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Tendons used for the construction of structures, such as stadium roofs, buildings, 

telecommunications towers, post-tensioned bridges, containment structures, etc... comprise a 

plurality of strands, wires or bars (hereafter only strands are referenced) embedded in cement 

based grout to provide passivity and, therefore, prevent corrosion. Problems may arise with 

incomplete filling with grout, however. Zones without protective passivation thereby may result 

on the steel strands, which, with formation of condensation water and reaction with CO2 from 

the air, can result in an onset of corrosion, quick loss of sectional area and, in the extreme case, 

failure of the tendon.  Additionally, the contamination of the grout mixture with chloride, the 

formation of bleeding water or the dilution of the grout with water can cause too low pH or too 

high chloride content to allow for passive film formation on the steel surface.  

A new sensor system was developed that allows for monitoring of the proper filling of the 

tendon with grout. The system detects insufficient alkalinity and chloride contamination of the 

grout during the filling process. Moreover, it allows the detection of bleeding water. Hence, the 

control of the presence of grout with sufficient passivating properties is possible in all critical 

sections of the tendon, allowing for maximum quality control during installation. The sensor 

system and calibration measurements in laboratory tests are presented. 

1 INTRODUCTION 

In many reinforced concrete structures tendons represent a key component for their safety. Their 

failure can seriously compromise the structural integrity of these structures. One key problem 

with the durability of tendons is corrosion of the strands due to ingress of chloride, Hunkeler et 

al (1998), fib (2001). There are several structures known to exhibit critical chloride 

concentration in the concrete surrounding the tendons. This experience led to the development 

of electrically isolated tendons, which allow for a controllable corrosion protection and shield 

the tendon from chlorides, Ayats et al (2002), Elsener & Della Vedova (2003), fib (2005). This 

electrical isolation is obtained by using a polymer duct and an insulating anchor. The 

monitoring of the electrical resistance allows for controlling the quality of the encapsulation of 

the tendon and hence, protection from aggressive media which could cause corrosion at any 

time. Hence, even under extreme exposure and corrosive environment a maximum in durability 

can be achieved. However, despite of these recent developments, there is still uncertainty 

regarding the durability of tendons.  

Typically corrosion problems arise with incomplete filling of the duct with grout, Hunkeler et al 

(1998). Zones of the tendons without the high the high alkalinity of the surrounding grout 
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cannot form a passive film. With formation of condensation water or residual bleed water and 

oxygen from the air an onset of corrosion and quick loss of sectional area may be expected even 

in an encapsulated tendon. In extreme cases, failure of the tendon and the entire structure can 

occur.   

Since injection is of such great importance, significant efforts are being made in developing this 

process, the materials used and the sequence of operations. If done correctly, complete filling of 

the duct with grout can be ensured. There nevertheless remains a certain amount of uncertainty 

about whether errors may have occurred during mixing and injection of the grout. Extensive 

measures are often taken to eliminate this uncertainty and exclude faulty manipulations. For 

example, a hole is drilled in the region of the anchorage, and the filling is assessed visually. An 

alternative is the use of transparent covers which permit visual checking of the tendon filling 

during and after the setting process at accessible locations. In addition, in individual cases, the 

filling of the tendon is checked at points using radar. 

Most of these measurements cannot be carried out until after successful injection, however, and 

require considerable time, effort and investment in measuring. Some locations are not accessible 

for these methods. During the injection procedure, however, the time up to completion of the 

operation is severely limited by the incipient setting of the grout. It is, therefore, important to 

have information already during the injection operation about a possibly insufficient filling with 

grout at all critical locations. Only in this way a higher degree of filling can be achieved through 

additional measures at the time of injection. 

Filling the tendon with grout does not suffice in every case to ensure corrosion protection, 

however. Thus corrosion damage can occur even though the tendon has been completely filled 

with grout. This is possible, for example, if a blast furnace cement with minimal alkalinity or 

mixing water polluted with chloride is used. Under certain circumstances, such situations cannot 

be excluded even with optimal quality control. Chlorides may also penetrate the tendon from the 

outside if metallic ducts corrode or if the tendon is not protected by a leak tight envelope. 

In order to resolve this problem, a new sensor system has been developed that detects the filling 

of the tendon in critical zones by determining the possible wetting of an electrode with a grout 

having passivating properties. Too low alkalinity, too high chloride content, the presence of 

other aggressive substances, or the presence of bleeding water can readily be detected. This is 

achieved by a passivation measurement on a reference steel surface. 

