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Non-destructive testing methods become more and more important in civil engineering. In reinforced concrete structures 

attention is mainly paid to the compressive strength and the state of the embedded reinforcement bars including their location. 

Non-destructive testing methods are often used on existing structures which have reached their design lifetime (which is in 

general for common buildings 50 years) to assess their structural integrity as basis for further safety considerations. They are 

deployed when relevant changes to a structure concerning its structural behavior shall be made in cases where no design 

documents (due to whatever reason) exist. On new constructions, non-destructive testing methods are used for quality control 

and to locate defects due to poor construction quality. In this paper, a state of the art overview on non-destructive testing 

methods in reinforced concrete structures is given with special emphasis on in situ project application. The presented methods 

are non-destructive measurement of rebar cover and methods for assessment of rebar corrosion especially concerning chloride 

induced corrosion. The in-situ application is shown with reference to a real project – a car parking garage. 
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1. INTRODUCTION  

Non-destructive testing methods become more and more important in civil engineering structures. Reinforced concrete was 

invented in the late 19th century and became one of the most important construction materials during the last century which will 

surely continue in the current millennium. However, the load carrying behavior of reinforced concrete is mainly governed by the 

amount of installed reinforcement, by the position of reinforcement in the structure and the condition of the reinforcement in 

terms of corrosion. So, it is essential to know about the properties of the material at each time of the lifetime to analyze the 

current state and identify structural changes and their impact on structural safety. However, once a concrete structure is poured 

and the concrete is hardened the reinforcement which is embedded in the concrete volume cannot be checked anymore by simple 

visual means. Thus, non-destructive testing plays a very important role to check the structural integrity and safety. The following 

fields of application of non-destructive testing methods in conjunction with reinforced concrete structures can be seen: 

1) Assessment of structural safety, especially with increasing lifetime (design lifetime 50 years for general buildings) 

2) Surveying an existing structure in cases where no design documents exist but important changes have to be made to the 

structure (removal of load carrying elements, changes to structural system) 

3) Localization of defects in new structures due to poor construction quality and to elaborate means of compensation 

4) Monitoring of a structure during its lifetime 

 

 

parameter destructive testing non-destructive testing 

concrete compressive strength testing of in situ drilled core samples Rebound hammer testing 

reinforcement cover visual after removal of concrete cover ferro magnetic, (radar) 

rebar diameter  visual after removal of concrete cover (ferro magnetic) 

localization of defects visual after removal of concrete / in situ 

drilled core samples / endoscope 

Impact-Echo / Ultrasound echo -method 

reinforcement corrosion due to chlorides testing of borehole dust in laboratory / 

visual after removal of concrete 

potential field measurement 

Table 1 Summary of most important parameters and testing methods. 
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Table 1 gives an overview of parameters which have to be checked when surveying and monitoring reinforced 

concrete structures. Subsequent the focus of the paper will be on measurement of reinforcement cover and 

reinforcement corrosion due to chlorides and its application to parking garages. 
 

2. TESTING OF CONCRETE COVER 

2.1 GENERAL 

The durability of reinforced concrete structures is strongly affected by the quality and the thickness of the concrete cover. The 

quality of the concrete depends much on the design of the concrete mix (w/c-ratio, cement content etc.) and the after-treatment of 

the concrete in the first days after pouring the concrete. The minimum concrete cover is defined in the design, depending on the 

life time of the structure and the environmental conditions. This minimum concrete cover is needed, to protect the reinforcement 

bars from depassivation. Embedded reinforcement bars are surrounded and protected by a passive layer of iron oxide Fe2O3 or 

Fe3O4 with a thickness of few m within an alkaline milieu (pH  12.5). This layer can be destroyed by chloride-ions (see 3.1) 

and/or due to the so-called carbonation. The carbonation of the concrete is the reaction of the calcium-hydroxide in the pores of 

the hardened cement paste with the carbon-dioxide, CO2 of the surrounding environment, corresponding to the chemical formula 

below: 

 Ca(OH)2 + CO2 + H2O → CaCO3 + 2H2O (1) 

 

In consequence of the carbonation, the pH-value of the concrete decreases from 12.6 down to less than 9 and the reinforcement 

bars are no longer protected by the passive layer. The depth of carbonation of the concrete can easily be determined by spraying 

indicator dilution (phenolphtalein) on fresh fractured concrete surfaces. If the pH-value is above 9, the concrete will change 

colour to purple-red, otherwhise it stays colourless, respectively concrete-grey. 

