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 1 Introduction 

Increasing loads and sharply rising traffic flows are en-

countering a European transport infrastructure that has 

largely reached or exceeded its originally targeted or ex-

pected service life. Use restrictions or even renewals are 

planned for a noticeable number of structures – especially 

bridges – although the structures often still have consid-

erable safety reserves. However, these numerical reserves 

usually cannot be utilized in reassessment, among others 

since information about the actual state of the structure is 

not available or questioned in many cases. In addition, 

there are currently no standardized rules for on-site test-

ing and measurements with subsequent, direct use of the 

measurement results in reliability analysis. Consequently, 

structures may experience unnecessary, untimely actions 

such as use restrictions, repair and strengthening works, 

coinciding with limited availabilities and wasted resources. 

The objective of the national pre-standardization project 

“ZfPStatik” is to develop a guideline for the assessment of 

existing structures based on results from non-destructive 

testing at the structure. The document is intended to con-

tain, on the one hand, rules for the targeted application of 

non-destructive testing methods on concrete structures 

and, on the other, a developed procedure for the measur-

ing data-supported and structure-specific modification of 

partial safety factors, in order to establish a sound basis 

for the explicit incorporation of NDT results in assessment 

of existing structures. In this way, the potential of NDT 

methods for a more reliable, economical, and sustainable 

reliability assessment will be unlocked. This contribution 

provides an overview of the methodology and of the latest, 

intermediate project outputs including a) identified non-

destructively measurable parameters, which are relevant 

in reassessment of concrete bridges, b) NDT methods suit-

able to solve the relevant testing tasks and c) the compar-

ison of the planned and measured position of tendons and 

shear reinforcement for one of the investigated bridges. 

2 Methodology 

2.1 Towards NDT-supported partial safety factor 

modification 

The project aims to combine the advantages of the semi-

probabilistic and the probabilistic assessment concepts in 

such a way that measured information can be included in 

the reliability analysis of existing structures using the par-

tial safety factor approach. A major advantage of proba-

bilistic computations is the possibility to explicitly consider 

measurement results in the form of probability distribu-

tions. The semi-probabilistic approach, in turn, features 

the economical application, and the comparability as well 
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as verifiability of the results. To bring the advantages of 

both concepts together, instructions are being developed 

for combining the targeted application of non-destructive 

testing (NDT) methods on-site with the subsequent (struc-

ture-specific, measurement-based) modification of partial 

safety factors on the resistance side. Methods for the mod-

ification can be, e.g., found in [1-2]. It is intended to pub-

lish the project outcomes in the series of publications of 

the German Committee for Reinforced Concrete (DAfStb). 

Key steps of the chosen methodology can be summarized 

as follows: 

1. Definition of the demonstration pilots (see sect. 3.1) 

and of recalculation principles, e.g., target load level, 

applied stage acc. to the German recalculation guide-

line [3, 4], etc. (see section 3.2) 

2. Identification of the crucial structure parameters, the 

variation of which significantly influences reliability – 

based on the semi-probabilistic recalculation results, 

on accompanying probabilistic analyses, and expert 

judgements (see sections 2.2 and 3.3) 

3. Elaboration of measurement strategies and testing 

procedures to solve the previously identified issues 

relevant in the reassessment (see section 3.4) 

4. Collection and analysis of the on-site measuring data 

including measurement uncertainty calculations to 

quantify the quality of the measurement results with 

the objective to provide validated information about 

the structure [5, 6] (first results in section 3.5)  

5. Incorporation of the measurement results into the 

probabilistic analyses (using probability distributions 

describing the measurand) and semi-probabilistic re-

calculations (by modifying partial safety factors and 

updating the respective characteristic values) 

6. Publication of the developed and applied procedures 

and of the findings from the case studies 

2.2 Identification of relevant testing tasks 

With the aim of defining the demands for measurements 

or NDT, respectively, in a targeted and efficient way, the 

relevance of the information required to perform the struc-

tural analyses within the scope of the reassessment is in-

vestigated through a) semi-probabilistic reassessment re-

sults, b) expert judgements, and c) probabilistic sensitivity 

analyses. The decision basis is the information available 

prior to any testing, which can be extracted, e.g., from as-

built drawings. This information does not necessarily re-

flect the actual condition and structure characteristics and 

may be questioned or not comprehensively available. 

