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Abstract Resistance of civil engineering structures

is primarily dependent on material properties, geom-

etry and uncertainties related to an applied model.

While materials and geometry can be relatively well

described, the resistance model uncertainty is not yet

well understood. The present paper improves the

general concept for the model uncertainty from the

Probabilistic model code of the Joint Committee on

Structural Safety. Influences affecting results obtained

by tests and models and effects of actual structural

conditions are overviewed. Statistical characteristics

of the uncertainties in resistance of reinforced concrete

members are then provided considering simple engi-

neering formulas based on EN 1992-1-1 models and

effects of deterioration. To facilitate practical

applications the partial factors for the model uncer-

tainties are derived using a semi-probabilistic

approach. It appears that the model uncertainties are

substantial for shear resistances while they are less

significant for the well-established models used for

bending resistance and axial compression without

buckling. Uncertainty in test procedures seems to be

less important in common cases. The effect of the

resistance uncertainties on structural reliability seems

to be more significant for corrosion-damaged struc-

tures than for sound structures. Consequently the

quantification of the model uncertainties is a key issue

when assessing corrosion-damaged reinforced con-

crete structures. Further research should be focused on

model uncertainties related to the models for shear and

corrosion-damaged structures considering the fib

Model Code 2010.

Keywords Corrosion-damaged members �
Eurocode � Model uncertainty � Partial factor �
Reinforced concrete � Statistical characteristics

1 Introduction

Safety formats for the analysis of reinforced concrete

structures were investigated in numerous previous

studies [1, 3, 7, 39]. It was indicated that structural

resistances can be predicted by appropriate modelling

of material properties, geometric variables and
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uncertainties related to a model under consideration.

The effects of variability of materials and geometry

are relatively well understood and were extensively

addressed by the aforementioned studies. However,

better description of model uncertainties is desired as

they significantly affect structural reliability in most

civil engineering applications.

Improved information on the model uncertainties

can be utilised in both structural design and assess-

ment of existing structures. In the latter relative

importance of the model uncertainties may increase

since tests may lead to reduction of the uncertainties in

basic variables.

In the present paper a general concept of the model

uncertainties is supplemented by examples concerning

resistance of reinforced concrete (RC) members.

Statistical characteristics of uncertainties related to

the models provided in EN 1992-1-1 [17] are then

summarized from available data considering simple

engineering formulas (beam models, section-oriented

approaches). Uncertainties associated with the resis-

tances of corroded structural members are discussed.

To facilitate practical applications the partial factors

for model uncertainties related to various types of

failure modes are developed using a semi-probabilistic

approach.

2 General concept of model uncertainty

According to the Probabilistic model code of the Joint

Committee on Structural Safety [26], the model

uncertainty can be represented by a random variable

accounting for effects neglected in the computational

models and mathematical simplifications. Model

uncertainties can be associated with:

– Resistance models (based on simplified relation-

ships or complex numerical models),

– Models for action effects (assessment of load

effects and their combinations).

The resistance model uncertainty, considered in the

following only, can be obtained from comparisons of

physical tests and model results. Obviously the model

uncertainty should be always associated with a

particular model under consideration. Moreover,

actual structure-specific conditions need to be taken

into account when they considerably deviate from test

conditions. The significance of influences affecting

tests, model results and actual structural conditions

depends substantially on an analysed structural mem-

ber or load effect. A general concept of the model

uncertainty applicable to both resistance and load

effect models is indicated in Fig. 1. Examples of the

influences affecting test and model results for resis-

tance variables are given in Table 1.

In general the following aspects should be consid-

ered in the assessment of the model uncertainty:

– Test conditions should be correctly defined and

test results properly evaluated.

– The uncertainty of a resistance model is dependent

on the failure definition (maximum load, strain,

deflection, crack width, etc.). Here it is assumed

that the maximum load and corresponding resis-

tance is to be estimated by a model. Greater

variability of the model uncertainty is anticipated

for the other failure criteria.

It should always be assured that a specimen fails in

an investigated failure mode; e.g. when the model

uncertainty in shear is investigated, beams failed in

bending should not be considered.

The following circumstances often yield differ-

ences between structure and specimens and should

then be considered in the assessment of model

uncertainty:

– Quality control of execution (particularly for cast

in situ structures),

– Boundary conditions (supports, continuous mem-

bers, integral structures),

– Loading conditions (transfer, combination of shear

and bending moments),

– Thermal and moisture conditions,

– Size effect (actual size), etc.

Model
uncertainty

TEST RESULTS
- Tests setting-up
- Identification of 
resistance (load effect)
- Other effects

MODEL RESULTS
- Model simplification
- Description of input data
- Computational options

STRUCTURE

Fig. 1 General concept of the model uncertainty
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If needed appropriate modifications of the model

uncertainty, such as increasing variability and/or

adjustments of the mean value, should be accepted.

In most cases expert judgement is necessary to account

for the effects of actual structural conditions. Their

general quantification is hardly possible and thus these

effects are not discussed hereafter.

3 Methodology for estimation of model

uncertainty

The uncertainties in resistance models should be

estimated considering the following aspects (adapted

from [23]):

– The database of observations or test results,

including all test parameters required for repeating

of the tests and calculating the resistance by the

model under investigation forms the basis of

model uncertainty assessment.

– The range of parameters for the dataset (such as

material strength classes, geometry including

amount of steel and detailing rules) defines the range

of applicability of the model uncertainty derived for

a given failure mode and resistance model.

