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Abstract. The evaluation of the load-bearing capacity of existing structures is a central and important part in the work of 
structural engineers. Currently, engineers are confronted with the challenge of applying design rules developed for new 
structures in the evaluation of existing ones as no specific recommendations exist on a European level. As a contribution to 
this, a first step of this study is the evaluation of the reliability level of timber elements subjected to common limit states. 
Based on these analyses, modifications of the target reliability and of partial safety factors (PSF) for existing structures on 
the resistance side are studied. Considering a modification of the target reliability, the PSF for the material strength could 
be proposed with gM,opt = 1.20 for compressive and flexural strength in limit states, where variable actions are present. Ad-
ditionally, options for incorporating updated material parameters from a survey on site supported by technical devices are 
discussed and further need for research is identified. Subsequently, this paper provides a stepwise evaluation procedure in-
cluding modified PSF considering both, an update of the target reliability and update of the material parameters obtained 
by a survey on site and is thus adaptive for different individual cases and level of information.

Keywords: timber, existing buildings, semi-probabilistic evaluation, code calibration.

Introduction 

Eurocodes form the basis of design and verification of 
structures. At state, rules for the design of new structures 
are applied for the evaluation of the load-bearing capacity 
of existing ones. The newly introduced Technical Specifi-
cation CEN/TS 17440:2020-10 (European Committee for 
Standardization [CEN], 2020) as a first common specifi-
cation for the evaluation of existing structures offers new 
paths: qualitative evaluation, quantitative evaluation or 
a combination of both. A qualitative evaluation is based 
on past performance of the structure. For a quantitative 
evaluation, the Partial Factor Method is recommended, 
reliability-based methods and risk-informed methods can 
be applied additionally. The assessment should verify that 
the structure has adequate reliability. Target values can 
be taken from EN 1990:2010-12 (CEN, 2010a) or may be 
defined in National Annexes. As the target reliability is 

defined based on an optimization of failure consequences 
and relative costs of safety measures (see ISO 2394:2015(E) 
(International Organization for Standardization [ISO], 
2015) or SIA 269:2011 (Schweizerischer Ingenieur- und 
Architektenverein [SIA], 2011), an altered definition for 
existing structures is possible. Annex C of TS 17440:2019 
(E) (CEN, 2020) formulates that “The target reliability lev-
el for existing structures can be lower than that for new 
structures as the relative cost of safety measures to in-
crease the reliability of an existing structure is greater than 
that for a new structure”. (C.3.(4) Note 2). Thus, CEN/
TS 17440:2020-10 (CEN, 2020) opens new ways for the 
adjustment of the well-proven semi-probabilistic verifica-
tion format of the Eurocodes for their application on the 
special demands in the evaluation of existing structures. 
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Basis for an evaluation of the load-bearing capacity of 
an existing structure is a careful and detailed investigation 
including an assessment in situ. For existing structures, 
different national recommendations, on an international 
level ISO 13822:2010 (ISO, 2010) and with special focus 
on existing timber structures EN 17121:2019-12 (CEN, 
2019) provide the basis for a qualified assessment. 

Research in timber engineering has focused on the as-
sessment of timber structures analyzing the potential of 
non-/semi-destructive devices. The list of authors is long 
and just some examples can be named here: Kotlínová 
et al. (2008), Palaia et al. (2008), Piazza and Riggio (2008), 
Hösl and Dietsch (2010), Kasal and Tannert (2011), 
Saporiti Machado et  al. (2015), Linke et  al. (2022). Up-
dating techniques and statistical evaluation has also been 
a central part in research, examples are Köhler (2010) 
and Sousa (2013) who has been working in his disserta-
tion with methods to update the load-bearing capacity of 
timber members by different statistical methods (Sousa, 
2013; Sousa et al., 2015b). However, updated information 
from an assessment on site should be considered in the 
modified semi-probabilistic evaluation. Here, a lack of 
research and standardization is still present. Results are 
always specific for the structure at hand what complicates 
the latter. Thus, a structured process including options to 
modify safety elements is needed to systematize the use of 
updated information in the evaluation.

While an assessment procedure is already part of EN 
17121:2019-12 (CEN, 2019) mentioned above, current 
codes for design and verification of timber structures on 
a European level do not consider the special challenges 
when the evaluation of the load-bearing capacity of an ex-
isting timber structure becomes necessary. This can be due 
to changes of the structural system, load changes or doubts 
concerning the capacity of the structural material which 
can be in the case of timber due to biological, chemical or 
mechanical influences. Proposals for modifications of the 
semi-probabilistic design concept for existing structures 
can be found for structures made from concrete in the 
literature, see Fédération internationale du betón [FIB] 
(2016), but are still missing for timber.

In the context of the development of a sustainable 
building sector providing better options to preserve built 
infrastructure and thus energy and resources, the need 
for standardized approaches to evaluate the load-bearing 
capacity of existing structures increases, what is also true 
for timber. This is why this research aims to contribute to 
this crucial task by providing modifications of the semi-
probabilistic design format for existing timber structures. 
These options are structured into a stepwise evaluation 
procedure considering different levels of information, as 
every project, especially when dealing with existing timber 
structures, is a special task needing individual solutions.

1. Methodology

Loads and material parameters are subjected to a natural 
variability. Besides, model uncertainties have to be consid-
ered. Thus, the resulting reliability of different limit states 
varies depending on the input variables. Hence, a standard 
cannot provide a reliability level that is most optimal for 
all kinds of limit states Turkstra (1970), safety elements are 
defined by optimization. What is more, Melchers (1999) 
emphasizes that reliability indices can hardly serve as indi-
cators without direct link to the model parameters used to 
calculate them. The calculation of the implicit safety level 
of current design is hence a good and goal-oriented op-
tion to produce reliable values. This approach presuppos-
es that built structures satisfy public safety requirements 
(Baravalle & Köhler, 2017). The reliability index b is thus a 
comparative value of the actual analysis and should not be 
used separated from the underlying model assumptions. 

