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ABSTRACT

The mechanism lcading to the reduction in strength of a wood member under sustained loads is
one of creep rupture. Damage models have been developed to assess static damage accumulation in
wood. Forms of these models are being used in reliability analyses of wood members and systems
and in the development of probability-based design codes. Questions as to the validity of these models
and the appropriateness of one or more of the models in the context of reliability studies have been
raised. This paper presents the current state-of-the-art with respect to damage models for wood and
offers observations concerning the limitations on the use of some of these models in reliability studies.
Particular attention is paid to single members in flexure and the stochastic progressive accumulation

of damage as predicted by the different models.

Keywords:

INTRODUCTION

Damage models for wood are being used in
lifetime reliability analyses of wood members
and systems and in the development of prob-
ability-based design codes (Ellingwood and
Rosowsky 1991; Foschi et al. 1989; Rosowsky
and Ellingwood 1990). While these models
have continued to evolve over the years, there
are significant shortcomings associated with
their forms and use. Specifically, differences
exist between the various forms of the damage
models and thus their predictive capabilities
for damage accumulation. Furthermore, these
models have been developed from high-stress,
single load-pulse, time-to-failure tests. Lim-
ited verifications of these models have been
made with ramp, step-constant, and cyclic load
histories (Barrett and Foschi 1978b; Gerhards
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1979). Questions as to the validity of these
models in the context of reliability studies have
been raised.

This paper presents the current state-of-the-
art with respect to damage models for wood,
provides some indication of how these models
have been used in reliability analyses, dis-
cusses relative sensitivity of reliability results
to choice of damage model, and offers obser-
vations concerning limitations of these mod-
els. Particular attention is paid to the stochas-
tic progressive accumulation of damage as
predicted by the different models.

DAMAGE MODELS FOR WOOD

The mechanism leading to the reduction in
strength of a wood member under sustained
loads 1s one of creep rupture (Barrett and Fos-
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chi 1978a; Gerhards 1979). Creep rupture aris-
es from the propagation of voids in the mi-
crostructure of the wood at a stress level that
is lower than the short-term static strength
(Barrett and Foschi 1978a). A number of creep
rupture models involving a state-variable sim-
ilar to that used in the analysis of metal fatigue
(Miner 1945) have been proposed to assess
static damage accumulation in wood structural
members. These models are empirical because
of the complexities associated with the creep
rupture failure mechanism. The more accepted
models have been calibrated with data from
extensive laboratory tests (Barrett and Foschi
1978a, b; Foschi and Barrett 1982; Foschi and
Yao 1986; Gerhards 1979, 1988; Wood 1951).

Early damage accumulation models took into
account the fact that wood strength is a func-
tion of the time the load is held at a constant
intensity. The Madison Curve (Wood 1951) is
an example of this type of model and is based
on tests of small clear specimens. Subsequent
research (Madsen 1973, 1975) showed that this
effect in dimension lumber differed somewhat
from what it was with small clear specimens.
State-variable models evolved once it was un-
derstood that wood structural members may
fail as a result of progressive accumulation of
damage and not just due to overload. This
state-variable, «(t), takes on values from 0 to
1, where a(f) = 1 represents failure. These ob-
servations led to experimental testing pro-
grams to establish the load-duration effect for
structural size lumber. The specimens were
subjected to long-term loadings, and times-to-
failure were recorded. Relationships between
stress ratio (defined as the ratio of the applied
stress to the stress assumed to cause failure in
a conventional short-term strength test) and
time-to-failure were established, and damage
rate models were developed. Some experi-
mental work has resulted in models proposing
the existence of a threshold level below which
no damage accumulates (Barrett and Foschi
1978a; Foschi and Barrett 1982; Madsen 1973).
Other studies, however, failed to indicate any
such threshold (Gerhards 1979, 1988; Ger-
hards and Link 1986). Finally, in more recent
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models, the damage rate has been cast as a
function of the existing damage as well as the
current stress (Barrett and Foschi 1978a; Fos-
chi and Yao 1986).

