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Abstract A duration of load study representing 13 years of testing was recently

terminated. Preliminary results have been published over the years. This paper

represents the final account of the study, which was focused on the influence of

moisture content on time to failure for structural timber subjected to bending under

constant load conditions. Two constant moisture conditions (MC = 11 and 20%)

and one condition of varying moisture (MC between 11 and 20%) were applied. A

total of 816 Norway spruce boards of dimensions 44 · 95 · 1,800 mm3 were

included. Eight groups of non-destructively matched samples were formed. Four

groups were subjected to short-term strength tests, and four groups were subjected

to long-term tests. Creep and time to failure were monitored. Time to failure as a

function of stress level was established and the reliability of stress level assessment

was discussed. A significant mechanosorptive effect was demonstrated both in terms

of increased creep and shortening of time to failure. The test results were employed

for the calibration of four existing duration of load models. The effect of long-term

loading was expressed as the stress level SL50 to cause failure after 50 years of

loading. SL50 was found to be of the order 0.60 for MC = 11%, 0.50 for MC = 20%

and 0.44 for MC varying between 11 and 20%. The test results revealed no evidence

of a threshold stress level. A reliability based calibration of load-duration factors

was performed using probabilistic models of loads and of the short-term and long-

term strengths. For permanent and imposed library loads, reliability-based
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estimation of the load duration factor gave almost the same results as direct,

deterministic calibration.

Introduction

Wood and wood products experience a significant loss of strength and stiffness

when loaded over a period of time. For more than 30 years this phenomenon of

creep-rupture, often referred to as the duration of load (DOL) effect, has been

subject to particular interest for everyone in the timber engineering research

community concerned with safe and efficient engineering design. For a compre-

hensive review of important DOL research results, reference is made to Hoffmeyer

(2003).

The present paper reports a recently terminated DOL study, which lasted for

more than 13 years. While preliminary results were reported over the years, this

paper represents the final account of results. The experimental study was focused on

the influence of moisture content on time to failure for structural timber subjected to

bending under constant load conditions. Two constant moisture conditions and one

condition of varying moisture were applied.

The discussion and implementation of results fall into three parts. The first part is

concerned with the reliability connected with the assessment of short-term strength.

For interpretation of results from DOL experiments to be reliable, the assessment of

the actual stress level of individual specimens must be reliable. Since a specimen

cannot be broken twice, the short-term strength must be assessed without breaking

the specimen. The paper presents three methods of predicting short-term strength

and discusses the reliability of predictions. In the second part, four existing DOL

models are introduced and calibrated to fit the experimental data. In the third part,

reliability based calibration of load duration factors kmod is performed using

probabilistic models of loads as well as short-term and long-term strength.

Materials

A brief account of the material used is given below. For a full description, reference

is made to Hoffmeyer (1990). The material was Swedish grown Norway spruce

(Picea abies). Preliminary dimensions were 50 · 100 mm2, 3.6 m long. Specimens

were planed to 44 · 95 mm2 and cut to a length of 1.8 m with the quality-

determining defect at centre.

The material was selected from a sample of about 9,000 boards. The quality

corresponded to an average appearance grade V (‘‘quinta’’), which is the next lower

of six appearance grades. First, a random sample of about 300 boards was selected

to establish a preliminary relationship between bending strength and various non-

destructive parameters including machine grading (Cook–Bolinder). Subsequently,

limits were imposed on the marginal knot area ratio (0.27 � MKAR � 1) and

MOE from machine grading (6.5 GPa � MOE � 11.4 GPa). This left about

1,100 specimens. Most of the 7,900 rejected specimens had predicted strength
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values above those of the selected boards. The final sample, therefore, represents a

quality at the very low end of the original sample. The final sample was divided into

sub-samples of 51 specimens each, using the non-destructive parameters to ensure

an equal distribution of bending strength in all sub-samples.

Four sub-samples were conditioned at 55% RH and four at 90% RH to establish

short-term strength values for moisture content levels at about 11 and 20%,

respectively. Two sub-samples were used in each of four groups comprising long-

term tests at different moisture conditions. Thus, in total, 16 sub-samples or 816

boards were included.

Methods

A brief account of the methods used is given below. For a full description,

reference is made to Hoffmeyer (1990). All tests were carried out as four-point

bending tests with a span of 1,720 mm and a mid-section of 600 mm. For all

specimens of the final sample, the modulus of elasticity (E11) in dry condition

was assessed as the average of measurements at both wide faces of the mid-

section. In addition, a short-span (200 mm) measurement (E11, short) was taken at

the tension edge at the location of the weakest cross-section. The weakest cross-

section was at the centre, and the edge supposed to be weakest was subjected to

tension. Loading of specimens for short-term tests was displacement controlled

and adjusted in such a manner that ultimate load was reached within (500 ± 120)

seconds. The same displacement rate was used for uploading the long-term

loaded specimens. The displacement rate corresponded to an average loading rate

of about 500 MPa/h.