Based on these considerations, the following path is 
chosen: Selected timber members in common limit states 
are designed for a 100% utilization of the semi-probabilis-
tic design-check equations with current partial safety fac-
tors (PSF) from EC 0 (EN  1990:2010-12 (CEN, 2010a)) 
and EC 5 (EN 1995-1-1:2010-12 (CEN, 2010b)) (gG = 1.35 
for permanent loads, gQ = 1.5 for variable loads, gM = 1.3 
for structural timber strength properties) and evaluated 
by reliability analyses. Here, the modelling of load and re-
sistance variables is crucial (see explanations below). The 
resulting reliability level is determined for a set of limit 
states, load ratios and a range of the coefficient of varia-
tion (cov) of the material strength. Based on the obtained 
reliability level, target reliabilities for existing structures 
are discussed and PSF are calibrated by probabilistic opti-
mization for chosen limit states aiming for an optimized 
verification of existing timber structures with dominating 
limit states clearly defined. Besides, options to update PSF 
based on new information are discussed. This information 
depends on the Knowledge Level of the qualified survey on 
site. Thus, two paths are available for an optimization of 
PSF: probabilistic optimization by calibration and optimi-
zation based on an updated resistance variable. Finally, a 
proposal for a stepwise evaluation procedure for practical 
application is presented. The methodology is presented in 
Figure 1.

Selected limit states for the analyses are given in Fig-
ure 2. The numbering is used in the presentation of results.

The general formulation of the limit state function 
(LSF) is given by Eq. (1):

( ) ( ) ( )( )q q q q = q − q − − q ⋅ − q =
!

1 2 1 2 1 1 1 1 2 2, , , , , , , 1 1 0i R G Q Q d R G G G Q Q Q Qg R G Q Q z R LA G a LA E LA E

( ) ( ) ( )( )q q q q = q − q − − q ⋅ − q =
!

1 2 1 2 1 1 1 1 2 2, , , , , , , 1 1 0i R G Q Q d R G G G Q Q Q Qg R G Q Q z R LA G a LA E LA E ,

 (1)

with R the resistance variable and qG its model uncer-
tainty, G the permanent action and qG the model uncer-
tainty associated with it. Q1 and Q2 are two variable ac-
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tions, qQ1 and qQ2 their model uncertainty variables. LAG 
is the load ratio of the permanent action and LAQ1 is the 
load ratio of the first variable action in relation to the to-
tal variable load. Variable loads are combined using the 
Ferry Borges & Castanheta combination rule (Ferry Borges 
& Castanheta, 1971). What is more, zd is the design pa-
rameter to ensure a one-hundred percent utilisation of the 
semi-probabilistic design equation, see Baravalle (2017). 
It can be calculated by Eq. (2) for one an Eq. (3) for two 
variable actions:

( )⋅
− g − g − =

g

!
1 0mod k

d G G k Q G k
M

k f
z LA g LA q ; 

 (2)

( ) ( )( )⋅
− g − g − + − =

g

!

1 1, 1 2,1 1 0mod k
d G G k Q G Q k Q k

M

k f
z LA g LA LA q LA q

( ) ( )( )⋅
− g − g − + − =

g

!

1 1, 1 2,1 1 0mod k
d G G k Q G Q k Q k

M

k f
z LA g LA LA q LA q , (3)

with kmod the modification factor for load duration and 
service class, fk, gk and qk the characteristic values for the 
material strength, permanent and variable loads respec-
tively. Limit states have been formulated according to EC 

5-1 (CEN, 2010b). Probabilistic parameters are given in 
Table  1. The cov’s of the material strength are based on 
(Joint Committee on Structural Safety [JCSS], 2006) and a 
broad literature study in (Loebjinski, 2021), see summary 
of results in Figure 3 to Figure 5 (the bars represent differ-
ent studies). The cov of the material strength depends on 
numerous factors including the strength grading proce-
dure, growth characteristics on a macroscopic and micro-
scopic level and the actual strength property considered. 
As the variability of results comparing different studies is 
quite high, the recommendations in (JCSS, 2006) are used 
as a basis and the influence of alterations of the material 
cov are studied in the parameter study.

Cov’s for live loads are based on own approximations 
applying parameters from CIB (1989), JCSS (2001b), see 
Loebjinski (2021). Parameters for snow and wind loads 
are based on JCSS (2001b) (wind) and Grünberg (2004) 
(snow). Load change rates have been oriented on Baravalle 
(2017) and adopted for German climatic conditions. 

Please note that in the current version of the JRC 
documentation “Reliability background in the Eurocodes” 
(unpublished) a higher variability of snow and wind loads 

Figure 1. Illustration of methodology

Figure 2. Loads, load directions and stresses considered in the study
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has been documented. This especially affects the time-in-
variant part (taken here with Vq = 0.10). Besides, the vari-
ability of the bending strength is lower in the mentioned 
report (Vfm = 0.20) than in the present study (Vfm = 0.25). 
As the report was not published at the time of preparation 

of this contribution, values have been assumed based on 
the official background documentation of DIN 1055-100 
(Grünberg, 2004) and the JCSS PMC (JCSS, 2001b). New 
results on modelling variable actions need to be consid-
ered in further studies.

Figure 3. Coefficient of variation for strength properties of softwood, sawn wood, visual grading, bending strength  
(different colours of the bars stand for different investigations)

Figure 4. Coefficient of variation for strength properties of softwood, sawn wood, visual grading, compression strength  
(different colours of the bars stand for different investigations)

Figure 5. Coefficient of variation for strength properties of softwood, sawn wood, visual grading, tension strength  
(different colours of the bars stand for different investigations)



Engineering Structures and Technologies, 2022, 14(1): 7–23 11

The reliability analyses are performed by First Order 
Reliability Method (FORM) (Hasofer & Lind, 1974) in 
MATLAB® (MathWorks, 2016). Calculations have been 
double-checked by exemplary hand calculations with the 
help of Spaethe (1992) and a selection of Monte Carlo Simu-
lations (MCS) in MATLAB® (MathWorks, 2016). To study 
the influence of the variables on the calculated reliability, 
sensitivity factors for selected configurations are shown. 
All calculations have been performed for Tref = 50 years.