Examples of the more widely used damage
accumulation models are the following: “Mad-
ison Curve'” (Hendrickson et al. 1987):

do
I = A(o — ao)?
Barrett and Foschi Model I (B/F-1) (Barrett
and Foschi 1978a):
do .
; = A(c — 08¢
Barrett and Foschi Model II (B/F-11) (Barrett
and Foschi 1978a):
d
d_c: = A(c — 0y) + Ca
Exponential Damage Rate Model (EDRM,
Gerhards) (Gerhards 1979):

(1)

(2

3)

@ = exp(—A4 + Bo)

a “4)

in which ¢ is the stress ratio (dimensionless)
defined as the applied stress at time ¢ divided
by the stress known to cause failure in a con-
ventional short term strength test. 4, B and C
are experimental parameters based on failure
data from various load duration tests. The pa-
rameter g, is the damage threshold stress ratio.
For values of ¢ < ¢,, no damage occurs. In
some models, the rate of damage accumula-
tion, da/dt, is a function of the applied stress
only (Egs. 1 and 4), whereas in others, do/dt
is a function of the existing damage state, «,
as well (Egs. 2 and 3).

Another model proposed recently for dam-
age accumulation has the form: Foschi and
Yao Model (F/Y) (Foschi and Yao 1986):

da _

2 Al = oor]” & Clr()) = o7

)]

! Damage rate implied by original Madison Curve.
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where 7(¢) is the applied stress, 7, is the short-
term strength of the member, « is the existing
damage, and 4, B, C, and n are model param-
eters. The model parameters B, C, n, and g,
are treated as random variables, and A is func-
tionally related to B and the ramp loading rate,
k, as

_ k(B + 1) ©6)
(1 = oo
k== ()

5

where 7, = time-to-failure in the short-term
test. This model differs from the earlier models
in that it i1s not expressed in terms of stress
ratios.

A plot of constant stress ratio vs. time-to-
failure for several damage models is shown in
Fig. 1. These models are all based on static
load tests. A comparison of the Madison Curve
model and the EDRM (Gerhards) model for
Douglas-fir lumber in bending reveals that
these models are similar in the short-duration,
high stress range and diverge as stress decreas-
es. The Barrett and Foschi Model 11, with
threshold ratio ¢, = 0.5, is based on tests of
western hemlock. As illustrated in Fig. 1, be-
tween about 7 hours and 2 years, there is a
significant difference between the EDRM and
B/F-IT models, with the EDRM tending to
ovcerestimate the stress ratio relative to the B/F-
IT model. Beyond about 2 years, the models
begin to converge until about 8 years, the time
at which the B/F-1I model reaches its threshold
stress ratio of 0.5, after which they diverge
again. The Foschi and Yao model can be in-
tegrated to solve for time-to-failure for a given
applied stress (failure defined as « = 1), with
model parameters taken from Karacabeyli
(1987). The curves in Fig. 1 for the F/Y model
suggest: (1) significant differences exist be-
tween damage models for lumber in bending;
(2) while trends (shapes) are similar, some dif-
ferences exist between curves for Eqs. 5-7 for
different species; and (3) differences exist for
different limit states (flexure, compression,
tension).
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Fic. 1. Comparison of damage accumulation models.

SPECIES EFFECTS

Each of the damage models was developed
based on experimental test results involving
specific lumber species. The Madison Curve
was developed originally from small clear
Douglas-fir test data (Wood 1951) and has since
been used for other species, as well as full size
structural lumber. The EDRM (Eq. 4) was de-
veloped and calibrated to data from structural
Douglas-fir lumber (Gerhards 1988). The Bar-
rett and Foschi Models 1 and II (Egs. 2 and 3)
were originally calibrated to the same small
clear Douglas-fir data used for the develop-
ment of the Madison Curve (Barrett and Fos-
chi 1978a), and were subsequently calibrated
to data from extensive tests of western hem-
lock lumber (Foschi and Barrett 1982). The
Foschi and Yao model (Eq. 5) was fit to data
from tests of structural grade western hemlock
and spruce lumber (Karacabeyli 1987).

