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ABSTRACT: Paintings exposed to vibration or impact due to handling and transportation are often considered to be at 
risk for damage. This study examines some of the mechanical properties of typical artist materials under different envi
ronmental conditions and using that information, conducts a computer based analysis of representative paintings sub
jected to impact and vibration. The findings of the study indicate that paintings have a substantial intrinsic dynamic 
strength and that within reasonable limits the objects are generally able to withstand considerable sustained vibration as 
well as rather serious impact. Some conditions that merit special attention are examined. 

INTRODUCIION 

If a painting is subjected to vibration, or 
dropped such that it will suffer a sudden im
pact, there will likely be a displacement of 
the painting out of the plane defined by the 
stretcher. In addition, paintings dropped on 
their edge can experience an in-plane distor
tion of the paint, ground, glue, and fabric 
composite layer. The severity of the distor
tion encountered during vibration results 
from the orientation of the painting to the vi
bration source and the closeness of match to 
the source vibration frequency of one of the 
natural or resonant frequencies of the paint
ing. Any displacement or distortion of the 
painting, whether accidental or intentional, 
such as hammering out corner keys, neces
sarily distorts the materials that make up the 
painting, and as a consequence, induces 
stresses. If the stresses are high enough the 
materials fail, usually in the form of cracked 
and flaked paint. Relating the severity of the 
dynamic environment to the painting dis
placements, material distortions and ulti
mately the magnitude of the stresses 
developed in the layers of a painting is a 
study in engineering mechanics. In order to 
accomplish this, it is necessary to either 

measure or calculate the stresses in a vibrat
ing painting and compare those stresses to 
the maximum the materials can sustain. 

Clearly, it is not feasible to test paintings in 
the various collections around the world to 
determine the severity of shock and vibration 
that will cause design layer cracking. Other 
methods are necessary. A systematic engi
neering approach to solving the problem is 
available and requires specific steps. First, an 
analytical procedure must be found that de
termines the deformations and stresses in 
any of the layers of a painting subjected to vi
bration and impact. In this case computer 
modeling in the form of Finite Element Analy
ses (FEA) will be used. Second, the general dy
namic mechanical properties of the artists' 
materials must be determined under differ
ent temperatures and relative humidities ex
pected to be encountered under normal 
transport conditions. Third, a correlation be
tween vibration and impact stimulus must be 
developed and the failure levels of the paint
ing materials such that a risk assessment may 
be conducted that allows for the safe packing 
and transport of the work of art. While there 
is considerable literature on the mechanical 
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properties of commercial paints used as pro
tective coatings,l there is not an abundance of 
information regarding the strength or stiff
ness of artists' materials under dynamic con
ditions. Some of this inlormation has been 
determined at the Conservation Analytical 
Laboratory (CAL) by direct materials testing 
and yet more still needs to be done. The fol
lowing is a summary of some of the informa
tion currently available. 

MECHANICAL PROPERTIES OF 
MATERIALS 

There are often misconceptions regarding the 
properties of solid materials. The mechanical 
properties of materials are frequently con
fused with their physical properties. The 
physical properties of materials refer to those 
such as density, color, luster, and atomic or 
molecular structure. Moisture-related swel
ling properties and the thermal coefficient of 
expansion also fall under this heading. The 
mechanical properties of a material refer to 
the strength, stiffness or flexibility, and elas
tic or plastic properties of materials. 

The mechanical properties of materials can 
be quite specifically defined, and in fact, 
these properties can be quantified. For exam
ple, the stiffness of a material directly relates 
the amount of deformation, 0 , (the stretched 
length, Ls, minus the un stretched length, 1..0), 
a material undergoes when subjected to a 
force, F. If the applied force is large enough, 
then the material will break, and thus the 
strength of the material is determined. The 
difficulty with using the terms force and de
formation arises when comparing one mate
rial to another. All of the specimens must be 
the exact same size and this is not always 
possible to accomplish. For example, compar
ing the mechanical properties of a thin paint 
film to a sample of hide glue means casting 
the materials so they both dry to the same di
mensions which is nearly impossible. To get 
around this problem, the mechanical proper
ties are "normalized." This is done by divid
ing the specimen deformation, 0, by the 
unstretched length of the specimen, 1..0. This 
is the definition of engineering strain, e, or 
mathematically: 
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Ls -Lc 0 
e = ---r;;- = Lc 

If the applied force, F, is divided by the 
cross-sectional area, A, of the test specimen, 
the term stress, (J, is thus defined: 

F 
(J =-

A 
The ratio of stress to strain is the measure 

of the stiffness of the material, and for elastic 
material behavior, the modulus of elasticity, 
E, is how material stiffness is defined. Elastic 
behavior, simply stated, means a previously 
loaded material will return to its original 
length when the force is removed. Mathe
matically the modulus is: 

E = ~ 
e 

A material is said to exhibit plastic proper
ties when a permanent deformation occurs 
after the force is removed. The mechanical 
properties of a solid material are typically de
scribed using stress-strain diagrams, which 
are the result of direct specimen testing. One 
such plot is illustrated in Figure 1 (See Appen
dix A for all Figures). This figure shows the 
results of a tensile stress-strain test of a typi
cal steel, which is one of the few materials 
that serve to demonstrate several points of 
interest on the same stress-strain test. This 
diagram shows the modulus of elasticity, E, 
as the slope of the linear (elastic) part of the 
plot, the yield point, 0, where plastic behav
ior begins, and the ultimate strength, Oult, the 
maximum stress the material can withstand. 

Nearly all polymers such as paints and 
hide glue do not have clearly defined yield 
points, nor do they have such extended plas
tic regions? More importantly, all of their me
chanical properties are altered by 
temperature, relative humidity (RH), and the 
speed with which the force is applied to the 
specimen. Polymers often exhibit a "stress re
laxation" once loaded and the strain fixed, 
this is in contrast to continued straining, or 
"creep," if loaded and the "load is fixed. This 
time-dependent behavior of polymers is 
often referred to as visco-elastic effects.3 At 
low temperatures and/or low relative hu
midity, these materials can behave in an ex-



tremely brittle, or "glas!o/," manner and con
versely, at high temperature and relative hu
midity, they can be quite ductile or rubbery. 
At very high rates of loading they can also 
exhibit glassy and elastic behavior, demon
strating no yield point prior to failure. On the 
other hand when loaded slowly, the materials 
exhibit rubbery characteristics, with moder
ately large deformations. 

MATERIALS TESTING 

At CAL, a materials testing program has been 
underway for the last several years. This pro
gram was established to develop a data base 
of the mechanical properties of artists' mate
rials. The information needed included long
term effects of temperature and relative 
humidity as well as the effects of loading 
rates and how they are affected by the same 
environmental factors. Additionally, some 
important information on the physical prop
erties was determined. These included the di
mensional response of the materials to 
temperature and relative humidity and the 
time required to achieve equilibrium to new 
environments. The materials tested to date 
include various pigmented artists' oil paints 
cast in 1978 and 1979, rabbit skin glues of dif
ferent concentrations, various gesso mix
tures, and linen textiles. Some wood testing 
was done, but as there is considerable litera
ture on the mechanical properties of wood,4 
this discussion will only briefly include this 
aspect. -

Sample Preparation 

The oil paints were provided by the major 
manufacturers of artists' paints and were cast 
directly from the tube containers without the 
addition of any dryers, varnishes, or solvents. 
After thorough mixing, the paint was spread 
in 2.54 cm (1 in.) wide strips on .0127 cm (.005 
in.) polyester film using strips of black vinyl 
electricians' tape as thickness guides. The 
tape was .0127 cm (.005 in.) thick and the 
paints were cast using both two and three 
layers resulting in paints of approximately 
.025 cm (.01 in.) and .038 cm (.015 in.) thick
nesses. The thickness of the specimen af-

fected the tensile test results while the paint 
was still less than four years old. There were 
no effects on the mechanical properties of the 
paints resulting from the two different thick
nesses of paint for specimens over thirteen 
years old. This was a strong indication that 
the paints had dried uniformly throughout 
the thickness of the paints. The oils were 
typically linseed and safflower. Alkyds and 
acrylics were cast at the same time; however, 
testing on these materials is at present incom
plete. The vinyl tape was removed after one 
month of drying time and the polyester was 
easily peeled away from the paint at the time 
of testing. The dry paint was then cut into 
strips .508 cm (.2 in.) wide and about 15.24 
em (6 in.) long for testing. 