2. Results

2.1. Reliability analyses

2.1.1. Uniaxial stresses

Figure 2 to Figure 4 show the reliability for uniaxial stress 
from different load combinations. Results are illustrated 
for different cov’s of the material strength. Values exceed-
ing the target b = 3.8 (CEN, 2010a) for consequence class 
2 (Tref = 50 years) are marked by red lines. Figure 6 shows 
the reliability index b depending on the cov of the mate-
rial strength VR for different cov’s of permanent load; Fig-
ure 7 and Figure 8 illustrate the results for different load 
ratios of the permanent load to the total load.

Permanent loads (1): For VG ≥ 0.10 the calculated 
reliability is lower than the target from EC 0, Annex C. 
The sensitivity factors (Table 2) confirm the dominating 
influence of the structural resistance on the reliability. 
Please note that ∑α =2 1; an α-value close to 1 shows a 
great influence of the considered value on the calculated 
reliability.

Table 1. Probabilistic parameters, Tref = 50 years

Variable Distr. μ V

R

Ti
m

-
be

r1
Bending strength fm LN 1.00 0.25
Comp. strength parallel to grain fc,0 LN 1.00 0.20

Tension strength parallel to grain ft,0 LN 1.00 0.30

E

Permanent loads2 G N 1.00 0.10
Live Load3

Small room (A ≤ 20m²)
N GUM

1.00 0.40
Large room (A > 20m²) 1.00 0.25

Snow load4
S GUM 1.00 0.25
np det. 50⋅60 –
nr det. 10 –

Wind load4
W GUM 1.00 0.16
np det. 50⋅365 –
nr det. 50⋅365 –

M
od

el
5

Resistance qf N 1.00 0.07

Lo
ad

Permanent load qG N 1.00 0.05
Live load qN N 1.00 0.10
Snow load qS N 1.00 0.10
Wind load qW N 1.00 0.10

Notes: 1Indicative from (JCSS, 2006), analyses for a range of values; 2Based on (JCSS, 2006); 3Tref = 50a, based on own calculations;  
4Tref = 50a, based on (Baravalle, 2017; Grünberg, 2004; JCSS, 2001b); 5Multiplicative, attached to variable.

Figure 6. Reliability index b for permanent load dependent on 
the cov of the material strength VR [case (1)]

Table 2. Exemplary sensitivity factors (case 1)

VR f G qf qG

VG = 0.05
0.20 –0.89 0.21 –0.35 0.21
0.25 –0.92 0.18 –0.28 0.18
0.30 –0.95 0.16 –0.24 0.16

VG = 0.10
0.20 –0.84 0.37 –0.33 0.21
0.25 –0.89 0.32 –0.27 0.18
0.30 –0.92 0.29 –0.23 0.15

VG = 0.15
0.20 –0.80 0.48 –0.30 0.19
0.25 –0.85 0.43 –0.26 0.17
0.30 –0.88 0.38 –0.22 0.15

0.1 0.15 0.2 0.25 0.3 0.35 0.4

V
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R
e
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Permanent and live load (2): Figure 7 depicts the re-
sults for permanent and live load. The reliability is lower 
especially for high load ratios of the variable load. Howev-
er, even for large rooms with a moderate variability of the 
live load, the target value bt = 3.8 is not reached. Table 3 
shows selected sensitivity factors.

Permanent and snow load (3) or wind load (4): Fig-
ure 8 shows, that in a reference period Tref = 50a for per-

manent load and snow load a lower reliability index is 
calculated compared to wind load which is reasonable as 
for wind loads a lower cov has been set. Moreover, the in-
fluence of the choice of the distribution for the material 
strength is illustrated; a Normal distribution leads to lower 
values. Table 4 shows the sensitivity factors for a lower vari-
ability of the variable load (compared to Table 3).

Figure 7. Reliability index b for uniaxial stress by permanent load + live load for a) VN = 0.25 and b) VN = 0.40 dependent on the 
cov of the material strength VR [case (2)]

Figure 8. Reliability index b for permanent load and a) snow load, Lognormal distribution for material strength; b) wind load, 
Lognormal distribution for material strength; c) snow load, Normal distribution for material strength; d) wind load, Normal 

distribution for material strength dependent on the cov of the material strength VR [case (3) & (3)]
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Load and stress combinations: In Figure  9 to Fig-
ure 13 the reliability index b is given depending on the 
load ratio of one of two variable loads declared as “load 
no. 1” LAQ1  and different load ratios of the permanent 
load LAG. Figure 9, Figure 10 and Figure 11 illustrate the 
results for uniaxial stress by permanent load, snow and 
wind load, two-axial flexural stress by permanent and 
wind load and two-axial flexural stress by permanent load, 
snow and wind load respectively. Table 5 contains exem-
plary values for sensitivity factors for the results shown 
in Figure 10. Figure 12 and Figure 13 depict the results 
for bending and compression and bending and tension re-
spectively with exemplary sensitivity factors given in Ta-
ble 6 for Figure 12a, Table 7 for Figure 12b and Table 8 for 
Figure 13. Especially the latter show low reliability indices 
which is justified by the high cov of the tension strength 
as well as the variability of the variable loads. Exemplary 
sensitivity factors are given.

2.1.2. Two-axial flexural stressTable 4. Exemplary sensitivity factors, VQ = 0.16

VR f G W qf qG qW 
LAG = 0.3

0.20 –0.86 0.19 0.26 –0.33 0.14 0.14
0.25 –0.91 0.17 0.20 –0.28 0.12 0.12
0.30 –0.93 0.15 0.17 –0.23 0.11 0.10

LAG = 0.5
0.20 –0.79 0.11 0.47 –0.30 0.08 0.22
0.25 –0.86 0.10 0.37 –0.26 0.07 0.19
0.30 –0.90 0.09 0.30 –0.23 0.07 0.16

LAG = 0.7
0.20 –0.71 0.05 0.60 –0.27 0.04 0.26
0.25 –0.80 0.05 0.50 –0.24 0.04 0.23
0.30 –0.85 0.05 0.42 –0.21 0.03 0.21

Table 5. Exemplary sensitivity factors, VR = 0.25, LAG = 0.5

VR f G S W qf qG qS qW 
LAQ1 = 0.3

0.20 –0.88 0.21 0.18 0.00 –0.34 0.11 0.07 0.14
0.25 –0.92 0.18 0.14 0.00 –0.28 0.09 0.06 0.12