The data presented in the literature (e.g.,
Foschi and Barrett 1982; Gerhards 1988; Ka-
racabeyli 1987; Madsen 1973) suggest the ex~
istence of a species effect in the load-duration
behavior of lumber. This effect is evidenced
by the forms of the resulting damage models
(Fig. 1). For example, Douglas-fir lumber ex-
hibits a general log-linear trend in damage ac-
cumulation, while western hemlock and spruce
exhibit more of a nonlinear response. Fur-
thermore, a stress threshold is observed and
included in the models for western hemlock
and spruce data, but no such observation or
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model parameter is included for the Douglas-
fir data.

OTHER FACTORS AFFECTING
DAMAGE ACCUMULATION

Other factors can contribute to damage ac-
cumulation in structural wood members. For
example, the type (i.e., bending, tension, com-
pression, etc.) and direction (i.e., parallel to
the grain, perpendicular to the grain) of loading
may affect the damage accumulation process.
This is partially illustrated in Fig. 1 for the
Foschi and Yao model calibrated for spruce
lumber in bending, tension, and compression.

Temperature and moisture content are
known to affect the short-term strength and
stiffness characteristics of lumber (Fridley et
al. 1992a). These conditions can also affect
damage accumulation. An extensive research
effort was conducted to evaluate the effects of
environmental conditions on damage accu-
mulation (Fridley et al. 1992b). It was con-
cluded for constant environmental conditions
that damage accumulation was not sensitive
to temperature and moisture content jf the
short-term strength was accurately adjusted for
the current hygrothermal condition of the lum-
ber. For cyclic moisture conditions, however,
significant damage resulted that may be related
to so-called mechano-sorptive creep strain of-
ten observed in wood. Mechano-sorptive creep
strain 1s the nonlinear interaction between
changing moisture content and applied stress
resulting in excess creep (Bazant 1985).

OTHER MODELING APPROACHES

Nielsen and Kousholt presented a load-du-
ration strength model for wood based on vis-
coelastic fracture mechanics (Nielsen and
Kousholt 1980). This model was reviewed and
presented again by Johns and Madsen with
particular reference to full size lumber (Johns
and Madsen 1982). Nielsen later justified his
model and presented results from his studies
as well as results from studies which utilized
his modei (Nielsen 1986a, b).

The Nielsen fracture mechanics model was
developed using the Dugdale crack model and
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predicts the time to catastrophic failure as

zfz (8/772)(¢Q + 1)(0’1/0'6.,)2(0'”/0"0)2 x

(@ /0.)
x f <Egﬂ) &9+ Flo./o] ()

where #,is the time to failure, § = (0., /0)°c/Cs
¢ is a weighted creep function constant, Q is
a crack growth model constant, ¢, is the ulti-
mate Dugdale crack tip stress, o, is the critical
value of the externally applied stress which is
approximately equal to the Griffeth stress ca-
pacity, g, is the applied stress, F(0) is the in-
verse of a crack tip creep function, ¢ is the half
crack length, and ¢, is the critical half crack
length. Knowing an appropriate crack tip creep
function allows the inverse creep function, F(6),
to be formulated.

Johns and Madsen applied Nielsen’s model
(Eq. 8) to full size lumber (Johns and Madsen
1982). A creep model of the form

) = o(1 + at®)/E )

was used to write the inverse creep function
FO) = (1/7a)'°[(8 — 1)V2/6] (10)

where a and b are empirical constants. This
fracture model, as formulated above, predicts
different load-duration responses for different
applied stress ratios (Johns and Madsen 1982;
Nielsen 1986b), similar to the Foschi and Yao
damage model (Eq. 3).

Numerical and statistical approaches to the
load-duration problem in wood have been used
by several researchers. Wood’s original model
(Eqg. 1) was actually a best fit to a hyperbolic
equation that matched observed data; it was
later recast as a damage accumulation model
(Hendrickson et al. 1987). Martin discussed
the stress-life relationship for wood from a
mathematical and statistical point of view
(Martin 1980). Saunders and Martin presented
three numerical load-duration models and 1l-
lustrated that their models, developed from
statistical considerations, echoed the trends
predicted by the EDRM model (Eq. 4) and the
Barrett and Foschi Models I and II (Egs. 2 and
3) (Saunders and Martin 1988).
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A model based on chemical reactions during
plastic deformation was proposed (van der Put
1989b) that relates fracture times to bond
breaking processes in the wood. The model is
based on physical parameters and is quite flex-
ible; however, the governing equations are very
complex and their application to structural
lumber with its inherent defects and high ma-
terial variability may be difficult. This model
is applicable only to discrete zones of defor-
mation (van der Put 1989a).