– Statistical treatment of model uncertainty obser-

vations includes proof of unbiased sampling,

goodness of fit tests and tests of outliers.

Examples of this process were given in [13, 28].

4 Assessment of model uncertainty

The multiplicative relationship is accepted here [26]:

R X; Yð Þ � hRmodel Xð Þ ð1Þ

where R = response of a structure—actual resistance

estimated from test results; Rmodel = model resis-

tance—estimate of the resistance based on the model

results; h = model uncertainty due to factors affecting

Table 1 Examples of the

influences affecting test and

model results (resistances)

Categories Influences Explanation Examples

Test

results

Tests setting-

up

Uncertainties related to

test procedure

- Accuracy of test method (accuracy

of gauges, friction, assembly

stiffness, errors in readings)

- Deviations of individual tests

(variability of particular conditions)

- Boundary conditions (supports of

specimens)

- Loading conditions (transfer, speed)

Identification

of failure

Vagueness in failure

indicator

- Ultimate strength, strain, deflection,

crack width

Other effects Effects not covered by

tests

- Time variant effects (time dependent

material properties)

Model

results

Model

simplification

Simplifications and

approximations of

model under

consideration

- Assumed stress distributions,

constitutive laws

- Boundary conditions

- Bond between concrete and

reinforcement

- Size effect

- Lack of knowledge

Description of

input data

Assumptions concerning

variables with unknown

actual values

- Internal dimensions, tensile strength,

fracture energy, plastic strain

Computational

options

Choices to be made by

analysts in setting-up of

model

- Discretisation, type of finite

elements, boundary conditions

(simplifications made by analysts)
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test and model results (Table 1); X = vector of basic

variables included in the resistance model; and

Y = vector of variables neglected in the model, but

possibly affecting the resistance.

Note that an additive relationship or combination of

the multiplicative and additive formulas may be used

in specific cases [26]. In more advanced analyses the

total model uncertainty may be represented by func-

tions of several partial model uncertainties h and

variables X [42].

In general the model uncertainty can be viewed as

an auxiliary variable selected to provide the best

estimates of test results on the basis of the considered

model. The mean value of h should be determined in

such a way that, on average, the calculation model

predicts correctly the test results.

For model uncertainties a lognormal distribution

with the origin at zero (hereafter ‘‘lognormal distribu-

tion’’) is commonly accepted [26]. For a given database

of test and model outcomes, characteristics of h can be

assessed using the procedure for the statistical determi-

nation of a resistance parameter according to [16].

The model uncertainty h in general depends on

basic variables X. Influence of individual variables on

h can be assessed by a regression analysis [14]. It is

also indicated that the model describes well the

essential dependency of R on X only if the model

uncertainty:

– Has either a suitably small coefficient of variation

(how small is the question of the practical impor-

tance of the accuracy of the model) or

– Is statistically independent of the basic variables.

– It may also be important to define ranges of the

input parameters X for which the accepted model

uncertainty is valid. Such intervals should be

established on the basis of:

– Admissible ranges of X for the model (for instance

limits on a reinforcement ratio) and

– Simplifications in modelling of h (for instance

when h can be considered independent of the basic

variable in a specified interval).

5 Uncertainties in models provided in EN 1992-1-

1: sound structures

This paper is focused on the uncertainties related to the

resistance models for RC structures provided in EN

1992-1-1 [17]; hereafter ‘‘EN 1992–1–100. The ana-

lysis starts off with structural members not affected by

corrosion of reinforcement (hereafter ‘‘sound’’), sim-

ple models for corrosion-damaged structures are then

discussed and the factors affecting test results

(Table 1) are taken into account in Sect. 7.

The following expressions describe model resis-

tances of cross-sections exposed to compression (2a),

bending (2b), members without and with transverse

reinforcement exposed to shear - (2c) and (2d)

respectively, and bond between reinforcement bars

and concrete (2e) (fc in MPa is considered throughout

the paper):

Rmodel Xð Þ ¼ b2ðaccfc þ qlfyÞ ð2aÞ

Rmodel Xð Þ ¼ qlb d fy d� 0:5qld fy= accfcð Þ
� �

ð2bÞ

Rmodel Xð Þ ¼ max 0:18k 100qlfcð Þ1=3
bwd;

h

0:035k3=2f 1=2
c bwd

i ð2cÞ

Rmodel Xð Þ ¼ max1� cot n� 2:5fmin½qwbwz fyw

cot n; acwbwzmfc= cot nþ tan nð Þ�g ð2dÞ

Rmodel Xð Þ ¼ 2:25g1g2fct ð2eÞ

Notation of the basic variables and sources of

information for their specification are provided in

Table 2. The symbol n for the angle between concrete

compression struts and the main tension chord is

introduced here instead of h used in EN 1992–1–1 to

avoid confusion with the symbol for model uncer-

tainty. Neither the partial factors cC and cS nor the

characteristic values fc, fct and fy are applied in Eq. (2).

Equation (2a) considers axial compression without

bending only. According to EN 1992-1-1 both steel

and concrete reach their yield strengths in columns

with adequate confining reinforcement. For shear

without special shear reinforcement (such as stirrups

or inclined bars, hereafter referred to as ‘‘shear

reinforcement’’), no axial compressive force is

considered.