LAQ1 = 0.5
0.20 –0.84 0.19 0.34 0.00 –0.32 0.10 0.12 0.09
0.25 –0.90 0.17 0.26 0.00 –0.27 0.09 0.10 0.08

LAQ1 = 0.7
0.20 –0.78 0.16 0.50 0.00 –0.30 0.08 0.17 0.04
0.25 –0.85 0.15 0.39 0.00 –0.26 0.08 0.14 0.04

Figure 9. Reliability index b for uniaxial stress by permanent 
load + snow load + wind load dependent on the ratio of 

variable load No. 1 (snow load) [case (5)]
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Figure 11. Reliability index b for two-axial bending a) permanent 
load + snow load + wind load, b) permanent load + live load + wind 
load dependent on the ratio of variable load No. 1 (snow load) 
(resistance variables correlated by r = 0.8, h/b = 1/2) [case (6) & (7)]

Figure 10. Reliability index b for two-axial bending by permanent 
load + wind load dependent on the ratio of variable load No. 1 

(wind load vertical) [case (4)]
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2.1.3. Stress combination flexural and compression stress 2.1.4. Stress combination bending and tension stress

Table 8. Exemplary sensitivity factors,  
VR,m = 0.25, VR,t = 0.30 (10)

fm ft G N S qf qG qN qS

LAQ1 = 0.3
–0.62 –0.34 0.06 0.01 0.65 –0.19 0.03 0.02 0.19

LAQ1 = 0.5
–0.68 –0.32 0.07 0.01 0.60 –0.21 0.04 0.03 0.17

LAQ1 = 0.7
–0.77 –0.26 0.10 0.03 0.50 –0.23 0.05 0.07 0.14

2.2. Summary and discussion of reliability analyses

The analyses of these rather simple limit states result in 
significant lower reliability indices than the target from 
EC 0 Annex C (CEN, 2010a) for consequence class CC2 
(b = 3.8, Tref = 50 years). The aim of the present study is 
to work out a proposal for an adjusted semi-probabilistic 
verification format for existing timber structures. As a ba-
sis it is assumed that current design fulfils public safety 
requirements and can thus serve as a basis to define tar-
get values. This assumption is justified as no increased 
number of failure events has been documented for these 
common limit states. Thus, it is suggested to take the aver-
age reliability level from the presented analyses as a target 
value. The combination of tension and bending can be 
excluded as these members mostly do not show a utiliza-
tion of 100%; verification is often governed by connections 
which is not in the focus of this work. Based on the pre-
sented analyses b =, 3.2t exis  (Tref = 50 years) is suggested. 

According to Diamantidis et al. (2016a), two levels are 
needed for the evaluation of existing structures: a mini-
mum level and a target level. For the evaluation of existing 
members in structures not affected by structural changes 
and supposed to clearly defined dominating limit states 
it is suggested to apply a target reliability, that consid-
ers aspects of economic optimization. Diamantidis et al. 
(2017) suggest to apply ∆b = −0.5 for a target reliability 
of existing structures and ∆b = −1.5 for a minimum reli-

Figure 12. Reliability index b for compression by a) permanent 
load + a) snow load; b) live load; bending by wind load dependent 
on the ratio of variable load No. 1 (snow load), (resistance 

variables correlated by r = 0.8, h/b = 1/2) [case (8) & (9)]
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Table 6. Exemplary sensitivity factors,  
VR,m = 0.25, VR,c = 0.20, LAG = 0.5 (8)

fm fc G S W qf qG qS qW 
LAQ1 = 0.3

–0.74 –0.44 0.26 0.23 0.00 –0.33 0.14 0.09 0.06
LAQ1 = 0.5

–0.68 –0.44 0.21 0.41 0.00 –0.31 0.11 0.14 0.04
LAQ1 = 0.7

–0.61 –0.43 0.16 0.54 0.00 –0.28 0.09 0.18 0.02

Table 7. Exemplary sensitivity factors,  
VR,m = 0.25, VR,c = 0.20, LAG = 0.5 (9)

fm fc G S W qf qG qS qW 
LAQ1 = 0.3

–0.74 –0.44 0.26 0.23 0.00 –0.33 0.14 0.09 0.06
LAQ1 = 0.5

–0.68 –0.44 0.21 0.41 0.00 –0.31 0.11 0.14 0.04
LAQ1 = 0.7

–0.61 –0.43 0.16 0.54 0.00 –0.28 0.09 0.18 0.02

Figure 13. Reliability index b for bending by permanent load + 
live load and tension by snow load dependent on the ratio of 
variable load No. 1 (live load), a) 2D; b) 3D for better illustration 

[case (10)]
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ability. (Vrouwenvelder, 2002) suggests to move one line 
higher for the relative costs of safety measures from ISO 
2394:2015 (ISO, 2015) what results in ∆b = − …−0.2 0.9. 
Based on the results of the analyses, b =, 2.9t eval  is sug-
gested as a target for members in service (Tref = 50 years) 
that are not affected by damages or major changes which 
is ∆b = −0.3 based on the calculated implicit level. During 
calibration of PSF, a scatter around the target will occur. 
During the calibration for the defined target, the reliability 
should not fall below the minimum level b =0 2.5, which is 
the minimum reliability level under economic optimiza-
tion in Joint Research Centre (2015). Alterations of struc-
tural members should be verified using the same safety 
elements as for new structures.

Based on the results, a proposal for the target reliabil-
ity is worked out. gM is then calibrated for a set of limit 
states by FORM. As permanent loads can be updated on 
site, an update of permanent actions as suggested in SIA 
269/2011 (SIA, 2011) is considered in the modification of 
gG and an adjustment of the stochastic properties in the 
calibration. To avoid systematic programming errors, the 
verification is done by Monte Carlo Simulation (MCS). 
All calculations have been performed on single structural 
components. Calibrated PSF and a suggestion for the up-
date of gM based on a reference property are structured in 
an evaluation procedure for practical application.

