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Relation of theoretical structural reliability to
safety and safety factors of timber structures

Summary

Structural reliability, expressed in terms of probability of failure or reliability index, is a useful
tool for code calibration purposes. It is, however, important to bear in mind that the numerical
results obtained are sensitive to input information like distribution functions. Without standardi-
sation of this input data together with target reliability values, there is a great risk of misuse of
the reliability analysis. Here a proposal is given for a standard format of code calibration.

Failure statistics are analysed and the damage caused by failures is weighed against the cost
of using a higher safety factor. It is concluded that raising safety factors is a highly inefficient
way to improve safety: during the observation period 1980 — 2000, a 10% higher safety margin
in timber structures would have incurred at least 200-fold higher costs compared with the bene-
fit of having fewer failures in Finland. Accordingly, it is suggested that the present safety level
in the building code is fully adequate, and other measures should be used to avoid the gross
errors that may lead to failures of structures.

1 Introduction

The use of structural reliability analysis in code calibration is an old topic, but it is alive in Euro-
pe because our building code system is gradually changing to a single European code (Euro-
code) instead of several national codes. However, the safety level (specified safety-related
factors) can be determined in each country separately. When doing so, national authorities are
tempted to "improve safety" by increasing the safety margin. This is especially true, when
structures have collapsed, and the cases are reported in the main media.

Reliability analysis has been used for the calibration of safety factors in structural codes since
the 1970s. The early calculations used normal distribution for loads and lognormal for strength
[1]. The acceptable safety level was determined by comparing the results to the experience
gained in the past. Since that time we have learned more about the strength and load distribu-
tions, and often natural loads are said to follow rather the extreme distributions than normal
distribution. The strength of sawn timber seems to better follow the Weibull or normal distribu-
tion than lognormal. The selection of distribution function obviously has a remarkable effect on
the result of reliability analysis. The change of the dominating variable load distribution from
normal to Gumbel distribution, other factors being unchanged, will increase the height of timber
beams by 10 to 20%, or if the dimensions are not increased, the change of safety index 3 from
4.7 t0 4.0 [1].

Modern societies wanting to provide safety for all citizens may come under pressure to raise
nominal safety levels, even if the relation of the target safety index to the safety of citizens is
unclear. The aim of this paper is to analyse the effect of selection of the target safety level and
distribution functions on the needed safety factors, and to draw conclusions supported by fail-
ure statistics. The failure cases taken place in Finland during past 20 years have been ana-
lysed by classifying the incidents into two categories: those which could have been avoided by
using a higher safety margin, and to those which are not dependent on the safety factor. By
estimating the cost of the damage of the cases belonging to the first category, and comparing it
to the cost of using more material in all timber construction, a comparison can be made. This
method can be used when the cost of the present safety level is compared with the cost of a
higher safety level. Obviously, no conclusion can be made concerning the behaviour of the
buildings, if the safety factor would be lower.
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This paper is part of a discussion on appropriate target safety levels in timber construction.
There are lot of published papers available on this topic. Unfortunately, it was not possible to
make reference to these numerous papers, which really would deserve it. This paper is mainly
based on results published in [2].

Work in the area of learning from failures has intensified because of the recent failures. In the
Nordic countries there are national efforts, which, hopefully, will work in close collaboration for
our common benefit in the future.

2 Structural reliability calculation
2.1 Reference case definition

Our reliability analysis uses the design equation as defined in the Eurocode for timber struc-
tures:

7/GO-GK+7QO-QkSM (1)
yqy
where fy o5 is the 5% fractile of the strength distribution, k.4 is the modification factor for load
duration which is here taken as a known constant, oy is the stress caused by the characteristic
load, the fractile of the characteristic load being different for permanent (cgk) and variable (cqx)
loads, ys and yq are the partial safety factors for the loads, and yy is the partial safety factor for
material strength. The ratio of variable load to the total load is denoted by

a=0g /(O‘Gk + O'Qk) and o, =0g +0g (2)

The performance function is then

k  f
g- m;ji 005 (1_a)760k —ay,o, 20 (3)
M

The probability of failure P; is calculated using the numerical procedure described in [2]. ltera-
tively, ym needed for the adopted target value of Ps is calculated. The reliability index B is calcu-
lated from P; using the usual assumption of normal distribution:

P =P(g<0)=d(-p) (4)

Table 1 summarises the variables used in the calculation of the reference case, which is close
to the present Finnish code. In this computation all statistical variability is included in strength
and load functions, and no additional provision is made for inaccuracy in the calculation model
or dimensions. As to the values in Table 1, load functions correspond to the present un-
derstanding of permanent and natural loads, and the strength distribution is a compromise bet-
ween sawn timber and engineered wood products.

