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This paper provides an overview of duration of load research for
lumber in Canada and the United States to date. The research
programs, recent results, and link of these results to previous results
are summarized. The experimental data and calibrated linear and
nonlinear damage accumulation models are presented. Finally,
two approaches to developing load duration factors–the traditional
stress ratio approach and a probabilistic approach–are discussed.

BACKGROUND

The duration of load (DOL) factor is important for both the design of wood members in
working stress and the limit states design codes. Traditionally, DOL factors were expressed
as stress ratios (ratio of applied constant stress to estimated short-term strength) for various
load durations (for example, 2-month duration for snow loads). The DOL factors developed
today are being based on a probabilistic approach that employs time history of load and
strength distributions and damage accumulation models. Since the 1970s, researchers
have been working on the DOL effects in full-size lumber, and the results are now being
implemented in engineering design codes in North America.

LITERATURE REVIEW

In North America, the DOL factors were initially based on Wood’s (1) work on small defect-
free specimens, and they were applied to adjust the design stresses of lumber and other wood
products as well as connections for different loading conditions. In Canada, the first DOL
research on dimension lumber was carried out by Madsen (2), who tested No. 2 grade
nominal 2- by 6-in. (standard 38- by 140-mm) Ben-Fir lumber under bending with several
stepwise constant bending loading regimes. One of Madsen’s conclusions was that the time
effect in bending strength is dependent upon stress level. Later, Madsen and Barrett (3)
and Foschi and Barrett (4) showed that the relationship between applied constant load and
time to failure for small defect-free specimens differs from a similar relationship in full-size
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lumber, Gerhards (5) summarized the world literature up to 1976 on the effect of rate
and DOL on wood and wood-based materials, and Karacabeyli (6) presented a literature
survey on DOL research for lumber conducted up to 1986 in North America. In 1985, a
total of 57 scientists and engineers exchanged information in an International Workshop
(7) on Duration of Load in Lumber and Wood Products organized by Forintek Canada
Corporation (Forintek). Since then, several researchers have conducted experimental DOL
studies. Gerhands (8–10) presented results on the effects of high temperature drying, lumber
grade, and repeated loads on DOL for Douglas Fir lumber. Soltis et al. (11,12) investigated
the long-term strength of lumber treated with chromated copper arsenate (CCA) and the
effect of loading mode on DOL factors. Karacaheyli (13) investigated the modes of failure
for lumber under long-term bending loads, and Fridley et al. (14,15) examined the effect
of cyclic temperature and cyclic relative humidity on the DOL behavior of lumber.

A comparison of the stress ratio data from Forintek and the Forest Products Laboratory
(FPL) (Forest Service, United States Department of Agriculture) revealed some differences
for a given constant load duration. A Comparison Testing Program (16) was established to
account for these differences. For Canadian code implementation, Kararabeyli (6) obtained
model parameters for the Foschi Yao damage accumulation model by calibrating the model
to the available data for bending, tension, and compression loading modes. Using these
model parameters and load and short-term strength distributions for bending loading mode,
Foschi et at. (17,8) developed the DOL factors for the 1989 edition of the Canadian code
for engineering design in wood (19). Kararabeyli (20) conducted the same analysis for
lumber in tension loading mode. Foschi (21) discussed the advantages of the reliability-
based approach compared to the traditional allowable design (working stress) approach in
the design of wood structures.

In the United States, a load and resistance factor design (LRFD) code has been developed
and is undergoing trial designs for engineered wood construction. Ellingwood et al.
(22.23) performed reliability analysis using different damage accumulation models. A task
committee of the American Society of Civil Engineers prepared a prestandard report (24)
on the LFRD for wood construction. The U.S. and Canadian lumber industry sponsored a
project for the development of a LFRD standard. Progress on this project was presented
by Gromala et al. (25) and Goodman (26).