A strain energy model to predict load-du-
ration effects in lumber has recently been de-
veloped (Fridley et al. 1991). A critical strain
energy density function was established from
experimental observations. Failure was de-
fined as the exceedence of a critical strain en-
ergy density, u,,, which was assumed to cor-
respond to the initiation of nonlinear material
behavior. For example, u,, in a standard ramp
load strength test would correspond to the pro-
portional limit; in a creep test, u., would cor-
respond to the initiation of tertiary creep. The
strain energy definition of failure was found to
be invariant with respect to load (history, du-
ration, magnitude), environment (tempera-
ture, moisture content, constant, cyclic), and
material (grade, stifiness, strength). Species ef-
fects on the strain energy model have not been
addressed.

DAMAGE MODELING AND
RELIABILITY ANALYSIS

Although many approaches are available to
describe load-duration effects in lumber, most
of the recent work has been directed toward
the development and calibration of damage
accumulation models. Therefore, greater con-
fidence 1s placed in the more popular damage
models (i.e., Egs. 1-5) owing to the simple fact
that more experimental data went into the de-
velopment of these models. Furthermore, some
of the non-damage (i.e., statistical, thermo-
dynamic, energy) models have been shown to
echo 1irends predicted by damage models
(Saunders and Martin 1988). From a compu-
tational standpoint, the damage models, with
the exception of the Foschi and Yao model
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(Eq. 5), offer the convenience of being non-
dimensional since they are expressed in terms
of a stress ratio and not unique values of ap-
plied stress and strength. The discussion that
follows will focus on the use of damage models
in predicting the stochastic accumulation of
damage and in evaluating lifetime reliability.

In structural reliability analysis, failure is
defined as the exceedence of a particular limit
state; failure is not limited to loss of load-car-
rying capacity, but could relate to unservice-
ability (excessive deflection, vibration, etc.) as
well.

The limit state is formulated as,

gX)=gX,, X;,....X)=0 (1D

in which X is the vector of engineering vari-
ables, including loads, material strengths and
dimensions. The function g(X) is formulated,
by convention, so that failure occurs for com-
binations of variables producing g < 0; the
structure is safe when g > 0 (Melchers 1987).
Therefore, the limit state probability is the
probability that g < 0. This probability is found
by integrating the joint probability density
function of all of the load and resistance vari-
ables involved in the reliability function over
the domain of (X, X5, ..., X,) where g < 0.
If the loads or strength are time-dependent, g
is also a function of time, ¢. In many cases,
because of the large number of random vari-
ables involved, the exact form of the joint den-
sity function is not known. Monte-Carlo meth-
ods can be used as an alternative to numerically
integrating the joint PDF in order to evaluate
failure probabilities. Alternatives to Monte-
Carlo simulation are first-order second-mo-
ment (FOSM) methods (Melchers 1987).
Damage in wood accumulates stochastically
(in accordance with the assumed damage ac-
cumulation model) owing to the variation of
structural loads in time. Simple pulse models
have been used to model the temporal varia-
tion of static gravity loads due to the perma-
nent weight of the structure and the permanent
attachments, occupancy live loads, and snow
loads (Hendrickson et al. 1987). Typical load
process statistics and a detailed background of
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their development may be found in (Elling-
wood et al. 1980; Rosowsky and Ellingwood
1990).

Using the state-variable representation of
damage accumulation, as represented in Eqgs.
1-5, the state of cumulative damage in a mem-
ber at time ¢ can be expressed as the sum of
the incremental damage due to the applied
loads up to time ¢:

at) = D, Ag, (12)
The increment of damage that accumulates
under load pulse / of duration 7 is expressed,

" fda
A(X,- = J; <E> dt

The damage rate is defined by the appropriate
damage model. Mathematically, «(?) is a
monotonically increasing stochastic process.
Failure occurs if « = 1 at the end of the service
life of the structure, or the otherwise specified
reference period (7). The cumulative damage
limit state can now be written,

gX)=1—a(T)=1— 2 Aa, (14)

(13)

Equation 11 is in the form of a first passage
problem with failure being defined as the first
passage of the state-variable « through 1 in the
interval (0, 7). Solutions to first passage prob-
lems have not been obtained in closed form,
except for a few simple cases (Larabee and
Cornell 1981). Monte-Carlo simulation can be
used to estimate the probability of failure (Py,,)
due to damage accumulation. The associated
reliability index, 8,,,, is estimated as (Melchers
1987),

Biw = P11 — Pl (15)

in which ! = inverse standard normal prob-
ability density function.