Statistical characteristics of the uncertainties

related to the resistance models in Eq. (2) obtained

in several studies are provided in Table 3. The mean of

the model uncertainty indicates a systematic deviation

of the model from test results (bias). The following

comments are made:
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– Available experimental data are not supplemented

by sufficient information on test conditions (see

Fig. 1; Table 1) which may thus not be appropri-

ately accounted for; uncertainties due to descrip-

tion of input data may concern uncertain effective

depth and material properties,

– Effects of actual structural conditions are unknown

and not included,

– Computational options (Fig. 1; Table 1) seem to

be irrelevant since simple structural members are

considered.

For axial compression, the model uncertainty param-

eters are accepted from [51] due to lack of experimental

data. In this study, probabilistic models for basic

variables including uncertainties in resistance models

were derived in order to fulfil the following require-

ments: to describe adequately physical properties of a

variable, be consistent with the models in [26], represent

the state of uncertainty accepted in EN 1992–1–1 and be

applicable to practical situations. The model indicated in

Table 3 is consistent with that considered in [30, 43].

Some of the studies are based on overlapping

experimental results and thus are partly dependent. It

follows from Table 3 that a broad agreement is

achieved for all the failure modes except perhaps the

shear with shear reinforcement.

The considered studies also provided a valuable

insight into factors affecting the model uncertainties for

bending and shear. As background information for the

paper [22] the analysis of experimental data revealed no

significant statistical correlation between the model

uncertainty and any of the basic variables influencing

bending resistance (including reinforcement ratio

0.25 % \ql \ 3.5 % and concrete compressive

strength 17 MPa \ fc \ 45 MPa).

Table 2 Notation of basic variables and sources of information for their specification

Symb. Variable Specification

b Width Measurement

bw Minimum width between tension and compression chords bw = b

d Effective depth Measurement

fc Concrete compressive strength Measurement

fct Concrete tensile strength fct = 0.3 fc
2/3; see notea

fy Yield strength of longitudinal reinforcement Measurement

fyw Yield strength of shear reinforcement Measurement

k Coefficient used in the assessment of shear resistance of members not

requiring design shear reinforcement

k = min[1 ? H(200 mm/d); 2.0]

z Inner lever arm z & 0.9d

acc Coefficient accounting for long-term effects on concrete strength acc = 1; except for axial compression where

acc = 0.85b

acw Coefficient taking account of the state of the stress in the compression

chord

acw = 1

g1 Coefficient related to the quality of the bond condition and the position of

the bar during concreting

g1 = 1 for good bond conditions, g1 = 0.7 for

poor bond conditions

g2 Coefficient related to the bar diameter / in mm g2 = 1 for / B 32 mm and g2 = (132 - /)/

100 otherwise

m Strength reduction factor for concrete cracked in shear m = 0.6(1 – fc/250 MPa)

n Angle between concrete compression struts and the main tension chord Optimised within the calculation

ql Longitudinal reinforcement ratio Nominal value

qw Shear reinforcement ratio Nominal value

a The expression according to EN 1992-1-1 for normal strength concrete is used for the range of fc in the bond database
b acc = 1 is recommended in EN 1992-1-1. According to the Spanish Annex the coefficient can be reduced to 0.85 when permanent

actions constitutes an important part of the total load (commonly for concrete columns, substructures of medium to long-span bridges,

underground structures etc.). In the Czech Republic acc = 0.9 applies for bridges while acc = 1 is considered for other concrete

structures. Similar values and justifications are accepted in other countries such as Belgium, Germany and the UK. That is why

acc = 0.85 is taken into account for axial compression in this study
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For shear resistance of members without shear

reinforcement, an unpublished study of a research

team at the University of Stellenbosch (partly sum-

marised in [28] and later confirmed in [46]) concluded

that the model uncertainty:

– Is significantly decreasing with an increasing ratio

of the shear span to the effective depth a/d and the

effective depth d while

– It is not subject to trends with the other shear

parameters.

The results were limited to the range of a/d [ 2.9 as

deep beam and shear bond failures are expected for

lower values of a/d [33]. For lower a/d the shear

resistance is likely to be underestimated since the

positive contribution of an arch action is neglected in

the Eurocode model. Note that [40] recently consid-

ered the minimum value 2.5 of the ratio a/d.

For shear resistance of members with shear rein-

forcement [8, 28] indicated that the model uncertainty

significantly decreases with an increasing strength of

shear reinforcement qwfyw. Influences of the other

basic variables are much lower. In addition [10] noted

that influence of the amount of shear reinforcement is

not linearly proportional to the shear strength and the

truss model in EN 1992–1–1 may be non-conservative

for highly reinforced members (qwfy [ 2 MPa). These

conclusions are confirmed by a more recent study of

the authors where a significant trend of lh with qwfyw

is observed (Table 3). Figure 2 adapted from [47]

shows variation of h with qwfyw and the trend of the

mean value of h based on an exponential regression.

The influence of the strength of shear reinforcement on

the coefficient of variation of the model uncertainty is

less significant. A significant bias of the model

uncertainty is primarily attributed to a limit for the

angle n and improvements were recently proposed in

[37, 53] and also in the Model Code 2010 [19]

(hereafter ‘‘MC 2010’’).

The results in Table 3 clearly indicate that the

differentiation of the model uncertainty with respect to

qwfyw reduces the coefficient of variation to

Vh & 0.2–0.25 while Vh [ 0.3 is observed without

the differentiation.

