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Abstract

Physical, mechanical and chemical
properties of specimens of new and old
(17th century) wood (Pinus sylvestris
L.) from the same locale in Norway
were examined. Only slight changes
resulted from more than 300 years in
an uncontrolled environment. No
significant differences were seen in
mechanical and physical properties
including stress—strain behavior and
dimensional moisture isotherms.
Chemical changes found in the resin
and cellulose were minor. Analysis
indicated some hydrolysis of xylan.
These results confirm previous work
showing that wooden objects of all
constructions, including furniture,
safely tolerate moderate fluctuations in
temperature and relative humidity.
Cycling experiments on the present
specimens confirmed this. Intact wood
is chemically stable over a wide range
of environments. The deterioration of
furniture and wooden objects is due
primarily to other factors, including
ihuse, extreme changes in temperature
or relative humidity (such as hot, dry
conditions caused by central heating),
biological attack, or liquid water.
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Introduction

In recent studies,'™ the authors have examined the effects of the environment on
numerous materials, including cellulosic materials such as wood. We have
developed methods of using the results to produce environmental guidelines,
including allowable fluctuations of relative humidity, for objects such as furniture
constructed from these materials. The criterion for these guidelines is not just
avoiding failure, such as cracking, but preventing any permanent physical change
at all, such as distortion, change in length, or loss of strength or elasticity. We also
take other factors, such as chemical stability, into account.”™ The results show that
moderate ranges of relative humidity and temperature produce no physical damage
in materials such as wood under worst-case conditions of full restraint, long-term
exposure to the environmental extremes, and full response of the material. Much
wider ranges are safe if worst-case conditions are not met. Thus, wood should
survive essentially unchanged (except for possible chemical decomposition) under
suitable conditions. Indeed, radiocarbon-dated subfossil specimens of wood up to
9,000 years old can be virtually impossible to date by visual inspection.’ We
conducted our research primarily on new or relatively new (19th and 20th
century) materials that are readily available for experimentation. The results show
that the conclusions are applicable to older materials. R esults from older materials,
including analyses of chemical differences between old and new samples, would
reinforce this applicability. This is especially true for older materials that have been
incorporated into objects. In this paper, we examine and discuss the differences and
similarities for specimens of 17th century wood and a specimen from a tree of the
same species from the same location felled in 1995,

The wood specimens

Three specimens of wood, each approximately 100 mm on each side, were used
in this study. All three are Scotch pine (Pinus sylvestris 1.). All three specimens are
from trees grown in Setesdal, an area in southern Norway. One is from a tree felled
inearly 1995. The other two specimens (A and B) are from a tvihogdloft (storehouse)
at Brottveit farm in Valle in Setesdal. The tvihogdloft is of 17th century construc-
tion. In 1923, it was placed on the list of historic buildings protected by law.
Unfortunately, the building collapsed in 1924. It was disassembled, and the wood
stored outside under a barn. In 1995, the building was reconstructed using as much
of the old wood as possible, as well as new wood from the same area chosen to
match the original. The old specimens are from the lefiover original wood. The
new specimen is from the wood used in the reconstruction.

The old specimens are weathered, dirty, and discolored on the exterior surfaces.
The discoloration extends approximately 1 mm into the interior, as seen from freshly
exposed cross sections. Otherwise, the old wood appears to be in remarkable condition.
The only immediately noticeable differences between the interiors of the old and new
wood are the highly resinous smell of the new wood (the old wood has a similar, but
weaker, odor), and the slightly lighter appearance of the cut surfaces of the new wood.
We cut samples for testing from the interior of the speciniens,

* Author to whom correspandence should be addressed
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Figure 1. Dimensional moisture isotherms
inn the tangential, radial, and longitudinal
directions for a new specimen of Pinus
svlvestris L., and old specimen A. The
differences are no more than these typically
found for different samples of new specimens
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Figure 2. Eueilibrivan stress—steain cinees in
the tangential, radial, and longitudinal
:firt'c'H'an'_I:‘r' a new spocimen q.f' Piuus
svivestris Lo, and old specimen B The
differences are o more tun those typically

Sound Jor different samples of arent specivnens
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Local climate

Det Norske Meteorologiske Institutt provided climatological data consisting of
average monthly temperatures (T) and relative humidities (RH) from 1957 to the
present for Byglandsfjord, a site near Valle. Normal temperatures for the 1961—
1990 period range from —-3.3°C for January to 15.3°C for July. Extremes for the
entire set of monthly averages ranged from —9.3°C (February 1966) to 18.7°C
(July 1994). Normal values for RH were not available, but the monthly avera
ranged from 47.1% RH (August 1976) to 96.3% RH (November 1959). Ranges
for daily and instantaneous values for Tand RH would be wider.

