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ABSTRACT

The time-temperature superposition principle was used to develop long-term compression creep
and recovery models for southern pine exposed to constant environmental conditions using short-
term data. Creep (17-hour) and recovery (40-hour) data were obtained at constant temperature levels
ranging from 70 F to 150 F and constant equilibrium moisture content (EMC) of 9%. The data were
plotted against log-time, and the resultant curve segments were shifted along the log-time axis with
respect to the curve for ambient conditions to construct a master curve applicable to ambient conditions
(70 F, 9% EMC) and a longer time period. The master curves were represented by power functions,
and they predicted up to 6.4 years of creep and 5.8 years of recovery response. The validity of the
master curves for predicting creep of wood exposed to the normal interior environment in buildings
was tested by conducting ten-month creep tests in the laboratory. The fluctuating environment caused
geometry changes in the surface of the specimens affecting the collected long-term data. Therefore, a

good comparison between the master curves and the long-term data was not possible.
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curves, activation energy.

INTRODUCTION

Wood is a competitive construction mate-
rial due to technological advances in the de-
velopment of engineered wood products. Glu-
lam space trusses and frames, such as domes,
are competing with metallic structures that had
traditionally dominated the market (Holzer et
al. 1989). However, Hayman (1981) demon-
strates that shallow arches can experience snap-
through buckling due to creep magnified by
the P-A effect, also known as geometric non-
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linearity. For example, creep deflection in a
shallow arch or dome causes shortening of its
members, leading to a shallower arch/dome
configuration. This results in increased mem-
ber stresses causing magnified creep deflec-
tions, which in turn increase member stresses.
This feedback loop process (P-A effect) can
continue until the arch/dome becomes unsta-
ble and snaps-through to an inverted position.
The P-A effect can also cause a loss of load
carrying capacity in crooked columns (Itani et
al. 1986).
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The current design practices recommend
constant factors to account for creep deflection
in wood structures. However, these factors may
not be sufficient to guarantee the long-term
safety of innovative wood structures, such as
shallow arches and domes, where creep can be
significant. However, there are no established
methods to predict creep effects on the safety
and serviceability of wood structures. Al-
though few relatively long-term (10-year) em-
pirical bending creep models have been de-
veloped (Clausser 1959; Gressel 1984), models
representing material behavior, such as pure
tension, compression, and shear creep models,
are more suitable for creep analysis based on
numerical methods, such as the finite-element
method which is well established for creep
analysis of metallic structures (Kraus 1980,
Holzer et al. 1989). However, the existing creep
models for wood in tension, compression, and
shear apply to short time periods only (Sa-
marasinghe 1991; Schniewind 1968).

The time-temperature superposition prin-
ciple (TTSP) is highly developed for polymers
for predicting long-term response from short-
term data (Aklonis and MacKnight 1983). The
objective of this study was to test the validity
of the TTSP to develop long-term creep and
recovery models for kiln-dried southern pine
Pinus spp.) loaded in compression parallel-to-
grain and exposed to constant ambient envi-
ronmental conditions (=70 F, =9% EMC).

TIME-TEMPERATURE SUPERPOSITION
PRINCIPLE (TTSP)

The TTSP states that a property measured
over a short time at a higher temperature is
equivalent to the property measured over a
long time at a lower temperature (Aklonis and
MacKnight 1983; Rosen 1971). The applica-
tion of TTSP to the relaxation modulus of a
polymer is illustrated in Fig. 1 (Rosen 1971).
Short-term experimental data for successively
increasing temperature levels (accelerated data)
are plotted against log-time as shown in Fig.
1(a). The curve segments for temperatures
above the reference temperature are shifted
right, and those below the reference temper-

123

§ = N
N IR
3:::§§ —

L H
10" o !
0 transition | rwbbery
o fasey | reglen region
l reglen [
108 1 U S 1 S N G

0 2 1412 .10 85 6 4 -
Log:time (hewrs)
F1G. 1. Process of master curve formation: (a) accel-
erated data, (b) master curve, (c) shift factor vs. temper-
ature (Rosen 1971).

ature are shifted left along the log-time axis
with respect to the reference temperature curve
until each curve smoothly joins to form a mas-
ter curve as shown in Fig. 1(b). The master
curve is applicable to the reference tempera-
ture and a longer time period. The horizontal
displacement of each curve is called the shift
factor, log a; and the relationship between log
ar and temperature is shown in Fig. 1(c).