The advantage of this system is that, by means of a simple passivation measurement in critical 

zones, where a sensor is installed, the critical information can be determined already during the 

injection operation, i.e. whether the duct is filled with passivating mixture. In this way 

corrections can be made immediately during the injection procedure. The passivation 

measurement makes it possible to verify that both the pH of the mixture as well as its chloride 

content enable passivity of the prestressing steel. It is thereby possible to verify comprehensive 

corrosion protection, both with respect to filling as well as with respect to mixture composition. 

The sensor is of simple construction, and can be integrated with minimal effort in all critical 

zones of the tendon. 

2 EXPERIMENTAL PROCEDURE 

The experiments in electrolytes were run with reagent grade chemicals and in distilled water. 

The grout for the tests was provided by VSL. The sensor developed is made of a stainless steel 

casing (1.4404) that can be used as counter electrode, a reference electrode made of stainless 

steel (1.4404) and a sensor electrode made of prestressing steel. The sensor is shown in Figure 

1. All electrochemical potentials reported are measured against the stainless steel electrode. 
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They cannot be compared to saturated copper sulfate electrode (CSE) and the absolute values 

cannot be compared between different measurements. 

 

Figure 1. Sensor for characterization of the grout (left). Current source for the measurement on site (right) 

For electrochemical control a Jaissle Potentiostat Galvanostat PCT 1002 in combination with a 

computer was used. The investigated surface area was 0.08 cm
2
 in all tests. This comparably 

small surface area results in well defined current distribution and decreases the interference of 

with the tendon during the measurement. In order to obtain information about the distribution of 

the grout properties, the installation of several sensors is readily possible due to their small 

dimension. 

3 RESULTS AND DISCUSSION 

The durability of the tendon is achieved by the complete filling of the duct with alkaline grout 

with low chloride content. In this case a protective passive film is formed on the steel surface 

over time under the influence of the oxygen contained in the grout. By detecting the presence of 

this passive film on a sensor electrode conclusions on the passivating properties of the grout are 

possible. There are numerous electrochemical techniques established for the characterization of 

the passive films such as polarization scans or galvanostatic pulse measurements. However, they 

typically require an elaborate electrochemical control unit and a reference electrode. Both are 

too delicate for the rugged field application on a construction site. Moreover, these methods 

require that a sufficiently thick passive film has formed in order to provide clear information on 

the passivating properties of the grout. Since the passive film formation is only completed after 

several hours or even days, these methods offer significant difficulty in obtaining reliable data 

on the passivating properties of the grout during the injection process.  



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

(a) 

 

(b) 

 

Figure 2. a) Measuring result of the sensor in 0.1 M NaOH (pH 13). b) Pourbaix diagram of iron. The 
measuring steps (a) and (b) are indicated. 

In order to overcome these limitations of the classical electrochemical characterization, a new 

approach was chosen that does not depend on a delicate reference electrode and that allows to 

use a rugged current source instead of a potentiostat (Figure 1). The measuring procedure is 

schematically shown in the Pourbaix diagram of iron that demonstrates the potential and pH 

dependence of the passivity of iron (Figure 2b), Pourbaix (1974). The measurement is shown in 

Figure 2a. First a current of -2.5 mA/cm
2
 is applied to the sensor during 10 seconds (Step (a)). 

This current causes the shift of the potential in cathodic direction, the reduction of oxygen 

according to reaction (1), the evolution of hydrogen according to reaction (2), and the removal 

of any residual passive film on the sensor surface. This first step creates well defined starting 

conditions and eliminates the previous history of the sensor 

 (1) 

 (2) 

After 10 s a current of +2.5 mA/cm
2
 is applied to the sensor for another 10 s (Step (b)). This 

current forces the formation of a passive film on the sensor surface. After about 3 seconds this 

passivation is complete and oxygen is formed according to reaction (3) on the sensor surface.  

 (3) 

Based on the data in Figure 2 the removal of the passive film and the formation of a new passive 

film are demonstrated. It is important to note that in step (a) the pH value on the sensor surface 

is increased due to reactions (1) and (2), while it is decreased during step (b) due to reaction (3). 

Moreover it should be noted that according to Figure 2b a decrease of pH should cause an 

increase of potential for oxygen evolution.  
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Figure 3. Characterization of the passivating properties of various electrolytes with different pH values.  

 

Figure 4. Characterization of the passivating properties of grout with various chloride contents. 

