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ABSTRACT

A model was developed for characterizing the creep response of corrugated fiberboard subjected to
constant compression load and sinusoidally varying relative humidity. Separate hygroexpansion and
mechanosorptive components of deformation during the primary and secondary phases of creep are
characterized in terms of six parameters, Ag, A, 8, 7, i, and p,. Parameters A, and A are the magnitude
and amplitude levels, respectively, of a sinusoidal hygroexpansion response, and 8 is the corresponding
phase lag relative to relative humidity. The model makes mechanosorption a function of hygroex-
pansion and predicts an instantaneous creep rate that varies with the rate of hygroexpansion. An
average creep rate of mechanosorption decreases from a value that initiates primary creep to a steady-
state value throughout secondary creep. The change occurs exponentially with a time-constant 7. Creep
constants u, and u, are proportional to the initial and secondary creep rates, respectively. The model

provides a way to characterize cyclic creep data.

Keywords:
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INTRODUCTION

When cellulosic materials are subjected to
stress and relative humidity (RH), they in-
creasingly deform (creep) and can eventually
collapse or rupture. The mechanisms of creep
and failure are not well understood. Research-
ers have applied various spring-dashpot anal-
ogies to characterize the viscoelastic, hygro-
thermal, and mechanosorptive effects. Essen-
tially, viscoelastic creep is caused by stress and
the time required for deformation to respond
to stress. Hygrothermal phenomena make vis-
coelastic effects a function of moisture and
temperature. Mechanosorption is a cumula-
tive ratcheting of deformation following each
change in material moisture content.

! The Forest Products Laboratory is maintained in co-
operation with the University of Wisconsin. This article
was written and prepared by U.S. Government employees
on official time, and it is therefore in the public domain
and not subject to copyright.
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In the compressive creep response of paper,
mechanosorption has been found to be the most
serious of the creep mechanisms. Byrd and
Koning (1978) found that creep rates of cor-
rugated fiberboard specimens were 3 to 14
times greater during cyclic 35% to 90% RH
than during constant 90% RH. In compression
tests of corrugated boxes (Leake and Wojcik
1992), specimens survived only 3 to 15 days
when subjected to cyclic 50% to 90% RH, com-
pared to 55 days when subjected to constant
90% RH. During the cyclic tests, the cumu-
lative exposures to the high RH portion of the
cycles were less than the continuous exposures
during the constant RH. Consequently, the
contribution of viscoelastic and hygrothermal
mechanisms during cyclic creep was reduced.

Hygroexpansion is the swelling and shrink-
ing that occurs with RH changes. Cyclic creep
data exhibit hygroexpansion superimposed on
the mechanosorptive creep. Researchers have
tried to separate these two forms. Haslach et
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Fig. 1. Relative humidity varying with time and fol-

lowing a sinusoidal control signal with By = 66% RH, B
=21%RH, ¢ = —7/2,and P = 12 h.

al. (1991) proposed various loads and RH rate
changes to separate the swelling and creep
components of tension data on paper. Their
procedure was complicated by the primary
creep following the load application and was
not successfully generalized. Soremark and
Fellers (1993) conducted bending tests of steel-
backed corrugated fiberboard strips with and
without a load during cyclic RH. Hygroexpan-
sion prior to loading was used to predict the
hygroexpansion during creep. Such a proce-
dure is sensitive to the repeatability of succes-
sive RH cycles.

Fridley et al. (1992) proposed a mechano-
sorptive model that yielded a strain rate of
wood beams in bending proportional to a non-
directional rate of change of a relative moisture
content. However, data were insufficient to
predict either the form of the moisture func-
tion or the experimental RH profile. However,
data from Uesaka et al. (1992) demonstrated
a linear relation between hygroexpansion strain
and moisture content of paper. Thus, Fridley’s
model seems applicable to paper if the form
of a hygroexpansion function could be extract-
ed from creep data and used in place of the
moisture function. Tests of corrugated fiber-
board at the Forest Products Laboratory (FPL)
(Laufenberg and Gunderson 1994) yielded
mathematically describable creep data follow-
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FiG. 2. Deformation varying with time of a short col-
umn of corrugated fiberboard subjected to 1.75 kN/m (10
Ibf/in.) static edgewise compression and cyclic relative hu-
midity (Fig. 1). The short column was 51 mm (2 in.) wide
by 38 mm (1.5 in.) high, with height in the axis direction
of the flutes. The region of secondary creep lies approxi-
mately between 50 h and 150 h.

ing an accurate sinusoidal RH profile and are
ideal for testing Fridley’s model.

