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The hide glue, in this case rabbit skin glue, demonstrates the
greatest changes in mechanical properties with varied moisture content of
all the materials (fig. 8). At about 95% RH the material is quite flexible
and has a modulus of 4000 psi; at 10%Z RH the modulus is nearly 400,000 psi.
Of all the materials found in a painting, glue has the highest modulus, and
it has a breaking strength approaching 10,000 psi. At about 75% RH its
material properties change tremendously, corresponding to the most
significant change in its moisture content. Fig. 9 shows this change

while relating the modulus to RH.

Fabric exhibits more complex behavior because it is not a homogeneous
material; it is a structure fabricated by weaving yarns of spun flax
fibers. Nevertheless some general observations can be made. With respect
to the stress-strain curve (fig. 10a,b), at low strain much of the behavior.
simply results from straightening crimped yarns (crimp removal zone at strains
below 0.025). After crimp removal the actual yarn behavior takes over.
Although increased moisture influences the modulus by making the crimp

more difficult to remove, moisture affects the actual yarn behavior to a

lesser degree, and thus the yarn behavior contributes less to the modulus
of the fabric. Very high moisture content appears to lubricate the fibers
so that slippage occurs, and a lower yarn modulus results as ,the strain
increases, i.e., more elongation results from less stress.

In general, when testing isolated fabric specimens the warp and weft
directions show obvious differences. Stretched fabrics found on paintings

seem to behave similarly in both directions and similarly to the warp of an
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development. This phenomenon will be discussed later.
The fabric develops both high modulus and dimensional change at
humidities above 80%, and as expected, most force development appears

in this range.

IV. Restrained Testing

The foregoing discussion alludes to the development of.a tensile stress
within a material when that material, which would otherwise contract with
a loss of moisture content, is restrained from contraction. If the
dimensions of the specimen of material are known, then that stress is
measurable. If these dimensions are not easily obtained, as in a sample
of fabric, then the total force developed at one end of the specimen
is measurable.

Tests were run on strips of linen (comparable to that found in a given
painting), having dimensions: 7 X 0.5 inches with a 32 X 32 thread per inch
count; on cast strips of rabbit skin glue with the same length and cross-
sectional area of 0.000483 square inch; and on cast strips of paint 7 inches
long with a cross-sectional area of 0.00243 square inch. The individual specimens
were restrained to a near constant length and the force developed by each
specimen while changing the RH at a constant temperature was measured, to
observe the relative behavior of each material.

Taking fhe warp direction sample of the linen first, a record was made
of force versus RH (fig. 12). In this case two distinct sections of the
graph are apparent: from zero to 85% RH; and from 85% to 100%Z RH., The

graph is relatively flat with a slight increase in total force as the

specimen is dessicated, but at 85% RH and above, a rapid and marked increase
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in total force is observable. This behavior was measured during a cycle
of fiour days duration and was repeated during several following cycles.
Above 95%Z RH the total force becomes even higher, reaching the point where
some fiber slippage occurs and resulting in a net decrease in force on

the specimen.

Next a cast strip of rabbit skin glue was tested. It was actually
somewhat thicker then the layer mnormally found in a painting, so the
recorded forces were mathematically corrected to those for a film
0.00048 inch thick and 0.5 inch wide. The plot of the total force versus
RH is shown in fig. 13. The complete cycle lasted three days. This plot
clearly shows the remarkably high force development in rabbit skin glﬁe.
From 96%Z RH to about 80% RH relatively little total force is developed,
while froi 80% BH to 5% RH massive force is developed. (Note that going

from low RH to high RH a different path is followed.)

Finally a strip of paint was tested. It was 42 months old and chosen
for its degree of drying.9 The pigment was an azo pigment, vermillion, in

safflower 0il and showed nearly twice the modulus of white lead and titanium

dioxide paints after comparable drying time. As with the rabbit skin glue, the
dimensions were corrected, this time to 0.0048 inch thick and 0.5 inch long.
Fig. 14 shows that above 757 RH no force developed in the specimen, but from
75% RH to 5% RH force developed and at a faster rate than that of the fabric
tested. At humidities of 75% and above, the paint creeps, losing all

ability to maintain a force.
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V. Axial Behavior

The difficulty in describing the structural behavior of a painting is
that intuition about materials can betray understanding. Obviously a
"stretched" material is in "tension", i,e., positive strain, positive stress.