Another reliability measure, 3,,,,, considers
overload failure due to the 50-year maximum
load event, and does not include time-depen-
dent damage accumulation. 3,,,; can be com-
puted using first-order second-moment
(FOSM) reliability analyses of the type used
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previously for steel and reinforced concrete
(Ellingwood et al. 1980; Melchers 1987). These
values can be compared with those obtained
from the stochastic damage accumulation
analysis, 8,,,, as described above.

ANALYSIS OF EXISTING CRITERIA FOR
WORKING STRESS DESIGN

A series of reliability assessments of current
Working Stress Design (WSD) criteria were
performed in order to gain a fundamental un-
derstanding of how damage accumulates sto-
chastically and to provide reliability bench-
marks for subsequent code development
(Ellingwood and Rosowsky 1991; Rosowsky
and Ellingwood 1990). The members consid-
ered were designed according to the following
safety check for Working Stress Design (Na-
tional Forest Products Association 1986):

¢F,S. =D, + X, (16)

in which §, = section modulus in bending, F,
= allowable stress in bending, based on an as-
sumed 10-year duration, { is a factor which
reflects the assumed duration-of-load (DOL)
effect for the design load in the current NDS
(National Forest Products Association 1986),
D, = nominal dead load, and X, = varying
load (occupancy live, snow, roof, as appropri-
ate). The stochastic stress ratio at time ¢ is
given by,

_ D+ X

t
W==5F,

(17)
in which D = dead load, X(¢) = time varying
load, F, = short-term modulus of rupture, ob-
tained by loading the beam to failure over a
period of approximately 5-10 minutes. Sub-
stituting from Eq. 16, the stress ratio for use
in the damage accumulation and reliability
analyses can be written,

D+ X)) 1
Dn+ Xn(Fr/g‘Fb)

o(t) = (18)

where D, X, and F, are random variables.
A Bernoulli pulse process is used to model
the roof snow load. Temporal and spatial mod-
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TaBLE 1. Comparison of damage models for dead + snow loads.
Damage model Species Baor Bowa
Madison Curve DF (small clear) 2.14 2.68
EDRM DF 2.14 2.68
Barrett and Foschi, Model [ DF (small clear) 2.31 2.68
Barrett and Foschi, Model II (s, = 0.5) WH 2.33 2.68
Foschi and Yao WH 2.36 2.68

el parameters are developed from load surveys
and discrete process thecory. A detailed de-
scription of these models and their use in re-
liability studies is presented in Rosowsky and
Ellingwood (1990). The sensitivity of reli-
ability of single members subjected to dead +
snow loading to the choice of damage model
1s evaluated by comparing reliabilitics ob-
tained using the Madison Curve, the EDRM
(Gerhards), the Barrett and Foschi Models 1
and II, and the Foschi and Yao model. The
forms of these models were discussed previ-
ously and are shown in Fig. 1. The recent Fos-
chi and Yao damage model (Eq. 5) is more
difficult to implement in a reliability analysis
than the other models because it cannot be
nondimensionalized, owing to the presence of
the terms 7% and 7,”. An approximate expres-
sion is used for cumulative damage during a
single pulse, /, of assumed constant intensity
(Foschi et al. 1989):

a; = o, K + L, (19)
where,
K; = exp[C(r; — ay7)" Al] (20)
A
L= E(T' — o) (K, — 1) (2D