3. Proposal for a modified semi-probabilistic 
evaluation

3.1. Proposed framework

The evaluation of the load-bearing capacity of an existing 
structure differs fundamentally from the design of a new 
structure. An existing structure already exists in tangible 
form, so that load and material parameters can be updat-
ed by a qualified investigation in situ. What is more, the 
relative costs of a comparatively small increase of safety 
reached by technical measures are a lot higher compared 
to a change in the design process of a new structures (see 
e.g., Diamantidis et al., 2016b, 2017; Diamantidis & Baz-
zurro, 2007; SIA, 2011; Steenbergen et al., 2015; Vrouwen-
velder, 2002). Thus, the optimization problem that in its 
general nature characterizes all tasks of design, has to be 
analyzed in another context. Furthermore, every project 
is different. Thus, a certain flexibility of the design and 
verification procedure is needed to be applicable for dif-
ferent kinds of structural tasks. So as manifold as chal-
lenges are in practice, as flexible should a framework for 
the verification be.

Eurocode 0 (DIN  EN  1995-1-1:2010-12 (Deutsches 
Institut für Normung [DIN], 2010)) systemizes reliabil-
ity methods into deterministic methods (method a), full-
probabilistic methods (method b) and semi-probabilistic 
methods (method c). Full-probabilistic methods are also 
called “level 3 methods”. For the calibration of PSF to be 
used in a semi-probabilistic design (“level 1  methods”) 
first (or second) order reliability methods (FORM/SORM, 

“level 2 methods”) should be applied. Thus, all methods 
that are needed to work out an optimal procedure for the 
evaluation of existing structures, are already provided and 
classified.

To begin with, an evaluation procedure should match 
the current design rules that have been approved well 
in practice and then provide options for its enrichment. 
The more information is available, the more complex the 
evaluation format can get. Thus, the first step in the pro-
posed framework is the evaluation in Knowledge Level 1, 
embracing current practice, i.e. a general investigation in 
situ to exclude major structural damages that may lead to 
serious stability concerns, and a semi-probabilistic evalu-
ation applying safety elements from current design codes.

Various concerns may lead to the need for a more de-
tailed evaluation of a structure including updated load and 
material parameters. Reasons might be changes of loads, 
increased consequences of failure, the (heritage) value of 
a structures and therefore the interest in its preservation 
and of course economic constraints that have to be evalu-
ated in the special case. What is more, an update of infor-
mation that reduces uncertainties concerning the mod-
elling of random variables should be used in the semi-
probabilistic evaluation format, that is widely applied in 
practice. For this purpose, a Knowledge Level 2 comprising 
of a subdivision into three sub-levels KL 2a, KL 2b and KL 
2c is suggested. 

The application of level three formats, i.e. probabilistic 
methods, requires an experienced engineer and reliable 
information on probabilistic models. For structures with 
high consequences of failure and/ or a great interest in 
their preservation, a probabilistic evaluation would be the 
format to choose. This could be integrated in the Knowl-
edge Level 3 evaluation format. The proposal is illustrated 
in Figure 14.

The choice of the level of detail of the assessment in 
situ coming along with the extent of parameter update is 
in fact an optimisation problem. Focus of this paper is the 
provision of modified PSF for a semi-probabilistic evalua-
tion in Knowledge Level 2 for a given set of reference situ-
ations. For a deeper insight in “level 3” full-probabilistic 
methods to be applied in Knowledge Level 3, the inter-
ested reader is referred to the literature (e.g., Benjamin & 
Cornell, 1970; Cornell, 1969; Ellingwood, 1992; Spanos & 
Wu, 1993; JCSS, 2001a; Raiffa & Schlaifer, 2000; Spaethe, 
1992).

3.2. Calibration of partial safety factors

3.2.1. Method
The general code calibration procedure can be found in 
Arnbjerg-Nielsen et al. (1996) and has been applied e.g. 
in Glowienka (2007), Fischer (2010), Stauder (2015) and 
Baravalle (2017), just to name a few.

According to this procedure, the optimization of PSF 
is performed based on a set of reference structures de-
signed to a one hundred percent utilization of the semi-
probabilistic design check equation. For these structures, 
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reliability analyses are performed and based on the re-
sults a target reliability is set. The optimization is then 
performed aiming for a minimization of the deviation of 
single design situation in the set from this target level. This 
procedure is called Probabilistic Optimization, see also ISO 
(2015), Sørensen (2001) and Vrouwenvelder (2001).

For this work, the procedure is adopted as illustrated 
in Figure 15. In a first step, a set of reference scenarios has 
to be chosen. These categories have been selected for this 
work as given in Figure 2. For this given set of reference 
scenarios, reliability analyses have been performed. 

For the limit states (1)–(9) (Figure 2) and the target 
reliability levels proposed above the PSF gM,opt for the ma-
terial strength have been calibrated. The general optimiza-
tion procedure is given in Eq. (4):

( ) ( )g = b − b∑ 2min M i pen i ti
D w w , (4)

with wi the weighting factor for the LSF and wpen a pen-
alty factor, penalizing a reliability lower than the target 
more than a higher one (Baravalle & Köhler, 2017). Differ-
ent penalty functions have been investigated in Baravalle 
(2017). For this work, penalty factors from Eq. (5) have 
been applied.

( )
b ≥ b

=  + b − b b < b

1     for  
1 for   

  
 

i t
pen

i t i t
w . (5)

All considered load combinations of snow and wind 
load have been weighted equally, as studies indicated that 
they vary a lot depending on location and roof angle and 
no clear weighting could be identified (Loebjinski, 2021). 
For permanent and live load, the weighting factors in 
Table 9 have been considered and compared to results as-

suming LAG = 0.5 and VN = 0.25 only. Results of the three 
options have turned out to lead to similar results.