But layers of a painting can literally contract in negative strain and

still be in tension (positive stress). The positive and negatlve values
must be correctly interpreted. Force (stress) and displacement (strain)
are different properties which vary in magnitude, not only from layer to
layer, but also from one area of a painting to another,

Taking the simplest examples first, we can begin to systematically
examine the behavior of a painting. The simplest behavior might be called

the "axial behavior", or the structural behavior in a single planar
direction as a function of the layers present.

A one-inch wide strip isolated from an uncracked painting, extending
from one stretcher bar to the parallel bar, could be illustrated as in
fig. 18a. Upon expanding the stretcher, the strip of painting also would
expand as shown in fig. 18b. That all layers of the painting expand (fabric,
glue size, ground and paint) is important, and structurally speaking, all
layers are strained. But strain can originate in any of the layers, so we
must identify the sources of strain other than that from stretcher

expansion,

Interlayer interactions become significant when strain in the painting
occurs differentially, that is £o say, non-uniformly. Suppose that after

expanding the stretcher as in fig. 18b moisture were applied to the right
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half of the painting. In this case (fig. 19b), point A moves to the right
to point A', and if the motion were severe enough the contraction of the

fabric on the wetted side would compress and cleave the paint off the

painting. (fig. 19c¢). This could happen since water softened the glue

size, deteriorating the bond of the ground to the fabriec. Evidence of this
mechanism often appears where water has condensed and collected behind the
lower stretcher bar of a hanging painting. The fabric beneath the cleaved
paint is directly responsible for the local damage. If the shrinkage of
the fabric were severe enough, tensile cracking of the paint on the left
side would occur due to expansion, and again all layers of the painting
would be strained. Note that the overall dimensions of the painfing were
not changed; the moisture content of the painting was uneven and an
in-plane displacement occurred. This behavior illustrates the point that
while a stretcher can maintain the outside dimensions of a painting, it can
do nothing to stop in-plane displacement. The stretcher would restrain
massive contraction if the painting were unifovmly wetted or if it were
subjected to very high humidity. This restraint would correspond to the
considerable increase in fabric tension.due to very high humidity showm
earlier in this discussion. Of concern is the question, does an environment
of high humidity, or of any particular humidity, guarantee uﬁiform moisture

content of a painting? The answer is "no",.

Fabric "shrinkage" at very high humidity causing cleavage in one part
of a painting and simultaneous cracking in another part is a frequently

observed phenomenon. What is not so obvious is that the glue size can cause
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similar paint compression and cleavage at the other end of the humidity
spectrum, at severe dessication.
Now consider a sequence of possible steps that could occur in a

painting at low humidity. Start with the fixed strip of painting at
50% RH. If the length of this specimen is held constant and the specimen
is dessicated evenly, then the stress in the paint, the glue and the
fabric increases, but each to a different magnitude. If the paint film
were old enough and the painting were given an initial "tension" at 50% RH,
then the increase in stress in the paint film due to dessication (fig. 18b)
could be sufficient to crack the painting. The paint film could be described
as having been "prestressed" at 50% RH so that lowering the RH was
sufficient to crack the paint. 1In this case neither the glue nor the
fabric contributed actively to the paint film failure. Again, while the
stretcher could fix the outside dimensions of the painting, it could not
stop this internal stress development.

Crack formation modifies the geometry of the painting as a
structure., Prior to cracking the total force acting on the painting is
the algebraic sum of the forces acting on each layer. The force in each
layer is simply the stress in the layer times its cross-sectional area.
Once a crack forms in the paint film and ground, partial stress release
occurs in the cracked layers and the total force in the painting decreases
slightly (cracking is a stress release mechanism). More important though
is the relocation of the forces in the painting and its consequences.

At the crack, the geometric center of total force of the painting is located

just below the middle of the glue layer. But between the cracks, the center
of force still lies above the middle of the glue layer and a series of

offset force lines appears (fig. 20b). In order to regain full axial
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alignment of the geometric center of force, displacement occurs and the
painting "cups" (fig. 20c). Remember that the outside dimensions of the
painting have not changed since the original "pre—tensionf at 50%Z RH; only

the change to low RH is required for this cracking, displacement and
cupping. If the painting had been stretched even more tightly at 50% RH,

the cracks could have formed at that time with the same resultant cupping.
The important point here is that stretching a painting "conditions" it for
humidity related failure. The tighter it is stretched, the more prone the
painting is to damage due to dessication; the less initial tension,

the less prone it is to cracking at low RH. Lowering the initial stress

in a paint film contributes to longevity of the painting.