Physical, mechanical and chemical properties

Physical and mechanical properties measured in this work include the dimensional
moisture isotherms (change in equilibrium length at constant T as a function of
RH) measured in the tangential, radial, and longitudinal directions, and stress—
strain measurements for the three directions at constant Tand RH. The methods have
been described previously.!"” The results can be used to calculate minimum safe values
of environmental fluctuations.>™ The calculations assume worst-case conditions of full
restraint, long-term exposure to the environmental extremes, and full response of the
material. Such calculations result in safe allowable ranges for objects such as furniture,
which often meets the worst-case assumptions of construction. This worst-case
construction can include restraint by joints, nails, and screws; responsive materials
adhered to unresponsive materials (tangentially cut veneers on longitudinally cut
wood, metal boulework adhered with glue); and thick or coated wood in which the
rate of response of the interior or one side differs greatly from the rest of the piece.

Chemical measurements include analyses of the types and amounts of soluble
monomeric and oligomeric saccharides, including cellulose degradation products,
and the amount and composition of resin in the specimens. Soluble carbohydrate
material was extracted by soaking finely divided wood in water, and analyzed as
the per-trimethylsilylated oxime derivatives as described previously. The types
and amounts of cellulosic degradation products have been used previously to
follow the aging of cellulose.’

Reesin was extracted by soaking in dichloromethane. The extract was methyl-
ated and analyzed as described previously." Difterences in the distribution of more
or less volatile resin components should provide an indication of whether
volatilization of resin components in the old wood has occurred. Other changes
can be indicators of thermal and/or oxidative reaction processes. In addition,
mechanical tests of new samples from which resin has been extracted should show
the degree to which any physical differences in old and new specimens could be
due to volatilization of resin components.

Response to RH change

Figure 1 shows the dimensional moisture isotherms (change in equilibrium length
as a function of RH) in the tangential, radial, and longitudinal directions for the new
wood and old specimen A (the results for specimen B are similar to those for specimen
A, but are omitted for clarity). The isotherms for the old and new wood are essentially
the same, meaning that the responses to RH fluctuations of the old and new wood
specimens are the same. The differences are no greater than those typically found for
different samples of the same species of new wood. Although the response of the ol

wood when it was new is not known, it very likely was similar to that of the new
specimen. If so, the isotherm has not changed simificantly in more than 300 years.

Stress—strain behavior

Figure 2 shows equilibrium stress—serain curves in the tangendial, radial, and
longitudinal dircetions for the new wood and old specimen . These show Fh"
deformation (strain) produced by increasing force (stress). with the curve ending
at failure when the sample breaks. Though notidenacal. the resules for the sam]?lfs
vary no more than expected for different swmples of new wood of the same species
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The stiffness (slope of the curves), elastic limit (reversible stretch, which extends
through the initial linear portion of the curve), and strain-to-break values are
similar for both specimens. These results suggest that little change in the stress—
strain properties of the wood has occurred over time. Most importantly, retention
of the strain-to-break values implies that the wood has not been subjected to
stresses, either structurally or environmentally produced, that exceeded the elastic
limit. This is as expected from earlier work®™ that showed that wood tolerates
moderate environmental fluctuations with no damage, and quite wide ranges if the
wood is not restrained and can expand and contract freely.