The rabbit skin glue samples were pre
pared by pouring 10% and 20% solutions (by 
weight) on the same type of polyester sheets 
as described above. These sheets were 
stretched tight onto flat, level surfaces. Once 
dIy, usually after ninety-six hours at 23°C 
(73°F) and 50% RH, the glue specimens were 
cut to the similar dimensions as the paint. 
Howevff, it was possible to obtain different 
thickness samples by simply cutting them 
from different areas of the casting. The differ
ent glue samples varied from .00381 em 
(.0015 in.) to .0305 cm (.012 in.) in thickness. 
Gesso mixtures having different chalk
(ground calcium carbonate>-to-glue ratios 
were prepared from a single stock, 10% solu
tion of rabbit skin glue. The gesso mixtures 
were cast and test samples were prepared in 
a manner similar to the glue. 

Testing Equipment 

The equipment used for conducting the ten
sile stress-strain tests of the materials was de
signed and constructed at CAL and can be 
generally described as miniature screw-driven 
tensile 1'I1nchines. The machines were small 
since the specimens to be tested were rela
tively small. The general layout of the equip
ment is illustrated in Mecklenburg (1984).5 

As many as twenty-one of these devices 
were operating at any given time. It was nec
essary to have this many units because they 
often needed to be dedicated to a single 
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specimen for long periods of time. It took up 
to several months to generate some of the 
data if the specimens were to reach equilib
rium with the test environment. All tests 
were conducted in chambers that provided 
controlled temperature and relative humidity. 
Conditioned silica gel was the primary tech
nique for maintaining buffered environ
ments. 

Oil Paint Test Results 

When it came to the actual testing, at least 
three specimens were initially tested to deter
mine if the results would be consistent. Later 
testing showed that two specimens were suf
ficient, since the scatter was remarkably 
small, considering that the test materials 
were cast by hand. When variation did exist 
in the test results, it was usually the strain at 
failure. Specimens were tested at 3, 3.75, and 
13 years after casting. 

The tests undertaken were directed at spe
cific questions: How are the mechanical prop
erties of artists' materials influenced by 
temperature and relative humidity under 
very long term conditions? How are those 
mechanical properties affected by rapid load
ing events or dynamic conditions? and How 
does temperature and relative humidity in
fluence the mechanical properties of materi
als subjected to dynamic conditions? The 
environments chosen emphasized low tem
perature and low relative humidity, because 
these conditions are where brittle behavior is 
most likely to be encountered. 

While this paper will concentrate on dy
namic systems, it is worth using the informa
tion on long-term material behavior as a 
baseline. This is best accomplished by exam
ining the long-term or the "equilibrium" 
stress-strain test as illustrated in Figure 2. 

In this test the paint specimen is rapidly 
strained a small amount, approximately .0007 
(the units of strain are length per length or 
unitless), and the strain is fixed. The initial 
stress is recorded and the specimen then pro
ceeds to stress "relax." This stress relaxation 
is a time-dependent phenomenon and takes 
abou t seven to ten days for the stress relaxa
tion to cease or "equilibrium" is reached. The 

140 

specimen is strained a subsequent increment 
and again allowed to fully stress relax. This 
process is continued until the specimen 
breaks, which in this case, took several 
months while the environment was main
tained at 23°C and around 50% RH. Figure 3 
shows the results of three specimens tested to 
failure. They are extremely consistent in 
terms of the modulus, but show a broad 
range of the failure strains which were .02, 
.026, and at least .034. This was the largest 
amount of scatter demonstrated by the test 
materials, and all of these strains are much 
larger than the calculated strains resulting 
from vibrations of a painting. 

The locus of "relaxed" points (Figure 4) 
generated by the tests described above re
sults in a stress-strain plot that is in equilib
rium with the test environment and 
represents the mechanical properties of the 
material under extremely long-term condi
tions. The paint samples for all of the tests 
were prepared from a Naples yellow paint, 
which was, in fact, a lead carbonate tinted 
with cadmium sulfide and iron oxide ground 
in linseed oil. This paint was cast in March 
1978. 

Figure 4 clearly indicates there is no 
sharply defined yield point, but it appears to 
occur at approximately .414 Mega-Pascals 
(MPa) (60 pounds per square inch [psi]). The 
ultimate strength attained by this paint was 
1.52 MPa (220 psi). The equilibrium modulus 
of this paint was about 68.94 MPa (10 ksi, 1 
ksi=1,OOO psi). This paint sample was able to 
"stretch" over 3.6% (strain x 100=percent 
elongation) of its original length. More on the 
equilibrium behavior of materials is dis
cussed in the paper "The Mechanical Behav
ior of Paintings Subjected to Changes in 
Temperature and Relative Humidity.,,6 

Also in Figure 4 are the results of rapidly 
run stress-strain tests of the same paint in the 
same environment. One of the tests was con
ducted with a separate test specimen, not 
previously tested and the other rapid test 
was conducted after the paint sample had 
been subjected to the very long-term tensile 
test. The most obvious observation is that in 
both rapid tests, the paint exhibits consider
ably more strength and is considerably stiffer 



than in the equilibrium test. In this case, the 
paint attained strengths between 6.894 MPa 
and 7.58 MPa (1,000 psi and 1,100 psi). The 
previously untested paint had an elastic 
modulus of 689 MPa (100 ksi) and the pre
viously tested paint was even stiffer with a 
modulus of 1,172 MPa (170 ksi). Apparently 
the long-term testing has Ustrain hardened" 
the paint. This behavior was exhibited on all 
of the paints tested except burnt sienna, 
which became less stiff. What is important is 
that these materials, even though subjected to 
long-term environmental testing, still have a 
dynamic reserve strength. They still develop 
considerable strength under rapid loading no 
matter what previous testing conditions were 
encountered. 

Rapid Testing 

After looking at the differences in behavior 
between the equilibrium and rapid mechani
cal properties, it is clear that the rate of load
ing has a pronounced influence. There does 
seem to be an upper limit on this influence. 
Loading the specimens faster than about 
.0005 cm/ cm/ sec at 50% RH and 23·C did 
not seem to appreciably affect either the 
modulus or the strength of the paint. The 
maximum modulus attained for the pre
viously untested Naples yellow was 689 MPa 
(100 ksi) at several strain rates as shown in 
Figure 5. The testing procedure was to ap
proximately double the strain rate for each 
subsequent test. 

Additional results of the rapid loading 
tests conducted at 50% RH and 23 ·C are pre
sented in Table 1 (See Appendix B for Tables). 
The first three paints listed in this table can 
be considered Ufast driers" and the fourth 
and fifth, burnt sienna and burnt umber are 
uslow driers." Of the more than fifty paints 
(oils, whether linseed or safflower) cast in 
1978 and 1979, only about 15% of the paints 
dried similar to the "fast dryers" and most of 
these contained lead. The "vermilion" tested 
was actually filled with a synthetically dyed 
calcium carbonate and presumably contained 
some dryer? While not yet completely tested, 
titanium dioxide actually dried and remained 
quite flexible compared to the lead white. 

The balance of the paints are uslow dryers" 
and are still flexible at this time. 