For reference temperatures below the glass
transition temperature (T,), the shift factor is
related to the absolute temperature (T) by an
activation energy (AH) through the Arrhenius
equation (Aklonis and Macknight 1983)

R log at
VT - VT,

where R is the universal gas constant. Schaffer
(1978) indicates that the TTSP may be appli-
cable to wood over narrow temperature ranges.
Schaffer (1978) also reports that Yamada et al.
observed a good compliance with TTSP for
the relaxation modulus of wet beech. Salmén
(1984) successfully applied TTSP to the dy-
namic mechanical properties of water-saturat-
ed Norway spruce (Picea abies). Kelly et al.
(1987) applied TTSP to Sitka spruce (Picea
sitchensis Bong Carr.) plasticized with ethyl
formamide.

To achieve the objective stated in this paper,
two types of creep tests were conducted: (1)
short-term accelerated creep tests to develop
TTSP based long-term creep models, and (2)
long-term creep tests to validate TTSP based
on long-term creep models. Accordingly, Sec-

AH = 2.030 (1
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TABLE 1. Material properties of accelerated test speci-
mens.
Moisture Young’s Uhtimate
Specimen content Specific modulus comp. stress
No. (%) gravity* (10° psi) (psi)
I 10.26 0.727 2.961 11,149
2 8.87 0.695 2911 10,823
3 9.35 0.719 2.811 10,340
4 9.65 0.621 2.766 10,741
5 9.25 0.708 2.739 10,400
6 9.28 0.700 2.714 10,393
7 10.22 0.680 2.682 8,058
8 9.59 0.702 2.258 8,517
9 10.37 0.654 2.109 8,125
10 9.20 0.695 1.959 8,274
11 9.90 0.580 1.567 8,834

* Specific gravity is based on oven-dry weight and volume.

tion I is devoted to the development of long-
term creep and recovery models based on TTSP
using short-term accelerated data, and Section
IT deals with the validation of TTSP based
long-term creep models with long-term exper-
imental creep data.

I. DEVELOPMENT OF LONG-TERM CREEP
AND RECOVERY CURVES USING TTSP

In this section, long-term creep and recovery
models applicable to constant ambient envi-
ronmental conditions (70 F, 9% EMC) are de-
veloped from short-term accelerated data us-
ing TTSP.

Short-term accelerated creep tests

Specimens and material properties. — All the
specimens were prepared from kiln-dried
southern pine conditioned to 9% EMC. For
each short-term accelerated creep test speci-
men, there was a corresponding long-term creep
test specimen (see Section IT) end-matched with
it. Additionally, a dummy specimen, similar
in dimensions to creep test specimens, was used
alongside of each creep test specimen during
experiments to minimize the effects of factors
other than creep on the measured strain as
discussed later. Thus, the preparation of a sin-
gle pair of end-matched short-term and long-
term test specimens involved the preparation
of two additional dummy specimens (total of
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four) as follows: Four end-matched Y2-in. X
5-in. X 3-in. specimens were prepared from
clear, straight-grained material, and the first
two specimens were used as a matched pair of
short-term and long-term creep test specimens
(active specimens), and the other two were used
as unloaded (dummy) specimens. Similarly, a
total of 11 short-term test specimens, 11 long-
term test specimens were prepared along with
22 dummy specimens to be used with creep
test specimens. The ASTM D143 compression
tests were conducted on 1-in. X 1-in. X 4-in.
specimens, end-matched with the creep test
specimens, to determine material properties.
Table 1 shows the Young’s modulus (E), ul-
timate compressive stress, moisture content,
and specific gravity of the eleven specimens
used in the accelerated tests.