Short-term mechanical test

Four sub-samples were conditioned at 55% RH and four at 90% RH to establish

short-term strength values at low and high moisture content, resulting in a total of

408 boards tested. As part of a research cooperation, the short-term testing of boards

at low RH was carried out by Princes Risborough Laboratory, UK (Fewell 1986),

and the results were subsequently made available to the present study. For these four

sub-samples, at low moisture content, less information on board characteristics is

available.

Long-term mechanical tests

Eight sub-samples were used for long-term tests. Two sub-samples were used to

form each of the following groups:

• Group 1: Long-term load at 55% RH. Load equal to the 5% quantile of short-

term strength distribution at 55% RH (28.2 MPa).
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• Group 2: Long-term load at 90% RH. Load equal to the 5% quantile of short-

term strength distribution at 90% RH (26.5 MPa).

• Group 3: Long-term load at 90% RH. Load equal to the 15% quantile of short-

term strength distribution at 90% RH (31.4 MPa).

• Group 4: Long-term load at RH varying between 55 and 90%. Load equal to the

5% quantile of short-term strength distribution at 90% RH (26.5 MPa).

Test rigs were constructed to simultaneously accommodate 200 long-term bending

tests. The long-term load was applied to the specimen through a load lever pulled

towards a pulley by the weight of a steel barrel (Fig. 1). The pulley ratio of 5.16

means that the long-term load of the order 6–7 kN is accomplished by a steel barrel

weight of the order 120–140 kg.

Long-term load was applied at the same rate as used for the short-term tests. The

short-term strength of boards failing during application of load was registered.

Long-term deflection at the centre was measured as was long-term deformations of

the central 200 mm edges in both compression and tension. Tests at constant

climate were accomplished in climate rooms (±0.5% RH). As an extra precaution,

all boards were sealed in 0.2 mm polyethylene tubing. Boards subjected to

cyclically varying relative humidity were loaded in the moist condition while still

sealed in polyethylene tubing. After 1 week of creep measurements, the tubing was

removed and the varying humidity was accomplished by varying the climate of the

whole room. The boards were first given 3 weeks of dry climate, then 4 weeks of

moist climate, 4 weeks of dry climate, etc. The change of relative humidity from

one steady state to another took place in approximately 6 h. Boards surviving a

long-term load of about 13 years were allowed to rest for 2 months before taken to

failure in a short-term test.

Fig. 1 Long-term test rigs to accommodate two boards each
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Duration of load models

In order for the experimental data to be useful in predicting DOL behaviour under

conditions (e.g. load level, moisture content) different from those of the present

experiments, an appropriate model must be made available. Four models are

considered: the models by Gerhards (1979) and Foschi and Yao (1986) are

empirical expressions in which damage is seen as a state variable, a, ranging from

zero at the outset to one at failure. The model by Nielsen (1979) and the linear

elastic fracture mechanics (LEFM) model used in Sørensen and Svensson (2005) are

based on theory of fracture mechanics of viscoelastic materials.

Gerhards’ model

Damage accumulation model:

da
dt
¼ exp �aþ b

r
f0

� �
ð1Þ

Solution:

SL ¼ A� B log tfð Þe ð2Þ

where

SL long-term strength/short-term strength (measured by test), i.e. SL = r/f0
tf time to failure (h)

A,B regression coefficients

e estimation error; modeled as LogNormally distributed with expected value

and standard deviation re

Foschi and Yao’s model

Damage accumulation model:

da
dt
¼ A

r
f0

� g

� �B

þ C
r
f0
� g

� �D

a ;
r
f0

[ g

da
dt
¼ 0 ;

r
f0

� g

ð3Þ

Solution: time to failure

tf ¼
r
k
þ 1

C r
k � g
� �D ln

1þ k
a0 þ k

� � !
e ð4Þ

where:
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a0 ¼
r
f0
� g

1� g

� �Bþ1

; k ¼ kðBþ 1Þ
Cf0ð1� gÞD

r
f0
� g

� �B�D

ð5Þ

B,C,D regression coefficients

k ramp load rate = 500 MPa/h

g lower threshold = 0.5

e estimation error; modeled as LogNormally distributed with expected value

and standard deviation re

Nielsen’s model

The model described in Nielsen (1979) is based on fracture mechanics and can be

written as

da
dt
¼ pFLð Þ2

8qs
a

r
f0

� �2

a
r
f0

� �2
 !�1

� 1

0
@

1
A
�1

b

ð6Þ

Solution: time to failure

tf ¼
8qs

p� FL� SLð Þ2
ZSL�2

1

u� 1ð Þ1=b

u
du

0
B@

1
CAe ð7Þ

where

b regression coefficient

FL regression coefficient = 0.25

s regression coefficient

q ¼ 1
2 bþ1ð Þ bþ2ð Þ

h i1=b

e estimation error; modeled as LogNormally distributed with expected value and

standard deviation re

LEFM model

Like the Nielsen model, the LEFM model is based on fracture mechanics. The

LEFM model used is a two-parameter model omitting a third ‘‘variable-moisture-

parameter’’ included in Sørensen and Svensson (2005). The stress level corre-

sponding to failure is obtained from:

Wood Sci Technol

123



SL ¼ Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tf

s

� �b
q e ð8Þ

where

b,A,s regression coefficients

e estimation error; modeled as LogNormally distributed with expected value

and standard deviation re

Experimental data and discussion

Experimental duration of load studies including structural timber is very costly. In

order to secure optimal utilization, the present study’s most essential data on time to

failure are available to other researchers interested in model calibration and kmod

calculation. The data are available as electronic supplementary material at

http://www.byg.dtu.dk/upload/institutter/byg/trae/esm.pdf. The detailed account of

materials and methods may be downloaded from the web address defined with

Hoffmeyer (1990).

