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ABSTRACT 

 Ultrasonic transmission measurements are used to monitor concrete elements mostly on a laboratory scale since decades. 

Recently, coda wave interferometry, a technique adapted from seismology, has been introduced to civil engineering 

experiments. It can be used to reveal subtle changes in concrete samples and even large construction elements without having a 

transducer directly at the location where the change is taking place. The methodology works best with embedded transducers to 

avoid coupling issues or excessive environmental influence. These transducers can be used for newly built and existing 

structures. Recently, large concrete beams have been equipped with a network of transducers and loaded until failure. Using 

code wave interferometry, it was possible to visualize stress fields and damaged areas. 
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1. INTRODUCTION  

Due to the aging infrastructure, monitoring of concrete structures is of utmost importance in many countries. A large variety of 

sensors and data processing methods is used to assess loads, structural health, load capacity, and remaining lifetime [1]. 

Ultrasonic transmission measurements have been used to monitor concrete elements, mostly on a laboratory scale, for decades. 

Main application is to estimate concrete strength from wave velocities as described, e.g., in European standards[2]. Ultrasonic 

transmission is also used in the assessment of freeze-thaw resistance of concrete samples [3] or concrete fatigue experiments[4]. 

Data evaluation is mostly performed as determination of time of flight and velocity. Unfortunately, the sensitivity of this 

technique is limited.   

Recently, coda wave interferometry (CWI), a technique adapted from seismology has been introduced to civil engineering 

experiments. It can be used to reveal subtle changes in concrete laboratory samples and even large construction elements without 

having a transducer directly at the location where the change is taking place. A recent review on CWI applications to concrete 

was compiled in [5]. Meanwhile several approaches to an improved localization have been published [6][7]. Several authors 

extended the technology us make use of nonlinear effects in ultrasonic wave propagation [8].  

In this paper, we are presenting the result of applying this technology to map stress regimes at bridge girders in full scale load 

tests, introducing a very simple localization method. Results of this study have already been published in [9] and [10]. Another 

experiment on the same scale has been presented in [11].  

As other techniques, CWI has its limitations as loss of directionality, lack of discrimination between wave types, or limited 

ability to pinpoint the location of changes (structural ones as cracks or local alteration of material parameters) when using just 

one transmitter/receiver pair. 

If networks of transducers are implemented, providing the possibility for several transmitter-receiver combinations, localization 

of changes is possible up to a certain extent. While most approaches are complex and computationally intensive [6]), simplified 

techniques have been proposed as well [7].  
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2. EMBEDDED TRANSDUCERS AND TEST SETUP 

On large specimen or real structures, the methodology works best with embedded transducers to avoid coupling issues or 

excessive environmental influence. Several approaches have been published, but mostly limited to lab scale investigations. 

Robust, durable and powerful transducers (Fig. 1) have been presented in [12]. They have been custom designed and built for 

BAM to be deployed at real structures, both newly built and existing ones, for monitoring with a distance between transmitter 

and receiver of up to five meters. The center frequency is around 60 kHz, which has been shown to be suitable for ultrasonic 

concrete monitoring in the multiple scattering regime [13]. The transducers can be operated with standard ultrasonic equipment. 

For deployment at a large scale, a compact and affordable device based on a cheap single board computer has been prototyped. 

 

               

 

Fig. 1 Ultrasonic transducer ACS S0807 (left) and its mounting into a reinforcement cage for a concrete beam using 3D-printed 

adapters. 

 

RWTH Aachen university has performed a set of load tests on full size, two span bridge girders [15]. Total length of the girders 

was 12 m (Fig. 2) while the cross section and the load scenarios have been varied. This paper just refers to one of the girders, 

where a network of 20 ultrasonic transducers was the embedded in the right half of the girder (Fig. 3). The girder was loaded 

according to the setup shown in Fig. 2 until failure.  

 

 

Fig. 2 Sketch of load test setup (dimensions in mm). Blue line: tendon duct. From [10]. 

 

 

 

  Fig. 3 Position of embedded ultrasonic transducers in the right span of girder shown in Fig. 2. (dimensions in mm). From  [10] . 
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3. DATA EVALUATION 

Between each pair of transducers in a network, transmission measurements are performed and repeated in certain intervals. The 

waveforms are compared to a reference (e.g. measurement at the start of the experiment) using several techniques. For small 

changes in the material (small load changes, temperature changes, moisture changes) the changes in the first arrival time or 

amplitude is very small and hard to detect with conventional methods. Changes are much more significant in later parts of the 

signal, when waves have traveled on longer paths, subjected to reflections and scattering (Fig. 4).  