Load level, test environment, strain mea-
surement. — A constant stress of 1,675 psi (370
pounds) equivalent to 16% of the experimen-
tally determined mean ultimate stress was ap-
plied to all the test specimens. Since the creep
response of structures is in the glassy region,
the maximum temperature for the creep tests
should be below T, of southern pine; tests done
with a dynamic mechanical thermal analyzer
(DMTA) indicated that the T, of the test ma-
terial was 260 F. Creep tests were conducted
at temperature levels ranging from 70 F to 150
F with eight successive steps of 10 F. The rel-
ative humidity of the accelerated test environ-
ment was adjusted at each temperature so that
the EMC was maintained at 9% according to
the published psychrometric charts. Heated air
conditioned at each specified temperature and
humidity was supplied by a laboratory envi-
ronmental chamber.

The compressive strain in the accelerated
tests was measured by strain gages bonded on
two opposite sides of each active and dummy
specimen and connected in a Wheatstone
bridge circuit as shown in Fig. 2 (Samarasinghe
1991). Strain gages used in this study were self-
temperature compensating constantan alloy foil
strain gages mounted on a plastic backing. The
gages were bonded to the wood surface using
an epoxy adhesive, AE-10, provided by the
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active specimen
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Fig. 2. Creep strain measurement: (a) active and dummy specimens and gages, (b) Wheatstone bridge circuit.

strain gage manufacturer, and the bonded gag-
es were covered with a moisture protective
coating. The gage arrangement shown in Fig.
2 was designed to measure pure compressive
strain and eliminate bending and temperature
effects (Perry and Lissner 1962). When bonded
to steel, self-temperature compensating gages
automatically compensate for the effects of the
sensitivity of the gages and lead wires to tem-
perature; however, they can be less effective
on wood due to low thermal conductivity of
wood, and can sense a temperature-induced
apparent strain. Bending effects are due to pos-
sible load eccentricity and/or imperfect spec-
imen geometry. The creep strain was read by
a data acquisition system on a portable IBM-
PC.

Short-term accelerated compression test ap-
paratus. — The short-term accelerated tests were
conducted in an insulated test chamber. A
compression test fixture with a calibrated lever
arm producing a lever advantage of 1:20 was
developed, and three such test fixtures were
assembled in the test chamber as shown in Fig.
3. Spherical seats placed underneath the spec-
imens minimized the load eccentricity. Five
thermometers and a humidity and tempera-

ture transmitter were used to measure the tem-
perature inside the chamber.

Short-term accelerated test procedure. —In
short-term accelerated creep tests, creep was
accelerated by testing the same specimen at
successively higher temperature levels for 17
hours as follows: Three active specimens were
placed in the test fixtures and the correspond-
ing dummy specimens were located near each
active specimen (Fig. 3). Three moisture mon-
itoring specimens, cut from the same location
of the boards from which active and dummy
specimens were made, were coated with a

Short-term accelerated test apparatus.

FiG. 3.
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FiG. 4. Short-term accelerated test curves: (a) creep,
(b) recovery.

moisture protective coating and placed near
the test fixtures to determine the moisture
change in the test specimens during the tests.
The creep test procedure was started by con-
ditioning the specimens at ambient tempera-
ture and relative humidity (70 F, 49% RH) for
24 hours. The loads were applied and the creep
response [Wheatstone bridge output (Eg) in
Fig. 2(b)] was recorded for 17 hours, and then
the loads were removed and 40-hour recovery
data were collected. Next, the temperature and
relative humidity were raised to the next high-
er level (80 F, 49% RH), and the unloaded
specimens were conditioned until the speci-
mens reached equilibrium under new temper-
ature and humidity conditions and the recov-
ery from the previous test was complete as
evidenced by the bridge output voltage. The
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loads were applied and the data collection was
repeated as in the previous step. This proce-
dure was repeated in 10 F steps up to the high-
est test condition (150 F, 61% RH or 140 F,
59% RH). At the highest temperature level,
creep period for various specimens ranged from
three to ten days, and the recovery period
equalled the creep period.

After the recovery test at the highest tem-
perature was completed, the moisture moni-
toring specimens were weighed. Then another
three pairs of active an dummy specimens were
located in the test apparatus, and the whole
test procedure was repeated until all the spec-
imens had been tested.