DURATION OF LOAD TEST PROGRAMS

In Canada, DOL studies on lumber were first conducted in the 1970s at the University
of British Columbia (UBC) on nominal 2- by 6-in. (standard 38-y 140-.mm) Hem–Fir and
Douglas Fir lumber (2.3). Later, the DOL study on Western Hemlock lumber was conducted
at Western Forest Products Laboratory of Canada and its successor, Forintek (4). In the
United States, an edge-knot study (27) on nominal 2- by 4-in. (standard 38- by 89-mm)
Douglas Fir lumber was the first DOL study on dimension lumber. A cooperative U.S.–
Canadian DOL Test Program was formed under the U.S. Canada Light Frame Structures
Research Program. Under this program, Forintek tested nominal 2- by 8-in. (standard 38-
by 184-mm) Spruce lumber in bending and nominal 2- by 4-in. (standard 38- by 89-mm)
Spruce lumber in bending, tension, and compression (6); the FPL tested nominal 2- by
4-in. (standard 38- by 89-mm) Douglas Fir lumber in handing, tension, and compression
(12,28). Apart from this program, FPL also tested 2- by 4-in. (38- by 89-mm) Southern
Pine and Douglas Fir lumber under different test conditions (8-11). Some test groups from
the FPL samples were tested at the University of Auburn (14,15). For the Forintek–FPL
Comparison Study, the nominal 2- by 4-in. (standard 38- or 89-mm) and nominal 2- by
6-in. (standard 38- by 140-mm) Douglas Fir lumber was sampled, conditioned, E-rated and
grouped at FPL, and constant load tests were conducted at Forintek (16).
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The Canadian DOL Review Committee consisted of representatives from the Canadian
and U.S. lumber industries, Forintek, FPL, UBC, Johns Hopkins University, and Forestry
Canada. The committee met at Forintek in September 1989 and reviewed the progress of
DOL research studies undertaken at Forintek and the FPL. The committee recommended
that the DOL test programs he completed and that all the test data he analyzed using a
reliability-based approach. It also recommended that future research focus on shear and
tension perpendicular-to-gain loading modes, cyclic loading conditions, crack propagation,
and DOL effects on composite wood products, connections, and wooden structural systems.

The experiments conducted at Forintek and FPL are described in Tables 1 and 2. Bending
specimens were tested on edge and under three-point loading at Forintek and under two-
point loading (points 61 cm (2 ft) apart) at FPL. Fully restrained compression specimens
are being tested such that the effective slenderness ratio for both centroidal axes is
approximately 17 (10, 20). The constant tension load tests are being carried out in frames
designed by Glos and Barrett (30). Further details of these test programs, such as sampling,
matching, test setups, data acquisition systems, failure definitions, and test conditions, have
been published (9–12, 28–32).

The environmental conditions in Forintek’s DOL experiments are not controlled. However,
the mild climate of British Columbia has not induced large variations in specimen moisture
content. The ovendry moisture content of the broken constant-load specimens at Forintek’s
long-term research facility varied between 7.5% and 11.5% during 1984–1990. The exper-
iments at FPL are being conducted in controlled (23°C (73° F), 50% relative humidity)
conditioning rooms. Specimen ovendry moisture content ranges from 9.5% to 11.5%.

Time-to-failure data

For short-term strength, the cumulative frequency distribution reflects the variability of the
test material. In a short-term strength distribution with high variability, the difference in
strength values of ith–1 and ith specimens is larger than that of the strength distribution
with low variability. Therefore, the ith specimen in a constant load test group with high
short-term strength variability has to undergo more strength degradation-consequently,
this specimen will take longer time to fail than a specimen in a constant load test
group with low short-term strength variability. This leads to the hypothesis that the
cumulative frequency of the time-to-failure data for a constant load test group also reflects
the variability of the material, and that the variability of time-to-failure is a function of
variability of short-term strength. For example, in Figure 1, two groups with similar mean
short-term values loaded at constant stress levels of 30.3 MPa (4,400 lb/in2) and 20.7 MPa
(3,000 lb/in2), corresponding respectively to the 3rd and 5th percentiles of the matched
control groups’ strength distributions (short-term ramp test), had similar percentage of
failures up to approximately 100 h. After 100 h, however, the specimens belonging to the
group with low short-term strength variability started failing at a greater failure rate than
that of the other group. The difference of time-to-failure data for these groups can also he
seen in a real time scale (Fig. 2), which gives a different perspective for the trend of constant
load failures than that of a logarithmic scale. The allowable stresses in working stress design
codes or specified strength values in limit state design codes are based on the characteristic
strength values (usually the 5th percentile of short-term strength distribution). Although
the material with low short-term strength variability has the advantage of having a higher
characteristic strength than material with high short-term strength variability, it may he
more susceptible to DOL effects. This has importance especially for composite wood
products, machine stress rated lumber, and connections.
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Table 1. Properties of control (short-term) groups and applied constant stress levels for