The sensitivities can be analysed using the First Order Re-

liability Method (FORM) [7-9]. An example can be found in 

[5]. Basically, an assessment basis should be selected in 

which the measurable quantities are included (e.g., geo-

metrical variables such as the shear stirrup spacing; see 

sect. 3.5). The sensitivity factors (𝛼-values) provide infor-

mation about the stochastic significance of a basic varia-

ble. The collection of new information (through testing) is 

particularly useful when a measurable basic variable is 

sensitive (high 𝛼-value), since the uncertainty regarding 

this quantity and the influence on reliability are significant. 

A more detailed interpretation can be made by including 

the elasticities, because the benefit of a measurement can 

be described in terms of any distribution parameter. Since 

both the elasticities and the sensitivities are the result of 

a local analysis, i.e., they apply to small changes in the 

distribution parameters, additional parameter studies are 

performed. These consist of multiple probabilistic calcula-

tions for the individual variation steps of the distribution 

parameter(s) defined in a certain interval. The reliability 

index can then be plotted over the varied parameter. In 

this way, the effects of larger changes in the models can 

be analysed. It should be noted that the distribution pa-

rameters are usually interdependent. For normally distrib-

uted quantities, it is however possible to derive the effects 

of i) larger deviations between the measured (“actual”) 

structure characteristics and the properties according to 

available documents and drawings and ii) a larger uncer-

tainty reduction based on testing on-site. This combined 

approach allows for a) the evaluation of the impact of the 

variation of individual distribution parameters on reliability 

and b) more global conclusions than sensitivity analyses 

solely based on the alpha-values. 

3 Insights into NDT-supported reassessment 

3.1 Investigated structures 

In cooperation with the involved engineering companies, 

a total number of seven existing concrete bridges were 

selected. Those bridges are typical for the majority of the 

road bridge stock in Germany. Preferably a variety of pa-

rameters like different spans, cross-section or longitudinal 

systems were intended. Figure 1 shows the location of the 

structures on the map. 

 
Figure 1 Location of the selected bridges in Germany 

All investigated structures are existing concrete bridges 

built between 1965 and 1986. Their current age thus 

ranges from 58 to 37 years. Two of them are rather long 

with a length of 113 m and 96 m, three bridges have a 

medium length of 15 m to 39 m and two bridges have a 
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rather short length of 5 resp. 8 meters. Considering the 

statical system in longitudinal direction, four bridges are 

constructed with differential superstructures: one four-

span (02), one three-span (01) and two singles-span su-

perstructures (03, 04). Three bridges are designed as in-

tegral frames (05, 06, 07). Table 1 compares the key pa-

rameters of the selected structures. 

Table 1 Characteristic parameters of the selected bridges 

ID Year of 

construction 

Length [m] 

(Spans [m]) 

Cross- 

section 

Material 

01 1965 113  

(39 - 55 – 39) 

Box beam Prestressed 

concrete 

02 1980 96 (20,4 - 27,5 

- 27,5 - 20,4) 

T-Beam Prestressed 

concrete 

03 1971 38,5 T-Beam Prestressed 

concrete 

04 1978 18,2 T-Beam Prestressed 

concrete 

05 1985 5,2 Slab Reinforced 

concrete 

06 1986 14,6 

(7,3 – 7,3) 

Slab Reinforced 

concrete 

07 1978 8,0 Slab Reinforced 

concrete 

 

Concrete is the material of choice for all investigated struc-

tures. Three structures are constructed with reinforced 

concrete and four structures with prestressed concrete. 

The bridges also differ regarding their cross-section types 

– with one box girder, three T-Beams and three slabs. The 

cross section of the 113 m long three-span bridge is a sin-

gle cell hollow box girder with variable hight. Additionally, 

two T-beams with two webs and one T-beam with six webs 

will be investigated. Fig. 2 shows the simplified cross sec-

tions and Figure 3 a picture of each investigated bridge. 