Now that the details of the measurement are discussed some examples are presented. In Figure 3 

the measurement was performed in various electrolytes with different pH values. The alkaline 

solutions were prepared from NaOH, while the neutral pH solution contained 0.1 M Na2SO4. 

The results show an increase of the potential when the anodic current is applied. In pH 12 and 

13 a proper passivation takes place. In pH 11 the activation of corrosion occurs during oxygen 

evolution, while at pH 7 the formation of a passive film was not possible. Based on the 

presented data, the passivating properties of pH 12 and 13 can clearly be demonstrated. It is 

important to note, that the absolute potential values cannot be used for the discussion, since they 

is arbitrarily measured versus the reference electrode made of stainless steel. Moreover, at low 

electrical conductivity (e.g. measurement at pH 11) an ohmic potential drop occurs that affects 

the potential values.  

In Figure 4 the results of the measurement in grout with various chloride contents are shown. 

Based on these data it can be concluded that a chloride content of 0.4% results in the activation 

of corrosion of the sensor.  
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Figure 5. Development of potential over time during oxygen evolution in bleeding water and grout. 

The results in Figure 3 and 4 clearly demonstrate that a low pH value and an increased chloride 

content can readily be determined by means of the sensor system within 20 seconds. Hence, 

accidental use of chloride polluted mixing water can be detected as well as an insufficient 

alkalinity.  

A problem that is often associated with the injection of grout is the formation of the so called 

bleeding water. This is the result of the separation of the aqueous part form the solid cement 

constituents of the grout that can occur during or after injection. This bleeding water exhibits 

high alkalinity comparable to the grout. However, after hardening of the grout it may evaporate 

over time leaving behind a void. Hence, the part of the tendon that was originally passivated by 

the surrounding alkaline bleeding water can lose its corrosion protection over time.  

Therefore, it is crucial that the sensor system not only can detect the presence of passivating 

conditions, but also the presence of cementitous grout. One important physical difference 

between grout and bleeding water is the mass transport of dissolved substances. In the bleeding 

water, reaction products formed on the sensor surface are readily diluted due to diffusion and 

convection. In contrast, the tixotropic grout represents a solid matrix that strongly limits mass 

transport with low diffusion coefficients and by blocking convection. Based on these 

considerations and the thermodynamic data presented in Figure 2b, it can be concluded that the 

oxygen evolution performed in grout should cause a change of potential over time, since the 

acid being produced according to reaction (3) is blocked at the sensor surface and, therefore 

changes the pH of the environment.  

In Figure 5 the data of the oxygen evolution for measurements in bleeding water and grout are 

compared. In bleeding water the increase of potential is immediately stopped as soon as the 

oxygen evolution is reached. Virtually no further increase of potential over time is observed. 

This is due to the fact that the pH is not changed at the sensor surface due to fast dilution with 

the bulk. In contrast, the measurement in grout shows a steady increase in potential over time, 

since the acid created is being accumulated. Based on these data it may be concluded that a 

differentiation between bleeding water and grout is possible within one single measurement 

with the new sensor system.  
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4 CONCLUSIONS 

The new sensor system allows demonstrating the presence of grout with passivating properties 

within a measurement period of 20 seconds. Insufficient alkalinity, increased chloride content, 

and bleeding water can successfully be detected. Considering that these are the main causes for 

the failure of tendons over time, the system has the potential of increasing the injection quality 

and, therefore, the durability of prestressed concrete structures.  

The small size of the sensor opens the possibility of installing them within the anchorage or in 

the duct at various locations along the tendon, which may be critical regarding complete filling 

with grout. Those critical zones include highpoints, falling sections of the tendon and 

anchorages. Moreover the formation of bleeding water may be critical in the case of vertical 

tendons in the area of the upper anchorage.  

Even remote areas of tendons can readily be equipped with the sensor. Since there is virtually 

no limitation to cable length sections of the tendon can be monitored during injection that are 

inaccessible to conventional techniques.  

Besides these advantages in positioning and measuring, there is the important impact of 

measuring time. Measuring the passivating properties at the injection pump makes sure that the 

grout meets the requirements before it even enters the duct. Moreover, all sensors installed 

along a tendon can be measured from a single location during injection. This offers a whole new 

perspective compared to radar or drilling holes into certain parts of the duct and visually 

checking the presence of grout. Since measurement can be performed with the fresh grout 

during injection, there still remains the possibility to react and take mitigation measures while 

the grout has not set yet.  
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