 

 

 

Fig. 1 Principle of carbonation of concrete and test of carbonation depth [8]. 

 

If the carbonation front reaches the reinforcement, the corrosion process can start. The corrosion, caused by carbonation is 

usually a plane corrosion, producing expanding reaction products that lead to spalling of the concrete cover.  A typical corrosion, 

caused by carbonation is shown in Fig. 2. Thus, the concrete cover of the reinforcement plays an important role to achieve a high 

durability of the construction.  

 

 

Fig. 2 Typical damage, caused by carbonation-induced corrosion. 
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2.2 DESTRUCTIVE TESTING OF CONCRETE COVER 

The destructive testing of concrete cover means removing the concrete until a reinforcement bar becomes visible and the 

concrete cover could be measured easily by a rule, as shown in Fig. 3. 

 

 

Fig. 3 Destructive measurement of the concrete cover. 

Certainly, no-one wants do destroy the structure to get information about the concrete cover. But especially when testing old 

structures, the design drawings are often incomplete ore completely missing. For the evaluation of non-destructive 

measurements, the diameter of the reinforcement bars has to be known. For this reason, destructive measurements of the 

concrete cover are necessary even when nondestructive measurements were carried out to gain more precise results.  

2.3 NON-DESTRUCTIVE TESTING OF CONCRETE COVER 

Most of the nondestructive test methods for concrete cover are based on magnetic properties of reinforcement. A very easy 

method to estimate if the minimum concrete cover is met, is to use the magnetic force of the embedded reinforcement bar on the 

concrete surface. Depending on the diameter of the reinforcement bar and on the required minimum concrete cover, the type of 

magnet is chosen and moved along the concrete surface in a distance of 1-2 mm. If a magnetic force is sensed or the magnet 

sticks on the surface, the minimum concrete cover is not met.     

 

 

Fig. 4 Magnet for easy and quick estimation concerning minimum concrete cover. 

 

Modern nondestructive test methods use the influence of the reinforcement bar to a magnetic field of a coil that is moved along 

the surface. Due to the presence of the rebar the magnetic field lines are shifted and induction current is generated. The 

magnitude of the induction current depends on the diameter of the rebar and the distance between the coil and the rebar (concrete 

cover). If the diameter of the rebar is known, the concrete cover can be determined very precisely. 
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Fig. 5 Principle of ndt-method using magnetic induction to measure the concrete cover. 

The concrete cover measurements are usually carried out along lines rectangular to the reinforcement bars. The distance between 

the measuring lines depends very much on the measuring task, usually the measurements are carried out with a distance of 1 m 

between the lines. Each reinforcement bar along the measuring line is recorded and the concrete cover as well as the distance 

from the starting point is stored. The results of the concrete cover measurement can be illustrated as a contour map. 

 

 

Fig. 6 Concrete cover measurements along lines. 

With these devices, based on induction current, the concrete cover can be measured up to approximately 10 cm. If the concrete 

cover is higher than 10 cm, radar can be used up to a concrete cover of approximately 40 cm. 

 

3. TESTING OF CHLORIDE INDUCED REINFORCEMENT CORROSION 

3.1 GENERAL 

The design and construction of reinforced concrete structures exposed to chlorides such as structures close to seawater, structures 

exposed to deicing salt (parking garages, bridges) or swimming pools with chlorides requires special considerations. European 

design codes provide special means of design for such structures subjected to chlorides. 