The calculation results are shown in Figure 1. Quite a linear relationship is observed between

ym and B, the slope being dependent of a. It can be concluded that Ps = 10-9 (B= 4.3) is ob-
tained when yy = 1.2 for lightweight structures with o = 0.8. The sensitivity of these results to
the change of a single variable is discussed in the next paragraphs.



Relation of theoretical structural reliability to safety and safety factors of timber structures

10. Internationales Holzbau-Forum 2004

Distribution COV [%] Fractile [%] Value
Gak Normal 5 50
Oak Gumbel 40 98
fo.05 Lognormal 20 5
Yo 1.2
Ya 1.6
o 0.2,0.5,0.8

Table 1: Definition of the reference case

Figure 1: Relation of yM and f for reference time of 1 year in the case defined in Table 1. Timber structures

lie between lines o = 0.5 and 0.8

2.2 Sensitivity to distribution functions

The sensitivity of the reliability calculation is analysed by changing a variable from the
reference case, one at a time, and comparing yy needed for the target reliability. The results
are shown in Table 2, and are summarised as follows:

Case a studies the effect of the COV of the permanent load being 10% instead of 5%:
this has no practical effect on timber structures with o > 0.5.

Case b, the change of variable load distribution from Gumbel to normal distribution and
maintaining COV = 0.4, would result in 10 to 20% lower yy in cases relevant to timber
structures, whereas no change occur with heavy structures. The change is greatest for
the highest target safety index.

The effect of different COV values of strength has been studied in cases ¢ and d. Sen-
sitivity to COV is higher for heavy structures (small o) and at a high safety level. If the
target B is 3.8 and a = 0.8, exactly the same value of yy is obtained for COV = 10% or
20%, and only slightly higher for 30%. When the target B is 4.8 and o = 0.8, we obtain
v = 1.34 for COV = 10% and yy = 1.61 for COV = 30%.

(6]
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o Case e with 2-parameter Weibull distribution results in much higher values for yy which
also depend strongly on  and a.

o Cases f and c+f correspond to the load safety factors proposed in the Eurocodes.
These results are illustrated in Figure 2 (right), and show that different yy values are ob-
tained depending on a. This means that the same safety level cannot be achieved with
heavy and light weight structures. Rather this could be obtained by the combination of
factors shown in the reference case and illustrated on the left side of Figure 2.

Case | Target Difference from reference case (value in ™ ™ ™
B ref. case) foro =02 | fora=05 | fora=0.8

ref. 3.7 1.10 0.98 0.98
43 1.23 1.14 1.19

4.8 1.36 1.32 1.41

a 3.7 COV of permanent load 10% (5%) 1.14 0.99 0.98
43 1.29 1.15 1.19

4.8 1.43 1.33 1.41

b 3.7 Variable load Normal (Gumbel) 1.1 0.96 0.88
43 1.24 1.08 1.01

4.8 1.37 1.21 1.14

c 3.7 COV of strength 10% (20%) 0.93 0.93 0.98
43 1.00 1.06 1.16

4.8 1.07 1.19 1.34

d 3.7 COV of strength 30% (20%) 1.32 1.1 1.05
43 1.56 1.34 1.31

4.8 1.80 1.59 1.61

e 3.7 Strength Weibull (lognorm) COV=20% 2.08 1.64 1.37
43 3.09 2.44 2.03

4.8 4.60 3.63 3.02

f 3.7 ve=1.35(1.2)and yq = 1.5 (1.6) 1.02 0.96 1.01
43 1.14 1.12 1.23

4.8 1.27 1.29 1.46

c+f 3.7 v =1.35(1.2)and yq = 1.5 (1.6) 0.86 0.91 1.01
4.3 and COV of strength 10% (20%) 0.93 1.04 1.20

4.8 0.99 1.17 1.39

Table 2: Calculated y —values for three target safety levels P = 104 (5=3.7), Pr=1 0% (f=4.3), and Pr=1 06
(8=4.8).

