d for the three different simulated ballast conditions. Those results were compared to that measured of the 
unloaded (Figure 2a) state. It is evident that when different supporting conditions occur, the vertical displacements of the 
crosstie are different. As the crosstie is evenly supported (Figure 2b), a fairly uniform deflection is observed in the portion 
between the rails. The profile is parabolic with the lower vertex equal to -8.0∙10-3 m in correspondence with the crosstie’s 
middle point. On the other hand, it is observed that when the support is located in a specific area, as the load increases the 
portion of the tie close to the support experiences smaller displacements, while the vertical deflection is maximum at the tie’s 
free edges. With reference to the results plotted in Figure 2c and 2d, it is possible to observe that the area where the support is 
located experiences a displacement of nearly -2.0∙10-3 m and -1.0∙10-3 m for conditions (c) and (d) respectively, and a negative 
displacement in the range -5.0∙10-3 m; -6.0∙10-3 m at the free edges. 



 
Fig. 2 - Full-field vertical displacement Z for: (a) unloaded condition; (b) evenly supported crosstie and 510 N load applied; 
(c) crosstie supported 0.37 meter from the right rail and 510 N load applied; and (d) crosstie 0.74 meter from the right rail 

and 510 N load applied. 
 
These results confirm that the crosstie behaves as two cantilever beams at its free edges, because a firm ballast support is only 
provided in the center. Furthermore, from an analysis of the data plotted in Figure 2, the position of the support below the tie 
is easily detectable, highlighting any defect in the uniformity of the ballast. To finish, the crosstie’s longitudinal profile is not 
shown here for the sake of brevity.    
 
 
Conclusion 
In this study, a novel 3D DIC system for the measurement of tie deflection profiles and ballast support assessment is proposed. 
The feasibility of the technique is verified through several experiments performed on a full-scale railroad track model. This 
operation is possible by just processing information from pictures, with no need to deploy a large array of sensors underneath 
the tie tested. It demonstrates that the 3D-DIC system can easily expedite the monitoring process and is able to extract 
information throughout the fields of view and not just at discrete points. Unlike most of the conventional SHM sensing systems 
(e.g. strain gages and accelerometers), which are only able to provide discrete sensing, the proposed imaging system allows for 
full-field displacement measurements over the entire length of the crosstie. Experimental results shown that the 3D-DIC system 
is able to detect out-of-plane vertical displacement with an accuracy of 10-4 m and characterize the differences in the crossties’ 
deflection profiles as various ballast conditions are simulated.  
Future development of the concept would consist of track inspections using a system of high-speed cameras mounted to a train 
moving at typical operating speeds (e.g. 60 mph), and in improving the measurement accuracy by taking into account the 
vibrations associated with the train motion. 
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