These testing results serve to demonstrate 
the considerable differences in mechanical 
behavior between the slow and fast driers. 
Another interesting aspect was the difference 
between the safflower and linseed oils. The 
linseed oils were able, at least in these tests, 
to elongate considerably more than the saf
flower oils. The safflower oil was found pri
marily in the white paints, presumably 
because it tends to discolor (yellow) less than 
the linseed upon drying. As the Naples yel
low primarily contains lead carbonate, this 
paint offered a good comparison with the 
flake white ground in safflower. Finally, it is 
worth commenting that while a large propor
tion of paints used by artists are slow driers, 
and are quite flexible, a considerable number 
of paintings grounded with oil paints use 
white lead paint. This means that in many 
cases there is a fairly stiff paint layer between 
the glue size and the upper paint layers. If 
this paint substrate fails, then any layer 
above it will most likely fail also. 

It is of some interest to know how these 
paints dry over time. In Table 2, test results 
are presented for the same paints as shown in 
Table I, with the exception that the paints are 
considerably younger. The modulus of the 
younger paints are significantly lower than 
the thirteen-year-test paint in all cases. 

The Effects of Temperature and Relative 
Humidity 

Both cooling and desiccation increase the 
stiffness and strength of the materials tested. 
Tables 3a and b tabulate the influence of dif
ferent relative humidity levels on the me
chanical properties of two of the 
thirteen-year-old paints tested at 23·C. In 
both paints, desiccation at 5% RH shows the 
stiffest and strongest properties. Equally im
portant is the reduction of the strain to fail
ure. Clearly, the paints are losing their ability 
to deform without breaking. Under both en
vironmental and dynamic conditions, the art
ists' material's ability to deform without 
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failure is our primary concern. 
Cooling has an equally dramatic effect on 

the mechanical properties of these paints, (fa
bles 4a and b). At approximately -3°e, the 
materials are extremely brittle and relative 
humidity still affects these materials. Main
taining a relative humidity higher than the 
51 % reported was not possible with the 
equipment in use at the time of testing. The 
fast dryer, Naples yellow, showed relatively 
less response to relative humidity when com
pared to the slow dryer, burnt umber. Nor
mally when testing a material, failure of the 
test specimen occurs as a single break. How
ever, when testing at 5% RH and -3°C, the 
paints and hide glues shattered into multiple 
pieces. The hide glue disintegrated into over 
thirty separate pieces. These materials are 
acting in a truly "glassy" manner at this envi
ronment. On the other hand, the strengths of 
the materials measured at the cold environ
ments were remarkably high. 

Rabbit Skin Glue Test Results 

At room temperature, relative humidity dra
matically affects the mechanical properties of 
rabbit skin glue (Table 5). The rapid-loading 
strength of this material is remarkable in that 
it exceeds even the strongest e}J9xies at rela
tive humidity levels above 60%.8 Raising the 
relative humidity above this level causes a 
ra pid decrease in the stiffness of the ma terials 
and at about 85% RH there is effectively no 
strength or stiffness in this material. The 
maximum strength and modulus attained 
was at 23°C and 5% RH, decreasing the tem
perature to -3°C at the same relative humid
ity effectively had little influence on the 
modulus but lowered the strength and strain 
to failure considerably. Hide glue speci
mens shattered in this environment and 
this was the first real evidence of a serious 
reduction of fracture resistance of these ma
terials. Clearly this is an environment to 
avoid. 

Gesso Test Results 

Gesso is another material typically used as a 
ground on both panel and some fabric sup-
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ported paintings.9 The mechanical properties 
of this mixture of rabbit skin glue and whit
ing, in this case ground calcium carbonate, is 
affected by the ratio of pigment to glue. Some 
of the results of gesso testing are shown in 
Table 6. In this table the gesso mixture is ex
pressed as the chalk-to-glue ratio, by weight, 
and the percent pigment volume concentration, 
(PVC). These mixtures can be compared to the 
modulus and strength of the glue alone (Ta
ble 5), where it is seen that the addition of the 
whiting increases the modulus, but decreases 
the strength considerably. At chalk-to-glue 
ratios greater than fifteen, both the strength 
and stiffness fall off severely. In comparison 
to the paints, the gesso is generally stiffer, but 
not quite as strong. In other words, it is more 
brittle. Since rabbit skin glue is the binder 
holding it together, gesso response to relative 
humidity will be also quite pronounced. 

Support Materials 

The mechanical properties of wood are well 
described in the literature since it is an im
portant commercial material and used exten
sively as a sh·uctural material.10 The one 
aspect of wood that is most important is that 
it is orthotropic, that is, it has considerably 
different mechanical properties in the mutu
ally perpendicular directions, longitudinal, 
tangential, and radial. For example, oak, 
which along with poplar, was used as paint
ing supports.ll Oak can easily have a modu
lus of 6,894 MPa (1,000 ksi) in the 
longitudinal direction and approximately 
551.5 MPa (80 ksi) in the other two directions. 
The strength of oak is equally different in the 
three different directions, about 96.5 MPa (14 
ksi) in the longitudinal and only about 4.2 
MPa (.6 ksi) in the other two. Hence, when it 
breaks it splits with the grain. The mechani
cal properties of wood vary, but in general 
they correlate somewhat with the density of 
the woodY The most serious difficulties with 
wood is that it is so hygroscopic. Serious de
viations in relative humidity can cause high 
stress levels in restrained panels, particularly 
when there is an existing crack. 

In order to round out the materials, it is 
necessary to look at some of the properties of 



textiles. Fabric painting supports are not ho
mogeneous materials; they are a structure 
constructed of twisted bundles of fibers, 
yams, woven together to form a mattlike 
structure. The difficulty presented by textiles 
arises when one is trying to numerically 
model them on a computer. Because of the 
type of woven structure, textiles tend to be 
considerably stiffer and stronger in the direc
tion of the yarns, but are very flexible when 
subjected to bending. By using a volumetric 
analysis, it was possible to establish a mean 
fiber cross-section area per yam. Using a 
large sample from the test fabric, the warp 
yams were separated from the weft yarns 
and their separate volumes were measured 
using a nonpolar solvent. This volume was 
divided by the yam length resulting in a total 
fiber bundle cross-section area. In turn, this 
total area was divided by the number of 
yams resulting in a mean fiber cross-sectional 
area per yarn. By counting the yarns in a ten
sile test specimen, a mean fiber area could be 
obtained and enabling calculation of the 
mean fiber stress and modulus. This gave a 
better understanding of the fiber stresses 
than other types of measurements. Using 
three different linen textiles, #248 from Ger
nay-Delbec, #444 and #8800 from Ulster, the 
test results were remarkably close (fable 7). 
It was found that the average yarn cross-sec
tional area was only about 22% of the nomi
nal textile area if the area was taken to be the 
linen "thickness" times the specimen width. 
Typical linen thicknesses were .063 cm (.025 
in.) for #248 and #444, and .048 cm (.019 in.) 
for #8800. For computer modeling purposes, 
the effective thickness of the fabric should 
only be about 22% of the measured nominal 
thickness. The effective modulus used in 
modeling should be those presented in Table 
8. 

The mechanical testing results of the #248 
linen are shown in Table 8. This data is repre
sentative of all of the textiles tested. The 
strengths are not included because they are 
so high (considerably higher than the glue) 
that they are rarely a consideration except 
when the textile is extremely degraded. What 
is important is that the modulus of this mate
rial is considerably lower in the warp direc-

tion than the weft direction and the modulus 
tends to increase with relative humidity. This 
is the direct opposite of all of the other mate
rials, which increase in stiffness with desicca
tion. Both of these properties are related to 
the fact that yams are woven in the manufac
ture of a textile. The values of the warp yams 
are so low because most of the early stretch
ing is a result of straightening out the crimp. 
The weft direction, which has little crimp, is 
stiffer since the yarns are being stretched 
without additional straightening. 
It must be noted that when a linen is 

stretched on a stretcher, the crimp is consid
erably reduced in the warp direction and 
slightly increased in the weft, so the mechani
cal properties tend to even out in the two or
thogonal directions. Additionally, once 
stretched and subjected to high relative hu
midity, the initial fiber tension in the linen is 
considerably reduced due to interfiber slip
page. This puts additional demands on the 
glue and the paints to support themselves. 