The damage can now be calculated as the sum
of the damage increments accumulated under
each pulse, as was done using the other models.
In order to directly compare this model with
the Barrett and Foschi Model I1, with ¢, = 0.5,
the model parameters for western hemlock are
taken from Foschi et al. (1989). The median
values are selected and used as deterministic
values for the parameters: B = 37.16, C =
2.465 x 1077, n = 1.290, o, = 0.533. Mean

values for the short-term strength, 7, for west-
ern hemlock were taken from Karacabeyli
(1987). The parameter A is computed to be
4.82 x 107' h~! for k = 388.5 ksi/h. Values
for parameters of the other models are taken
from the literature, but only the B/F-II and the
F/Y models were actually calibrated to the same
data sets (i.e., species). Table | indicates rea-
sonable agreement in the reliability levels as-
sociated with a combined dead + snow loading
using the different damage models. The close
agreement of the Madison Curve with the
EDRM (Gerhards) results, and of the B/F-II
model with the F/Y model results is apparently
a consequence of the close agreement of these
pairs of models in the range of durations typ-
ical for snow pulses (1-4 weeks) as seen in
Fig. 1.

A parametric study using the snow pulse
model was performed in order to investigate
the effect of the total number of pulses retained
(largest to smallest) in the load model on the
reliabilities. Table 2 presents DOL reliabilities
for the different damage models, considering
damage accumulation during both the full snow
load process and the maximum pulse only.
Figure 2 shows the relative frequency of the
number of pulses required to fail a beam (using
the EDRM), given that the beam fails. This
table and figure support the hypothesis that

TaBLE 2. Comparison of damage models for dead + snow
loads, full process and maximum pulse.

Bdul Bdol
Damage Model (full) (max.1)
Madison Curve 2.14 2.14
EDRM 2.14 2.15
Barrett and Foschi, Model I 2.31 2.31
Barrett and Foschi, Model II (¢, = 0.5) 2.33 234
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(228)
# beams = 15,000
# failed = 244
P(fail) = 0.0163, BETA =2.14
Frequency
10 e o

1 2 3 4 5 6
Number of pulses to fail beam

Fic. 2. Relative frequency of number of pulses to fail
a beam under dead + snow loads.

most of the failures occur under a single load
pulse, and therefore the reliability based on
damage accumulating during the maximum
snow load should be nearly the same as that
for the full snow load process. The reduction
of the full snow load process to the maximum
one or two load pulses appears valid because
of the high coefficient of variation in the load
intensity and highly nonlinear nature of the
damage accumulation.

A Bernoulli process is also used (as a sim-
plification to the assumed underlying Poisson
process) for each of the light-occupancy live
load components (a sustained component rep-
resenting occupancy, and a transient extraor-
dinary component for overcrowding situa-
tions). Details of this model can be found in
Rosowsky and Ellingwood (1990). Table 3 pre-
sents reliabilities for single members under
combined dead + live load considering the
EDRM, B/F-11, and F/Y models for compar-
ison. The B/F-1I and F/Y models produce ef-
fectively the same reliabilities for pulse pro-
cesses where the pulses significant in causing
damage to accumulate have relatively short
duration. This is consistent with what was ob-

TaBLe 3. Comparison of damage models for dead + live
loads.

Model Baor Bowa
EDRM 2.66 3.18
Barrett and Foschi, Model II (o, = 0.5) 2.84 3.18
Foschi and Yao 2.89 3.18
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Stochastic Accumulation of Damage

124 )
10 8210 failum).
1
0.8
a{f) 06- ——— Madison Curve
2 .cvveeee. EDRM
04 — — - BFII(©OS)
-] ------ Foschi and Yao
0.2
00
10
SR(1) 05 ‘ L
0.0-1 l l — } } :
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Load Process
Fig. 3. Damage accumulation model comparison for

load process “A.”

served for the dead + snow combination (Ta-
ble 2). From the comparison of the models
shown in Fig. 1, some differences may be ex-
pected with long-duration pulses (i.e., heavy
occupancy live load). Because the Foschi and
Yao model involves significantly more com-
putation than the Barrett and Foschi model,
as a consequence of the increased number of
parameters and the dimensional form, the
B/F-I1 (6, = 0.5) was the preferred damage
model in subsequent comparisons in (Ro-
sowsky and Ellingwood 1990).