Matching of sub-samples

Matched strength distributions are a basic precondition for success of the present

DOL study. The quality of matching may be assessed, e.g. by comparing features of

the short-term sub-samples tested. Such a comparison shows an almost perfect

match of the distributions of MOE and marginal knot area (Hoffmeyer 1990). The

short-term strength values, which were the targets of the matching process, also

show a remarkable agreement (Table 1).

Table 1 Short-term strength of four sub-samples at low moisture condition and four sub-samples at high

moisture conditions

Sub-sample no. MC (%) Bending strength, fR (MPa)

Mean Min. Max. COV (%)

1 20 36.1 22.7 47.2 15.5

2 20 36.5 22.4 49.2 16.4

3 20 36.7 22.0 48.2 15.7

4 20 36.6 24.1 50.0 14.6

5 11 38.4 23.5 51.5 16.2

6 11 38.5 24.4 53.4 16.1

7 11 38.7 25.2 54.5 16.1

8 11 38.9 25.5 54.9 16.2
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The quality of matching may also be assessed from the number of specimens that

broke on uploading (BOL). About 306 boards and 102 boards were loaded to the 5th

and 15th-percentile of short-term strength. This calls for 31 specimens to break

before full load is reached. The same number of BOL-boards was seen in the actual

tests. Further evidence of good matching is presented below.

Estimation of stress level

Results from duration of load tests are most often shown in a plot of stress level, SL,

versus logarithm of time to failure. The stress level is defined as SL = f/f0 where f is

the actual long-term strength and f0 is the (unknown) failure stress in a short-term

ramp load test. Two methods are employed to predict stress level of individual

specimens. One method is using the equal rank assumption (Madsen 1971) to

predict short-term strength f0. The corresponding stress level is termed SLR. The

other method is using non-destructive parameters to predict short-term strength. The

corresponding stress level is termed SLP.

Equal rank assumption method

Strength values from short-term tests are ranked in ascending order, and boards

subjected to long-term loading are ranked in order of ascending time to failure.

Subsequently, short-term strength values corresponding to an equal rank are

assigned to the boards subjected to long-term loading, and the stress level SLR is

calculated. Data from group 1 (dry) are shown in Fig. 2 together with the

corresponding short-term results. Fourteen of these boards survived 13 years of

loading and were subsequently subjected to short-term tests to failure. Only one of

the 14 boards showed a possible short-term strength reduction of the order of 10%.

This leads to the important conclusion that the equal rank assumption does work,

since 13 of the 14 surviving beams are matched by the 13 strongest beams from the

short-term strength distribution. It also allows the conclusion that, at low moisture

content, damage is not necessarily accumulated over a long period of time, but may

rather develop over a relatively short period to failure. However, this may not be the

case at high moisture content: two beams survived 13 years of loading at constant

high moisture content. The results of the subsequent short-term tests indicated a

strength loss of the order of 30% (Fig. 2). Thus, the behaviour at high moisture

content seems to be different from that at low moisture content. This may suggest

that, at a high moisture content, damage accumulates over longer periods of time

than at a low moisture content.

Non-destructive parameters method

The other method employed to predict short-term strength, f0, utilizes selected non-

destructive parameters to estimate the short-term strength of the specimens under

long-term loading. The following multiple regression equation based on four sub-

samples (204 boards) proved to be the best predictor of short-term strength, fP,20, at

about 20% moisture content.
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fP;20¼ �49:53þ 0:001332E11 � 0:1667MKARþ 0:02941q20 þ 7:136ln E11;short

� �
ð9Þ

where

MKAR marginal knot area ratio

q20 density of the board at about 20% moisture content.

The marginal knot area ratio proved a disappointing predictor of bending strength

(R2 = 0.16). A more refined assessment of the influence of knots using the technique

of Foley (2003) was attempted, but no significant improvement was obtained.