Table 3 Statistical characteristics of h related to the resistance models provided in EN 1992–1–1

Failure type lh Vh Sample size Source

Axial compression 1 0.05 a [51]

Bending 1.08 0.09 n = 109 [22]

1.07 0.08 n = 10 [34]

Shear of beams 1.02 0.22 n = 193 [9]

without shear 1.39 0.40 n = 441 [4]b

reinforcement 1.00 0.13 n = 174 [46]

Shear with 1.83 0.40 n = 123 [10]

shear 1.7 0.37 n = 160 [21]

reinforcementc 1.64 0.32 n = 122 [8]

1.65 0.31 n = 222 [28]

1.35 0.31 n = 216 [4]

qwfyw B 1 MPa 1.82 0.25 n = 159 Adapted from [47]

1 MPa \qwfyw B 2 MPa 1.27 0.22 n = 51 Adapted from [47]

2 MPa \qwfyw 0.86 0.20 n = 15 Adapted from [47]

Bond failure

lb//\ 10 d 2.07 0.46 n = 83 Draft of fib bulletin ‘‘Partial Factor Methods

for Existing Structures’’, 2014 (fib SAG7)lb// C 10 0.86 0.30 n = 209

a Probabilistic model derived to comply with the partial factors in EN 1992-1-1
b Shear slenderness ratio 1 \ a/d \ 10 exceeds the limits accepted in the other studies
c Beams with stirrups only
d The EN 1992-1-1 requirement for the minimum ratio of the anchorage length and the reinforcing bar diameter, lb// C 10, is not

fulfilled. Nonetheless, such a model might be of practical interest when assessing existing structures
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Based on evaluation of numerous tests, the variability

of shear resistance of beams with shear reinforcement is

greater than that for shear without reinforcement

(Table 3). This is hardly plausible as the shear resistance

of beams without shear reinforcement is governed by a

highly variable diagonal stress field in concrete. This

illustrates the problems with the EN 1992–1–1 shear

models. The shear models in the Model Code 2010 are

expected to be associated with lower uncertainties;

indications were already provided by [40].

Note that in particular for shear resistances, the size

effect is recognised to yield differences between a

structure and test specimens in Sect. 2 and may play a

significant role. That is why the model uncertainties for

shear resistances presented in this paper should be used

for beams within the range of dimensions of specimens in

test databases. Detailed information is provided in the

references given in Table 3. As an example the database

in [9] consisted of beams without shear reinforcement

with the following dimensions: d * 102–1,090 mm,

d / bw * 0.37–7.17 and a / d * 2.48–7.86. The data-

base accepted by [47] included beams with stirrups with

the following dimensions: bw * 76–457 mm, d *
95–1,200 mm, s * 48–600 mm and a /

d * 2.49–5.40.

Note that according to [2] the size effect is of major

concern for beams deeper than 1,000 mm. The

databases considered in this study include mostly

beams with lower dimensions which is commonly the

case of beams in buildings. Therefore, the model

uncertainties for shear presented in this paper are

assumed to be affected by the size effect insignifi-

cantly. For larger beams (e.g. for bridges), the reported

model uncertainties should not be used unless the size

effect is considered. Shear reinforcement mitigates the

size effect significantly [2]. However, detailed discus-

sion of the size effect on shear resistance is out of the

scope of this study.

For bond resistance of members according to

EN 1992–1–1, the model uncertainty is evaluated

considering ratios of the anchorage length and the

diameter of a reinforcing bar up to 40, lb// B 40.

Although the ratios lb//\ 10 are not acceptable in

design, they are considered here to indicate the

model uncertainty for existing structures where the

minimum value is often not attained. Figure 3 shows

a considerable trend of bias (lh) and also variability

of the model uncertainty with lb//. For lb//\ 10

the bond resistance model in EN 1992–1–1 is overly

conservative. With increasing lb// the bond resis-

tance shows a non-conservative bias, however.

Uniform bond strength depends on the anchorage

length and EN 1992–1–1 does not include this

effect [20].

6 Models for corrosion-damaged structures

6.1 Overview

6.1.1 Effects of corrosion

Corrosion of reinforcement bars is generally consid-

ered as the most unfavourable deterioration mecha-

nism of RC structures. The main effects of corrosion

include:

– Reduction in steel cross-section,

– Embrittlement and decreasing ductility of steel,

– Stress concentrations due to geometric disconti-

nuities induced by non-uniform corrosion, partic-

ularly due to pitting corrosion caused by chloride

ingress,

– Cracking and spalling of concrete cover,

– Bond deterioration.

As a result of these effects, corrosion of reinforce-

ment bars can affect both ultimate and serviceability

limit states.

0 0.6 1.2 1.8 2.4

0.8

3

θ

ρwfyw (MPa)

1.6

2.4

3.2

4

0

lightly

moderately

heavily reinforced 

μθ(ρwfyw)

Fig. 2 Variation of h with qwfyw and the exponential trend of lh

for shear resistance of members with shear reinforcement

(adapted from [47])
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6.1.2 Resistance models

Resistance models given in Eq. (2) for shear and

bending are adapted for the assessment of corrosion-

damaged structures with the following assumptions:

– The remaining cross-section of steel is consid-

ered while mechanical properties of corroded

steel are insignificantly affected by embrittle-

ment or stress concentrations due to the uniform

corrosion. This can be normally assumed for

ductile materials.