long-term Forintek–FPL studya

Abbreviations: DF is Douglas Fir, II Hemlock, S spruce. B is bending, C compression,

T tension. STD is standard deviation. Time of load–m is months, y years.
aData for Croup III are for bending tests of 2x6 DF: 11.86 MPa, 5th percentile, 100 specimens,

2-year time of load
bLumber dimensions: nominal 2 by 4, 2 by 6, and 2 by 8 in. (standard 38 by 89, 38 by 140,

and 38 by 184 mm). Q1, high quality, bending strength ratio 0.60-0.95: Q2, low quality,

bending strength ratio 0.20-0.60; Q3, medium quality, bending strength ratio 0.40-0.60. Tension

and compression specimens tested in edgewise third-point bending with worst edge defect in

tension and compression zones, respectively. For bending tests, specimen length is center to

center span; for compression, full length; for tension, length between grips of test machine

Superscript numbers refer to specimen length, 13,505 mm (138 in.), 21,600 mm (63 in.),
32,286 mm (90 in.).

cNumber in parentheses is percentile 1 MPa = 145 lb/in.
dOngoing experiment.
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Table 2. Properties of control (short-term) groups and applied constant stress levels for

long-term FPL experimentsa

Abbrev ia t ions :  DF i s  Douglas  F i r ,  SYP sou the rn  ye l low p ine .  SS  i s  Se lec t  S t ruc tu ra l .  B  i s  bend ing ,

C  compress ion ,  T  t ens ion .  Temp Dry  in  t empera tu re -d ry ing  s tudy ,  CD conven t iona l  d ry ing ,  HTD h igh-

t empera tu r e  d ry ing  CCA i s  ch roma ted  coppe r  a r s ena t e .  STD i s  s t anda rd  dev i a t i on .
a All tests used nominal 2- by 4-in. (standard 38- by 89-mm) lumber.
b Superscript numbers refer to specimen length: 12,134 mm (84 in.), 22,438 mm (96 in.),

3 1 .562  mm (62  in . ) .
c Number in parentheses is percentile. 1 MPa = 145 lb/in.
d Load duration of 3 years.
e Load duration of 9 months.
f Step-applied loads were at various stress levels.
g Only base level drying and untreated group results are given.
h Load duration of 3 months.

Examples of time-to-failure data collected at Forintek and FPL are shown in Figures 3 to
6 in both logarithmic and real time scales.

Stress ratio approach

Because it is difficult to establish DOL factors using only the cumulative frequency of time-
to-failure data, these factors have traditionally been established by using the stress ratio
(ratio of applied constant stress to estimated short-term strength) approach. Stress ratios
were determined by the Equal Rank Assumption, which assumes that the order of failure
for constant load test specimens is the same as that for short-term (control) ramp load
test specimens (Fig. 7). Using this approach, stress ratios were calculated for all bending
groups tested at Forintek and FPL (Table 3). Stress ratios for Douglas Fir tested at FPL
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Figure 1 Short-tern strength variability (logarithmic time). For Spruce, constant stress level was 30.3 Mpa (4,400
lb/in2), mean MOR 48.8 MPa (7,093 lb/in2), and standard deviation 9.8 MPa (1.425 lb/in2). For
Hemlock, constant stress level was 20.7 MPa (3,000 lb/in2). mean MOR 47.8 MPa (6.937 lb/in2) and
standard deviation 19 5 MPa (2.833 lb/in2).