Effect of cycling of stress

Samples of old and new wood were subjected to cyclic strains (repeated stretching)
of approximately 0.4% in the tangential (weakest) direction. Figure 3 shows stress—
strain curves for the initial cycles and after more than 1,200 cycles. The first and
last cycles for each sample are essentially identical. Cycling within the elastic region
produces no permanent deformation (“damage”). A strain of 0.4% is equivalent to
that produced in the tangential (most responsive) direction by restraining a sample
at 50% RH and changing the RH by 9% long enough for full response of the
sample. (Full response in a 2 mm thick radially cut specimen with end grain
exposed took about 48 h. Longitudinally cut specimens can take weeks.) Equiva-
lent strains in the radial and longitudinal directions require even larger RH
changes. These cycles thus are equivalent to cycling the RH to equilibrium within
arange of 50 £ 9% under worst-case conditions (long exposure to RH extremes,
full response, and full restraint in the tangential direction). Cycling will produce
no damage for even greater ranges of RH if the worst-case conditions are not met,
for example if the sample is not fully restrained. In practice, RH extremes rarely
last long enough for materials to reach equilibrium. Extreme conditions generally
are of short duration, and surface coatings and the thickness of the materials slow
down the response.

Effect of age on allowable RH fluctuations

In earlier work, it was shown that allowable RH fluctuations can be calculated
from the dimensional moisture isotherm and the strain that materials can tolerate
without causing damage by exceeding the elastic limit.>* These calculations
assume the worst-case conditions mentioned previously. The resulting allowable
fluctuations are extremely conservative, since the worst-case conditions are rarely
fulfilled. Since there have been no significant changes in the dimensional moisture
isotherms or elastic limits of the old specimens, allowable fluctuations calculated
for the new wood also apply to the old wood. Figure 4 shows that an RH change
ofabout 9% from 50% RH is required to produce a dimensional change of +0.4%
in the tangential direction in samples of the new wood and old specimen A, If the
sample is restrained, and not allowed to respond to the RH change, however, the
result is the same as allowing the sample to shrink or swell, and then stretching or
compressing it by (.4% back to the original length. Such changes are within the
elastic limit and are reversible. Permanent distortion, such as compression set,
requires larger strains. The cycling data show that the maximuni stresses and strains
that can be produced within the RH range 50 £ 9%, even under worst-case
conditions, cause no damage. In practice, such worst-case conditions are rarely
fulfilled. For example, these specimens are from boards cut in a largely radial
direction. The RH response in the radial direction is about half that in the
tangential direction, and a change ofabout+18% R H is required before equivalent
strains could ever be produced in a fully restrained radial sample. This can be shown
by applying the same approach used in Figure 4 ro the plot of radial data in Figure
I to determine the 1H change required for a dimensional change of 01.4%,
Unrestrained or partially restrained samples tolerate wider fluctuations.

The allowable fluctuation about a specific equilibrium RH depends on the
responsiveness of materials to changes from the starting RH. Most hvgroscopic
materials do not respond at the same race throughout the RH range, and are ustially

more responsive at low RIH (below abour 300 ROH) and even more Tesponsive at
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Figure 5. Dimensional moisture isotheris
in the tangential, radial, and longitudinal
directions for a new specimen of Pinus
sylvestris L., and for samples of the same
specimen from which the resin has been
extracted. The loss of resin produces no
significant difference
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Figure 6. Stress—strain curves in the
tangential and radial directions for a new:
speciinen of Pinus sylvestris L., and for
samples of the same specimen from whicl
the resin has been extracted. The differeices
are within the ranges typically found for
different samples of the same specimen. The
loss of resin produces no significant
difference
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high RH (above about 70% RH). At high and low RH, smaller RH changes are
required before excessive strains can occur because the response of materials such
as wood and glue to RH changes is greater. Allowable fluctuations for materials
and objects equilibrated at high RH can be quite small.*™* Furniture can sumwive
moderate RH changes at high RH, but only because it is more easily plastically
(irreversibly) deformed at high RH. Plastic deformation is not “failure”, but does
constitute damage. Wood can tolerate only a limited amount of plastic deforma-
tion, and each “equilibration” at high RH moves it further through the plastic
region and closer to failure. The reversible RH region is still present, but less RH
change beyond the allowable range is required before failure occurs. Much of the
failure seen in furniture exposed to low RH is due not so much to the relatively
small changes that occur in going from 50 to 30% RH, as to the stresses, strains,
and plastic deformation originally built up by moving furniture equilibrated to
high RH (above about 70% RH) to moderate RH environments.