An analysis of characteristics of damage ac-
cumulation revealed that only the combined
sustained and extraordinary pulses (L, + L,
rather than just L)) needed to be considered in
combination with the dead load (Rosowsky
and Ellingwood 1990). For both single mem-
ber and system studies, it was found that the
pulse processes representing the structural load
histories could be greatly simplified for the
purpose of cumulative damage failure proba-
bility analysis. Owing to the sparse nature of
the structural loads (Hendrickson et al. 1987;
Rosowsky and Ellingwood 1990) and the high-
ly nonlinear nature of the damage accumula-
tion models, only the largest few pulses drive
the damage accumulation process. Therefore,
an order-statistics approach to generating the
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n largest pulses could be employed rather than
generating the complete load history.

STOCHASTIC ACCUMULATION OF DAMAGE

In order to visualize the stochastic accu-
mulation of damage as predicted by the dif-
ferent damage models, a series of load pro-
cesses are considered. These processes, along
with the associated progressive accumulation
of damage, are illustrated in Figs. 3-8. The
load processes are 10 years long and consist of
a single pulse arrival per year. All pulses have
a duration of 1 week unless otherwise specified.
This form is based on the combined sustained
and extraordinary occupancy live load model
discussed previously, and the observation that
for damage accumulation reliability studies,
only the combined pulses (L, + L,) needed to
be considered. The load magnitudes do not
necessarily coincide with a typical 10-year live
load history, but rather are selected simply for
illustrative purposes (i.e., for visualization of
the damage accumulation process). Sustained
components are not considered. These pulses,
such as would represent the dead and sustained
live load components, have been shown not
to contribute to the damage accumulation pro-
cess (Hendrickson et al. 1987; Rosowsky and
Ellingwood 1990), as the magnitudes are sig-
nificantly lower than would be required to ac-
cumulate damage based on the models. Four
damage models are considered: the Madison
Curve, the exponential damage rate model
(EDRM), the Barrett and Foschi Model 11 (g,
= 0.5, western hemlock), and the Foschi and
Yao Model (western hemlock, bending).

Figure 3 illustrates a load process for which
all the damage models considered predict the
same time-to-failure. However, it can be seen
that the “damage paths™ are quite different.
For example, the Madison Curve and the
EDRM both have distinct paths that appear
to be the result of progressive damage accu-
mulation, whereas the B/F-I1 and F/Y models
seem to indicate failure as a result of a single
large pulse. Recall that these models purport
the rate of damage to be a function of existing
damage in addition to the stress ratio. A closer

409

Stochastic Accumulation of Damage

1.2
1.0 9710 (failure)
0.8
aft) 0.6 ———— Madison Curve
[ EDRM
04 - — — BFI(0.5)
i Foschi and Yao -
02 -
_-‘ i
0.0_' ______L—.T:L --------
1.0
1
SR (1) 05 . l ‘ l
0.0 1 - | 4 - y
o 1 2 3 4 5 6 1 8 9 10

t (years)
Load Process

FiG. 4. Damage accumulation model comparison for
load process “B.”

inspection of the damage path for these two
models reveals that some damage is induced
prior to the pulse at year 8, but that this amount
is very small. The question might now be asked,
is this failure an “overload” type? or a cu-
mulative (progressive) damage type? Visual in-
spection would suggest that it is the largest
single pulse on/y that fails the member ac-
cording to the B/F-II and F/Y models.

Figure 4 shows a case in which two of the
models predict member failure at year 7, but
the other two models predict the member sur-
vives the load process. Figure 5 shows a case
of two different times-to-failure. Here, only the
pulses at years 8 and 9 are changed slightly
with respect to those in Fig. 4, resulting in all
models predicting failure. The damage path for
the F/Y model still appears to be associated
with a single pulse.