COMPUTER MODELING 

If a material is loaded, it will deform and the 
modulus describes the amount of deforma
tion that will occur. If a structure is loaded, it 
also will deform and the amount of deforma
tion is again a direct result of the modulus of 
the materials used in constructing the struc
ture. Unfortunately, when many materials 
are involved or the geometry of the actual 
structure is complex, analysis of the structure 
is nearly impossible when using classical 
techniques of elastic theory. One method that 
provides remarkably good analytical results 
is the Finite Element Analysis (FEA) method.13 

This method mathematically approximates 
the structure on the digital computer by as
sembling the "structure" from smaller, geo
metrically simple "elements" whose 
mechanical properties can be determined. 
The elements are normally but not solely con
nected at the comers of the elements. These 
connections are called nodes. From elastic 
theory, force-displacement relationships can 
be established for individual elements. For 
example, it can be determined how much 
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stretching, bending, and twisting occurs 
when forces are applied to the nodes of the 
elements. If the element properties are for
mulated correctly, they can be assembled into 
a fairly complex structure using algebraic op
erations, which are easily handled by the 
computer. Further, convergence to the cor
rect stresses and deflections will depend 
largely on the number of elements used in 
the model. For example, Figure 6 illustrates a 
simple cantilevered beam made of thick sheet 
acrylic plastic. The beam is supported at one 
end and a force of 1,334 Newtons (300 lbs.) is 
applied vertically at the other end. The di
mensions of the beam are length, 45.7 cm (18 
in.), height, 7.63 cm (3 in .), width, 2.42 cm (.95 
in.). The modulus of this material used in the 
solutions was 3,102 MPa (450 ksi). From beam 
theory14, which is one of the most thoroughly 
developed theories reflecting real-world ac
curacy, this beam will deflect 1.567 cm (.617 
in.) downward at the free end and the maxi
mum bending stresses will be plus or minus 
26.2 MPa (3.79 ksi) at the fixed end. The 
maximum shear stresses will be 1.09 MPa 
(158 psi) occurring along the neutral axis (see 
Figure 6). The beam was modeled using FEA, 
but using different numbers of elements each 
time. The results of the analyses are shown in 
Tables 9a and b. 

The final results of the solution using 360 
elements agrees closely with theory and it is 
noteworthy that the solution for the deflec
tion is converging to the correct answer from 
below, that is, the computed deflection will 
always be less than theoretical. On the other 
hand, the bending stresses will be higher, 
and this is the conservative solution. The 
measured failure stress of sheet acrylic is ap
proximately 68.9 MPa (10 ksi) so it is possible 
to say that the force applied to this beam is 
only 39% of that needed to break it, accord
ing to this analysis. A risk analysis has now 
been conducted for the beam, which esti
mates that any force over 3,425 N (770 lbs.) 
will break the beam. 

144 

Sources of Forces under Dynamic 
Conditions 

In the beam problem, it is easily seen that a 
weight hanging on the end of it can be the 
source of the applied force. For paintings 
subjected to vibration and impact, the forces 
are "inertial" and are not so readily envi
sioned. Isaac Newton, for whom the ''New
ton," the 51 unit of force is named, 
determined that the force on a body is equal 
to its mass times the acceleration it experi
enced, or mathematically; 

F=Mx a 

On earth, the weight of an object is its 
mass times earth's gravitational field, g, or 
W=m x g. The mass of an object is defined as 
m=w / g. For a body experiencing vibration or 
shock, the forces it experiences are a result of 
its mass times the accelerations experienced. 
It is possible to say then, the force experi
enced, Fe, is: 

W 
Fe=-x a and 

g 

Fe = W x E.. and defining 
g 

a 
G=-

g 
where G is the ratio of experienced accelera
tion to earth's gravity. 

This G is the value to which is often re
ferred when calculating inertial forces. For 
example to comment that an impact resulted 
in several G's, is to say that the impacted ob
ject is experiencing forces equivalent to G 
times the weight of the object. A dropped 
painting feeling 40 G's, then is said to act as if 
the painting is 40 times heavier than it actu
ally is. For computer modeling purposes, a 
painting dropped on its edge experiencing 40 
G's can have an applied force, totaling 40 
times its weight, distributed over the entire 
area of the painting and in the direction par
allel to the impact. It is necessary then to 
know how much the artist's materials weigh. 
See Table 10 for the nominal weight densities 
of some of the materials examined for me
chanical properties. 



The weight of any given painting per unit 
area will be the sum of the layer densities 
times the thickness of the respective layer. 
Expressed mathematically: 

WA =L (DL x tt) 
Where: 

W A = the total weight of the painting per unit 
area. 

DL = the density of the layer. 

tL = the thickness of the layer 

The dynamic loading on the painting per 
unit area will then be W A times G. Its now 
possible to run an analysis of a model paint
mg at room temperature, 23°C and 50% RH. 
The dimensions of the first painting are 76 x 
102 cm (30 x 40 in.). The fabric is #248 with a 
nominal thickness of .0635 cm (.025 in.) there
fore it weighs .0004 N/em2 (.0058 Ibs./in.2). 
The glue layer is .0076 em (.002 in.) thick and 
weighs .0000508 N/em2 (.0000736 Ibs./in.2) 
~nd assume that the paint layer and ground 
IS a total of .0178 cm (.003 in.) thick and is all 
white lead since it is the most brittle. The 
weight of the paint layer is .000213 N / cm2 

(.000309 Ibs./in.2). The total weight of the 
painting per unit area is .000664 N/cm2 
('00618Ibs./in.2) which is not very much, but 
this might be considered moderately thick for 
a paint film. At a 30 G impact, the ~ainting 
wIll fee} as if it weighs .012 N/cm (.1855 
lbs./in. ). 

All of the information needed for a FEA on 
the computer is now available. The model 
was assembled using 300 elements and 484 
nodes and the three different layers are as de
scribed above with the exception that the 
model thickness of the linen is .01524 em 
(.006 in.) and a mean modulus of 690 MPa 
(~OO ksi) was ~sed. All other material proper
tIes are descnbed in the preceding tables for 
23°C and 50% RH. The computer program is 
ANSYS, Version 4.4, leased by CAL and is run 
on a Gateway 2000 desktop Pc. The com
puter uses 80386 technology at 33 MHz. It 

has a math coprocessor, an expanded RAM of 
4 megabytes and a hard disk of 150 mega
bytes. The following modeling results are in
tended to examine the effects edge impact 
and out-of-plane vibration on the various 
layers of the painting. 

Edge and Corner Impacts, the 76 x 102 
em Model Painting 

A 76 x 102 cm (30 x 40 in.) painting was mod
eled first to examine the effects of a 30 G im
pact when dropped squarely on the long 
edge. ~s:s has a feature that allows pro
grammmg m of the mass densities of the ma
terials and then subjecting the model to any 
desired acceleration. Further, the painting 
was modeled such that the stretcher was 
firmly fixed and extremely rigid so that only 
the painting itself would respond to the im
pact without external influences such as 
stretcher distortion. In this way it is possible 
to look at the response of the painting alone. 
As with most real paintings, only the fabric 
was attached at the edges. This model and all 
subsequent model analysis performed as
sume that there are no pre-existing cracks in 
the paint film and all of the painting models 
have no auxiliary supports such as linings. 
The distorted painting is shown in Figure 7 
along with the first layer element arrange
ment (the paint layer). 