A relation for short-term strength similar to (9) cannot be produced at 11%

moisture content, since non-destructive parameters for the four sub-samples

subjected to short-term tests at low moisture content are not available. Instead,

short-term strength, fP,11, of the specimens subjected to long-term loads in dry

condition is estimated by using (9) subsequently corrected for the influence of

moisture. The latter is done by utilizing a relation established from the eight

sub-samples of boards subjected to short-term tests at two different moisture

levels (10):

fP;11 ¼ 8:896þ 0:4976fP;20 þ 0:008488f 2
P;20 ð10Þ
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Fig. 2 Hundred and two boards
loaded to the fifth-percentile (+).
Also included are the short-term
reference strength data (diamonds).
a Fourteen boards of group 1
(MC = 11%) survived 13 years of
loading and were subsequently
subjected to short-term testing.
b Two boards of group 2 (MC = 20%)
survived 13 years of loading and were
subsequently subjected to short-term
testing
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In order to relate the duration of load results presented later to the kmod factors of

Eurocode 5 (2004) it is necessary to introduce short-term strength values fP,12 and

fR,12 corresponding to the reference climate conditions 20�C and 65% RH or

approximately 12% moisture content. This is done by assuming a linear relationship

between strength and wood moisture content in the range of 55–90% RH. Short-

term strength values at 12% moisture content are then produced by employing (10)

together with a sorption isotherm for the spruce timber.

The quality of fit of predicted strength, fP,12, to test results, fR,12, is assessed by

the Maximum Likelihood Method. The following linear model is used

fP;12 fR;12

� �
¼ aþ bfR;12

� �
XM ð11Þ

where

a,b regression parameters

XM estimation error; modeled as LogNormally distributed with expected

value lX = 1 and standard deviation rM

The fit to data is shown in Table 2 and Fig. 3. The coefficient of variation (COV)

of the linear model quantified by rM is 7.9% which indicates a relative high

uncertainty. The Maximum Likelihood Method also gives estimates of the statistical

uncertainties as shown in Table 2. The results show that especially the slope b has a

high statistical uncertainty.

Classical linear regression gives a coefficient of determination equal to R2 = 0.64

which also indicates a relatively low correlation between predicted and measured

strengths. With no constant term (fit through origo): R2 = 0.45. A quadratic model

with fit through origo produces R2 = 0.64.

Time to failure based on the equal rank assumption

Figure 4 shows stress level SLR as a function of the logarithm of time to failure for

the four groups tested. Stress level, is based on ranked short-term strength values

corresponding to the actual moisture content during the test. For group 4 (varying

climate), the moisture content of specimens subjected to short-term tests is 20%. A

linear version of the so-called Madison curve (Wood 1951) is included:

SL ¼ 90:4� 6:3 log tf ð12Þ

Table 2 Fit of predicted short-term strength fP,12 to test results fR,12 by the Maximum Likelihood Method

a b rM

Best estimate 13.0 0.657 0.079

Coefficient of variation (%) 4.9 9.2 5.0

Correlation: q(a;b) = �0.99; q(a;rX) = �0.01; q(b;rX) = 0.02
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The curve is based on results from small clear bending specimens tested in dry

condition, and frequently used as a reference. In comparison, the present test results

show a less severe DOL behaviour for dry structural timber and a more severe DOL

behaviour for moist structural timber.

Figure 5 shows a segment of Fig. 4 for times to failure longer than 1 h and stress

level adjusted to short-term strength at reference conditions (20�C and 65% RH). As

would be expected, the adjustment to reference conditions results in a significant

reduction of stress levels for the structural timber at 20% moisture content.

The data of Fig. 5 are used for both DOL-model calibrations and for calibration

of the load duration factor kmod. The cut-off at 1 h is introduced so that model

predictions of long-term behaviour are not inappropriately influenced by results

from specimens loaded only for a very short time. A linear regression of SLR on

20
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60

20 30 40 50 60

fR,12 (MPa)

f
,

P
21

)ap
M(

Fig. 3 Least squares fit of
predicted bending strength, fP,12, as
a function of test result, fR,12
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'Madison curve'

Fig. 4 DOL-curves for four groups of 102 boards each tested under different moisture conditions. Stress
level based on short-term strength at actual moisture content (MC). Madison curve included as a reference
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log10 (tf) predicts the stress level at 50 years to be SLR = 0.60 for MC = 11%,

SLR = 0.50 for MC = 20% and SLR = 0.44 for varying MC. Thus, varying the

moisture content between 11 and 20% clearly results in a mechanosorptive effect

causing shorter times to failure than those obtained for tests at any of the constant

moisture levels. Failures were also observed to occur particularly frequent during

the first part of a sorption period. The last board at varying moisture failed after

1.4 years, at a time when there were 17 boards remaining at constant high moisture.

Time to failure based on sample median values

To avoid the uncertainties involved in using the equal rank assumption, the time to

failure assessment may be based on ‘‘sample median values’’ (e.g. Hoffmeyer 1990;

Hanhijärvi et al. 1998; Gustafsson et al. 1998). This procedure takes a complete

sample to produce one data point. The stress level is taken as the actual long-term

stress for a particular sample over the sample median of short-term strength. The

time to failure is expressed as the sample median of log10 (tf).
The present study allows a treatment of five samples subjected to five different

load levels. Two of the samples are groups 2 and 3 (high moisture content) and

group 1 (low moisture content) of the present study. Two additional samples are

taken from a collaborate study (Fewell 1986). The latter samples are identical with

those of the present study. They were conditioned at the low moisture content and

loaded to the 15 and 30% quantiles of the short-term strength distributions.