The concept of axial displacement of forces has other interesting
implications. An obvious one is of course the change caused by a patch on
the reverse of a painting. Eventually the patch shows up as a distortion
on the front of the painting. The patch lowers the center of force of the
painting in that area, and the "1lifting" of the patch is simply the
realignment of forces throughout the painting. Another example is a
painting which has a very thick but very uneven design layer.. Originally
the painting is basically flat, yet ultimately a mirror image of the painting
appears on the reverse (fig. 2la,b). This demonstrates the active
structural participation of a thick paint layer. It is definitely supporting

a great deal of the painting.
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Suppose now that a painting has cracked for one of the reasons above
and is no longer restrained. This could happen if the painting were 1eft
in low humidity long enough to permit the stretcher to contract or if a
_tacking edge fails. The painting seemingly relaxes. However, now
observable is that while the paint film is relieved of all tensile stress,
the glue size is not. The paint film alone restrains the full stress-—
relieving contraction of the glue layer, and the paint is now forced into
compression and a form of "ridging'" can occur (fig. 20d). Usually no
general cleavage occurs since the bond of the fabric to the ground is at
its strongest, unlike cleavage at high RH discussed earlier; but,
interlayer cleavage is most likely to happen at this time when the paint
film is in compression and the glue size is in tension. This interlayer
cleavage happens simply because the dimensional contraction of the glue is
so much greater than that of the paint layer. The fabric does not inhibit
this behavior since it is incapable of developing compression stress.

This behavior suggests that at some point all layers are initialized
or are at minimum stress. This point actually lies at about 85% RH
:(figs. 16, 17). Above 85% RH any residual stress and strain from the period of
low RH in the ground, paint and glue layers are reduced to zero due to
swelling of these layers. Every time a painting is allowed to enter this
high humidity zone the fabric begins to increase its role in supporting
the painting, -and all glue and paint layers "initialize" to a near zero
stress level so that any previously stress—induced deformations of the
design layer are "set'". From approximately this point, 85% RH, dimensional
changes in the various layers can be measured. For example, unrestrained

paint (white lead) at 85% RH will shrink about 0.3% if subjected to 10% RH;
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glue, however, will shrink 2.4%Z with a change from 85% RH to 10% RH.
This is a substantial difference.

Clearly, the balance of forces in a painting is delicate. If a
painting is stretched too tightly, tensile cracking of the design layer is
risked, and the painting is conditioned for further low humidity stress
development. On the other hand, if it is too loose, compression cleavage
of the paint at high humidity or compression ridging at low humidity are

strong possibilities. Finding the exact balance is not a simple task.

VI. Biaxial Behavior

In this discussion the assumption has been made that with some
exceptions the outside dimensions of a painting remain fixed. However,
when wood stretchers are used the dimensions remain fixed only if the
painting is held at constant humidity and temperature. Such maintenance is
not always found. The general behavior of the stretcher can be simply
stated by saying that stretcher contraction at low humidity lowers the
stress development in a painting and stretcher expansion at high humidity
increases the stress. The influence of the stretcher can be imagined as
counter-clockwise rotation of the graphs in figs. 16 and 17, lowering the left
sides and raising the right sides. Though not readily apparent but of utmost
importance is that this effect can only be assumed at certain points on the
painting becaﬁse the stretcher does not release stress uniformly under low
RH conditions. This is because: 1) changes in the wood are greater across
the grain than along the grain direction; 2) the painting is tacked to the
stretcher bar and is unable to release stress in the direction parallel to

and near each stretcher bar.
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stretcher shrinks and corner "draws'" and "drapes" appear in the painting.

An expanding stretcher increases tensile stress in the direction indicated

in fig. 23. The contracting stretcher relieves that stress and if contraction
is great enough the painting literally goes into compression and buckles

at the corners, after which the painting is keyed out.

Another, even more serious problem can develop at low humidity. At low
RH stress in the paint and glue layers can increase so tremendously
(figs. 16 and 17) that the stretcher contraction cannot release this stress
completely or uniformly and another stress pattern develops. This is
illustrated in fig. 24, a graphie display of computer output. A series of
crack "waves' develops, radiating from the corner of the painting. This is
the result both of stress increase in all layers of the painting at low
humidity and of stretcher contraction, The less the stretcher contracts, the
less pronounced the wave crack curvature, Corner drape occurs simultaneously
with wave cracks, If the stretcher did not contract during this low
humidity period then no drape would result; nor would partial stress
release in the wvarious layers occur, and cracking would be random and

more extensive,

In addition to these results of low humidity failure mechanisms, wave
cracks and drapes, the center of the painting usually is cracked perpen-
dicularly to its long direction (fig. 25). Although this effeect has been

associated with differences between the weave directions of the fabric,
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VII. Conclusion

This discussion of some highlights of the mechanical behavior of the
fabric supported painting certainly must be considered only as an intro-
duction to a field requiring much broader investigation. For example, among
aspects yet to be discussed are the thermal properties of the materials.