Effect of loss of resin on behavior of new wood

Figures 5 and 6 show the dimensional moisture isotherms and stress—strain curves
for new samples and new samples from which the resin was removed by extraction
with dichloromethane. No significant difference is observed. Thus, the slow
volatilization and loss of resin over the centuries (see below) should not affect the
measured physical properties of the wood.

Differences in resin content

The composition of Pinus sylvestris L. resin depends on environmental factors
rather than on seed origin.'? Resin extracts from wood grown in the same area
should have similar compositions before aging (assuming little change in the
average climate). Significant differences among resin samples extracted from old
and new wood therefore should be attributable to aging.

A number of old and new wood samples were weighed before and after
exhaustive extraction of resin. Weight differences showed that the new wood
contained between 12 and 26% by weight of resin, while the old samples contained
between 7 and 11%. Though the resin content of even new samples can vary
widely (depending, for instance, on the proportion of early and late growth in the
specific sample), the generally lower amounts in the old wood indicate that
components of the resin can migrate and volatilize from the interior of wood. This
is substantiated by the miore intense odor of the fresh specimen which indicates
both that more volatile resin is present and that it is volatilizing.

Figure 7 consists of gas chromatograms of resin extracted from samples of the
three wood specimens. The new resin sample is typical of that expected for this
species of wood, consisting primarily of monoterpenes and diterpenes, with abietic
acid as the component present in the greatest quantity. One interesting aspect is
the presence of the unsaturated fatty acids oleic, linoleic, and linolenic. These
compounds are quite reactive. It is the presence and reaction of linoleic and
linolenic acid glyceride esters in drying oils that is responsible for the “drying”
(polymerization) reactions of these oils. Reesin from specimen B of the old wood
is similar in composition, though not identical. The ditferences are typical of thos¢
resulting from aging. One indication of change is the lower propor‘tif)ﬂ‘o'
monoterpenes compared with diterpenes. The monoterpenes are more volatile.
and the lowered proportion is another indication that some loss by volatilization
has taken place. The amounts of all but one of the abietane acids are reduced. T"f
amount of dehdyroabietic acid is substantially increased. Dehydroabietic acidis 2
stable dehydrogenation reaction product of abietic acid, and also of the Othf'
abietane isomers, produced by thermal and/or oxidative reaction. DehydfOﬂbiwc.
acid may be the only remaining compound found in analyses ot old, thin films of
varnish that indicates the original presence of pine resin as a component. 1:}”:
substandal amounts of abietic acid and its somers, as well as che unsaturated fatty’
acids and volatile monoterpenes, are sull present mdicates a remarkable Statf“"
preservation of the resin component of the wood. Amounts ot the pimarane acids

: Lo Lk A)
do not vary as much or systematically. Resin from the other old speciment (
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Table 1. Tie composition of resin in new and old samples of Pinus sylvestris L. Amounts
reported as percent of total resin components. Amounts do not add to 100% because of
unreported compoenents

Monoterpenes Unsaturated fatty acids
Sample a-Pinene  A-3-Carene Oleic Linoleic Linolenic
New 6.1 1.4 1.8 1.6 trace
B 39 4.1 1.4 1.5 trace
A 1.3 2.6 trace trace trace

Diterpene acids
Pimaranes Abietanes

Sample Pimaric  Sandara- Isopimaric  Palustric Dehydro- Abietic Neoabietic

copimaric abietic
New 7.2 1.1 24 15.5 8.7 22.1 13.2
B 8.2 08 54 13.1 16.6 203 6.8
A 6.7 trace 3.0 3.6 22.1 13.0 trace

exhibits more signs of aging. Dehydroabietic acid has become the major compo-
nent. Smaller amounts of the unsaturated fatty acids and lower proportions of
monoterpenes are present. Even this sample, though, is well preserved. Table 1 lists
the relative proportions of the major components in the three resin samples.

Chemical degradation of cellulosic and other carbohydrate

components

Samples of each wood specimen were finely powdered, weighed, and extracted
with water. Gas chromatographic analysis of the saccharides present in the extract
of the new wood showed that small amounts of both xylose and glucose are present
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Table 2. Amounts of xylose and glucose in

new and old samples of Pinus sylvestris L.