For the three samples of the present study, sample median values are expressed as

‘‘50% values’’ calculated as the average values of boards nos. 51 and 52 (sample

40
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'Madison curve'

Fig. 5 Segment of Fig. 4 for times to failure longer than 1 h and stress level SLR based on short-term
strength at reference conditions (20�C and 65% RH). Madison curve included as a reference
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size = 102). Short-term strengths of the samples were taken at reference condition

(20�C, 65% RH).

For the two samples of the collaborate study, the stress level is taken as the

actual long-term stress for the two samples (31.97 and 35.24 MPa) over the

sample median of short-term strength as was used for group 1 above. The

resulting stress levels are SL = 83.3 and 91.8%. No detailed time to failure data

was available for these two samples. Therefore, the two sample median values of

log10 (tf) had to be extracted from the graphical data representation of DOL curves

in Fewell (1986) corresponding to the two stress levels calculated above. The

values of log10 (tf) (h) were 1.82 and 0.88, respectively. Results are shown in

Fig. 6. Fewell (1986) presents a graph somewhat related to Fig. 6. However, it

should be noted that in Fewell’s analysis, boards that broke on loading (BOL)

were omitted. This would not make sense for the present purpose of assessing the

sample median values.

A linear regression of sample median values predicts the stress level at

50 years to be SL = 0.57 for MC = 11% and SL = 0.48 for MC = 20%, which is

not much different from the values predicted from the equal rank assumption

method (Table 6). This coincidence suggests (Hoffmeyer 2003) no significant

effect of timber quality on DOL behaviour for the range of timber qualities used.

A similar conclusion was made by Fewell (1986) by comparing DOL results from

samples of the collaborate study to his DOL results from samples of higher

quality.

y = -6,798x + 96,95

y = -6,461x + 84,84

40
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11 % MC, 5 % quantile

 Same, surviving 13 years

20 % MC, 5 % quantile

 Same, surviving 13 years

20 % MC, 15 % quantile

Fewell (1986), 30 % quantile

Fewell (1986), 15 % quantile

Fig. 6 DOL-curves for the samples at constant moisture conditions (groups 1–3). Large, filled data
labels are sample median values. Two additional sample median values are included from a collaborative
study (Fewell 1986). Trendlines for median values at the two moisture levels are included
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Time to failure based on non-destructive assessment of short-term strength

As an alternative to the use of the equal rank method, the predicted stress level

(SLP) of a particular board may be assessed by expressing the ratio of actual applied

stress over the short-term strength as expressed by Eqs. (2) and (3). The results are

treated in a subsequent paragraph on calibration of models. Results are seen in

Table 6 and Fig. 8.

Creep

The creep component w(t) of the total deformation is expressed as the ratio between

the time dependent deformation and the initial elastic deformation. Creep data are

fitted to the power function w(t) = (T/s)b, where T is the time and b and s are

regression parameters. The latter parameter is termed the doubling time because s
defines the time when total deformation is twice the initial deformation. Table 3

gives creep parameters as average values for specimens of each group. The data

shown are based on global deflection. More detailed information also including data

based on creep strain in tension and compression is available in (Hoffmeyer 1990).

The doubling time s for group 3 (load: 15% quantile) is shorter than for group 2

(load: 5% quantile) which indicates non-linear creep. The very short doubling time

for group 4 (load: 5% quantile) compared to that of group 2 reflects the significant

influence of mechanosorption. Part of such behaviour is attributed to the gradual

formation of the microstructural damage known as ‘‘slip planes’’; such damage is

facilitated by moisture changes (Hoffmeyer 1989; 1993).

Nielsen’s model and the LEFM model contain regression parameters rooted in

the assumption that the time dependent decrease of the modulus of elasticity (creep

factor) may also be expressed by the power function (T/s)b. It is conceivable that

such creep at the microstructural level is reflected in creep behaviour at a

macrostructural level and thus transformed into a material property available to

experimental verification. An attempt was therefore made to apply the experimental

data (Table 3) from the creep tests to the calibration of the two models. The results

were discouraging, as may also be concluded by comparing the experimental values

of b and s from Table 3 with the b and s parameters of Tables 4 and 5. The

experimental data show b to increase and s to decrease from group 1 through group

4, i.e. for increasingly severe moisture or load conditions. This overall pattern is not

found to be consistent in either of the two models, and particularly the s values of

the models are way off compared to the doubling times found from tests. Thus, the b

Table 3 Average creep

parameters based on global

deflection

s (h) b

Group 1 19 · 106 0.23

Group 2 7,200 0.27

Group 3 2,600 0.31

Group 4 800 0.35
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and s parameters of the models are to remain regression coefficients that are not

applicable as materials properties assessed from bending creep tests.

Calibration of models

Short-term strength assessed by equal rank assumption

Calibration of regression parameters is performed for all four models using the

Maximum Likelihood Method. Table 4 shows the best estimates. Including the

surviving specimens of groups 1 and 2 proved to enhance the estimates, and

survivors are therefore included in the estimation of regression parameters. Models

utilizing the best fit parameters of Table 4 are shown in Fig. 7. The parameters of

the four duration of load models are fitted using the Maximum Likelihood Method

including the number of surviving specimens in the statistical analysis.