The maximum deflection is quite small, 
only .019 em (.0075 in.). The maximum dis
placement of the paint layer is downward, 
only about .019 cm (.0075 in.) at the center of 
the painting. It actually deflected forward 
also, .0127 cm (.005 in.). The maximum stress 
the paint layer experienced is only .11 MPa 
(.016 ksi), which is less than 3% of the meas
ured rapid loading breaking strength of the 
white lead paint, which is the lowest strength 
measured of the brittle paints. The distribu
tion of the stresses is presented in Figure 8, 
and if the impact was ever large enough to 
actually break the paint, well over a 1,015 G 
impact, the theoretical crack pattern is shown 
in Figure 9 superimposed over the maximum 
principal stress vectors. In reality, this would 
most probably never occur, since buckling of 
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the painting out of the plane of the stretcher 
would be a more likely result of a high G im
pact. However unlikely that this crack pat
tern is, it is conceivable that very heavy 
traditional linings on very large paintings, 
could over a long period, cause this type of 
failure. 

The same 30 G drop was modeled on the 
same painting except the orientation of the 
painting is with the diagonal vertical, Figure 
10. Again the stretcher was rigid and fixed. 
The results were that the stresses again did 
not exceed .11 MPa (.016 ksi). The distribu
tion of stresses from the 30 G comer impact 
and extremely high impact theoretical crack 
pattern are presented in Figures 11 and 12, re
spectively. These models suggest that factors 
other than the mass of the painting alone 
must intervene before impact can damage the 
paint layer. 

Corner Impact of a 61 x 61 cm Painting 
with a Traditional Wood Stretcher and 
Fixed at the Corners 

A smaller painting (61 x 61 cm [24 x 24 in.]), 
and therefore a lighter one, was modeled as if 
it were also subjected to a 30 G impact on its 
corner. In this case, a wood stretcher was in
cluded in the model with 2.54 x 7.62 cm (1 x 3 
in.) stretcher bars. The comers of the 
stretcher were fixed as if they had been se
cured with screws, and in reality this de
scribes a strainer. The post-impact distortion 
of the model painting is shown in Figure 13, 
and as can be seen, the painting reconfigured 
from a square to a diamond shape. 

The maximum principal stresses in the 
paint film reached nearly 1.38 MPa (.2 ksi) or 
37% of the measured breaking strength of the 
white lead paint. The complete stress distri
bution is shown in Figure 14 and the theoreti
cal crack pattern is shown in Figure 15 if the 
impact exceeded 82 G's, which is quite possi
ble. 

The results of this test model has been 
compared to the test results provided by Paul 
Marcon, who made a model test drop of a 
painting at the Canadian Conservation Insti
tute (CCI).15 The computer model crack pat
tern is nearly identical to the experimental 
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results. The indication here is that the 
stretcher, even if it is fixed at the corners, is 
sufficient to present a hazard to the painting 
if it is dropped on its corner. The wood 
stretcher bars are simply too flexible to pre
vent the type of distortion seen in Figure 13. 
Any weight attached to the painting, such as 
the frame, will only serve to aggravate the 
situation if a stiff backing board is not at
tached to the reverse of the stretcher. 

Out-of-plane Vibration 

For a painting to sustain a continuous out-of
plane vibration during transport, certain con
ditions must exist. The source of the 
vibration, i.e. trains, trucks, and airplanes, 
must provide a continuous vibration and it 
must be at a frequency near one of the natu
ral or harmonic frequencies of the painting. 
Paul Marcon 16 has examined the types of vi
brations most likely to occur in the various 
transportation modes, which makes it some
what unlikely that sustained vibration will 
occur in a painting. He does point out those 
circumstances where it is possible that the 
right conditions exist to be of some concern. 
Therefore, it is worth examining what might 
happen if sustained vibration were to occur. 
The worst case is when the primary fre
quency is matched and the entire painting is 
deflected either to one side of the plane of the 
stretcher bars or the other. Additionally, 
some bending stresses are encountered, and 
the paint layer is under greater tension when 
the painting is deflected towards the side of 
the design layer. First, a 61 x 61 cm (24 x 24 
in.) model with the same layers as described 
previously was used to examine the effect of 
initial uniform tension on the out-of-plane vi
bration of the painting. 

Some preliminary remarks are necessary 
before showing the results of the computer 
modeling. When any object vibrates out of its 
original plane, a phenomena called stress stiff
ening occurs. This means the displacement is 
considerably reduced due to the conversion 
of bending stresses to purely axial stresses as 
the object no longer lays in the initial starting 
plane. For example, a stretched wire may ex
perience bending stresses as it is initially dis-



placed from a straight line, but the further it 
is displaced, the more the stresses become 
uniform through the axial direction of the 
wire. In a painting, the initial displacement 
may have the paint film in tension, the glue 
layer with no stresses, and the fabric in com
pression. At full displacement all layers are in 
tension. This occurs because the ends of the 
wire, or in our case the edges of the painting, 
are restrained from moving. The computer 
program cannot handle stress stiffening di
rectly, but must increment the applied load 
gradually mathematically correcting the ori
entation (rotation) of the elements. The prob
lem, therefore, takes considerably longer to 
solve; in this case, between thirty-five and 
sixty minutes, depending on the number of 
iterations required. Ten iterations usually 
solved the problem correctly. 

The next factor to consider is the actual in
ertial force applied to the model. Uniform ac
celerations were used in these models; in 
actual conditions the accelerations are maxi
mum at the center of the paintings and re
duce when approaching the edges. This 
means that the results shown are more severe 
than would occur to an actual painting. Fi
nally, it has been thought that a vibrating 
painting is damped by its effort to move air 
adjacent to the painting out of the way. This 
may not be significant. If a painting is vibrat
ing at 20 Hz (cycles per second) and has a 
displacement of 1.27 cm (.5 in.), the maxi
mum velocity the painting experiences is 
only about 5.7 KPH (3.5 MPH). This velocity is 
not sufficient to cause serious pressure devel
opment at the surface of the painting unless 
the painting is enormous, in which case the 
frequency will be considerably lower, or it is 
tightly sealed by a very rigid backing board 
at the reverse. In the latter case, the painting 
must be vibrating in its primary mode. The 
10 G acceleration level used in the following 
models was chosen on the assumption that 
the amplification factor of the paintings was 
around 20, which was measured by Paul 
Marcon at CCI, and the maximum peak accel
eration from sustained vibration delivered by 
a transportation mode was .5 G. Additional 
useful information regarding sustained vi
bration in transportation vehicles can be 

found in the literature.17 

Out-ot-plane Accelerations on a 61 x 61 
cm Model Painting 

A 10 G acceleration was applied to the 61 x 61 
cm (24 x 24 in.) model painting which had 
different uniform tensions applied. This 
model painting was "stretched" with differ
ent tensions and subjected to 10 G vibrations. 
The construction of the model painting is the 
same as described in the section on edge 
drops. The 10 G acceleration occurs at the 
same time that the painting is fully displaced 
from the plane of the stretcher. The typical 
out-of-plane displacement of the entire paint
ing is illustrated in Figure 16, where the 
painted surface is upwards. The typical stress 
distribution shown in Figure 17 and a theo
retical crack pattern is shown in Figure 18. 
The illustrations presented are for the least 
initial tension in Table 11. 

It is noteworthy that the stresses are fairly 
uniform over the entire surface with a vari
ation between a minimum stress of .43 MPa 
(.062 ksi) to a maximum of.58 MPa (.085 ksi). 
The maximum stresses occurred at the edges 
a bit away from the corners and the mini
mum at the center of the painting. This uni
formity was found throughout each of the 
model painting layers. The maximum stress 
results for each of the pre-stress levels is 
shown in Table 11. The deflections included 
in this table are the center of the painting, 
moving from the plane of the stretcher to the 
maximum displacement of the painted sur
face ou tward. 
The most important observation to be made 
here is the differences in the paint layer 
stresses before and after the application of a 
10 G acceleration, which ranges from .24 MPa 
to .34 MPa (.040 ksi. to .049 ksi.). This is less 
than the initial pre-stresses placed in the 
paintings before a vibration at 10 G's. Even 
then, the total paint film stresses never ex
ceed 25% of the measured breaking strength 
of the white lead paint. It appears easier to 
damage the painting by stretching it than by 
vibrating it. Recall also that these stresses are 
greater than would actually occur in a real 
painting. Another point is the relatively high 
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glue stresses due to the high modulus, and 
the low fabric stresses, due to the low modu
lus. This demonstrates the major influence 
the modulus has on the stress development 
in a material. 