MECHANOSORPTIVE CREEP MODEL

Relative humidity in the FPL test chamber
can be made to follow the form of a sinusoidal
control signal Y(t) specified by

Y(t) = B, + B sin (ot + ¢) (1)

to yield RH that cycles during time t at a fre-
quency « with an amplitude B superimposed
on a steady-state magnitude B, and is initially
offset by a phase angle ¢. Figure 1 shows typical
RH data from a test schedule in which the cycle
period P given by P = 2n/w was 12 h. The
deformation of a short-column specimen of
nominal C-flute corrugated fiberboard sub-
jected to static edgewise compression and cy-
clic RH is shown in Fig. 2.

The deformation function X(t) is the sum of
a hygroexpansion function X,(t) caused by
moisture content and a mechanosorptive creep
function X_(t) caused by the cumulative ratch-
eting of swelling and shrinking effects with each
change in specimen moisture content. Hy-
groexpansion of unloaded specimens was ob-
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FiG. 3. Comparison between a hygroexpansion creep
model given by Eq. (9) and a subset of deformation data
(Fig. 2) varying with time.

120 150

served to vary with the same form as RH.
Therefore, the characterization considered for
Xyu(t) is

Xpt) = Ay + Asin « 2)

where A, and A are respective magnitude and
amplitude levels and « is defined as

a=wt+ ¢ — 0 3

with # being the phase lag of X, relative to RH.
The rate of hygroexpansion is predictable by
differentiating Eq. (2) with respect to time to
obtain

dt

= Aw cos a. 4)

An expression for X (t) can be obtained from
dX,/dt by first equating the creep rate R to
dX_/dt. Fridley et al. (1992) characterized the
creep rate of mechanosorption as being pro-
portional to the magnitude of the rate of change
of a relative moisture content. Adsorption and
desorption of moisture were considered to
cause equal amounts of creep. Uesaka et al.
(1992) observed that hygroexpansion varies
linearly with moisture content. Thus, instead
of moisture content change, our model uses
the magnitude of the rate of hygroexpansion
to predict
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at

ax,

R =
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where u 1s a mechanosorptive creep constant.
Substituting Eqgs. (3) and (4) into Eq. (5) and
integrating the result with respect to t yield an
expression for X (t).

Xc(t)=fRdt=Awfu|cosa|dt. (6)

4] 4]

Case 1. Fixed u

The expression x. is used here for X, when
the value of u in Eq. (6) is assumed to remain
constant during a short time intervalt, <t <
t,. Solving Eq. (6) for the case of a fixed u yields
the creep function

() = AulCOR + Xs t=t=t, (7)
where
C,(t) = sin « sign(cos a) +
+ %(wt — arctan(tan «)) 8)

and X, is the creep deformation at time t,. The
“sign” function in Eq. (8) is used to vield the
value *+1. Therefore, if u is constant, X(t) is
predicted by

X(t) = Xu(t) + x.(1) ®

in which X, is given by Eq. (2) and x, is given
by Eq. (7). A comparison between Eq. (9) and
data is shown in Fig. 3. The data (Fig. 3) around
time t = 130 h are a three-cycle subset of the
continuous data (Fig. 2) up to failure. Values
of Ay, + X,, A, 8, and u were determined by
fitting Eq. (9) to the data and are given in
Table 1.

Figure 4 shows the X, - and x.-components
of X(t) on separate scales to reveal how cyclic
hygroexpansion causes a corresponding creep.
The creep rate dx./dt is greatest whenever the
magnitude of dX,,/dt is greatest, corresponding
to X,, = 0 in Fig. 4. The creep rate approaches
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TABLE 1. Fit of X(t) = Xp(t) + x(¢) to deformation data
around various times.

Time Ay + Xo A 2] m R
(h) (pm) (um) (degrees) {um/hour)
30 388 43.2 20.6 —0.309 —4.46
75 —553 48.0 20.2 —0.169 —2.70
130 —-691 48.1 24.5 —0.135 —-2.17
200 —869 50.4 23.2 —0.362 —6.08

zero and creep pauses whenever hygroexpan-
sion along the X,-curve reverses direction. It
can be further observed that with each quarter-
cycle of hygroexpansion, deformation creeps
by an equal amount (Fig. 4). This repeatability
can be used to determine an average creep rate
during the undulations caused by mechano-
sorption. Equations (3), (7), and (8) predict
that «, t, and x, change by the amounts

™ w
A = —, At = —,

= 1
> o Ax, = Ap (10)

respectively, where the A’s stand for the dif-
feren_ce per quarter-cycle. The average creep
rate R becomes