1) Exposure class XD (Deicing) or XS (Seawater) 

2) Minimum required concrete strength (e.g. C 35/45 for XD3) – providing a dense package of concrete aggregates with 

little amount of voids 

3) Minimum required concrete cover (e.g. min c = 40 mm, nom c = 55 mm for XD3) – providing a sufficiently thick 

concrete layer above the reinforcing steel 

4) Special means – e.g. parking garages require a special coating to resist chlorides from deicing salt carried into the 

garage by cars 

 

Chlorides cause pitting corrosion to the steel. The cross section of rebars is weakened very locally which will lead to statical 

problems (loss of load carrying capacity). Embedded reinforcement bars are surrounded and protected by a passive layer of iron 

oxide Fe2O3 or Fe3O4 with a thickness of few m within an alkaline milieu (pH  12.5). Chlorides attack and damage this 
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surrounding protecting layer. Now, the anode is located at the damaged steel location where iron is oxidized to iron ions by 

release of electrons. The released electrons are used at the cathode for reduction of oxygen which forms hydroxyl ions from 

water and oxygen. As a result of these two reactions, ironhydroxid and hydrochloric acid are produced. This process is even 

more dangerous since chloride ions are still free after chemical reaction and will advance the corrosion process. The process is 

depicted in Fig. 7. 

 

anode reaction Fe  Fe++ + 2e- (2a) 

cathode reaction ½ O2 + H2O + 2e-  2OH- (2b) 

 Fe++ + 4H2O + 2Cl-  Fe(OH)2 + 2H3O+ + 2Cl- (2c) 

 

 

Fig. 7 Principle of pitting corrosion. 

The relatively small anode area (damaged location) in relation to the remaining cathode surface (undamaged protecting passive 

surface) amplifies these effects which leads to deep pitting corrosion at the rebar surface. The remaining rebar cross section 

might be to week to carry tensile forces which leads to rebar failure. Chloride induced corrosion requires both oxygen and water 

at the reinforcement surface. The damage of protecting passive rebar layer starts at chloride concentrations more than 0.5% 

(related to mass of cement in concrete), since chloride concentrations below this limit can be removed by chemical reaction of 

chlorides with cement. Thus, the most dangerous situation is chloride introduction into a concrete structure with simultaneous / 

changing presence of oxygen and water. This situation is obviously the case in parking garages. 

 

Fig. 8 shows typical rebar damage caused by chlorides (pitting corrosion). This pitting corrosion is very dangerous since the 

effect is firstly observed visually at the concrete surface when it is almost too late (no cracking or spalling of concrete cover due 

to chloride corrosion in contrast to regular carbonatization and rusting). Typical signs of chloride induced corrosion in a very late 

stage are shown in Fig. 9. The problem of this process is, that it can be very badly observed from outside by visual inspection. 

Thus, the registration of chloride induced corrosion at a very early stage is very important to protect the structure form severe 

damage. The monitoring can be either done by destructive testing or non-destructive testing as described in the following 

sections. 

 

 

Fig. 8 Typical pitting corrosion damage of reinforcement caused by chlorides. 

 

concrete 

passive layer 

steel 
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Fig. 9 Typical signs of pitting corrosion damage due to chlorides in a very late stage. 

 

3.2 DESTRUVTIVE TESTING  

Destructive testing of concrete concerning chlorides is done by bore hole drilling with a special drilling machine as depicted in 

Fig. 10 which can collect the borehole dust by a special absorber. The number of boreholes for one sample spot depends on the 

borehole diameter (usually between 20 mm and 40 mm) and the maximum concrete aggregate size in order to have good ratio 

between cement matrix dust and aggregate dust.  

The borehole dust is analyzed in a chemical laboratory with regard to chlorides in a special way using nitric acid. The chloride 

quantity must be related to the amount of cement in the concrete. For reinforced concrete structures, chloride quantities greater 

than 0.5% (related to cement) are regarded as critical with respect to corrosion. For prestressed concrete structures, even lower 

chloride quantities greater than 0.2% (related to cement) are regarded as critical with respect to corrosion. 

With this method, a chloride profile over the section height is obtained (e.g. 0-20 mm, 20-40 mm, 40-60 mm). However, the 

values obtained relate only to one single sample spot. In order to get an assessment of chloride induced corrosion over a huge 

area, many sample spots have to be considered. To minimize the number of destructive sample tests or in order to localize most 

severe locations, non-destructive testing by potential field measurement is supplementary required which is described in the next 

section. 