Out-of-plane Accelerations on a 67 x 102 
em Painting 

A much larger painting was modeled to ex
amine the effects of a larger surface area and 
different G levels. The 67 x 102 em (30 x 40 
in.) painting described in the section of the 
edge and comer impact was subjected to 1,5, 
and 10 G accelerations at a fixed initial ten
sion. The initial uniform pre-tension was in
duced by uniformly expanding the model 
painting .057 cm (.0225 in.) in the short direc
tion and .07 em (.03 in.) in the long direction. 
This resulted in initial pre-stresses in the lay
ers of .517 MPa (.075 ksi) in the fabric, 3.09 
MPa (.488 ksi) in the glue layer and .517 MPa 
(.075 ksi) in the paint layer. The calculated 
maximum stresses resulting from applying 
different G levels to this model are shown in 
Table 12. The net stress increases for the paint 
layer at the different accelerations are .28 
MPa (.040 ksi), .29 MPa (.043 ksi), and .37 
MPa (.053 ksi), which are not significant 
when considering the breaking strength of 
the paints. The application of a 1 G accelera
tion is the same as the painting would experi
ence by simply resting face down on a table. 
The stresses in the paint film that developed 
under these circumstances is not much differ
ent than the 5 and 10 G accelerations and can 
be viewed as a result of the initial bending 
stresses that occur when the painting just be
gins to deflect from the in-plane position. 

Even the deflections are not considerably 
different from the smaller painting modeled 
previously. The out-of-plane displacement 
computed is illustrated in Figure 19. The 
overall stress distribution resulting from the 
10 G acceleration (Figure 20) is remarkably 
uniform as noted earlier in the smaller model 
and the theoretical crack pattern is shown in 
Figure 21. 
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Effects of Desiccation and Cooling 

If the larger painting modeled above is sub
jected to desiccation and chilling while being 
subjected to a 10 G out-of-plane acceleration, 
the effects are considerable, and the results 
are primarily a consequence of the changes in 
the modulus of each material. The paint layer 
used in this model is the Naples yellow as the 
mechanical properties data is available and 
the properties of this paint is similar to the 
white lead previously used. The new stiffness 
values for the materials are now: the fabric 
861 MPa (125 ksi), the glue 5,515 MPa (800 
ksi), and the paint 4,019 MPa (583 ksi), which 
correspond to a 5% RH and -3°C environ
ment. Also, because of the increase in the E 
values, the pre-stresses are significantly in
creased. The final analysis stress values are 
shown in Table 13. Of particular interest is 
the final stress of the paint film, which is 4.75 
MPa (.690 ksi), which is considerably less 
than the strength of the Naples yellow and 
considerably less than the strength of this 
paint at this cold, dry climate (16.5 MPa [2.4 
ksi]). Because of this large difference in the 
stresses, there is still a considerable safety 
factor from the vibration. It would be pru
dent to avoid this and any other environment 
that tends to stiffen the materials since there 
is a marked decrease in the strains to failure 
and inadvertent, though slight, blows di
rectly to the painting surface will most likely 
cause damage. 

Analysis of a 61 x 61 cm Painting with a 
Gesso Layer Replacing the Paint Film 

If the paint film is replaced with gesso 
(PVC=93) at 23°C and 50% RH and subjected 
to a 10 G acceleration, the results reflect two 
major influences. The first is that the gesso 
only weighs about 36% of the white lead 
paint, so the forces resulting from the accel
eration are less. The second and the most in
fluential, is the modulus of the gesso is about 
2.5 times greater than the paint and this ap
pears to be the major consideration since the 
net stress increase (total minus initial) is .77 
MPa (.112 ksi), which is over twice that expe
rienced by the same size painting with a 



paint layer. The results of this analysis are 
summarized in Table 14. The total calculated 
stress of the gesso (1.45 MPa [.211 ksi]) ex
ceeds the breaking strength of the tested 
gesso (1.17 MPa [.170 ksiD and suggest that 
this layer will start cracking. About half of 
this stress was a result of "stretching" the 
painting. The fact that we don't see crack pat
terns calculated by the computer analysis, 
suggests that the vibrations paintings en
counter are not so severe. 

SUMMARY 

Artists' materials have rapid loading me
chanical properties that vary with changes in 
temperature and relative humidity, becom
ing stiffer and stronger with drying and cool
ing. The paint is the weakest material in 
comparison to the glue and fabric, though 
depending on the mixture of chalk and glue, 
can be stronger than the gesso. The slow dri
ers, burnt umber and burnt sienna, are so 
flexible that their ability to withstand defor
mation far exceeds the fast driers that contain 
lead carbonate or other driers. The primary 
concern are the lead-based paints, which are 
relatively stiff, having the higher modulus. 
The glue strengths are quite high and its fail
ure will be extremely rare at ambient room 
temperature and at relative humidity level 
above 75%. This material has a strength of 
over twenty times the weaker lead paint at 
room temperature and 50% RH. If it does fail, 
it is almost a guarantee that the paint layer 
will also be destroyed. 

At the coldest (-3°C) and driest (5% RH) 
environments, the materials tested shattered 
into multiple pieces even though the break
ing strengths are quite high. At this environ
ment, it is likely that the presence of 
pre-existing cracks in a painting composed of 
these materials might be a real concern, and 
further crack growth might be possible. 

These initial results indicate that paintings 

constructed with even the stiffest and weak
est thirteen-year-old lead paint can withstand 
fairly severe impacts if the stretcher is ex
tremely rigid, otherwise the distortion of the 
stretcher will contribute to damaging the 
painting. Avoid any drop that allows a paint
ing to hit comer first without any protection. 
The crack patterns predicted by the comer 
impact study where the stretcher is free to 
distort are easily reproducible on actual test 
paintings. Those crack patterns predicted by 
the stiffened stretcher model are not encoun
tered in actual paintings. 

The primary reason that the stress levels in 
paintings subjected to vibration are low, is 
the low total weight of the painted surface. 
This means a low mass, and inertial forces 
are in direct proportion to both the mass and 
the acceleration encountered. On the other 
hand, the added weight of the stretcher and 
frame, combined with the stretchers ability to 
deform are the reasons that damage is possi
ble from a comer impact. 

The modeling showed that the paintings 
were at very little risk from 10 G vibration 
should it occur. This was true even for the 
cold, dry environment, though this environ
ment should be avoided at all costs. Even if 
paints become much stiffer and lose a consid
erable amount of their strength over the 
years due to slow evaporation of volatile 
components,18 leeching of solubles from 
cleaning solvents, or other reasons, the 
stresses modeled by the computer are still in
sufficient to put the painting at serious risk. 
The stress due to vibration in any of the lay
ers of the painting is remarkably uniform, but 
the analysis suggested that the highest 
stresses will occur at the edges and not in the 
middle. What theoretical crack patterns were 
developed by vibration modeling, have not 
been seen by the authors on any actual paint
ings. 0 
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A typical stress-strain curve for a mild steel showing the major features of t he mechanical properties of 
the material. Typical modulus for steel is 199,926 MPa (29,000 ksi) and the yield strength is 248 MPa (36 
ksi). These are considerably higher than the polymers tested. 
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The typical test plot for establishing the "equilibrium" stress-strain data for artists' materials. Stress 
relaxation occurs after a rapid loading increment and the fully stress relaxed points establish the 
equilibrium stress-strain plot. 

151 



NAPLES YELLOW, EQUUB., 23°C, 50% RH 
4 

3.5 

3 

2.5 
oj 
11. 