YG:1.2; YQ:1.6

Figure 2: Calculated yy values for three target safety index levels as a function of load ratio «. Solid curves are for
COV of strength = 20% (lognormal) and broken lines for COV = 10%. Two sets of partial factors for load are used:
the reference case of this study (left) and the Eurocode (right).
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Load distributions were selected to be Normal when computers were not on the present level.
In the Nordic countries the target value of B = 4.8 was adopted at that time, based on a Normal
distribution of loads and lognormal distribution of resistance [5].

Later, it has been observed that natural loads (snow, wind) can be more accurately modelled
by extreme distributions. Gumbel distribution has been adopted quite commonly. This has 2
consequences:

o Lower beta values are obtained for the same structures (4.0 vs. 4.8, see Fig.2).

o The result of analysis is less sensitive to the choice of parameters.

The latter fact is positive, because the input parameters are either not exactly known or their
values are known to vary in the region where the result is applied. Based on this, the use of
Gumbel distribution for live loads should be standardised, and, at the same time, the target
safety index adjusted on a reasonable level.

Distribution of permanent load is commonly assumed to be Normal. The value and distribution
of dead load only has a minor effect on the analysis of light-weight structures, as the timber
structures are. This is a relevant question for heavy structures, and is not discussed here.
Selection of a reasonable target 3 value, the use of Gumbel distribution for live loads, and op-
timised selection of the ratio of partial factors for permanent and variable loads results in the
pleasant situation that the same patrtial safety factor can be used for materials having COV of a
strength not more than 0.20 based on lognormal distribution fitted to lower tail strength values.
This would be true in a wide range of structures from heavy to light. This would suggest that
practically same material safety factor can be used for steel, concrete and industrial wood pro-
ducts. Sawn timber graded to C30 and lower grades would require a higher material safety
factor, say 1.4 vs. 1.2.

2.3 Sensitivity to target reliability level

Target reliability level is often expressed in terms of reliability index . The Eurocode defines
target (3 = 4.8 for a one-year return period, which is equivalent to 3.8 for a 50-year return
period. This is for regular structures; other values are given if the consequences of collapse of
the structure are especially high or low.

The Swedish building code defines three safety classes of buildings, and adopts target 3 va-
lues of 3.7, 4.3 and 4.8 for low, normal and high safety classes, respectively. Consequently,
the safety coefficient is multiplied by factors of 1, 1.1, and 1.2, respectively. In the new Danish
building code a value as high as B = 4.79 is used as the target value for normal structures.

An international expert group, the Joint Committee on Structural Safety (JCSS), has worked on
reliability-based design for years and suggests target values as listed in Table 3. The target 8
for normal structures is 4.2, and recommendations vary depending on what the cost of higher
safety amounts to and what the consequences of failure are.

Relative cost of | Minor consequences Moderate conse- Major consequences
safety measure of failure quences of failure of failure
Large 3.1 (Pf ~10-3) 3.3 (P; ~5104) 3.7 (Py ~1074)
Normal 3.7 (P; ~104) 4.2 (Ps ~107) 4.4 (P ~5100)
Small 4.2 (P; ~10°) 4.4 (P; ~5106) 4.7 (P ~106)

Table 3: Tentative target reliability indices 3 and associated target failure rates related to a reference period of 1
year and ultimate limit states [4]
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Figure 3: Reliability index levels calculated for the present Swedish code (continuous
curves) and old code (dotted curves) when variable loads are Normal or Gumbel
distributed.v is the ratio of variable load to total load. From [5]

2.4 Sensitivity to strength distributions

Quite commonly, lognormal distribution is used for the strength of building materials. This is
found to be a good selection for man-made materials. For natural materials like sawn timber,
Normal or Weibull distributions give a better fit, especially if the material is not strength graded.
The grading procedure affects the distribution, depending on the quality of the grading, and the
distributions may be different for different grades.