Short-term accelerated creep data and
master curves

Short-term accelerated creep data. — The
creep and recovery strains in the specimens
were computed from the bridge output voltage.
Creep and recoverable compliances (1/mod-
ulus) at each temperature were plotted against
log-time (logarithm to the base 10) as shown
in Fig. 4(a) and 4(b) for a typical specimen.
The data for 80 F overlapped with the data for
70 F; therefore, curves for 80 F were removed
from the data sets. Figures 4(a) and 4(b) in-
dicate that the rates of change of creep and
recovery increase with temperature. Moisture
monitoring tests did not indicate any moisture
change within the test specimens during the
tests.

Formation of master curves. —Creep and re-
covery compliance master curves, applicable
to 70 F, were formed for each of the eleven
specimens using the corresponding sets of
short-term creep and recovery data. Creep and
recovery master curves developed from the
curves shown in Figs. 4(a) and 4(b) for a typical
specimen are shown in Fig. 5(a). Master curves
of Fig. 5(a) were formed by successive joining
of creep (or recovery) curves of Fig. 4(a) [or
4(b)] in regions where the slopes were equal by
horizontal shifting and by a slight amount of
vertical shifting to account for volume change.
The points in curves of Fig. 5(a) represent where
the curves of Fig. 4(a) [or 4(b)] are joined, and
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TABLE 2. Master curves, model parameters, and activation energy for creep and recovery.

Creep master curve

Recovery master curve

Rel.

Rel.

Speci-  Young’s  Predic- creep AH Predic-  recovery AH
men  modulus tion comp. (KCal/ tion comp. (KCal/
No. (106 psi)  (years) (%) P, P, mole) (years) (%) P, P, mole)

1 2.961 3.20 28.09 0.00904 0.3346 23.12 0.80 10.49 0.01469 0.2191 24.78
2 2911 2.55 22.56 0.0041 0.3943 29.05 4.54 11.93 0.01099 0.2238 29.17
3 2.811 5.00 31.00 0.0195 0.2440 26.09 3.21 10.84 0.01664 0.1822 33.58
4 2.766 6.40 17.18 0.0059 0.3088 32.28 2.55 10.71 0.01661 0.1864 25.33
5 2.739 1.23 27.46 0.0075 0.3899 22.53 1.61 12.22 0.01768 0.2019 21.70
6 2.714 3.80 32.37 0.0061 0.3765 32.23 5.80 11.43 0.01301 0.1990 36.72
7 2.682 0.77 38.98 0.0231 0.3236 28.56 3.21 21.21 0.02258 0.2204 35.37
8 2,258 2.50 34.25 0.1868 0.2839 33.27 2.03 21.69 0.02412 0.2243 25.08
9 2.109 0.32 39.61 0.0421 0.2829 16.77 1.27 22.04 0.01991 0.2527 26.93
10 1.959 3.20 62.33 0.0203 0.3325 20.47 0.84 17.32 0.02107 0.2387 23.18
11 1.567 0.23 60.30 0.0390 0.3308 33.72 —_ — - — —

a major portion of each curve overlapped with
the corresponding master curve. Similar curves
were developed from the other ten sets of data.

Generally, for all the eleven specimens, the
short-term curve segments joined well to form
master curves. Creep and recovery curves
shown in Fig. 5(a) extend over a period of 7.9
X 10% seconds or 2.55 years, and 8.15 x 10¢
seconds or 4.54 years, respectively. The master
curve prediction and relative creep and recov-
ery compliances (i.e., the ratio of maximum
creep or recovery compliance to elastic com-
pliance) for all the specimens are summarized
in Table 2. The table shows that the master
curves predict the creep response up to 6.4
years and recovery response up to 5.8 years.
This extension varied with the nature of the
short-term curves.

The master curves for a typical specimen as
shown in Fig. 5(a) indicate that the TTSP can
be used to develop long-term creep and re-
covery curves. Since the predicted long-term
response was within the glassy response region
of wood, the shift factor should follow the Ar-
rhenius formulation expressed by Eq. (1), which
states that the relationship between log a+ and
1/T is linear. The linear regression analyses
showed a strong linear relationship between
log a; and 1/T, with the coefficient of deter-
mination (R?) for all the data sets ranging from
0.889 t0 0.995. This relationship for the creep
and recovery master curves shown in Fig. 5(a)

is shown in Fig. 5(b). These results indicate
that the Arrhenius formulation was satisfied,
and therefore master curve formation was suc-
cessful.