– The expansion of corrosion products may yield

cracking of the concrete subjected to compression;

this is described by reducing the concrete com-

pressive strength kc fc. When the concrete is

sufficiently confined, the reduction factor kc is

equal to 1.0gfc. The brittleness factor gfc = (30/

fc)
1/3 reduces the strength for fc [ 30 MPa

accounting for more brittle behaviour of such

concretes [29]. For concrete cover, cracks due to

corrosion of bars in a compression zone are usually

parallel to the bars. Therefore, kc = 0.75gfc is

considered consistently with the reduction factor

in MC 2010 for struts with cracks parallel to the

direction of the compression. A similar approach

was also adopted for a finite element analysis [12].

Note that the reduction affects the concrete cover

only and its relative importance might decrease

with an increasing height of cross-section. This

approach is approximate and the reduction of

concrete compressive strength due to cracking of

concrete in compression should be further

investigated.

– Upper and lower limit for the resistance is

established following [11]. The reduced compres-

sive strength kc fc is used to assess the upper limit.

For the lower limit, concrete spalling as a result of

the expansion of the corrosion products is assumed

and the concrete cover in the compressive zone of

the cross-section is disregarded.

6.1.3 Derivation of uncertainties for corrosion-

damaged beams

In the assessment of model uncertainties, firstly the

resistances of corroded elements in bending and shear

are determined using Eq. (2), considering the assump-

tions accepted in Sect. 6.1.2. In addition the force

transfer between concrete and corroded steel is

assessed in accordance with [35] where more than

650 bond tests with corroded and non-corroded steel

were investigated. The tests covered a wide range of

variables affecting bond such as a bar diameter,

concrete strength, concrete cover, anchorage length,

confinement ratio and cross-section loss due to

corrosion.

In the present study comparison of bending and

shear resistances leads to a theoretical failure mode,

which needs to correspond to a failure mode identified

in a test. Otherwise a test result is not considered in the

evaluation of the model uncertainty.

Note that the effect of the uncertainties in the

resistance models on reliability is expected to be more

significant for corrosion-damaged structures than for

sound structures [34]. The quantification of these

uncertainties and the estimation of their effect on

structural reliability may thus be of cardinal importance

when assessing corrosion-damaged RC structures.

6.2 Test results

As a part of the research project on the residual service

life of RC structures [36], 41 beams were prepared

with a typical length of 2.3 m, a cross-sectional height

of 0.2 m, a width of 0.15 m and ribbed reinforcement.

The reinforcement ratio for longitudinal bars varied

between 0.5 and 1.5 % whereas the strength of shear

0 10 20 30 40

0.8

lb / 

1.6

2.4

3.2

4

0

short

long anchorage

Fig. 3 Variation of h with the ratio lb// for bond resistance

according to EN 1992-1-1
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reinforcement qwfyw ranged between 1.25 and

2.8 MPa. 31 of these beams where exposed to

accelerated corrosion and subsequently four-point

bending tests were conducted to determine their load

bearing capacity.

Pure bending failure was observed in 25 beams, 15 of

them with corrosion-damaged reinforcement. These

beams exhibited uniform cross-sectional losses ranging

from 9.8 to 26.4 % in the tensile reinforcement and from

9.8 to 30.3 % in the compression reinforcement.

Shear failure due to tensile force in the web was

also observed in 12 beams with corrosion-damaged

reinforcement. These beams exhibited cross-sectional

losses ranging from 10.7 to 16.9 % in the tensile

reinforcement and of up to 25.2 % in the compression

reinforcement.

Within the framework of a long-term research

project [27], 40 prestressed beams with plain steel

reinforcement were casted and stored for 40 years in a

marine environment. These beams were 2.5 m long

with cross-section of 0.2 m height and width, and

varying longitudinal and transverse plain reinforce-

ment ratios. For prestressing 7 mm diameter wires

were used, embedded in a plastic sheath of 12 mm

diameter and anchored at the beam ends. The longi-

tudinal and shear reinforcement was constituted by

plain bars with a diameter of 6 mm. The longitudinal

reinforcement ratio varied between 0.71 and 0.85 %

whereas for the shear reinforcement qwfyw = 0.34 -

MPa applied. The prestressing steel was not corroded

and the longitudinal reinforcement exhibited maxi-

mum cross-sectional losses ranging from 18.11 to

40.35 % in the tensile reinforcement and up to 36.4 %

in the compression reinforcement. Four-point bending

tests in six of the beams were also conducted to

determine their load bearing capacity. Pure bending

failure was observed in all the beams tested.

Assessment of the beams from the two aforemen-

tioned studies was used to quantify the resistance

model uncertainties of corroded elements.

6.3 Bending resistance

The residual bending resistance of corrosion-damaged

beams for the resistance upper and lower limit

according to EN 1992–1–1 was obtained with the

hypotheses mentioned in Sect. 6.1 for the corrosion-

damaged beams that failed in pure bending, 15 from

[36] and 6 from [27].

These results, together with the load bearing

capacity obtained in the respective tests, were then

used to infer the probabilistic parameters for uncer-

tainty variables hcorr,sup and hcorr,inf for, respectively,

the upper and lower limit of bending resistance of RC

beams with corroded bars. The results in which the

experimental bending failure mode (concrete com-

pression or steel yielding failure) corresponded to the

failure mode identified by theoretical models were

considered only. Statistical characteristics of h related

to the bending and shear models provided in

EN 1992–1–1 adapted for corrosion-damaged struc-

tures are summarized in Table 4.