The results shown in Fig. 7 and Table 4 show that all four damage accumulation

models can be calibrated to fit the data very well. For Gerhards’ model and the

LEFM model, where the model uncertainty quantified by re is related to the stress

level (SL), there are no significant differences in model uncertainties. For the Foschi

& Yao model and the Nielsen model, the model uncertainty is related to the time to

failure, tf, and it is seen that in general, the Foschi & Yao model has the smallest

model uncertainty.

Table 4 shows the b parameter of Nielsen’s model to be scattered around an

average value of 0.20. A calibration with a fixed regression coefficient b = 0.20 and

with s as the only variable regression coefficient resulted in only marginally larger

model uncertainty. For this ‘‘one-parameter-model’’ the s values for groups 1–4

were 1,060, 19.1, 30.3 and 7.2 (h), respectively.

Short-term strength assessed from non-destructive parameters

In order to model the long-term stress level based on non-destructive indicators and

include the uncertainty related to estimation of the short-term strength, the

following model is used:

SL ¼ f

fR
¼ f

fP

fP

fR
¼ SLP fPð Þ

fP fRð Þ
fR

ð13Þ

where

f long-term strength

fP predicted short-term strength

fR measured (real) short-term strength

SLP fP; eð Þ ¼ f
fP

stress level fitted to damage model using non-destructive

parameters

fP (fR, XM ) predicted short-term strength as a function of real short-term

strength by (11)
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e estimation error related to fit of long-term strength as function of

predicted short-term strength (with standard deviation re), see

(1)–(8)

XM estimation error related to fit of predicted short-term strength as a

function of real short-term strength (with standard deviation rM),

see (11)

The long-term strength is fitted using short-term strengths predicted by non-

destructive indicators and the four damage accumulation models. The best estimates

of the parameters obtained by the Maximum Likelihood Method are shown in

Table 5 and the data fits are presented in Fig. 8. The results show that all four
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Fig. 7 Test results based on equal
rank assumption. Best fits of the
four models are shown
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damage accumulation models can be calibrated to fit the data reasonably well, but

with significantly larger model uncertainties than when using the equal rank

assumption. This is due to the large scatter of the data points.

The above conclusion concerning the performance of Nielsen’s model with a

fixed value of b = 0.20 also holds in this case. The resultant s values for groups 1–4

were 549, 121, 98 and 13 (h), respectively.

Stress level SL at failure after 50 years of load duration

The combined effects of duration of load and moisture are evaluated in terms of

the stress level SL50 to cause failure after 50 years of permanent load. Table 6

shows SL50 values predicted by the four models with regression parameters from

Tables 4 and 5. Also included are the predictions based on simple linear

regression and sample median values. In general, the SL50 values predicted by the

equal rank assumption agree well with the linear regression and sample average

predictions. However, it is noted that the fracture mechanics based models

(Nielsen and LEFM) in some cases (groups 3 and 4) result in lower SL50 values.

The predictions obtained using the non-destructive parameters are very scattered

as could be expected from the uncertain estimates of the model parameters as seen

in Table 5 and Fig. 8.

A lower threshold value g = 0.45 in the Foschi & Yao model was investigated,

but the estimated parameters and the SL50 value were only slightly different from

those obtained by using g = 0.5.

As mentioned above, 13 years of test data are used. The results offer an

opportunity to investigate whether a shorter time span could have produced equally

reliable results. Using the equal rank assumption, Gerhards’ model and group 1 data,

a sensitivity study of results shows that 6–7 years of data are sufficient to obtain the

same estimates of the model parameters and SL50 value with two digits of accuracy,

i.e. the time span of the tests could be shortened significantly. It should be noted that

this is only possible if the surviving test specimens are included in the statistical

analysis using, e.g. the Maximum Likelihood Method.

Table 5 Regression parameters for the four DOL models

Model Gerhards Foschi & Yao Nielsen LEFM

Parameters A B re B C D re s b re A s b re

Group 1 0.92 0.059 0.07 44 51 4.9 1.3 400 0.20 3.0 0.86 24,000 0.40 0.07

Groups 2 0.75 0.026 0.07 15 0.04 1.0 1.2 27 0.15 3.1 0.73 172,000 0.25 0.10

Groups 3 0.90 0.060 0.18 18 0.70 2.0 1.4 71 0.25 2.9 0.82 173,000 0.25 0.09

Groups 2 + 3 0.82 0.039 0.08 30 1.2 3.0 1.2 55 0.20 3.1 0.88 37,000 0.14 0.10

Group 4 0.85 0.070 0.06 24 1.1 2.2 0.83 12 0.23 2.1 0.80 19,500 0.24 0.08

Non-destructive parameters method. Maximum Likelihood Method
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Duration of load factors

This paragraph demonstrates how reliability based calibration of load duration factors

kmod is performed using probabilistic models of loads and short-term and long-term

strength. Duration of load factors are calibrated as described in Sørensen et al. (2005).