 
Figure 2 Cross sections of the investigated bridges 

 

 
Figure 3 Overview of the selected bridges 
 

3.2 Limit states and calculation principles 

Most existing bridges were designed and constructed ac-

cording to former guidelines. The appreciated knowledge 

is partly out-dated, design formats have changed, and 

load models have increased over the years. The German 
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guideline for the recalculation of existing bridges (Nach-

rechnungsrichtlinie) [3, 4] already provides a standardized 

procedure consisting of four stages for the reassessment. 

In the first stage (stage 1), the calculations are performed 

solely based on the current regulations of the Eurocodes 

or of the German technical reports for bridges (German: 

DIN-Fachbericht). Further specific regulations and addi-

tional methods can be used during a stage 2 assessment. 

While the regulations of stage 3 do allow further options 

for the reassessment process, like the use of monitoring 

data, there is no standardized process for the extent of the 

performance and for the use of in-situ measurements in 

the statical calculation so far. Therefore, the objective of 

the national pre-standardization-project “ZfPStatik” is the 

development of a guideline for the assessment of existing 

structures based on results from non-destructive testing 

at the structure. While the serviceability limit state or fa-

tigue are important aspects during the assessment pro-

cess of existing structures, the load bearing capacity has 

a superior importance. Therefore, the project focus is on 

the ultimate limit state calculations, especially regarding 

bending moments, shear forces and torsional forces.  

At first, the regulations of stage 1 and 2 of the guideline 

for the assessment of existing bridges are used for the 

statical calculations of the selected bridges. At this point, 

no on-site data from measurements is considered in the 

analyses. The calculations are based on information ex-

tracted from construction plans or other available docu-

ments and the semi-probabilistic safety concept is applied. 

The traffic load models are defined according to the recal-

culation guideline. Depending on the daily traffic intensity 

of the heavy-load traffic, the necessary load model is pre-

defined, e.g., the current LM1 according to Eurocodes or 

the previous German technical reports, or in minor scenar-

ios the former bridge classes according to DIN 1072.  

Based on the results from the finite element models, full-

probabilistic calculations are performed. In the semi-prob-

abilistic safety concept the design equations are: 

𝐸𝑑 < 𝑅𝑑     (1) 

𝐸𝑑 = 𝐸{𝛾𝐹,𝑖 ∙ 𝐹𝑟𝑒𝑝,𝑖; 𝑎𝑑}𝑖 ≥ 1   (2) 

𝑅𝑑 =
1

𝛾𝑅𝑑
∙ 𝑅 {𝜂𝑖 ∙

𝑋𝑘,𝑖

𝛾𝑚,𝑖
; 𝑎𝑑} 𝑖 ≥ 1  (3) 

While the semi-probabilistic concept is grounded on char-

acteristic values in combination with partial safety factors, 

probabilistic methods can provide a more realistic assess-

ment of the structure and in-situ measurement results can 

be implemented directly into the computation model. The 

failure probability Pf of the structure is a decisive parame-

ter and can generally be defined as the integral of the 

probability density functions f(x) over the failure area Vx. 

Since this integral can only be solved in rare practically 

relevant cases, different approximation methods and nu-

merical simulations can be useful approaches in practice.     

𝑃𝑓 = ∫ 𝑓𝑥(𝒙)𝑑𝒙𝑉𝑥
    (4) 

The failure area Vx is given through the limit state func-

tion, where R is the resistance of the considered system 

and E the effects of actions, e.g., stresses, bending mo-

ments or shear forces. The limit state functions are defined 

based on the relevant design equations of the semi-prob-

abilistic safety concept and the critical assessment results. 

𝑔(𝑥) = 𝑅 − 𝐸 = 0    (5) 

The limit state functions are formulated to include as many 

measurable data as possible. While a number of limit state 

functions for current design equations are available in lit-

erature [10-12], the former design equations of the codes 

from the time of construction and from previous codes still 

need to be formulated as limit state equations for full-

probabilistic calculations. The loads and reactions from the 

finite element models are converted from characteristic 

values to mean values and a fully probabilistic calculation 

is performed based on the transformed results from the 

finite element models and with accepted distribution pa-

rameters from literature, e.g., provided by the Joint Com-

mittee on Structural Safety. The initial probabilistic calcu-

lations, performed to analyze sensitivities, do not include 

data from on-site measurements.  