It is observed that the mean value for the bending

resistance (lower limit) is overly conservative. The

coefficient of variation for the resistance (upper limit)

indicates higher variability than observed for sound

beams [22, 34]. It is expected that the coefficient of

variation will increase for a larger database of

corroded elements with larger dimensions, fabricated

under site conditions and after exposure to real service

conditions. In the interpretation of the results it must

be taken into account that the beams of the campaigns

[36, 27] were fabricated under laboratory conditions

and were of small dimensions. It is recommended that

for beams with heights over 200 mm, the upper limit

for bending of corrosion-damaged beams should be

used since the reduction of the concrete compressive

strength affects the concrete cover only and its relative

importance might decrease with an increasing cross-

section height. For beams with cross-section heights

lower than 200 mm the effect of the concrete cover

increases and use of the conservative lower limit for

bending is recommended.

Table 4 Statistical characteristics of h related to the bending

and shear models provided in EN 1992–1–1 (adapted for

corrosion)

Failure type Model lh Vh Sample

size

Source

Bending Upper

limit

1.01 0.13 n = 21 Draft of

bulletin

Lower

limit

1.25 0.16 n = 18 fib SAG7,

2014

Shear with

shear

reinforcement

Upper

limit

0.56 0.24 n = 12 –

Lower

limit

0.63 0.24
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6.4 Shear resistance

The residual shear resistance of the 12 corrosion-

damaged beams that failed in shear was estimated for

the upper and lower limit models with the assumptions

made in Sect. 6.1. The cross-sectional losses of the

shear reinforcement ranged from 21.4 to 37.6 %. The

shear span-effective depth ratio a/d was 4.8 for the

adopted test set-up. All the beams fulfilled the

requirement of minimum reinforcement ratio accord-

ing to EN 1992–1–1 taking into account the cross-

section losses of the beams.

Although stress field inclination n is variable, for the

beams analysed in this study the minimum inclination

nmin = 21.88 recommended in EN 1992–1–1 was

adopted since the optimum stress field inclination was

always below this limit. This means that the average

stirrup strains are limited to values below or at rupture

of steel [41]. The lower the critical inclination of the

compression strut, the higher the shear resistance of a

given transverse reinforcement ratio [53].

In EN 1992–1–1 shear resistance is provided by the

stirrups and the concrete contribution is neglected and is

limited by the crushing of the concrete. The statistical

characteristics of hcorr,sup and hcorr,inf according to

EN 1992–1–1 are summarized in Table 4.

The mean value observed for the model uncertainty

variable for shear resistance (upper and lower limit)

showed a non-conservative bias that could be attrib-

uted to the low limit of the minimum stress field

inclination recommended in EN 1992-1-1. This prob-

lem is solved in the different levels of approximation

of the shear models of MC 2010 for the minimum

stress field inclination as:

– For the level I nmin is fixed to 308 for reinforced

concrete members and

– For level II and III nmin is strain-dependent.

Therefore, shear models provided in MC 2010 are

expected to be associated with less significant model

uncertainty when assessing corrosion damaged beams

with the minimum stress field inclination as confirmed

by preliminary studies of the authors.

The coefficient of variation of the model uncer-

tainty 0.25 is considerably high for the very small

sample of 12 specimens. For a larger series even a

higher is expected.

6.5 Recommendations

Due to the high bias observed in the shear model of

EN 1992–1–1, only a generally applicable model for

bending is proposed to be used for the assessment of

corrosion-damaged RC structures. Mean value

lh = 1.01 and coefficient of variation Vh = 0.13 may

be accepted.

Considering the assumptions in Sect. 6.1.2, use of

the upper limit is recommended for bending of

corrosion-damaged RC beams provided that the

following conditions are fulfilled:

– Cross-section height h C 200 mm,

– Concrete compressive strength fc B 50 MPa,

– Longitudinal reinforcement ratio ql B 1.5 %,

– Uniform cross-sectional losses due to corrosion

less than 25 % in the tensile and/or compression

reinforcement.

The conditions follow from the range of variables in

the database of corroded beams.

The lower limit is recommended for bending of

sections with spalling in the compression zone or with

a cross-section height below 200 mm.

The proposed model is indicative due to a lack of

experimental data of corrosion-damaged RC struc-

tures which are needed to improve the uncertainty

quantification. Furthermore, the beams of the exper-

imental campaigns [27, 36] were of small dimensions

and the size effect may be significant.

7 Effect of test uncertainty

The variability obtained by the comparisons of test and

model results is affected by model and test uncertain-

ties. In Sects. 5 and 6 the factors affecting test results

are not taken into account. In accordance with [15] the

effect of the test uncertainty can be taken into account

as follows:

Vh �
p

V2
observed � V2

e

� �
ð3Þ

where Vobserved = coefficient of variation obtained

from the comparison of test and model results.

Obviously relationship (3) is applicable only if

Vobserved [ Ve.
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Uncertainties related to partly unknown test proce-

dures applied to obtain the described experimental

data are difficult to assess at a general level. That is

why these uncertainties are here quantitatively esti-

mated on the basis of knowledge of measurement

errors related to similar testing procedures.

Based on general experience, well-calibrated test

methods are usually unbiased and the mean of the test

uncertainty is le = 1. Extensive interlaboratory com-

parisons indicated coefficients of variations Ve ranging

from 0.01 up to 0.15 for various experimental methods

[48]; Ve & 0.05 seems to be a realistic assumption for

tests of RC members in bending or compression. This

is consistent with the report [15] that suggested:

– Coefficient of variation of the uncertainty in a test

method Vtest * 0.02–0.04 (affected primarily by

accuracy of gauges, errors in readings and possibly

vague definition of ultimate resistance) and

– Coefficient of variation of the uncertainty related

to an individual specimen Vspec * 0.04 for the

testing of RC beams and columns (caused by

differences in strengths in the test specimen and

control cylinders or bars, and differences in actual

specimen dimensions and those measured or

prescribed).