During calibration the PSF for permanent and vari-
able loads have been fixed to gG  = 1.20  and gQ  = 1.50, 
respectively. The value gG = 1.20 takes into account a re-
duced variability of permanent loads obtained in a sur-
vey on site and is chosen based on SIA 269:2011 (SIA, 
2011). A permanent action can commonly be represented 
by a normal distributed variable. Applying the formulae 
from EN 1990:2010-12 (CEN, 2010a), Annex C for the 
characteristic and the design value for normal distributed 
variables and 

Figure 15. Adopted code calibration procedure

Figure 14. Proposal of evaluation format for the assessment of existing structures
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s
= E

E
E

V
m

 (6)

with VE the coefficient of variation, sE the standard devia-
tion and mE the mean value, the PSF gg can be calculated

( )
( )( ) ( )−−

⋅ − α b − α b
g = = = =

+ ⋅Φ⋅ + ⋅Φ 11

1 1
11

E E Ed d E E
g

k k EE E

m VE x V
E x V qm V q

( )
( )( ) ( )−−

⋅ − α b − α b
g = = = =

+ ⋅Φ⋅ + ⋅Φ 11

1 1
11

E E Ed d E E
g

k k EE E

m VE x V
E x V qm V q

. (7)

For permanent actions, the 50%-fractal is used for the 
characteristic value in common cases. Thus Eq. (7) be-
comes

g = − α b1g E EV . (8)

EN 1990:2010-12 (CEN, 2010a) provides the sensitiv-
ity factor with α = −0.7E  for dominating actions and the 
target reliability with b = 3.8  for a reference period of 50 
years and a consequence class CC2, which is the normal 
case applied for the majority of standard projects. A quite 
common assumption for the coefficient of variation for 
unfavorable permanent actions is = 0.10EV . Please note 
that also a model uncertainty factor gSd has to be con-
sidered. For this case, it can also be calculated assuming 
a normal distribution and the sensitivity factor for ac-
companying actions given by EC 1990:2010-12 Annex C 
α = −0.4 . Thus, the total PSF becomes g = ≈, 1.36 1.35G sup  

, 
the value also given in EN 1990.

SIA 269:2011 (SIA, 2011) for existing structures al-
lows to reduce gG if permanent actions are updated by 
a qualified survey on site. What is more, Annex B of SIA 
269 offers options to reduce the target reliability under 
economic considerations. A realistic option could be to 
apply ∆ = −â 0.5 , see also Diamantidis et  al. (2007). So, 
if it is assumed that the cov can be reduced to e.g. 7% 
by a detailed survey, which is a good value for e.g. his-
toric timber floor structures as investigated in Loebjinski 

(2021) and a target reliability of b = 3.2 , the PSF becomes 
g = ≈, 1.23 1.20G sup  as given in SIA 269:2011 (SIA, 2011). 
This is considered in this study, as a reduction of the PSF 
on the load side has an impact on the resistance side in 
the probabilistic optimization.

The results of the reliability analyses are based on a 
load ratio of permanent loads of LAG = 0.5 and further 
statistical parameters given in Table 1. 

3.2.2. Results

Table 10 and Table 11 show the results for the suggested 
reliability index for the evaluation level (bt,eval = 2.9, Tref = 
50 years). In Loebjinski (2021) results for further reliabil-
ity indices can be found.

Table 10. Calibration results gM,opt for the proposed evaluation 
level and uniaxial stresses

permanent 
load (1)

live 
load (2)

snow 
load (3)

wind 
load (4)

snow + wind 
load (5)

VR gM,opt gM,opt gM,opt gM,opt gM,opt

0.18 1.14 1.19 1.19 1.11 1.15
0.20 1.16 1.19 1.19 1.13 1.17
0.22 1.18 1.21 1.21 1.15 1.19
0.25 1.22 1.23 1.23 1.19 1.22

Table 11. Calibration results gM,opt for the proposed evaluation 
level and simple stress combinations

two-axial 
bending (6)

two-axial 
bending (7)

comp. + 
bending (8)

comp. + 
bending (9)

VR,m gM,opt gM,opt gM,opt gM,opt

0.18 1.15 1.16 1.19 1.18
0.20 1.17 1.17 1.20 1.19
0.22 1.19 1.19 1.21 1.20
0.25 1.22 1.22 1.23 1.22

Note: VR,m – coefficient of variation (cov) of the bending strength. 
cov of compression strength correlated by r = 0.8.

3.2.3. Summary and proposal
The choice of an optimal set of PSF is influenced by the 
optimization potential and by practical applicability. A 
high number of PSF contributes to an optimized utiliza-
tion of the material stress. However, in practical applica-
tion a higher number of PSF increases calculation efforts 
(Figure 16). 

Thus, keeping in mind practical applicability, the num-
ber of PSF should be limited. Thus, a simplified set of op-
timized PSF gM,opt is proposed that considers the inhomo-
geneity and anisotropy of timber as structural material but 
keeps the intended ease of use of the semi-probabilistic 
design / evaluation format, (Table 12). As gQ = 1.5 for all 
variable loads, gM,opt also depends on the considered loads. 
The application of different PSF for different variable loads 
to consider their statistical properties properly would help 
to reach a more uniform reliability level. Please note that 
requirements according to Table 13 have to be considered.

Table 9. Weighting factor wi for permanent and live loads

VN LAQ
wi Remarks 

a b

1) 0.25
(A > 20 m²) 0.3 0.50 0.35

Live load categories 
office, lobby and living 
room with 
A > 20 m², and hotel 
and class rooms.

2) 0.25 
(A > 20 m²) 0.5 0.40 0.50

Live load categories 
office, lobby and living 
room with 
A > 20 m², and hotel 
and class rooms.

3) 0.40
(A ≤ 20 m²) 0.5 0.10 0.15

Live load categories 
office, lobby and living 
room with 
A ≤ 20 m², and 
hospital rooms.

S = 1 S = 1
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In order to apply the results (Table 12) for an updated 
material variability from material tests, a sufficient num-
ber of tests has to be considered. A proposal in (Fischer, 
2010) introduces a conversion factor to account for a lim-
ited number of tests. For rehabilitation measures PSF as 
for new structures should be applied in accordance with 
e.g. (Fachkommission Bautechnik der Bauministerkonfer-
enz [ARGEBAU], 2008) where it is stated that structural 
members directly affected by changes should be verified 
applying the same requirements as for new structural 
members.