A sensitivity analysis, cf. sect. 2.2, indicates the influence 

of each parameter on structural reliability. Based on this 

analysis (and based on the general experience of the en-

gineering partners), the relevant testing tasks are deter-

mined. The measurability of the relevant parameters is 

discussed in chapter 3.4. After the results of the measure-

ments are available, the calculations are performed again 

with implemented data from NDT on-site. 

3.3 Reassessment results 

Since existing bridges were often designed in compliance 

with former standards, concepts and load models, certain 

numerical deficits during the reassessment process acc. to 

current regulations can be expected. The most frequent 

deficits are related to the shear force load bearing capac-

ity. About half of existing concrete bridges do have calcu-

lational problems in this regard [13]. In general, typical 

deficits of existing concrete bridges are 

- Bending (moment) bearing capacity in longitudi-

nal and/or transversal bridge direction 

- Torsional longitudinal reinforcement 

- Web/slab connections 

- Shear force capacity and stirrup design 

- Fatigue 

- Decompression for prestressed concrete elements 

Currently the reassessment processes of all seven selected 

bridges are performed. The individual reassessment of 

bridge 04 showed deficits for the bending moment load 

bearing capacity in cross direction concerning the amount 

of reinforcement steel in the upper layer of the cast-in-

place slab, which was added on top of the precast T-

beams. The results also indicate deficits for the web/slab 

connection and for the torsional longitudinal reinforce-

ment. The shear reinforcement stirrups have a very high 

utilization ratio and deficits of about 10% resulted from 

the semi-probabilistic calculations. While, theoretically, 

there is no limit of tolerance designated, the practical daily 

routines often do accept a minor exceedance. Therefore, 

this structure is well fitted for a more detailed analysis with 

measurement data to see, if the small numerical deficit 

540
 25097075, 2023, 5, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cepa.2168 by Fak - B
am

 B
erlin, W

iley O
nline L

ibrary on [04/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



can be eliminated with the results of on-site measure-

ments of the diameter of the bars and their spacing. While 

the individual reassessment of the prestressed concrete 

bridge 01 revealed, that there is no deficit in the bending 

moment bearing capacity in longitudinal and/or cross di-

rection, there are major deficits in its shear force capacity. 

The condition VEd ≤ VRd,sy is used to determine the neces-

sary shear reinforcement amount and shows deficits up to 

450 %, which means the ratio of the required amount of 

reinforcement to the existing amount of reinforcement is 

about 5,50. This problem is mainly due to the fact that the 

initial design from the construction period did not take into 

account the same requirements that are imposed on shear 

reinforcement design today. 

Based on the recalculation results of each bridge, the rel-

evant limit states, parameters, and measuring areas for 

the on-site measurements will be suggested. 

3.4 Measurability of the relevant parameters 

In contrast to the design of new structures, the basis for a 

refined assessment of existing structures can be the de-

termination of relevant parameters using testing or NDT-

methods, respectively, to appreciate the individual as-built 

characteristics. The identification of relevant information 

enables the demand-oriented formulation of testing tasks. 

Based on such a defined testing task, a testing or meas-

urement method can be purposefully selected, and a suit-

able measurement strategy defined. The first step is to 

analyze whether and, if so, which testing method(s) is 

physically capable for solving the task (see Table 2). For 

example, it is not yet possible to determine the diameter 

of reinforcement bars using the ultrasonic method, while 

determining the geometrical position of the rebars can be 

considered state of the art. Furthermore, it must be taken 

into account whether the measurement on the structure is 

reasonable with regard to the technical and economic 

boundary conditions. A common testing task is the esti-

mation of the concrete compressive strength. Here, the 

sampling of cores can be combined with the application of 

the rebound hammer and with ultrasonic investigations. 

This approach allows the extrapolation of the local infor-

mation from the destructive tests of the cores to areas de-

cisive for the proof, where the structure should not be dis-

proportionately weakened by (destructive) inspections. In 

concrete bridge assessment, for example, this concerns 

the highly loaded compression zones in bearing proximity. 

 

Figure 4 Principle of echo measurements; extracted from [14] 

In addition to the characterization of material properties, 

it is frequently necessary to supplement existing plans or, 

if these are not available, to reconstruct them completely. 