In the absence of statistical data, the uncertainty in

shear tests is determined by an accredited laboratory

using an expert judgement in accordance with JCGM

100 [25]—Type B method for the case when repeated

observations are unavailable. The uncertainty in shear

tests is estimated as follows:

– The uncertainty in a test method—accuracy of

gauges, errors in readings and definition of

ultimate shear resistance are assumed to be

approximately same as for bending tests;

– The uncertainty in a specimen—the differences in

dimensions are likely greater for shear of beams

with stirrups for which particularly position of

shear reinforcement is uncertain; the differences in

strengths are deemed same for bending and shear

tests.

For shear tests the uncertainty in a test method is

thus Vtest * 0.02–0.04 and the uncertainty in a

specimen is increased to Vspec * 0.05–0.06. The test

uncertainty is then tentatively associated with the coef-

ficient of variation Ve = H(Vtest
2 ? Vspec

2 ) & 0.065.

On the basis of similar arguments Ve = 0.065 is

accepted here also for the tests of corroded beams; for

the tests of bond strength Ve = 0.05 is considered.

In Table 5 statistical characteristics of the model

uncertainty are derived from the information provided

in the previous Sections. The test uncertainty is taken

into account using relationship (3).

It appears that the test uncertainty is of low

significance and may be neglected particularly for

sound beams and Vh [ 0.1. The model uncertainty in

shear resistance for beams with 2 MPa \ qwfyw is not

discussed as very few test results are available.

Note that the information related to test uncertain-

ties is difficult to quantify since test results described

in available studies were obtained using different

testing assemblies, thermal and moisture conditions,

different quality of workmanship etc. Exact quantifi-

cation of the test uncertainty should be addressed in a

separate study.

8 Model uncertainty factor for deterministic

verifications

For deterministic reliability verifications EN 1990

[16] introduces the partial factor cRd to describe the

uncertainty associated with the resistance model

(‘‘design value of the model uncertainty’’). The factor

then multiplies the partial factor for a material

property cm to obtain the partial factor cM used in

reliability verifications.

In accordance with MC 2010 the model uncertainty

factor cRd for RC structures can be obtained as a

product of:

cRd ¼ cRd1cRd2 ð4Þ

where cRd1 = partial factor accounting for model

uncertainty; and cRd2 = partial factor accounting for

geometrical uncertainties.

EN 1992–1–1 provides no specific recommenda-

tions concerning model uncertainties. EN 1992-2 [18]

introduces the global safety format for a nonlinear

analysis with the recommended model uncertainty

factor of 1.06. However, such a factor is low and

should be increased in most cases depending on

relevant failure mode (bending, shear, compres-

sion) [45]. In accordance with MC 2010 cRd1 = 1.05

for concrete strength and cRd1 = 1.025 for reinforce-

ment may be assumed in common cases. Even a
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greater model uncertainty factor needs to be consid-

ered for punching shear when concrete crushing is

dominating.

A value of cRd2 = 1.05 may be assumed for

geometrical uncertainties of the concrete section size

or reinforcement position. When measurements of an

existing structure indicate insignificant variability of

geometrical properties, cRd2 = 1.0 may be accepted.

Alternatively, the partial factor cRd can be obtained

from the following relationship based on a lognormal

distribution:

cRd ¼ 1= lh exp �aRbVhð Þ½ � ð5Þ

where aR = FORM sensitivity factor; and

b = selected target reliability index. Assuming the

probabilistic models for the model uncertainty given

in Table 5, variation of the partial factor cRd obtained

from Eq. (5) with the target reliability b and

aR = 0.32 (‘‘non-dominant resistance variable’’) is

indicated in Fig. 4 (bending and axial compression)

and in Fig. 5 (shear).

It follows from Fig. 4 that the model uncertainty

factor cRd is close to unity for the well-established

models for bending and axial compressive resistances

of sound beams. In the figure the bending resistance of

corrosion-damaged members based on the upper limit

is shown only. Its model uncertainty factor is higher

(cRd & 1.15 for b = 3.8) than for bending resistance

of sound members.

Figure 5 shows that the partial factor then drops

below unity for the shear model for the members with

shear reinforcement due to the high value of lh

(qwfyw B 1 MPa). For b = 3.8 the model uncertainty

factor of about 1.25 is obtained for the shear model for

the members without shear reinforcement. Using the

same partial factor for concrete compressive

strength cC for shear resistances of members without

and with shear reinforcement is thus deemed as

dangerous. Higher value of cC for members without

shear reinforcement seems to be needed not only due

to the observed model uncertainty factor (Fig. 5), but

also due to a likely brittle failure of such members with

potentially higher consequences.

Shear behaviour of corrosion-damaged members

model uncertainty factor is not shown in Fig. 5 as the

non-conservative bias observed leads for b = 3.8 to a

model uncertainty factor above 2 for the shear

resistance (upper and lower limits).