Load models

Permanent load is modeled as normally distributed with the coefficient of variation

equal to 10%.
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Fig. 8 Test results based on
non-destructive parameters
method. Best fits of Gerhards’
and Nielsen’s models are shown
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Imposed (live) load is modeled in accordance with the JCSS load model (JCSS

2006) and CIB W81 (1989). As an example, imposed load in libraries is considered.

The load model for this type of load is based on sustained loads which cover

ordinary imposed load such as furniture, average utilization by persons, etc.

The following assumptions are made:

• the sustained load changes at the times X1, X2, ... are modeled by a Poisson

process. The time interval between changes is exponentially distributed with

expected value ksus.

• the magnitude of the sustained load Psus is assumed to be Gamma distributed

with expected value ksus and standard deviation rsus ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

v þ r2
u;susjA0=A

q
with

parameters defined in Table 7.

Calibration of load duration factor

Reliability based calibration of load duration factors is performed using probabi-

listic models of loads and short-term and long-term strength. It is assumed that the

short-term strength f0 of timber is Lognormally distributed with coefficient of

variation equal to 15%, and that the characteristic strength is the 5% quantile.

The following short-term limit state equation is used:

g ¼ zf0 � Q ð14Þ

where z is a design parameter, f0 is the short-term strength and Q is the load.

The corresponding design equation is:

Table 6 Average stress level SL at failure after 50 years of load duration predicted by models, simple

linear regression and sample average values

Equal rank assumption Non-destructive parameters Linear

regr.

Sample

median
Model Gerhards Foschi Nielsen LEFM Gerhards Foschi Nielsen LEFM

Group 1 0.60 0.62 0.57 0.60 0.59 0.58 0.56 0.42 0.60 0.57

Group 2 0.52 0.52 0.51 0.49 0.60 0.46 0.52 0.56 0.52 –

Group 3 0.50 0.52 0.45 0.40 0.56 0.52 0.47 0.63 0.50 –

Groups 2 + 3 0.50 0.53 0.52 0.49 0.60 0.55 0.50 0.57 0.50 0.48

Group 4 0.44 0.46 0.42 0.35 0.45 0.52 0.43 0.45 0.44 –

Table 7 Parameters for imposed (live) load, see JCSS (2001)

Sustained load

A0 (m2) lsus (kN/m2) rv (kN/m2) ru,sus (kN/m2) ksus (year)

Library 2 1.7 0.5 1.0 10

A = 5 m2 and j = 1.778
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zf0;C
cm

� cQQC ¼ 0 ð15Þ

where the characteristic values and partial safety factors in the Danish codes DS409

(2006) and DS413 (2006) are:

f0,C characteristic value for short-term strength (5% quantile)

QC characteristic value (98% quantile in annual maximum distribution for

variable loads and mean values for permanent loads)

cm partial safety factor for material parameter (= 1.35)

cQ partial safety factor for variable load (= 1.5)

The design variable z is determined from (15) and next, the reliability index b is

calculated on the basis of (14) and the stochastic model using a so-called time-

invariant reliability problem formulation, see also Sørensen and Hoffmeyer (2000,

2001).

The following time-invariant long-term limit state equation is used for the

damage accumulation models by Gerhards, Foschi & Yao and LEFM:

g ¼ 1� a f0;XM;Q;A;B;C; e; SLðzÞ; g;TLð Þ ð16Þ

where

a damage function. Gives the accumulated damage after TL = 50 years with

a time varying variable load Q = Q(t)
TL design life (= 50 years)

A,B,C,e parameters in damage accumulation model

SL stress level ¼ Q
zf0

g threshold value

The following time-variant long-term limit state equation is used for the damage

accumulation model by Nielsen:

g ¼ SLðz; tÞ�2 � a f0;XM;Q;A;B;C; e; SLðz; tÞ; g; TLð Þ ð17Þ

The time to the first failure is obtained corresponding to the first time, when a (t)
� SL(z,t)� 2, i.e. a so-called time-variant reliability problem.

The design equation corresponding to the limit state function (15) is:

zf0;C
cm

kmod � cQQc ¼ 0 ð18Þ

where kmod is the load duration factor.

The kmod factor is calibrated by the following steps:

1. Calculate the short-term reliability index b50
S for a 50 year reference period

using the limit state function (14) and the design equation (15). b50
S is calculated

as function of km by simulation (kQ is fixed).
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2. Calculate the long-term reliability index b50
L for a 50 year reference period

using the limit state function (17) and the design equation (18) and kmod = 1. b50
L

is calculated as a function of cm by simulation (kQ is fixed).

3. kmod is estimated from

kmod ¼
cS

m bð Þ
cL

m bð Þ ð19Þ

for a reasonable range of values of the reliability index b corresponding to the

50 year reference period. cm
S (b) is the short-term partial safety factor as a function of

b and cm
L (b) is the long-term partial safety factor as a function of b.

Results of kmod calibration

Tables 8 and 9 show load duration factors, kmod for a lifetime equal to 50 years.