The relationship between log arand 1/T was
also used to compute the activation energy (AH)
for creep and recovery using Eq. (1), and the
AH values are presented in Table 2. The means
and the coefficients of variation (CV) of the
activation energy for creep (27.10 KCal/mole,
21.1%) and recovery (28.18 KCal/mole, 18.8%)
were quite close. Salmén (1984) states that AH
varies from about 9.5 KCal/mole and up-
wards, depending on the T, of the material.
The linear relationship between the vertical
shift factor (a,) and log ar, as shown in Fig.
5(c), suggests that there are no changes in the
activation mechanism of creep and recovery
within the test temperature range.

The creep and recovery master curves were
represented by

D

—=F =P, P

o @

where D,,,/D, is the relative creep (or recov-
ery) compliance, D, is the creep (or recovery)
compliance (1/psi), Dy is the elastic compli-
ance (1/psi), P, and P, are estimated param-
eters, and t is the time (hours). The model
parameters are shown in Table 2.

Scatter plots revealed that the value of 0.1868
for P, for specimen number 8 was an outlier
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and therefore, it was removed from the data
set for the subsequent regression analysis. Lin-
ear regression models were developed to pre-
dict model parameters from Young’s modulus
(E) [Eq. (3) and (4)]. The models showed a
negative correlation of P, with E, and R? for
creep and recovery were 0.63 and 0.50, re-
spectively. The mean and the CV of P, for
creep were 0.01774 and 47%, respectively, and
these parameters of P, for recovery were
0.01773 and 18%, respectively. A weak rela-
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tionship (R? = 0.30) was found between P, and
E. The mean and CV of P, for creep were
0.3358 and 11.9%, respectively, and these pa-
rameters of P, for recovery were 0.2148 and
10%, respectively.

P,(creep) = 0.0749 — 2.291«1073E  (3)

C))

Although master curves were formed suc-
cessfully, their validity to predict realistic long-
term response should be tested to gain confi-
dence in the predictions.

P,(recovery) = 0.03891 — 0.827+1073E

II. TESTING VALIDITY OF DEVELOPED
MASTER CURVES

An experimental program was designed to
collect 10-month creep data from eight spec-
imens end-matched with those used in accel-
erated tests and tested in the laboratory en-
vironment. The master curves were then
compared with the corresponding long-term
data to test their validity to realistically predict
the long-term response of wood.

Long-term creep tests

Creep test apparatus and test conditions. —
The long-term compression creep test fixture,
method of load application, and load level were
identical to those in accelerated creep tests.
However, the test assembly was not enclosed
in an environmental chamber but was exposed
to the laboratory environment maintained at
an average of 70 F and 50% RH. Only eight
out of the eleven prepared test specimens were
used due to the lack of space in the long-term
test set-up, and as discussed in Section 1, each
creep test specimen had a corresponding dum-
my specimen. A strain gage arrangement sim-
ilar to that used in accelerated tests was used,
but a portable strain indicator was used to
manually record the strain. The eight Wheat-
stone bridges were arranged in a switch and
balance unit, which was interfaced with the
strain indicator for convenient switching from
one bridge to the other.

Long-term creep test procedure. —Eight ac-
tive specimens and corresponding dummy
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specimens were placed in the test fixtures.
Moisture monitoring specimens were also lo-
cated near the test specimens. The loads were
applied to the active specimens, and the creep
strain was recorded for ten months. The first
step in measuring strain with strain gages is to
balance the Wheatstone bridge. This position
is called the null balance point or zero refer-
ence point with respect to which subsequent
strains are measured after loading a specimen.
However, it has been observed that the zero
reference point can change with time in long-
term strain measurements (Perry and Lissner
1962). This phenomenon, called zero drift, can
lead to slightly modified strains read by the
strain indicator. The zero drift can be moni-
tored by comparing the strain reading corre-
sponding to the reversed position of gages in
the Wheatstone bridge with that correspond-
ing to the normal gage positions, and the two
readings must be identical in the absence of
the zero drift. This procedure was repeated at
each time a strain was recorded and no zero
drift was encountered.