Sample Xylose Glucose
(1g/g wood) (j1g/g wood)

New 247 199

B 3254 136

A 1627 93

ICOM CoMMITTEE FOR CONSERVATION, 1996 Vou I

in their free (monomeric) forms. Though some as yet unidentified peaks compli-
cated the region of the chromatogram where oligosaccharides appear, no peaks
were present corresponding to those for glucose oligomers (up through the
tetramer) found in chromatograms for aged cellulose.® The old samples haq
increased amounts of xylose and other pentoses, but slightly smaller amounts of
glucose and only trace amounts, if any, of oligomers. Figure 8 shows the
monosaccharide portion of the gas chromatograms of the samples, and Table 2 Jists
the amounts of xylose and glucose found in the samples.

Xylose (“wood sugar”) is present in wood primarily in the form of xylan, 5
branched polymer of xylose. The increased amounts of xylose in the old samples
probably result from the partial hydrolysis of xylan.

The amounts of glucose and its oligomers can be used to follow the hydrolysis
of cellulose during aging.® The amounts of glucose in the old samples are in fact
smaller than in the new sample. The smaller amounts may be due to the season in
which the tree was cut, rather than to any change with aging. This result, combined
with the absence of significant amounts of glucose oligomers, shows that little
hydrolysis of cellulose has occurred. Thus, though some hydrolysis of xylan has
taken place, the less easily hydrolyzed cellulose is essentially intact.

Furniture construction and environmental response

Many furniture construction techniques, such as floating panels, allow for changes
due to environmental changes. The preferential use of radial cut boards, which
have a response to RH changes about half that of tangentially cut boards, is based
on the observation that they respond less to environmental changes, and tolerate
more extreme conditions without suffering permanent warping. Unfortunately,
anumber of furniture construction techniques represent “worst-case” conditions,
This worst-case construction can include restraint by joints, nails, and screws; and
responsive materials adhered to unresponsive materials (tangentially cut veneers on
longitudinally cut wood, metal boulework adhered with glue).

Thick or coated wood in which the rate of response of the interior or one side
differs greatly from the exterior or other surfaces can be damaged by large fast
fluctuations, although even these fluctuations still must be larger than the allowable
range and persist long enough for significant response of the exterior or responsive
surface. Large fluctuations which do not last long enough for significant response
do no damage. It must be remembered that it is the moisture content of the
material, not the relative humidity of the air, that determines whether damage
occurs. Even large, long-term fluctuations may be safely tolerated by thick wood if the
changes occur gradually (e.g. seasonally). Slow changes reduce the effect of the
differing rates of response. Thus, the response of the interior of a thick piece can keep
up with the response of the exterior if the change is slow and gradual. This example
is not “worst-case” in the sense that large changes can be tolerated under certain
circumstances. The problem in this case results from differing rates of response.

True “worst-case” construction includes situations in which responsive mate-
rials are combined with non-responsive materials (not just materials which are slow
to respond). Metal inlay and wood in the longitudinal direction do not respond
more than minimally to relative humidity changes, no matter how long the
exposure. Oil paint and gesso layers are also relatively unresponsive. Combining
these materials with responsive materials (tangential wood, glue) produces
combination that cannot fully respond to fluctuations much greater than those
recommended without permanent change (either plastic deformation, or, if che
changes are large enough, failure). The recommended ranges can be calculated
from the appropriate properties (dimensional response, allowable strain, modulus
or stiffness) of the materials and the construction of the object.”™ In general, the
allowable IXH range is at least as wide as that of the material with the narrowest
range. In other words, the allowable range 15 determined by the most responsive
material. It is worth noting that the response of materials 1s not a constant throughout
the ROH range. Most materials are least responsive at moderate ('.1pproxim:{tel)’30—60%)
R'H, and consequently tolerate the widest fluctuations in this range ™™
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Summary of results

Analysis and testing of the old and new wood show that little change has taken
place in the old specimens. Chemical analyses do show slight changes. The
composition of resin in the old specimens has just begun to exhibit some of the
changes typical of those which resin varnish films undergo during aging, but the
changes are much less extensive than would be found in a resin coating of the same
age. Some hydrolysis of xylan has occurred, but no evidence of hydrolysis of
cellulose was seen. These slight chemical changes seem so far not to be manifested
in measurable physical changes. No significant differences exist between old and
new specimens for any physical or mechanical properties measured, including
strength, stiffness, elasticity, and response to changes in RH. The lower resin
content of the old samples probably is due to volatilization. Extraction of the resin
from new samples and testing of the extracted wood shows, however, that the loss
of resin does not affect the measured physical or mechanical properties.