Figure 2. Short-term strength variability (real time) For Spruce, constant stress level was 30.3 MPa (4,400 lb/in2).
mean MOR 48.8 MPa (7,093 lb/in2) and standard deviation 9.8 MPa (1,425 lb/in2). For Hemlock,
constant stress level was 20.7 MPa (3,000 lb/in2), mean MOR 47.8 MPa (6,937 lb/in2), and standard

deviation 19.5 MPa (2.833 lb/in2).

were found to be smallar than those for Spruce and Hemlock lumber tested at Forintek
and Southern Pine lumber tested at FPL. A Comparison Testing Program was established
to find out the reason or reasons for the differences. Results from this program are also
shown in Table 3. The stress ratios found for Douglas Fir lumber in this program are
consistent with the results of Douglas Fir studies conducted at the FPL. Analysis of data
from tension and compression constant load experiments from Forintek and FPL are still
in progress. Glos (33) concludes that the magnitude of DOL effect for European spruce in
tension and compression loads is close to that shown in the Madison curve (Fig. 8). Similar
trends in preliminary data analysis were also observed by Karacabeyli (6) and Soltis et al.
(12). The stress ratios for European whitewood (34) and Douglas Fir (3) lumber (from
interior British Columbia) loaded in bending are in close agreement with the stress ratios
for Canadian Hemlock and Spruce lumber. The average stress ratios from Forintek and
FPL constant bending load studies are shown in Figure 8 along with ratios from European
whitewood and UBC Douglas Fir studies and the Madison curve (1).
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Table 3. Stress ratios for lumber in bending load mode.

Abbreviations: DF is Douglas Fir, SP Southern Pine, S & H Spruce
and Hemlock. Comp is Comparison Testing Program. HTD is high-
temperature drying, CCA chromated copper arsenate.

aThree qualities of Canadian white spruce, No. 2 and better Western
Hemlock, and two sizes (nominal 2 by 4 and 2 by 8 in. (standard 38 by 89
and 38 by 184 mm, respectively)).

b Edge knot, 3,600 specimens. 1,000-specimen samples.

Test results indicate that some survivors of the constant load experiments underwent a
strength degradation. Karacabeyli (6) showed that the nominal 2 by 8 in. (standard 38
by 184 mm) Spruce specimens with short-term strength equal to or greater than twice the
constant stress level did not suffer a strength loss. This conclusion is consistent with the
threshold stress ratio (stress level that must be exceeded for damage to accumulate) that
will be determined later as one parameter in the Foschi-Yao damage accumulation model.
The creep values in the constant load experiments were also measured and were reported
previously (35,36).

Damage accumulation models

When reliability analysis is performed to develop DOL factors for lumber under certain
loads–dead load, dead plus snow loads, and dead plus occupancy loads–the load distri-
butions used are not necessarily the constant loads used in DOL experiments. To assess
the strength degradation in lumber under varying loads, damage accumulation models or
fracture mechanics models (37) were developed in the past decade. In this paper, models
by Foschi-Yao (17) and Gerhards (27) were calibrated to some DOL data sets.

The Foschi-Yao model is expressed as

where α is a damage state variable that is 0 at, initial state and 1 at failure; b, c, n and
(threshold stress ratio) are four model parameters that are assumed to be constants for a
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Figure 3. Forintek duration of load (DOL) data (logarithmic time). Groups 8-13, Douglas Fir nominal 2- by 6-in.
(standard 38- by 140-mm) lumber. Groups 11 and 31, Douglas Fir nominal 2- by 4-in. (standard 38- by
89-mm) lumber.