The related testing tasks range from the determination, 

whether structural elements such as reinforcement bars 

were mounted as planned, to the geometrically precise re-

construction of tendon courses. A number of NDT methods 

exist for solving such testing tasks, e.g., the ultrasound 

and ground penetrating radar methods, which are based 

on the time of flight (TOF) measurement principle, and the 

radiography, which can be utilized depending on the indi-

vidual boundary conditions found at the structure. Figure 

4 shows the principle of a TOF measurement in echo ar-

rangement of the probes. A pulse is transmitted into the 

component to measure the time it takes the pulse to travel 

a certain path through the component. The geometrical 

positions of the reflectors (e.g., tendon ducts, rebars) can 

then be reconstructed by consideration of the propagation 

velocity of the pulse within the component and the physi-

cal characteristics of the building material.  

Table 2 Comparison of chosen testing tasks relevant in reliability or 

condition assessment and selected physically suitable NDT techniques, 

see also [15-18] 

Testing task  NDT techniques 

Material strengths, e.g., concrete 

compressive strength 

Rebound hammer 

Component thickness Impact-echo, ultrasonic, radar 

Detection of reinforcement Radar, radiography, eddy current 

Concrete cover  Eddy current, radar, radiography 

Diameter of steel bars Radiography, eddy current 

Localisation of rebars, tendons, etc. Radar, ultrasonic, thermo-, radiography 

Detection of broken steel strands Magnetic leakage flux measurement 

Grouting condition of tendons Radiography, ultrasonic 

Areas subjected to active corrosion Potential field mapping 

Moisture content / distribution Direct and indirect methods / radar 

Chloride, sulphate contents (chemical 

material composition in general) 

Laser induced breakdown spectroscopy 

(LIBS) 

 

An important prerequisite for the use of measured data in 

the reassessment of structures is the specification of the 

quality of the measurement. A suitable measure for this 

purpose is the measurement uncertainty, which can be 

calculated based on the Guide to the Expression of Uncer-

tainty in Measurement; GUM [19]. By specifying the meas-

urement uncertainty, the requirements on the measure-

ment and the precision achieved can be compared (e.g., 

in verification or validation). On the other hand, measure-

ment uncertainties determined under comparable bound-

ary conditions in previous measurements can be used to 

compare expected strengths and weaknesses of different 

test methods and to select a suitable method for solving a 

specific task while considering the precision requirements.  

3.5 Exemplary results of on-site GPR inspections 

The ground penetrating radar (GPR) method has been ap-

plied to the single span prestressed concrete bridge shown 

in Figure 5 (ID 04 in sect. 3.1) with the objective to verify 
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the reassessment assumptions and information extracted 

from the drawings with regard to the amount and position 

of various steel bars and tendons. This section refers to 

the localisation of the longitudinal tendons and shear stir-

rups inside the web.  

 

Figure 5 The investigated prestressed concrete bridge with embedded 

GPR scan indicating the shear stirrups; extracted from [20] 

Vertical positions of the longitudinal tendons 

When locating the longitudinal tendons, the aim was to 

determine their vertical position at the low points and near 

the supports, and, at which point in longitudinal bridge di-

rection they are raised how steeply. The respective posi-

tions for one of the webs according to the plans and to the 

measured data are compared in Table 3. Axis 7 indicates 

the centre of the span. The reference axis in longitudinal 

bridge direction (x) is the front of a bearing, the reference 

in vertical (y) direction the lower surface of the web. The 

values refer to the tendon duct axis. The GPR measure-

ments were carried out in a grid with a 10 cm measuring 

line distance using a 2 GHz antenna. The accuracy of the 

values can be estimated by approx. ±1 cm without com-

prehensive measurement uncertainty calculations, as the 

lateral and not the depth positions were to be determined. 

Table 3 Comparison of the vertical tendon duct positions indicated in 

the drawings and measured using GPR on-site / cm; axis numbering 

acc. to drawings with x1 = 70 cm from bearing and Δx2…7 = 140 cm 

Tendon Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6 Axis 7 

#1   Plan 

       NDT 

16,55 

16,10 

13,95 

13,90 

11,75 

10,50 

10,15 

6,30 

8,95 

6,50 

8,15 

6,50 

8,05 

6,00 

#2   Plan 

       NDT 

42,45 

41,10 

31,85 

32,40 

23,25 

21,00 

16,55 

14,50 

11,75 

- 

8,95 

- 

8,05 

- 

#3   Plan 

       NDT 

- 

- 

- 

- 

33,55 

37,80 

24,45 

24,50 

15,25 

15,50 

9,75 

6,50 

8,05 

6,00 

 

The measurements were performed from both web sides. 