 

 

Fig. 10 Special drilling machine for destructive testing (borehole dust extraction). 
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3.3 NON-DESTRUCTIVE TESTING 

Destructive testing of concrete concerning chlorides is supplemented by non-destructive testing using potential field 

measurement. With this method, not a direct chloride concentration or a grade of corrosion is obtained, but a relative indication 

in terms of electrical voltage. The principle of potential field measurement is presented in Fig. 11. From the local point in the 

steel bar, where the passive layer is damaged, iron is oxidized while electrons are set free according to Fig. 7. These free 

electrons now travel to regions where they are needed to reduce water and oxygen into hydroxyl ions. The dashed red lines are 

orthogonal to the electron paths. Each dashed red line has one certain potential (unit mV) which measures the number of free 

electrons. In regions where chloride induced corrosion has started a high negative potential can be found. It can be stated that 

negative potentials (regarding the absolute value) higher than -200 mV have 50% chloride induced corrosion probability and 

must be checked by further means (bore hole dust examination, removal of concrete cover and visual inspection). 

 

 

 

 

 

 

 

Fig. 11 Principle of non-destructive potential field measurement. 

 

 

Fig. 12 shows this special equipment which is required for potential field measurement – the so called four wheels electrode. By 

moving this “vehicle” along the surface an area scan of the potentials at every point of the surface is obtained. The other end of 

the device is connected to the rebars in the concrete member (zero reference potential). 

 

 

Fig. 12 Special 4 wheel instrument for potential field measurement. 

 

4. APPLICATION STUDY PARKING GARAGE 

The presented testing methods – destructive and non-destructive – have been used within a special court case. A building with a 

parking garage has been currently erected. Beside other points, the concrete cover and the protection against chloride induced 

corrosion concerning the state of the art was questioned by the owner. To answer the questions by the lawyers and judges, 

extensive examination had to be conducted. The requirement concerning concrete cover was min c = 40 mm (nom c = 55 mm) 

to fulfill the exposure class XD3 in parking garages. Further, no coating has been executed so far and cracks have been observed 

in the base slab, so a further task was to check if chloride induced corrosion has already started after 4 years of operation (4 

winter periods). 
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Fig. 13 Results (excerpt) from non-destructive ferro magnetic concrete cover scan. 

 

Fig. 13 shows the results of non-destructive concrete cover measurement of a part of the parking garage base slab. In grey areas, 

required minimum cover 40 mm is met. In all colored areas, the minimum cover 40 mm is not met. Major areas are affected. 

Thus, by this data over the slab area a statistical examination according to DBV Merkblatt “Concrete cover” can be conducted. 

The minimum concrete cover min c is defined as 5% quantile value, so it is not the absolute required minimum cover but the 5% 

quantile value for exposure class XD3. 

 

 

 

 

 

Fig. 14 Results (excerpt) from non-destructive potential field measurement. 

 

Fig. 14 shows results from potential field measurement. Grey zones represent potentials below (regarding absolute value) -200 

mV, where corrosion probability is not high. Colored areas show potentials higher (regarding absolute value) than -200 mV. 

From the plot it can be seen, that melting water from cars flows towards the surrounding walls where it remains. Here, the 

chloride concentration will be highest. Potentials up to -450 mV have been measured. In addition, chemical bore hole dust 

examinations are made at the locations of highest measured potentials. At the selected position indicated in Fig. 14 the chloride 

concentration measured by chemical analysis of bore hole dust was 0.42% (0-20 mm) and 0.25% (20-40 mm). Thus, it can be 

stated that due to the lack of the required coating, a chloride concentration after 4 winters up to 0.42% has been reached which is 

cover [mm] 

Position of bore hole dust examination 
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not seen critical at the moment but might increase and become critical in future if no measures against the current situation are 

undertaken (fixing of cracks, application of coating). 

 

Further presentation and explanation of results are given during the oral lecture. 

 

4. SUMMARY 

The application of non-destructive testing methods in civil engineering concerning concrete cover and potential field 

measurement to assess chloride induced corrosion are presented within the framework of a lawsuit expertise whether state of the 

art requirements are met for a new-built parking garage. Non-destructive testing will become more important in future regarding 

lifetime structure management and safety assessment (e.g. permanent equipment installation for monitoring in last consequence). 

Possibilities have to be developed / provided to engineering practice to look insight a structure with no destruction (comparable 

to the medical examination of a sick patient) and check the integrity of the load bearing members under full operation. Non-

destructive testing methods help to detect failures or safety issues at very early stages and to prevent collapses of structures, since 

one cannot simply look inside the structure (especially reinforced concrete where the bars are covered). 
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