Two damage accumulation models are selected: Gerhards and Nielsen. They

represent an empirical model and a model based on fracture mechanics. Both short-

term strength predictions based on the equal rank assumption and the non-

destructive assessment are used. Further, results are shown with and without

statistical uncertainties related to estimation of the short-term strength based on non-

destructive parameters included in the reliability assessment (upper and lower

values in tables). For comparison, also the deterministic, direct estimation of the

SL50 results obtained from Table 6 is included.

The results in Table 8 for imposed library loads show that the direct and the

reliability-based estimation of the load duration factor give almost the same results.

Table 8 Load duration factors kmod

Gerhards Nielsen

Eq. rank Non-destr. Eq. rank Non-destr.

Direct Calibr. Direct Calibr. Direct Calibr. Direct Calibr.

Group 1 0.60 0.60 0.59 0.59

0.56

0.57 0.58 0.56 0.57

0.54

Group 2 0.52 0.52 0.60 0.61

0.57

0.51 0.52 0.52 0.53

0.50

Group 3 0.50 0.51 0.56 0.72

0.67

0.45 0.47 0.47 0.53

0.50

Group 2 + 3 0.50 0.50 0.60 0.60

0.57

0.53 0.49 0.50 0.51

0.48

Group 4 0.44 0.44 0.45 0.45

0.43

0.42 0.45 0.43 0.45

0.42

Permanent loads
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It is noted that if the uncertainty related to the non-destructive estimation of the

short-term strength is included, then slightly smaller load duration factors are

obtained. It is noted that the equal rank assumption and the non-destructive

estimation of short-term strengths give almost the same load-duration factors.

The results in Table 9 for permanent load also show good agreement between

equal rank and the non-destructive estimation based results for Nielsen’s model,

whereas for Gerhards’ model, some differences are obtained.

For both permanent load and imposed library load calculations similar to those

presented above have shown, that the effect on kmod is marginal if statistical

uncertainty on the parameters of the damage accumulation models are included.

Conclusion

• The equal rank assumption is a reliable method for the assessment of the short-

term strength of boards subjected to long-term loading.

• Damage in dry timber seems to accumulate over a short period of time to failure.

Thus, loading dry timber for a long period of time does not normally change the

short-term strength. Conversely, at high moisture content indications are that

damage accumulates over longer periods of time.

• No experimental evidence is found of a threshold level of strength below which

no damage accumulates.

• There is no significant effect of timber quality on duration of load behaviour for

the range of qualities used.

• There is a significant mechanosorptive effect both in terms of increased creep

and a shortening of time to failure. It should be noted, however, that results

concerning mechanosorption are always dependent on test parameters such as

specimen dimensions and magnitude and frequency of climate variations.

Table 9 Load duration factors kmod

Gerhards Nielsen

Eq. rank Non-destr. Eq. rank Non-destr.

Group 1 0.66 0.64

0.64

0.65 0.63

0.63

Group 2 0.56 0.63

0.63

0.57 0.59

0.59

Group 3 0.56 0.73

0.74

0.53 0.59

0.58

Group 2 + 3 0.56 0.64

0.64

0.58 0.57

0.57

Group 4 0.50 0.52

0.52

0.50 0.50

0.50

Imposed loads (library)
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• The parameters of the creep function (T/s)b assessed from experimental data are

shown to be highly dependent on moisture. Average values of b ranged from

0.23 for dry conditions to 0.35 for varying moisture conditions, while the

average doubling time s ranged from approximately 2,000 years for dry

conditions to 1 month for varying moisture conditions.

• The parameters of the four different duration of load models (Gerhards, Foschi

& Yao, Nielsen and LEFM) are estimated using the Maximum Likelihood

Method by which the surviving test specimens can be included in the statistic

analysis. The results show that all four damage accumulation models can be

calibrated to fit the data very well if the equal rank assumption is used to

estimate the short-term strength. By using non-destructive indicators to estimate

the short-term strength, reasonable fits are obtained, but with significantly larger

model uncertainties than when using the equal rank assumption. This is due to

the large scatter of the data points.

• The combined duration of load and moisture effects are evaluated in terms of the

stress level SL50 to cause failure after 50 years of permanent load. The SL50

values predicted by the four damage accumulation models and the equal rank

assumption agree well with the linear regression and sample median predictions.

The predictions obtained using the non-destructive parameters are very scattered

as could be expected from the highly uncertain estimates of the model

parameters.

• The stress level SL50 was found to be of the order of 0.60 for MC = 11%, 0.50

for MC = 20% and 0.44 for MC varying between 11 and 20%.

• A reliability-based calibration of the duration factors kmod is made including

the uncertainties related to loads, short and long-term strengths and models

for lifetime equal to 50 years. For permanent and imposed library loads,

reliability-based estimation of the load-duration factor gives almost the same

results as direct, deterministic calibration. This is also the case if statistical

uncertainty on the parameters in the damage accumulation models is

included.

• 13 years of test data are available. Using Gerhards’ model, a sensitivity analysis

with surviving tests included shows that it is sufficient to use data from 6–

7 years, i.e. the time span of the tests could be shortened significantly.
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