Stress—strain cycling of both old and new samples shows that the maximum
stresses and strains that could be generated by cycling within the range 50 + 9%
RH produce no permanent change even under worst-case conditions. If worst-
case conditions are not met, then no damage would be produced by even wider
RH ranges. This is true for more than a thousand cycles, equivalent to many
centuries of seasonal fluctuations. That there is no appreciable loss in strain-to-
break in the aged samples supports this conclusion. This is especially true since these
specimens have been exposed to much wider variations of RH. as well as wide
ranges of temperature, as documented in the section on local climate.

These results show that there is no inherent difference between old and new wood, even
when the aged wood has been exposed to an uncontrolled environment with quite large
short-term and seasonal fluctuations in temperature and RH typical of a temperate climate.

These results, combined with previous work, can be applied as follows:
Furniture comprised of any combination of materials in any type of construction
can safely tolerate changes of relative humidity within the calculated ranges. The
rate and duration of change do not matter within this range. Furniture which is
constructed with consideration for environnental effects (floating panels. radial-
cut wood, no massive components) can tolerate wider ranges of relative humidity.
Furniture containing sections or connected surfaces with differing rates of response
(panels coated on one side) also can tolerate wider ranges if the changes occur
gradually. Furniture which contains “worst-case” construction (responsive and
non-responsive materials joined) is safe within the recommended range, but risks
damage outside the recommended range if the exposure is long enough for
damaging levels of response to oceur. “Equilibration” to RH levels outside the safe
range in such cases consists of irreversible plastic deformation. For such construc—
tion, the relative humidity should be kept within the recommended ranges,
although short excursions outside the range should not be a problem.

Conclusions

Measurements of the physical, mechanical, and chemical state of speciniens of
Pinus sylvestris L. wood from the same location in Norway showed little difference
between new and 17th century specimens. Mechanical and physical measurements
of strength, stiffness, elasticity, strain-to-break, lack of change resulting from
cycling within the elastic region, and the dimensional response to RH changes
showed no significant differences. Changes in resin content and composition
indicate that some evaporation of volatile resin components has taken place. Only
minimal changes in the resin due to thermal and/or oxidative reaction have
occurred. Analysis of aqueous extracts of samples showed that some hvdrolwsis of
xylan has occurred in the old specimens, but that the less castly hydrolvzed
cellulose is essentially intact. These results show that “old™ and “new” wood are
not inherently ditferent, and that age alone is not a reliable predicror of condirtion.
The present results combined with previous work on allowable environmental
ranges show that the guidelines developed for new marerials apply equally well to
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old objects. In addition, these results were quite predictable based on previgys
work. The species of wood tested is used extensively in furniture and construction, We
expect results for other species of wood to show the same lack of dependence on age.
Previously developed environmental guidelines should extend to all old materials,

Earlier work showed that objects incorporating wood, glue, and other materialg
typically used in the construction of furniture can tolerate moderate fluctuations
of temperature and R H with no damage. Safe RH ranges are typically atleast £10%
R.H for furniture conditioned to moderate RH, although these ranges are smaller
for furniture equilibrated to very high or very low RH conditions. Damage
(permanent distortion) and failure (fracture) of wood and furniture conditioned to
moderate RH occurs under well defined circumstances including restraint and
larger fluctuations in RH. That there is no appreciable change in the specimens
examined in the present study reinforces the earlier results. There is no perceptible
buildup of “damage” due to the temperature and RH fluctuations the old samples
have experienced in centuries of exposure to uncontrolled environments. This
agrees with results showing that a range exists within which the RH can be safely
cycled without producing irreversible changes. Wood can degrade much more
than the specimens in this study did, of course, but factors other than those involved
here, such as extreme temperatures or dryness due to central heating, biological
attack, or liquid water, must be involved. Age and moderate variations in
temperature and RH are not important factors in the deterioration of furniture.
Moderate and seasonal RH variations within the recommended ranges are not a
problem. Funds are much better spent on improving other aspects of collections
care and management than on pursuing environmental invariance.
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