Long-term data and master
curve validation

Long-term test observations. —Figure 6
shows the experimental creep compliance data
for a long-term test specimen and the corre-
sponding master curve developed from the
short-term data discussed in Section I. The
data from the other seven specimens followed
a similar trend. A few weeks after the tests had
begun, creep reading fluctuated tremendously
for about three months, after which the reading
increased steadily with minor fluctuations.
Findings of an investigation carried out to ex-
plore the reasons for this fluctuation are sum-
marized below.

It was evident that the temperature and the
humidity of the test environment were not
constant but fluctuating during the three winter
months. The variation was as much as 14 F
and 21% RH producing 3% change in the
moisture content of the moisture monitoring
specimens. This fluctuation caused tempera-
ture- and moisture-induced geometry changes

+  Experimental deta

8

Compliance (10°/pai)
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FiG. 6. Long-term experimental creep data and master
curve.

in the surface of the creep specimens despite
the moisture protective barriers. This effect was
observed as an apparent compliance (compli-
ance due to factors other than creep) from the
output of a bridge circuit of a pair of active
and dummy specimens that were both un-
loaded and exposed to the test environment
throughout the test period. However, similar
gage arrangement on aluminum specimens ex-
posed to the test environment did not produce
any apparent compliance. Therefore, the ap-
parent compliance observed with wood spec-
imens was due to the dissimilar surface ge-
ometry changes at gage location; this
dissimilarity was caused by the inherent vari-
ability of the microstructure of wood leading
to differential thermal and moisture response
at various gage locations. If the response of
wood to temperature and humidity had been
similar at each gage location, these effects would
have been cancelled.

It was found that the shrinkage and swelling
of wood caused by moisture changes had a
greater effect than the thermal expansion on
the observed fluctuation of data; 95% of the
apparent compliance was induced by 3%
change in the moisture content. The changing
moisture could also have induced mechano-
sorptive creep. Although the gage arrangement
was designed to minimize the effects of factors
other than creep, this design could not cancel
the overall effect of the environment-induced
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localized geometry changes. Although at-
tempts were made to eliminate these effects
from collected data, considerable improve-
ment was not attained.

Figure 6 shows that the creep data and mas-
ter curves agreed well in the first few weeks
when there was little environmental fluctua-
tion. Later, the master curves deviated from
the data due to the changing environment. Al-
though master curves followed the trend of the
data, the creep response predicted by master
curves was consistently lower than the corre-
sponding long-term creep data. At the end of
the ten months, a discrepancy of 28% to 50%
was found between the predicted and the ex-
perimental creep compliance (D) for the eight
specimens. Schaffer (1972) states that during
cycling between wet and dry moisture condi-
tions, the deflection of wood increases or de-
creases with the change. However, total rate
of creep has proved to be substantially greater
than that under constant moisture conditions.
His statement verifies the fact observed by oth-
er investigators (Schniewind 1968) that me-
chano-sorptive (M-S) creep increases under
cyclic moisture conditions, but the effect of
M-S creep under very slowly and slightly vary-
ing moisture conditions over a period of
months, as observed in this study, on the mea-
sured strain is uncertain.

CONCLUSIONS

The time-temperature superposition prin-
ciple can be used to develop master curves for
predicting long-term response of kiln-dried
southern pine loaded in compression parallel-
to-grain and exposed to constant environmen-
tal conditions (70 F, 9% EMC). Developed
master curves predicted up to 6.4 years of creep
and 5.8 years of recovery response. The acti-
vation energy of creep and recovery of wood
within the temperature range of 70 F to 150 F
was approximately 28 KCal/mole. In this tem-
perature range, there was no change in the ac-
tivation mechanism of creep and recovery. The
validation of the developed master curves was
not possible due to the effect of changing en-
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vironment on the long-term strain measure-
ments. For a proper validation, the long-term
tests must be conducted either in a constant
environment or with a better moisture protec-
tive barrier on the specimens.
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