The tendon #2 could, however, not reliably be detected in 

the axes 5 to 7 as it is shadowed by the tendons #1 and 

#3, between which it courses centrally through the web in 

the transverse bridge direction. This missing information 

can be collected by measurements from the underside of 

the web. Overall, there are three noticeable differences 

between plan and measurement: tendon #1 is actually 

about four centimeters lower in axis 4 than assumed, ten-

don #3 in axis 3 about four centimeters higher and in axis 

6 about three centimeters lower, although the measuring 

objects are prefabricated elements. Apart from this, the 

assumptions in reassessment can be mostly confirmed. 

Spacing of the shear reinforcement: 

When locating the shear reinforcement, the focus was on 

measuring the spacing and inclinations of the bars. In ad-

dition, but not solvable with the help of the radar method, 

the bar diameters are of interest as well as the information 

whether the stirrups were mounted closed, making a dif-

ference in the torsion proof. Table 4 indicates the meas-

ured positions of the “last” bar within the area with a 

smaller and the “first” bar within the area with a larger 

spacing referring to one end of the beam in longitudinal 

bridge direction. The information was generated from the 

same data set used for tendon location. 

Table 4 Comparison of length positions, at which the shear stirrup 

spacing varies, acc. to the drawings and measured using GPR on-site 

 Start in length 

direction 

End in length 

direction 

Spacing 

Area I 0 cm  (plan) 

0 cm  (NDT) 

150 cm  (plan) 

146 cm  (NDT) 

5 cm  (plan) 

5 cm  (NDT) 

Area II 150 cm  (plan) 

154 cm  (NDT) 

350 cm  (plan) 

372 cm  (NDT) 

10 cm  (plan) 

10 cm  (NDT) 

Area III 350 cm  (plan) 

387 cm  (NDT) 

- 17,5 cm (plan) 

15,0 cm (NDT) 

 

Overall, the longitudinal positions where the bar spacing 

changes can be approximately confirmed. Nevertheless, 

there is one noticeable deviation: the shear stirrup spacing 

in area III (from a distance of 3.5 m according to the plan 

or measured 3.8 m) is actually 15 cm instead of planned 

17.5 cm. To deduce the amount of steel mounted, the bar 

diameters would have to be measured additionally. Either 

partial destructive uncovering or the eddy current method 

is physically suitable for this purpose. It can be concluded, 

as in many other practical measurement scenarios, that a 

combination of different methods can have a significant 

informative added value. However, such “incomplete” 

measurement results can be combined with prior infor-

mation to refine the recalculation models successively. 

4 Conclusion and outlook 

This paper summarizes the ambitions of a national pre-

standardization project for the development of a guideline 

on NDT-supported reliability assessments of existing 

structures and the NDT-based, structure-specific partial 

safety factor modification. The interim results from the 

first months of the project were shown including the de-

fined prestressed and reinforced concrete bridges to be in-

vestigated during the project, chosen initial recalculation 

results and identified crucial structure parameters, as well 

as first measurement results, which were compared with 

the respective information available prior to any testing. 
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The procedure ranging from the identification of relevant 

structural parameters via the development of purposeful 

measurement strategies, the calculation of measurement 

uncertainties for the preparation of stochastic models as 

input quantities for probabilistic recalculations to the sub-

sequent modification of partial safety factors will be shown 

using seven bridges as demonstration pilots. Additional 

round robin tests will serve to provide more in-depth 

knowledge about the measurement accuracies as well as 

the human factor. In addition, it is intended to develop an 

uncertainty database to assign expected accuracies to NDT 

methods and procedures that are physically suitable to 

solve specific testing tasks under individual boundary con-

ditions. In this way, the capability of one or more methods 

to meet certain, individual requirements can be compared 

and evaluated more efficiently. 
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