~ 
en 2 
If) 
w 
~ 
If) 

1.5 

0.5 

o L-~~ __ ~ ____ ~ ____ L-__ ~ ____ -L ____ ~ ____ ~ __ ~~~ 
0.03 0.04 o 0.01 

STRAIN 

FIGURE 3 
Equilibrium stress-strain teats results for three different samples of Naples yellow oil paint. This data 
represents the largeet scatter observed in the materials testing. The slopes of the plots are quite consistent 
while the strain to failure is spread widely. 
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A comparison of the equilibrium stress-strain data to the rapid loading data. Rapid loading teats were 
conducted using both new specimens and specimens previously tested under equilibrium conditions. The 
differences in the stiffness and strength of the paint under these different loading conditions is 
considerable. There is still substantial rapid loading strength even after long-tenn testing. 
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Rapid loading stress-strain results for Naples yellow paint loaded at different strain rates. There appeared 
to be an upper limit to the stiffness of this material since higher strain rates showed no increase in the 
modulus. 
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Fixed end, cant ilevered beam problem run on the computer using Finite Elements. The load at the end of 
the beam causes a downward deflection of 1.567 cm (.617 in.) which the program computed with a 
difference of less than 2%. 
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~~~~~~ ~ ""~ ~ "" "" "" "" "" ~ ~ ~ "" ~ "" ~ ~ ~." FIGURE 7 
In-plane deflection of the model 76 x 102 em painting after a 30 G impact on a flat edge. The stretcher in 
this model was assumed to be infinitely rigid to determine the results of the impact on the painting itself . 
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The in-plane principal stress distribution as shown on stress contours resulting from a 30 G edge impact 
on the 76 x 102 em model painting. The maximum stresses are extremely low, only .11 MPa, less than 3% 
of the breaking strength of the white lead paint at 50% RH, 23°. 

154 



'\ ~ ~ i J r 1 ~ / 
. ~ t J, ,j, ~ oJ. 

;/ ~ 
~ t t t 1 ~/ ~ ~ . ~ J t ~ ~ 

;/ y --r 1 f I J ~ ~ -
'7 '\/ 

V'( \ I I 
...... 

I I '( '/ 
.~ '" '\ \ \ 1 r I I / / 

'\ " .- .I' 