In spite of the exact form of distribution, lognormal distribution can also be used for sawn tim-
ber. The correct method of analysis requires that the parameters of lognormal distribution are
based on fitting to the lower tail of test values, say 10 or 15 % of the weakest values. This
should be done to obtain the correct result, because the lowest strength values have the grea-
test influence on the reliability value. A consequence of this is that the parameter of lognormal
distribution indicating the coefficient of variation will normally be higher than the COV calcula-
ted from all the test results. However, the result of reliability calculation in terms of B by this
method is as favourable for wood as one can obtain.

3 Failure statistics

Failures of timber structures in Finland during 1980 —1996 have been analysed and summari-
sed [6]. Table 4 includes information based on this report and information for 1997 — 2000 ba-
sed on VTT's own files. This information includes the vast majority of all failures to have taken
place in Finland over the past 20 years. Eighteen failures are reported, and 16 other cases are
included in which the error was observed before collapse, but where economic damage resul-
ted. Most identified failures of timber structures concern roof structures, except for the last case
C in Table 4, in which a lack of racking resistance of vertical structures was the reason for col-
lapse, and case B, in which a hanging ceiling was not properly fastened. In most cases the
failure is caused at least partly by designer error, but mistakes in erection of the building are
often a contributing factor. Not all cases are analysed well enough to reveal the real reasons
behind the failure. None of these failures caused injuries but some did pose a significant risk.

In most cases the failure mechanism was some kind of instability, often buckling of the upper
chord of a truss caused by lack of bracing. Frequently these are in areas where the shape of
roof is complex, and may additionally have an increased local snow load not taken into account
by the designer.
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Most structural failures covered by one or more of following reasons:

Loss of stability. Importance of stability of structural members is not understood by
builders on site: compression members are not supported as required or racking re-
sistance of the building is neglected. Design errors are not common.

Moisture in wood. Wood is wet for different reasons: leakage, vapour barrier lacking,
rain during construction. Various problems result: rot, low compression strength, cra-
cking.

Inexperienced wood designer. Failure mode of splitting of wood is forgotten.
Weakness of wood in perpendicular to grain direction is not obvious to designers ha-
ving basic education mainly in steel construction. Moisture loads can contribute to this
failure mode by shrinkage.

Case | Structure responsi- Failure Effect Economic Notes
No. ble mechanism / of damage
location safety [1000 €]
factor
1 Nailed roof truss Instability No 375 Total: 15 similar repairs
2 Nail plate truss Instability No 100
3 Nailed roof truss Not identified | Some 10 Load exceeded code value: ice
4 Glued trusses Instability No 20
5nc Nail plate truss Some 10 Many errors observed during
construction
6 nc Nail plate frame Large deflec- No 10
tion
7nc Nail plate truss Instability No 50
8 Nail plate truss Instability No 500
9 Nailed roof truss Connection No 100
10 Nail plate truss Instability Some 200 Combination of many errors
11 Nail plate truss Connection No 200 Combination of many errors
12 Nail plate truss Instability No 200 Combination of many errors
13 nc Glulam arch Degradation No 400 3 similar cases, exposed
14 nc Nail plate trusses Instability No 80 9 similar cases
15a Glulam beam Beam failure Some 10 Load exceeded code value
15b Glulam beam Beam failure No 10 Degradation, leakage
15¢ Glulam beam Beam failure Some 10 Load exceeded code value
15d Glulam beam Support area Some 10 Design error
15e Glulam beam Beam failure No 10 Combination of many errors
18 nc Nail plate truss Instability No 10 Large deflection, no collapse
A Glulam beam Connection No 25 Design error
B Hanging of ceiling Connection No 1200 Combination of many errors
C Walls Instability No 500 2 cases, lack of racking resis-
tance
Total all 5040
some 250

Table 4: Summary of failures of timber structures in Finland 1980 — 2000 including damage cases in which repairs
were made and no collapse occurred (“nc” after case No.).
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These 34 damage incidents were classified, by engineering judgement based on the documen-
tation available, as cases in which a higher safety factor might have prevented failure, or as
those in which a moderate increase of the safety margin would have had no effect. In Table 4
“some” in the “effect of safety factor” column indicates cases in which a 10% higher safety fac-
tor might have prevented failure, even though design errors were identified in all cases but one.