- Ax., 2Aupw
R=—""= . 11
At T (D
In terms of P, the average creep rate is
- 4Ayu
R=——. 12
5 (12)

Equation (11) predicts that when A and u
remain constant, R is proportional to the RH
cycle frequency. Short RH cycles are predicted
to be more severe than long RH cycles because
more mechanosorptive events occur per in-
terval of time. This prediction is consistent
with tension creep of paper; Gunderson and
Tobey (1990) found that the creep per RH
cycle, for various cycles between a 20-min and
a 168-h cycle period, remained constant. How-
ever, in the compression creep of corrugated
boxes (Leake and Wojcik 1992), long RH cy-
cles were more severe. Boxes survived for 15,
5, and 3 days when subjected to 12-, 24-, and
48-h RH cycle periods, respectively. Addi-
tional research is needed to determine how the
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FiG. 4. Comparison over time between the hygroex-
pansion of a short column of corrugated fiberboard sub-
jected to cyclic RH and the mechanosorption caused by
static compression and the hygroexpansion. Hygroexpan-
sion is plotted with Ay = 0.

RH cycle frequency affects the diffusion of
moisture and the creep rate when A and u do
not remain constant.

The average creep rate at t = 130 h deter-
mined by Eq. (12) is given in Table 1. For
comparison with other times, the data from
Fig. 2 were further characterized by repeatedly
fitting Eq. (9) to a three-cycle window of data
as the window was moved along the defor-
mation curve. Values of A, + X, A, 8, u, and
R at various times are given in Table 1. A
continuous plot of the determinations of R is
shown in Fig. 5. The transitions from primary
creep to secondary creep around 50 h and from
secondary creep to tertiary creep around 150
h are more easily recognizable from the R-plot
(Fig. 5) than from the deformation data (Fig.
2). Tertiary creep leading to failure begins after
150 h.

Case 2. Variable u

The u-evaluations in Table 1 do not remain
fixed. Equation (12) predicts that if A and P
remain constant, the variation of R results from
. In the moving window data (Fig. 5), R up
to 150 h varied empirically from an initial
creep rate R, at t = 0 to a steady-state creep
rate R, approached during secondary creep.
The change occurred exponentially with t ac-
cording to the function
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FiG. 5. Comparison over time between evaluations of
average creep rate R by a moving window fit of Eq. (9) to
deformation varying with time data (Fig. 2) and Eq. (13)
fit to the R-evaluations.

R(H) =R, + (R, = Ry)e™" (13)

in which 7 is a time-constant. Equation (13)
describes the response of a general first-order
system subjected to a step input equal to R,
— R,. The response of such a system is 63.2%,
95.0%, and 99.3% completed after 1, 3, and 5
time-constants, respectively. Value of R, R,
and 7, determined by fitting Eq. (13) to the
moving window R-evaluations spanning three
full cycles between 18 and 150 h are as follows:

Time R, R, T
(h) (um/h) (pm/h) (h)
18-150 —18.4 —2.26 15.2

A plot of R(t) during primary and secondary
creep by Eq. (13) is superimposed upon the
plot of R by the moving window fit by Eq. (9)
(Fig. 5). Equation (13) was found to accurately
characterize the R-response of a large number
of cases of paper, corrugated fiberboard, and
corrugated tube cyclic creep data.

Equation (12) predicts that the variation of
x with t will have the same form as R(t). There-
fore, a function for u(t) during primary and

secondary creep is predicted to be
w(t) = py + (1) — pde™” (14)

in which the initial creep constant g, and the
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steady-state creep constant u, are determined

from Eq. (12) according to

_ PR,
4A "

PR,
=— 15
M2 4A (15)
Substituting Eq. (14) into Eq. (6) and solving
the integral yield our model for deformation
during primary and secondary creep is

Xt) = A,[COL +

My

+ Awlu, — uz)J; F@ dt (16)

in which C;(t) is given by Eq. (8) and the func-
tion F(t) is given by

F(t) = e~V |cos af (17)

The form of F(t) is plotted in Fig. 6. The
function can be integrated between arbitrary
limits of time for use in Eq. (16) by summing
the components of integration between roots.
For values of t = 0, the roots to Eq. (17) are

nr + 200 — ¢)
r,=—;

" 2w

n> X0

™

n=0, £1, £2...;

(18)
Function F(t) can thus be integrated by divid-

ing the interval from 0 to t into subintervals
between roots and using the formula

ij(t) dt =

= 1y

re~V(wt sin a — cos @) |
(wr)* + 1 ’

ti

(19)

L= -

From the above results, our model for de-
formation during primary and secondary creep
is predicted by

X(t) = Xu(1) + X(1) (20)

in which X, is given by Eq. (2) and X, is given
by Eq. (16). Values of A,, A, 6, u;, u,, and 7
were determined by fitting Eq. (20) to the pre-
vious data (Fig. 2) up to 150 h:
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FiGg. 6. Plot of F(t) showing that the function can be
integrated by summing the components of integration be-
tween roots. Inputs to F(t) were taken from the Eq. (20)
fit.