Coda wave interferometry (CWI) tries to identify the change of wave velocity between two measurements by stretching or 

compressing the waveform until it fits the reference best, using cross-correlation as a quality indicator [14]. Both values (velocity 

change and correlation coefficient) are used to identify homogeneous (e. g. stress in a certain area) and inhomogeneous changes 

(e. g. cracks) in the monitored element. Note, that in case of very large changes the CWI using a fixed reference breaks down 

and a step wise procedure has to be used as in this case [10]. 

 

 

 

Fig. 4 Two ultrasonic signals (acceleration) for the same configuration and sample, without load (reference) and subjected to a 

small load. While time of flight almost remains constant, the late part of the signal (coda) shows a significant phase shift. 

 

4. RESULTS 

Fig. 5 shows the results of CWI evaluation of data measured at transducer pair 8 and 9 in the center of the network during the 

load test. The velocity changes are compared to the deflection of the girder, measured by a LVDT sensor. Note, that velocity 

changes are detected even before the LVDT starts to register a deflection. This underlines the sensitivity of the technique. While 

the load is still small (up to about 400 kN) the change of the velocity and the deflection run parallel, indicating an approximately 

linear correlation. Later, the behavior of both parameters is different, but nonlinear in both cases. At this point, visible cracks did 

appear on the surface of the girder. At 1500 kN the velocity change behavior changes again and fails to correlate with the other 

properties from here on. At this load, cracks appeared in the direct vicinity of the transducers used, probably leading to 

decoupling. The girder finally failed at 2200 kN. 
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Fig. 5 Change of ultrasonic velocity (dv/v) for a transducer pair 8-9 compared to girder deflection. Left: small to medium loads. 

Right: Full load test until failure. From [9] 

 

During the load test, measurements have been taken between all neighbored transducers and the corresponding velocity changes 

(compared to zero load) have been interpolated and plotted to visualize stress changes. This is a simple approach compared to 

the solutions of others [6][7], not taking the quite complicated sensitivity patterns of each transducer pair into account. 

The result showed as expected zones of increased velocity (green-blue in Fig. 6 and 7) close to the loading point and the support 

(compressed zones). On the opposite side (tensioned zones), velocity decreases (yellow). At small loads (250 kN, Fig. 6), no 

visual cracks had appeared on the surface.  

At higher loads (1250 kN, Fig. 7) the main crack patterns are collocated with the tensioned zones (decreased velocity). In 

addition, several inhomogeneities appeared, which correlated with additional cracks visible on the outside of the beam (e. g. 

around transducer 10).  For comparison, the results of a finite element simulation of the very same experiment  is shown in Fig. 

8. The main crack pattern are collocated with the experimental results, but the inhomogeneities are missed for obvious reasons. 

 

 

  

 

Fig. 6 Distribution of velocity change in a concrete beam under load (250 kN). Red circles: transducer positions. Black 

arrow/triangle: loading/support points. From [10]. 

 

4. CONCLUSION AND OUTLOOK 

Ultrasonic monitoring using embedded sensors in combination with data evaluation by coda wave interferometry has been 

shown to be a sensitive, but robust tool to provide information about stress changes in concrete elements. A network of 

transducers embedded in a concrete girder  was used to retrieve information on the distribution of compressed and tensioned 

parts of the construction element as well as the position of inhomogeneities.  

Recently, test installations have been made in bridges and a tunnel. Current research focusses on the identification and separation 

of influence factors as temperature, moisture, stress and damage as well as more sophisticated, but still effective imaging 

techniques. Reliable transfer functions, e.g. between velocity change and stress, can be based on equations describing the 

acoustoelastic effect. 
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Fig. 7 Distribution of velocity change in a concrete beam under load (1250 kN). Red circles: transducer positions. Black 

arrow/triangle: loading/support points. Red lines: cracks visible at surface. Red rectangle: surface covered by paint for digital 

image correlation (no cracks visible). Note: different color scale for velocity change compared to Fig. 6.  From [10]. 

 

 

 

Fig. 8 FE simulation of cracks (“damage parameter”) at 1250 kN load. Abaqus, M. Herbrand, RWTH Aachen 

University. Red rectangle: area displayed in Fig. 7.  From [10]. 
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