The total economic damage of all cases was 5 million €, including the cost of repairs. In those
cases in which a moderately higher safety factor might have prevented the damage, the total
loss was 0.25 million €. Of the 18 roofs collapsed, five might not have collapsed had the safety
factor been higher. However, there is no certainty that any of the failure cases would have
been avoided by the use of higher safety factor.

In Finland in 1980 — 2000, about 1.4 million cubic metres of strength-graded sawn timber was
used in prefabricated roof trusses alone, and 0.5 million cubic meters of glulam was used in
construction. If the safety factor had been 10% higher, the cost in trusses would have been at
least 25 million € higher, and in glulam 15 million €. If we count only 10 million € for other tim-
ber structures, we can roughly estimate that the adoption of a 10% higher safety factor in 1980
would have required 50 M€ more investment in timber construction, whereas the savings from
less damage would have been only 0.25 M€ or less. This comparison is a rough estimate, not
only because the failure analysis has not been made carefully in all cases, but also because
structures built in 1980 — 2000 may fail later when high snow loads develop. On the other
hand, these cases include also failures in buildings built before 1980. However, an obvious
conclusion at the moment is that it would have been a bad investment to use 50 M€ for a gain
of maximum 0.25 M€.

4 Conclusions
4.1 Target safety level

The failure statistics of timber structures in Finland suggest that the safety level of the present
building code is adequate: a 10% higher safety margin would have incurred at least 200-fold
higher costs compared with the benefit of having fewer failures. Most failures would have oc-
curred independently of the change in safety margin. Accordingly, other measures than an in-
crease of the safety margin in design are more effective means to increase public safety.
Measures have been taken to co-ordinate the work of the main designer of the building and the
engineers who calculate the strength of prefabricated elements.

The present safety level can be characterised as follows: the partial factors for loads are yg =
1.2 and yq = 1.6, and for material yy = 1.3. If case d in table 2 is used as the most appropriate
for timber structures, we obtain = 4.2 (annual) for typical timber structures, when no provi-
sions are made for model accuracy and dimension tolerances. Based on failure statistics, this
seems an adequate target level for structural safety. A higher target safety level has also other
disadvantages: it makes the output of code calibration more sensitive to variables as COV of
material strength and the load ratio a. Because the code is intended to cover different materi-
als and buildings, the nominally high safety level is becoming uneven and makes it difficult to
determine y-factors in a balanced way. Also the benefit of nominally high safety level is ques-
tionable, because the parameters used in the calculation are not known to the adequate accu-
racy.
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4.2 Proposal for code calibration

When structural reliability analysis is used for code calibration or direct dimensioning of struc-
tures, certain variables need to be standardised in order to obtain useful results. Knowing that
there are international groups working with the standardisation of structural reliability analysis
(JCSS, COST E24), here is a suggestion for timber structures to facilitate the discussion:

o Variable loads: Gumbel distribution. If no regional information is available, COV = 0.4
should be used for snow and wind loads. COV = 0.2 can be used for floor loads.

o Permanent loads: Normal distribution. COV = 0.1 (0.05 or 0.1 gives practically the
same result).

) Strength: Lognormal distribution to be fitted to the lowest 15% of values (min. 75 va-
lues, total population 500).

. Other factors, like model or dimension accuracy, can be taken as Normal distributions.
In the case of sawn timber structures, these have a minor effect.

o Target reliability level B = 4.0 is adequate with the selections above and would result in

dimensions of structures similar to those we have in the Nordic countries today.

There are other factors, depending on load duration, moisture content and size of structural
members, to be considered in the design of timber structures. Unless there is new and com-
prehensive information on these issues, they should be taken as deterministic factors
according to the code of concern.
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