The sensitivity factor aR = 0.32 deserves addi-

tional comments. Leading and accompanying actions

(with aE = -0.7 and aE = -0.4 9 0.7 = -0.28) are

distinguished in [16]) while aR = 0.8 is recommended

for resistance variables. When the uncertainty factor

cRd and material factor cm are assessed separately for

aR = 0.8, conservative designs may be obtained. [24,

50] considered the model uncertainty as a non-

dominant resistance variable and accepted the reduc-

tion aR = 0.4 9 0.8 = 0.32. Note that the factor aR

Table 5 Generalised statistical characteristics of h related to the resistance models provided in EN 1992–1–1 without and with the

effect of the test uncertainty

Deterioration Failure type Test

uncertainty

included

Considered test

uncertainty

Test uncertainty

excluded using Eq. (3)

lh (rounded

to 0.025)

Vobserved Ve Vh Vh (rounded

to 0.025)

No corrosion Axial compression 1 0.05 – – 0.05

Bending 1.075 0.085 0.05 0.069 0.075

Shear without shear

reinforcement

1 0.2 0.065 0.189 0.2

Shear with shear

reinforcement—

qwfyw B 1 MPa

1.825 0.25 0.065 0.241 0.25

1 MPa \ B 2 MPa 1.275 0.22 0.065 0.210 0.20

Bond—lb//\ 10 2.075 0.46 0.05 0.457 0.45

lb// C 10 0.85 0.30 0.05 0.296 0.30

Corrosion-

damaged

Bending (upper limit) 1 0.13 0.065 0.113 0.125
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significantly affects the partial factor cRd [44]. Further

information on derivation of the partial factors in the

semi-probabilistic framework can be found elsewhere

[6, 49].

Note that the model uncertainty factors are here

differentiated with respect to the shear strength qwfyw

only as the previous studies indicated less significant

effect of other shear parameters (such as d or ql) on the

model uncertainty. This conclusion is valid for the

accepted databases, however.

9 Discussion and outlook of further research

Two classes of the resistance models for RC structures

should be distinguished:

– Engineering models with strictly defined limita-

tions (beam and sectional approaches),

– Complex models based on general principles of

structural mechanics with much wider options and

potentially higher uncertainties.

The present paper is intentionally focused on the

former class. The experimental data for the latter seem

to be rather scattered and inconclusive [44]; this is also

the case of punching shear not discussed here. Insights

into the uncertainties in models based on the Finite

Element Analysis were provided in [38, 39, 44].

It is emphasised that the model uncertainties

provided in this paper are related to the EN 1992–1–

1 models for bending and shear with or without

corroded reinforcement. For instance [31, 32] obtained

different uncertainties for the models in AASHTO

LRFD Bridge Design Specifications (overviewed later

by [5, 52]).

The following steps of research concerning the

uncertainties in engineering models are foreseen:

– Uncertainties related to different actual structural

conditions should be assessed by comparisons of

model results with outcomes of tests on full-scale

structures and with results of advanced (numeri-

cal) models. However, use of expert judgements

will often be unavoidable.

– Experimental data should be supplemented and

analysed for shear of heavily reinforced beams,

punching shear, slender columns, beams subjected

to the combination of bending moment and shear,

and corrosion-damaged structural members with

larger dimensions. When experimental data are

limited or missing, test data could be obtained by

critical interpretation of test results in different

conditions (simpler structural members). Yet, this

will introduce an additional uncertainty. The test

results might be associated with weights reflecting

types and frequencies of structures designed in

practice.

2.5 2.8 3.1 3.4 3.7

0.9

4.0

R
d

1.0

1.1

1.2

1.3

0.8

bending
= 1.075, V = 0.075

3.8 4.3
0.7

compression
= 1, V = 0.05

corrosion - bending (upper limit)
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Fig. 4 Variation of the partial factor cRd with b for aR = 0.32

for bending and axial compression
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Fig. 5 Variation of the partial factor cRd with b for aR = 0.32

for shear resistances
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10 Concluding remarks

The analysis of the model uncertainties related to

reinforced concrete structures reveals that:

(1) Model uncertainties should be always related to

test uncertainties, actual structural conditions

and computational model under consideration.

(2) In common cases actual resistance can be

expressed as a product of the model uncertainty

and resistance obtained by the model.

(3) Considering structural members not affected by

corrosion, uncertainties related to the

EN 1992–1–1 models can be described by the

following statistical characteristics and partial

factors:

– Axial compression without effects of buck-

ling: mean lh & 1.0; coefficient of varia-

tion Vh & 0.05; model uncertainty factor

cRd & 1.05,

– Bending: lh & 1.075; Vh & 0.075 and

cRd & 1.025,

– Shear of the members without special shear

reinforcement: lh & 1; Vh & 0.2 and

cRd & 1.275,

– Shear of the members with special shear

reinforcement:

– lightly reinforced beams (qwfyw B 1 MPa):

lh & 1.825; Vh & 0.25 and cRd & 0.75,

– moderately reinforced beams (1 MPa \ qw-

fyw B 2 MPa): lh & 1.275; Vh & 0.2 and

cRd & 1.0.

– Bond:

– for lb//\ 10 lh & 2.075; Vh & 0.45 and

cRd & 0.825,

– for lb// C 10 lh & 0.85; Vh & 0.30 and

cRd & 1.7,

(4) Although for corrosion-damaged structural

members the cRd-values seem premature due

to lack of experimental data, uncertainties

related to the bending model provided in

EN 1992–1–1 adapted for corrosion can be

estimated by the following statistical character-

istic and partial factor: lh & 1.0; Vh & 0.1 and

cRd & 1.125.

Further efforts are required to develop appropriate

models for calculating the resistance of corrosion-

damaged structures.
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