But some conclusions can be drawn even at this stage of the study.
Previously the structural role of the linen fabric support has been
completely over-estimated at humidities under 85%. The structural partici-
pation of the paint itself, on the other hand, was almost entirely
neglected in traditional discussions of painting behavior. The structural
role of the glue size had been most definitely under-estimated.

A concept of great importance to understand is that if a painting is
stretched, then all layers are stressed and 'pretensioned" for further stress
development resulting from dessication. While a painting can be restrained
at the edges, this does nothing to stop in-plane displacement or damage due
to humidity extremes. Although a wood stretcher does contract and relieve
some stress at low humidity, it does so unevenly, causing general stress
patterns to appear. The situation would be worse if a stretcher were not
to contract at all, for then no stress would be released.

This study surely demonstrates the potential devastation resulting
from exposure to the extreme ends of the humidity scale. Holding an
environment ét a constant temperature and RH certainly appears to reduce
damage to fabric supported paintings, but the assumption should not be made
that humidity oscillation is the cause for damage because a constant

environment also obviates extreme dessication and extremely high humidity.
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There is some evidence that the most extreme oscillations in humidity,
from below 20% RH to above 85% RH, cause continually increasing dessicated
stress development in the rabbit skin glue. This must be explored in detail.

Other evidence shows that a narrow band of oscillation in RH might be
quite acceptable if these oscillations occur within relatively short
periods of time, probably less than eight hours. The reason for this is
the very slow rate of moisture loss from paint. A film of paint only
0.01 inch thick might take at least 24 hours to lose 90% of its moisture
if dessicated from 85%Z RH. And this rather long period of time was required
in a controlled situation where the air was constantly agitated by high
velocity air fans to facilitate moisture loss from all exposed surfaces
of the paint specimen.

The rate of moisture loss from the glue size and cellulose is much
faster, but is considerably buffered by the paint film in an actual painting.
A completely closed backing board of a hygroscopic material will act to
buffer the painting further. More study of the rate of moisture loss
would be exceedingly wvaluable, If such studies were to reveal that the
stringent control of museum environments for fabric supported paintings
might be relaxed a bit, then substantial savings in energy costs soon would
be realized. Comparison between rates of moisture loss and the lengths of
time works of art spend in different environments while traveling would
provide valuable packing and shipping guidelines.

Along with controlled environments certain measures in conservation
should be reassessed. An obvious concept is that if a painting can be
supported stress-free then the probability of further cracking, cupping,
and hence flaking, is over. But this is unrealistic because to let a

painting expand and contract in order to relieve the humidity related stress
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paintings will more clearly define the mechanical requirements for a
lining support as well as for the lining adhesive. If the proper support
is chosen, then the options available in choosing the adhesive might be
broadened considerably.

While the research has come a certain distance, it has much further
to go for utmost precision and refinement in understanding. Methods are
now available for analyzing both the materials of paintings and the

structure itself without experimenting on the objects themselves. Two

significant points already clear are that the stress development within a
painting will never be completely eliminated and that avoiding the

extremes of relative humidity cannot be over-emphsized.
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GLOSSARY

Brittle - A material is said to be brittle if it breaks without yielding.
Creep — Continuing deformation without an increase in applied force.

Elastic - A material is said to be elastic if it returns to its original
dimensions after having been deformed by an applied force and the

force has been removed,

Mechanics - The study of the effects of force on bodies. In this paper it

is limited to static systems.

Modulus — The ratio of stress to strain; this ratio is the slope of the

stress-strain curve.

Orthotropic -~ Exhibits similar material behaviors at 90° directions, in this

paper, the direction of the weave (warp and weft).

Plastic - A material is said to be plastic if after having been deformed by an

applied force it does not return to its original dimensions.

Strain -~ Change in length per unit length, i.e., inches per inch.

Breaking Strain - Strain magnitude at which a material fails either

in tension or compression.

Stress — Force per unit area, i.e., pounds per square inch.

Breaking Stress - Stress magnitude at which a material fails either

in tension or compression.

Tangent Modulus - Slope of the stress—strain curve tangent to the curve at

the origin of the coordinates.

Yielding - A material is said to yield when its behavior changes from elastic

to plastic,