Time A, A [ i ™y T R, R,
(h)  (um) (um) (degrees) (h)  (um/h) (um/h)

0-150 —154 45.8

20.8 —2.15-0.159 9.25 —32.9 —2.42

The creep rates R, and R, were determined
from p, and u,, respectively, using Eq. (12). A
comparison between Eq. (20) and the defor-
mation data is shown in Fig. 7.

A prediction of the average creep X_, free of
the undulations caused by cyclic mechanoad-
sorption, can be useful when fitting Eq. (20) to
data to characterize and compare different ma-
terials. A function for X (t) can be determined
by integrating Eq. (13) with respect to t to ob-

tain
t —_—
f Rdt=
0

= 7" — (R, — Ry) + R,t.

X (1)

3y

After A, 7, u, and u, are determined by Eq.
(20) and R, and R, are determined using Eq.
(15), Eq. (21) can be used to predict the average
deformation that will occur at a critical time.
The inverse problem of predicting the time
corresponding to a critical deformation can also
be determined. For this case, Newton’s algo-
rithm was found to work well. A plot of Eq.
(21) 1s compared with data in Fig. (8). The
point on the plot at t = 92 h is the point at
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Fig. 7. Comparison between subset of deformation
varying with time data (Fig. 2) and plot of Eq. (20) fit to
the data. Vertical scale of deformation data is offset for
clarity.

which the specimen creeps to a critical defor-
mation, assumed to be 0.5 mm.

DISCUSSION

In the above-described model for charac-
terizing creep data from a cyclic humidity test
of corrugated fiberboard, deformation caused
by a static load and a sinusoidally varying RH
is separated into hygroexpansion and mechan-
osorptive components. The model quantifies
the effect of hygroexpansion on mechanosorp-
tive creep throughout the primary and sec-
ondary phases of creep. The results are useful
for comparing materials and cyclic environ-
ments.

The creep model derived from Eq. (5) ac-
counts only for mechanosorption, albeit the
most serious among mechanosorptive, visco-
elastic, and hygrothermal mechanisms, but
predicts that creep momentarily ceases when-
ever specimen hygroexpansion reverses direc-
tion. To determine if the effects of viscoelastic
creep and hygrothermal creep are measurable,
the creep rate model was expanded to the form

dX,
dt

R=pu + 8X, (22)

in which 8 is a constant that superimposes a
creep rate varying with hygroexpansion caused
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Fic.8. Comparisons between deformation varying with
time data (Fig. 2) and average deformation predicted by
Eq. (21). The point on the plot of average deformation
corresponds to failure time if failure is defined to be when
creep exceeds 0.5 mm (0.02 in.).

by moisture content. A successful deformation
function derived from Eq. (22) that could char-
acterize multiple creep mechanisms was not
found. In essence, once mechanosorption was
accounted for, the noise in the data precluded
an account of secondary creep mechanisms.
Additional research is needed to characterize
the combined effects of mechanosorptive, vis-
coelastic, and hygrothermal creep.

CONCLUSIONS

The objective of the study reported here was
to determine if a characterization of the hy-
groexpansion of corrugated fiberboard sub-
jected to cyclic RH and compression could be
used to predict the mechanosorptive creep re-
sponse. Corrugated fiberboard test specimens
were subjected to compression and sinusoidal
cyclic RH schedules. The hygroexpansion re-
sponse cycled with a similar sinusoidal wave
form that lagged out of phase behind the RH
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input. The instantaneous creep rate was pro-
portional to the magnitude of the rate of hy-
groexpansion and cycled between zero and peak
levels with each cycle of hygroexpansion. An
average creep rate per cycle decayed exponen-
tially from a value initiating primary creep to
a steady-state value throughout secondary
creep. The form of the rate decay function
yielded a deformation model characterizing
mechanosorptive creep. A complete model
with hygroexpansion and mechanosorptive
terms fit cyclic creep data during primary and
secondary creep very well.
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