3.2.4. Verification of PSF
The verification of results is an important part of scientific 
work. While the calibration of modified PSF has been per-
formed with FORM, the verification has been performed 
by MSC (crude Monte Carlo Sampling) to avoid systematic 
programming errors. Results have been double checked 
with FORM analyses. Exemplary results are presented in 

Figure 17 to Figure 20(graphs produced applying FORM 
after double check with MCS). All analyses are performed 
for Tref = 50 years. All figures are based on a 100% utilisa-
tion of the semi-probabilistic design-check equation. PSF 
are gG,up = 1.20, gQ = 1.50, gM,opt = 1.20.

Neglectable differences between results of FORM and 
MCS have been identified. Thus, for the investigated limit 
states a sufficient accuracy of the approximation by FORM 
is given and systematic errors are not present.

The results show that the calibration target bt,eval = 2.9 
(indicated by blue horizontal line) has kept in the major-
ity of analyses. The scatter results from the selection of a 
limit number of PSF. Thus, the calibration has been suc-
cessful for the chosen target. However, the target reliability 
index is chosen based on the analyses presented and needs 
further discussion by the scientific community and rel-
evant authorities. Results for further targets in the range 

≤ b ≤2.5 3.2 can be found in (Loebjinski, 2021).

4. Update of partial safety factors based  
on an update of material properties

A great potential when analyzing the load-bearing capac-
ity of an existing structure is that it exists in tangible form. 
Updated material models can be built combining on-site 
tests and analyses in the laboratory, see e.g. (Sousa et al., 
2015a). Different options for the consideration of updated 
material properties in the semi-probabilistic safety format 
can be described. One is the application of an improved 
strength grading supported by technical means, see e.g. 
(Linke et al., 2022). This is, however, not in the focus of 
this work. 

Figure 16. Principle Illustration of complementary targets  
in the calibration of optimised PSF

Table 12. Proposal for a set gM,opt for the evaluation level

stress
loads 

permanent combinations with variable loads
compression parallel to grain 1.15 1.20
bending, two-axial bending, comp.& bending 1.20 1.20
tension parallel to grain 1.30 1.30
Remarks: Calibration for bt,eval = 2.9 (Tref = 50 years), live load categories A and B, snow and wind loads, load ratio of permanent 
load LAG ≥ 0.5, gG,up = 1.20, gQ = 1.50. 

Table 13. Requirements for the application of modified PSF in Knowledge Level (KL) 2a

Requirements for the application of modified PSF for the evaluation of existing timber structures in (KL) 2a
The structure has been designed for a minimum service life of 50 years
The structure has been used as intended for a minimum period of 5 years
The structure is free of damages
Permanent loads, residential/office live loads, snow and/ or wind loads have to be considered
The load ratio of permanent loads to total loads is LAG ≥ 0.5. 
Geometric parameters and permanent loads are updated by a detailed investigation in situ 
The minimum sample size to update material properties is nmin = 5 
If an updated cov of the material strength is used to apply updated PSF other than given in Table 1 a conversion factor to consider 
a limited sample size for n < 30 has to be considered
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Another option is the consideration of reduced uncer-
tainties due to a detailed investigation in situ by adjusted 
safety elements. Here also two options can be discussed. 
The first one is the modification of PSF based on a re-
duced material variability by direct update of the variable. 
Adjusted PSF can be calculated applying the Design Value 
Method (DVM) / Design Value Format (DVF) or the Ad-
justed Partial Safety Factor Method (APFM) as described 
in (FIB, 2016). Additional to knowledge concerning 
the special material variability at hand, a target reliabil-
ity that has been agreed upon and sensitivity factors are 
needed. Simplified sensitivity factors can be taken from 

EN 1990:2010-12 (CEN, 2010a). However, sensitivity fac-
tors are factors considering the influence of the change of 
a certain variable in the limit state on the reliability. Thus, 
the application of simplified sensitivity factors ignores the 
advantage of the availability of more detailed information 
concerning the actual load and material properties at hand 
and the governing limit state. Hence, updated sensitivity 
factors for certain limit states as outcome of the presented 
reliability analyses can be applied. Note that these sensi-
tivity factors are only applicable if updated PSF are also 
applied for the loads to keep the intended reliability. 

Figure 17. Reliability index for uniaxial stress, permanent and 
one variable load with VQ = 0.25

Figure 18. Reliability index for uniaxial stress, permanent, 
snow and wind load, a) VR = 0.20, b) VR = 0.25

Figure 19. Reliability index for two-axial bending, permanent, 
snow and wind load, VR = 0.25

Figure 20. Reliability index for compression and bending, 
permanent, snow and wind load, a) VR,c = 0.20,  

b) VR,m = 0.25
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The second option is the update of the PSF on the ma-
terial side using an updated reference variable. A proposal 
is described in Loebjinski et  al. (2019a) and presented 
shortly hereinafter. 

The mean value μ | measy x  and the standard deviation 
s | measy x  of a target property y dependent on a reference 
variable x are defined by Eq. (9) and (10), respectively, see 
Köhler (2011). μ ,y code  and ,y codeV  are the mean value and 
the cov of the target variable as defined in prior informa-
tion (e.g. a code), respectively. μ ,x code  and ,x codeV  are the 
mean value and the cov of the reference variable as defined 
by prior information, r ,x y  is the correlation coefficient.

 − μ
μ = μ ⋅ + r ⋅ ⋅  μ ⋅ 

,
| , , ,

, ,
1

meas

meas x code
y x y code x y y code

x code x code

x
V

V
;

 (9)

s = ⋅μ ⋅ − r2
| , , ,1

measy x y code y code x yV . (10)

Eq. (11) is derived from Eq. (9) and (10). 
s

=
μ

|
|

|

meas
meas

meas

y x
y x

y x
V ; 

⋅ − r
=

 − μ
+ r ⋅ ⋅  μ ⋅ 

2
, ,

|
,

, ,
, ,

1

1
meas

y code x y
y x

meas x code
x y y code

x code x code

V
V

x
V

V

, (11)

with Eq. (12) for the PSF of a lognormal distributed resist-
ance variable, the updated PSF gm,up can be calculated ac-
cording to Eq. (13). Here αR is the sensitivity factor of the 
resistance variable, b is the target reliability and q is the 
quantile of the distributed used to define the characteristic 
value for semi-probabilistic design.