" 
. , / 

, , 

rt 

Iz x 

~~~ ~ ""~ ~~ ~ ~ ~~ ~ ~ ~ ~ ~ "" ~ ~ "" "" ""~ ~ ~ 
FIGURE 9 
The principal stress vectors resulting from a 30 G edge impact of a 76 x 102 cm model painting. The 
theoretical crack pattern is superimposed over the vectors which intersect the cracks at 90 degrees. 

FIGURE 10 
In-plane deflection of the model 76 x 102 cm painting after a 30 G impact on its corner. The stretcher in 
this model was assumed to be inflnitely rigid to determine the results of the impact on the painting itself. 
The maximum deflection is quite small, only .019 cm (.0075 in.). 
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FIGURE 11 
The in-plane principal stress distribution as shown on stress contours resulting from a 30 G corner impact 
on the 76 x 102 cm model painting. The maximum stresses are extremely low, only .11 MPa, less than 3% 
of the breaking strength of the white lead paint at 50% RH, 23°C. 

FIGURE 12 
The principal stress vectors resulting from a 30 G corner impact of a 76 x 102 cm model painting. The 
theoretical crack pattern is superimposed over the vectors which intersect the cracks at 90 degrees. 
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FIGURE 13 
The before and after shape and displacement of a 61 x 61 em model painting attached to a traditional wood 
stretcher. The comers of the stretcher were fixed. Model was subjected to a 30 G comer impact . 
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The in-plane principal stress distribution as shown on stress contours resulting from a 30 G comer impact 
on the 61 x 61 em model painting. This model had a traditional wooden stretcher with fixed comers. The 
wood is still flexible enough to cause stresses of 1.38 MPa (.2 ksi) or 37% of the breaking strength of the 
white lead paint at 50% RH, 23"C. 
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FIGURE 15 
The principal stress vecto1'8 resulting from a 30 G comer impact ofa 61 x 61 cm model painting with fIXed 
come1'8 on a wooden stretcher. The theoretical crack pattern is superimposed over the vecto1'8 which 
intersect the cracks at 90 degrees. 

FIGURE 16 
Computer generated out-<>f-plane displacement for a 61 x 61 cm model painting subjected to a 10 G out-<>f
plane acceleration. 
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FIGURE 17 
The in-plane principal stress distribution of the white lead paint layer as shown on stress contours 
resulting from a 10 G out-of-plane aCceleration on the 61 x 61 cm model painting. The Stress is fairly 
uniform over the surface of the painting. The maximum stresses occur at the edges, away from the corners, 
and not at the center as might occur from pure bending. 

FIGURE 18 
The principal stress vectors resulting from a 10 G out-of-plane acceleration of a 61 cm x 61 cm model 
painting. The theoretical crack pattern is superimposed over the vectors which intersect the cracks at 90 
degrees. 
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FIGURE 19 
Computer generated out-of-plane displacement for a 67 x 102 em model painting subjected to a 10 G out-of
plane acceleration. 

FIGURE 20 
The in-plane principal stress distribution of the white lead paint layer as shown on stress contours 
resulting from a 10 G out-of-plane acceleration on the 67 x 102 em model painting. The Stress is fairly 
uniform over the surface of the painting. The maximum stresses occur at the edges, away from the corners. 
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FIGURE 21 
The principal stress vectors resulting from a 10 G out-()f-plane acceleration of a 67 cm x 107 cm model 
painting. The theoretical crack pattern is superimposed over the vectors which intersect the cracks at 90 
degrees. This pattern and the one in Figure 18 are not readily recognized. 
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TABLE 1 
Rapid test results of various 13-year-old paints at 23°C, 50% RH. 

Previously Untested Strain Hardened 

TEST MATERIAL E Max a MaxE E Max a 
23°C, 50% RH MPa* MPa MPa MPa 

(KSI)** (KSI) (KSI) (KSI) 

Naples Yellow 689 7.58 .020 1172 7.58 
Linseed Oil (100) (1.1) (170) (1.1) 

Flake White 689 3.72 .0051 - -
Safflower Oil (100) (.54) 

Vermilion 737 3.86 .0062 1241 6.06 
Safflower Oil (107) ('56) (180) (,88) 

Burnt Sienna 137.9 4.48 .075 173.7 5.38 
Linseed Oil (20.0) (,65) (25.2) (,78) 

Burnt Umber 34.5 .62 .056 - -
Linseed Oil (5.0) ('09) 

* 1 KSI = 6.894 MPa ** KSI = PSI x 1000 

TABLE 2 
Rapid test results of various paints at 23°C. 

Previously Untested 

TEST MATERIAL Age RH EMPa (KSI) 
23°C, 50% RH Years 

Naples Yellow 3.75 47 304.7 
Linseed Oil (44.2) 
.043 em thick 

Naples Yellow 3.75 47 327.4 
Linseed Oil (47.5) 
.0038 em thick 

Flake White 3.75 45 413.6 
Safflower Oil (60.0) 

Vermilion 3.0 55 462 
Safflower Oil (67.0) 

Burnt Sienna * 3.75 50 0 
Linseed Oil 

Burnt Umber * 3.75 50 0 
Linseed Oil 

* These paints were not dry enough to test. 
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TABLE 3a 
The effect of RH at 23°C on the mechanical properties of 13-year-old Naples yellow. 

Previously Untested Strain Hardened 

Naples E Moxa MaxE E Moxa 
yellow MPa MPa MPa MPa 
2aoC (KSI) (KSI) (KSI) (KSI) 

5%RH 1310 10.3 .01 1440 8.27 
(190) (1.5) (209) (1.2) 

5O%RH 689 7.58 .02 1172 7.58 
(100) (1 .1) (170) (1.1) 

91%RH 110 3.86 .054 - -
(16.0) (.56) 

TABLE 3b 
The effect of RH at 23°C on the mechanical properties of 13-year-old burnt sienna. 

Previously Untested Strain Hardened 

Burnt E MPa Moxa MoxE EMPa Moxa 
Sienna (KSI) MPa (KSI) MPa 
23°C (KSI) (KSI) 

5%RH 641 7.92 .023 561 6.27 
(93) (1.15) (81.4) 

(.91) 

5O%RH 138 4.48 .075 174 5.38 
(20) (.65) (25.2) 

(.78) 

91%RH 4.48 .31 .064 - -
(.65) (.045) 
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TABLE 4a 
The effect of RH at -3"e on the mechanical properties of 13-year-old Naples yellow. 

Previously Untested 

Naples Yellow -3" e E MPa (KSI) Max u MPa (KSI) MaxE 

5%RH 4019 16.5 .0051 
(583) (2.4) 

42%RH 2627 12.4 .0058 
(381) (1.8) 

51%RH 2600 10.7 .0056 
(377) (1.55) 

TABLE 4b 
The effect of RH at _3°e on the mechanical proerties of 13-year-old burnt sienna . . 

Previously Untested 

Burnt Sienna _3°e E Maxu MaxE 
MPa MPa 

(KSI) (KSI) 

5%RH 2757 16.5 .006 
(400) (2.4) 

42%RH 868 11.7 .050 
(126) (1.7) 

51%RH 241 5.5 .085 
(35) (.8) 

TABLE 5 
Rapid test of rabbit skin glue at different environments. 

Rabbit Skin Glue E Maxu 
Test Environment MPa MPa MaxE 

(KSI) (KSI) 

50% RH, 23°e 4481 82.0 .023 
(650) (11.9) 

5%RH, 23°e 5515 124 .029 
(800) (18.0) 

5% RH, _3°e 5343 92.4 .019 
(775) (13.4) 
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TABLE 6 
Rapid testing of gesso mixtures at 22°C and 63% RH. 

Gesso to Pigment E Maxu 
Glue Ratio Volume MPa MPa Maxe 
by Weight Concentration (KSI) (KSI) 

3.15 58.3 3200 6.51 .0027 
(464) (.945) 

10.0 8l.6 3757 5.75 .0021 
(545) (.835) 

13.3 85.5 4136 4.66 .0012 
(600) (.676) 

15.0 86.9 4101 4.66 .0013 
(595) (.677) 

20.0 89.9 2088 2.54 .0012 
(303) (.368) 

30.0 93.0 1709 l.17 .00061 
(248) (.170) 

TABLE 7 
Measured average fiber cross sections per yarn for the test linens. 

Warp Weft Warp Weft 

Fabric Area of Yarns Area of Yarns Fabric Weight Yarn Count Yarn 
cm2 cm2 N/cm2 no./cm Count 
in.2 in.2 oz./in.2 no./in. no./cm 

no./in. 

#248 .00057 .00048 .000398 24.6 20.2 
.000088 .000074 .00924 62.5 5l.5 

#444 .00052 .00043 .000347 24.4 19.3 
.000080 .000066 .00897 62.0 49.0 

#8800 .00050 .00052 .000268 16.7 15.4 
.000078 .000080 .00622 42.5 39.1 
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TABLE 8 
Mean fiber modulus versus relative humidity for a typical linen textile. 

Relative Humidity % Warp Direction, E Weft Direction, E 
MPa (KSI) MPa (KSI) 

18 24.1 (3.5) 289 (42) 

40 - 675 (98) 

48 24.1 (3.5) -
59 - 758 (110) 

70 68.9 (10) -

75 - 2275 (330) 

91 213 (30.9) -
93 - 1585 (230) 

95 606 (88) 
-

Saturated 510 (74) -

TABLE 9a 
Comparison of the FEA analysis results wity the theoretical free-end deflection for the 
cantilevered beam problem. 

Number of Theoretical Finite Element % Difference 
Elements Solution/em Solution/em 

1 1.567 .104 93 

4 1.567 .348 77 

72 1.567 1.33 15 

180 1.567 1.45 4 

360 1.567 1.557 1.2 
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TABLE 9b 
Comparison of the FEA analysis results with the theoretical stresses when 360 elements 
were used. 

Maximum Theoretical FEA Results % Difference 
Stresses MPa (KSI) MPa (KSI) 

Bending 26.1 (3.79) 26.8 (2.89) -2.6 

Shear 1.09 (.158) 1.07 (.155) 1.9 

TABLE 10 
Nominal weight densities for typical artists' materials. 

Material Nominal Density Nominal Density 
N/cm3 Lbs./in.3 

White Lead Paint .0279 .1029 

Naples Yellow Paint .0254 .0936 

Burnt Sienna Paint .0206 .0757 . 
Rabbit Skin Glue .01 .0368 

Gesso, PVC = 58.3 .0128 .0473 

Gesso, PVC = 89.9 .0101 .0374 

linen #248 .00628 .0231 

Linen #444 .00546 .0201 

Linen #8800 .00555 .0201 

Oak, average .00979 .03605 



TABLE 11 
Maximum stresses from a 10 G acceleration at different initial tensions for the 61 x 61 
em painting. 

Initial Initial Initial lOG lOG lOG lOG 
Fabric Glue Paint Fabric Glue Paint Max. 
Stress Stress Stress Stress Stress Stress Def. 
MPa MPa MPa MPa MPa MPa em 

(KSI) (KSI) (KSI) (KSI) (KSI) (KSI) (in.) 

.316 2.05 .317 .593 3.81 .586 .703 
(.458) (.298) (.046) (.086) (.552) (.085) (.277) 

.345 2.24 .345 .634 4.10 .627 .592 
(.050) (.325) (.050) (.092) (.595) (.091) (.233) 

.434 2.80 .434 .730 4.71 .724 .475 
(.063) (.406) (.063) (.106) (.683) (.105) (.187) 

.572 3.73 .572 .916 5.92 .910 .358 
(.083) (.541) (.083) (.133) (.859) (.132) (.141) 

TABLE 12 
The effects of increasing out-of-plane acceleration on the 67 x 102 cm painting at a fIXed 
initial tension. 

Fabric Glue Stress Paint Stress Deflection 
Stress MPa MPa cm 

Acceleration MPa (KSI) (KSI) (in.) 
(KSI) 

1G .799 5.14 .79 .066 
(.116) (.745) (.115) (.026) 

5G .813 5.26 .813 .39 
(.118) (.763) (.118) (.156) 

lOG .89 5.73 .88 .81 
(. 129) (.831) (.128) (.317) 
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TABLE 13 
The effects of desiccation and chilling while applyhing a 10 G acceleration to the 67 (30) 
x 102 em (40 in.) painting. 

Initial Stresses Total Stresses @ 10 G 

Fabric Glue Paint Fabric Glue Paint 
Stress Stress Stress Stress Stress Stress 
MPa MPa MPa MPa MPa MPa 

(ksi) (KSI) (KSI) (ksi) (KSI) (KSI) 

.648 4.13 2.98 1.03 6.55 4.76 
(.094) (.600) (.432) (.149) (.95) (.690) 

TABLE 14 
Maximum computed stresses for a painting with gesso replacing the white lead paint at 
a lOG acceleration. 

Initial Stresses Total Stresses @ lOG 

Fabric Glue Gesso Fabric Glue Gesso 
Stress Stress Stress Stress Stress Stress 
MPa MPa MPa MPa MPa MPa 

(ksi) (KSI) (KSI) (ksi) (KSI) (KSI) 

.276 1.79 .684 .593 3.82 1.45 
(.040) (.260) (.099) (.086) (.554) (.211) 

Def. 
em 
in. 

.424 
(.167) 

Def. 

em 
(in.) 

.973 
(.383) 
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