Figure 4. Forintek duration of load (DOL) data (real time). Groups 8-13, Douglas Fir nominal 2- by 6-in. (standard
38- by 140-mm) lumber. Groups 11 and 31, Douglas Fir nominal 2- by 4-in. (standard 38- by 89-mm)
lumber.

given structural member but vary randomly across the members; is short-term strength;
is applied stress at time t; and a is another model parameter determined as a function

of the other parameters. Foschi et al. (17) provided a detailed description and calibration
of the model: The Foschi-Yao damage accumulation model parameters are given in Table 4,
and Figure 9 shows an example of model fit. In developing Table 3, the four independent
parameters and short-term strength were assumed lognormally distributed.
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Table 4. Mean and standard deviation of Foschi-Yao damage accumulation model parametersa

Abbreviations: Q1, high quality, bending strength ratio 0.60-0.95; Q2, low quality, bending
strength ratio 0.20-0.60. STD is standard deviation.

a Units used in calibration: lb/in2 for stress, lb/in2/h for short-term loading rate
1 lb/in2 = 6.89 kPs.

b All bending tests. Lumber dimensions: nominal 2 by 4, 2 by 6, and 2 by 8 in.
(standard 38 by 89, 38 by 140, and 38 by 184 mm).

Figure 5. FPL duration of load data (logarithmic time).

Figure 6. FPL duration of load data (real time).
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Figure 7. Determination of stress ratio.

Figure 8. Average stress ratios for lumber in bending ( real time). FCC is Forintek Canada Corporation, FPL Forest
Products Laboratory. PRL Prince Risborough Laboratory, UBC University of British Columbia.

The Gerhards model is expressed as

where a and b are model parameters, τs, is short-term strength, and τ(t) is applied stress.
The detailed description and calibration of the model are given in reference 27. The
Gerhards model parameters for some experimental treatment groups are given in Table 5,
and Figure 10 shows an example of model fit.
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Figure 9. Foschi-Yao model fit to Comparison Study data from Douglas Fir nominal 2- by 4-in.
(standard 38- by 89-mm) and nominal 2- by 6-in. (standard 38. by 140-mm) lumber.

Figure 10. Gerhards-Link model fit to bending data from Douglas Fir nominal 2- by 4-in.
(standard 38- by 89-mm) lumber.

CODE IMPLEMENTATION

The DOL factor in the 1989 edition of the Canadian engineering design code for wood
(19) was developed for lumber using a probabilistic approach (17) that accounted for the
variability in loads and strength as well as damage accumulation in wood caused by loads.
The reliability-based calculations showed that a common DOL factor may be applied to
design equations applicable to both the dead plus snow toad and dead plus floor toad
combinations. The strength limit state design equation for the combination of dead and
live loads is

where D is specified dead load, L is specified occupancy or snow loads, φ is performance
factor, Kd is DOL factor (Table 6), and f is 5th percentile specified strength value for
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Table 5. Mean and standard deviation of
Gerhards-Link damage model parameters

Table 6. Load duration factors (Kd) in CSA-CAN3-086.1-M89 (19)

“standard term” load duration, which iv 80% of the 5th-percentile strength value obtained
in a 1- to 10-min ramp loading test.

The strength limit state design equation for the combination of dead and live toads in the
proposed LFRD standard in the United States is

where the load factors are slightly different than those used in Canada. The time effects
factor Kd was developed based on a probabilistic approach (23) and iv given in Table 7.
The strength value f iv a short-t,erm (5-min) value and thus differs from that used in
Canada. However, the product of strength values and DOL factors are similar in Canada
and the United States. Gromala et al. (25) discussed the technical judgment embodied in
the recommended LRFD procedures. These authors indicated that the DOL factors (time
effect factors) in LFRD are in close agreement with Canadian, Eurocode, and New Zealand
timber design codes.

The probabilistic approach to the design of wood structures leads to a consistent limit states
design because it includes adequate material properties, load distributions, and service
history. This simplifies the design of wood structural members when they are mixed with
members of other materials. For lumber, the short- and tong-term data were collected
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Table 7. Time effects factor in proposed
U.S. LRFD specification

and used to develop reliability-based DOL factors. These factors are also being applied
to other wood products and connections. However, two wood products with identical
short-term strength distributions do not necessarily behave the same way under long-
term loads. Therefore, the long-term behavior of structural composite wood products and
connections must be evaluated in a way that employs reliability-based design for entire wood
structures. As a start, available DOL data can he collected for structural wood composites
and fasteners.
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