Figures 6—8 consider the same series of load
magnitudes, but vary the pulse duration (7)
from 1 day to 3 months. Figure 6 (r = 1 day)
shows failure predicted by two of the four

2 This should not be confused with the definition of
“overload™ used in reliability studies (Ellingwood and Ro-
sowsky 1991; Foschi et al. 1989; Hendrickson et al. 1987;
Rosowsky and Ellingwood 1990) which refers to the con-
dition of stress ratio >1.0.
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models, with similar damage paths. Figure 7
extends the pulse durations to 1 week, and
while all models indicate failure, slightly dif-
ferent damage paths are observed. The B/F-II
and F/Y models suggest failure is due to a
single pulse at year 9. When the durations are
extended to 1 month (not shown), all models
again predict failure, and the differences be-
tween damage paths for the Madison Curve
and EDRM are exaggerated. Finally, Fig. 8
depicts the damage due to the load process
with pulse duration 7 = 3 months. In this case,
all models predict failure, though two different
times-to-failure are observed, and (nearly) all
failures appear to be due to a single pulse.

Recall that the Barrett and Foschi model
assumes the existence of a stress threshold, a,.
This threshold has not been observed in other
testing programs. However, as Fig. 1 illus-
trates, and as evident from these figures, this
threshold is insignificant for damage analyses
based on critical pulses of duration on the or-
der of days to months. Figure 1 shows that the
threshold influence (the steep decline in the
damage model) does not occur until about 1
year.

While it has long been accepted that the
trends shown in Figs. 3-8 are indicative of how
damage accumulates based on the available
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models, no such collection of figures has been
published previously.?> These figures graphi-
cally illustrate the great differences that exist
between these models in predicting the state
of damage in a wood member.

LIMITATIONS OF EXISTING MODELS

As a consequence of the testing programs to
develop the currently available damage accu-
mulation models, a state-variable representa-
tion of damage is used rather than a member
property degradation model. Furthermore,
these models include no provision for chang-
ing environmental conditions. Only recently
have provisions been made in the damage
models for variation in temperature or mois-
ture-content, for example (Fridley 1992b).

The mechanics of creep rupture suggest that
a degradation of member stiffness occurs with
load-duration, as voids are propagated through
the length of the wood. Existing damage mod-

3 A few figures showing log, () vs. time were presented
by Corotis and Sheehan (1986) for a specific damage model
and load process. Plotting the logarithm of damage ac-
centuated the progressive accumulation process. This study
was one of the initial justifications for the use of such
damage models with stochastic ioad models in reliability
analyses of wood members.
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els tacitly assume that the member properties
of the wood are the same just prior to failure
as they are in the undamaged state. While time-
dependent stiffness may be a significant factor
in system strength studies, as the inherent load-
sharing in multi-member systems is a function
of the relative member stiffnesses, this depen-
dency may be particularly important for de-
flection serviceability studies of both single
members and systems.

SUMMARY AND CONCLUSIONS

The current state-of-the-art with respect to
damage accumulation models developed to
describe load-duration effects in wood has been
presented. These models were developed for
specific materials under specific load histories,
and thus predict different responses. The use
and implications of these models in reliability
analyses have been presented, and the relative
sensitivity of the reliability levels to the use of
the various damage models was discussed. As-
sumed in the reliability analyses is the validity
of summing incremental damage. The sto-
chastic progressive accumulation of damage as
predicted by the different models was dis-
cussed and illustrated. It was shown that the
damage accumulation process was highly de-
pendent on the magnitude of the loads. Fur-

411

Stochastic Accumulation of Damage

1.2
]
1.0 9710 (failure) '
b !
0.8 i
4 i
al?) 06 Madison Curve E
o EDRM !
04- - - — B/RII(05) I
[ Foschi and Yao |
0.2 |
J |
0.0 [ .=
1.0
SR(t) 0.5_1 H F H
0.0 } _— )
0 1 2 3 4 5 6 71 8 9 10
t (years)
Load Process
Fic. 8. Damage accumulation model comparison for

load process “D” and 7 = 3 months.

thermore, in many situations, the damage pro-
cess did not appear to be cumulative in nature,
but may be the result of a single pulse of some
critical magnitude and duration. Therefore, the
problem may be reduced to a process consist-
ing of'a single pulse. This differs from an over-
load problem in that the duration of the pulse
is significant. It may, however, indicate that
entire load histories need not be considered in
a reliability analysis including load-duration
effects, but rather only the duration and mag-
nitude of a single critical pulse. Further ex-
perimental and analytical research is required
to confirm this hypothesis and quantify the
important parameters with respect to defining
the critical pulse.
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