( )( )( )−g = ⋅ α ⋅b + Φ 1
m R Rexp V q ; (12)

( )( )−
 ⋅ − r ⋅ α ⋅b + Φ g =  − μ
 + r ⋅ ⋅   μ ⋅  

2
, , 1

, ,
, ,

, ,

1
.

1

y code x y
R

m up meas x code
x y y code

x code x code

V
qexp x

V
V

 

(13)

The model uncertainty factor gRd is considered by  
Eq. (14):

g = g ⋅ g, ,M up Rd m up. (14)

Application examples can be found in Köhler (2011), 
Loebjinski et  al. (2019b). Please note that uncertainties 
determining the reference variable, e.g. measurement er-
rors are not considered in this approach. An option is the 
consideration of an additional error term as described in 
Pöhlmann and Rackwitz (1981) and left to further work.

5. Summary of the stepwise evaluation procedure

An evaluation procedure for existing structures needs to 
be flexible in terms of applicability for the actual circum-
stances at hand. That includes availability of information, 
consequences of failure and economic considerations. 
Thus, a procedure is needed that embraces levels with 
lower degree of information and an evaluation more on 
the safe side and different options to include updated in-
formation that comes along with higher efforts in terms 
of time and costs. A proposal has been presented in Loe-
bjinski et  al. (2020). The stepwise evaluation procedure 
embraces three Knowledge Levels (terminology based on 
Joint Research Centre (2015)) including an evaluation 
without update (KL 1), a level including a modified semi-
probabilistic evaluation divided into three sublevels (KL 2) 
and a level for advanced probabilistic methods (KL 3), see 
Table 14. With increasing level, the information becomes 
more detailed as well as the evaluation format does. These 
levels are connected to a proposal for strength grading lev-
els (SGL), see Linke et al. (2022). An application example 
can e.g. be found in Loebjinski et al. (2019b). 

Table 14. Proposal for a stepwise evaluation procedure

semi-probabilistic without update – KL 1
visual grading in situ

partial safety factors from 
EN 1990, EN 1995-1-1, EN 1995-1-1/NA

semi-probabilistic with update – KL 2
KL 2a) KL 2b) KL 2c)

update of permanent loads: gG,up = 1.20 (unfavourable)

variable loads: gQ = 1.50
visual grading in situ grading supported by tech. devices update of material parameters

strength grade: visual grading strength grade: grading supported by tech. devices update of material properties by material tests
PSF on resistance side, optimised gM,opt for actual limit states PSF on resistance side for updated property, gM,up

probabilistic – KL 3
grading supported by technical devices / update of material parameters
probabilistic evaluation by approximation or simulation
update of material model based on material tests
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Please note that the calibration results for gM,opt are 
only applicable under the given requirements and the in-
tended limit states and load ratios. As results are given 
depending on the cov of the material strength, an updated 
of material properties leading to e.g. a reduction of the 
scatter can be considered by choosing the results for the 
adjusted value. Note that for the update of material prop-
erties a sufficient number of tests and strong correlation of 
target and reference variable are required. As a first orien-
tation, correlation coefficients should be r > 0.6. For ap-
plicability in practice, the proposal needs to be integrated 
in the current system of Eurocodes. Options are: a new 
chapter in existing codes, an annex to an existing code 
or the development of a new code. Figure  21 illustrates 
a proposal. 

Conclusions

A responsible use of energy and resources is an impor-
tant part of the development of a sustainable economy. 
The preservation of existing structures plays a central role 
in this challenge that has never been more important than 
today. Thus, code calibration cannot only focus on the 
necessary further development of codes in the context of 
the design of structures and the application of innovative 
structural materials. The evaluation of existing structures 
needs to be integrated in the concept of current Eurocodes 
considering the special requirements that come along with 
the challenging tasks that are related to this interesting 
work. In this context, rules and requirements need to be 
flexible in a way so that they can be adopted for differ-
ent structures. Thus, the evaluation of the load-bearing 
capacity of existing structures requires a modified concept 
to consider different levels of information. The decision 
on the level of information aspired (Knowledge Level) is 
influenced by numerous factors such as the consequences 
of failure, the value of the structure, economic constraints, 
the public interest in its preservation and may be very in-
dividual. 

A proposal for a stepwise evaluation procedure consid-
ering different levels of information has been worked out 

for structural timber in existing structures and presented. 
Part of this evaluation procedure are modifications of the 
partial safety factors as the semi-probabilistic verification 
format is the one mainly used in practice. These modifica-
tions of PSF are on the one hand side based on a probabi-
listic optimization for chosen limit states and on the other 
hand side based on a parameter update on the resistance 
side. For the probabilistic optimization a reduction of 
parameter uncertainty for permanent actions has been 
considered and results are given for a range of cov of the 
material strength and target reliabilities. Recommenda-
tions for chosen values are given and can be summarized 
with gM,opt = 1.20 for compression and flexural strength 
in limit states, where variable actions are present. Con-
sidering high statistical variability, the tension strength of 
structural timber is advised to be considered with a PSF 
M,opt = 1.30. Regarding modifications due to the updated 
material parameters, no definite values can be given, as 
structural properties are significantly influenced by the 
specific material used in the actual project at hand. Thus, 
this study presents methodologies for updating PSF using 
statistical methods based on updated material properties. 

However, more studies considering further and more 
complex limit states and further detailing concerning the 
update of target properties based on in situ measured ref-
erence properties have to carried out to enlarge the con-
cept for a wider range of practical cases. A reduction of 
parameter uncertainty can then be used within the update 
of PSF to be used for structural evaluation. Besides, fur-
ther studies need to embrace the reliability of historic con-
nections, also carpenters’ connections. What is more, new 
information on the modelling of variable actions should 
be considered, see e.g., Holický and Sýkora (2016), McAl-
lister et al. (2018) for wind loads. However, as the target 
value for the calibration has been defined based on this 
calculated implicit level, the evaluation of the influence on 
the calibration of PSF is left to further work. However, as 
a central task in the development of codes and standards, 
it has to be discussed how the target reliability has to be 
defined for existing structures.

Figure 21. Proposal for the integration of the evaluation of existing timber structures in the concept of current Eurocodes
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