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William R. Faris has been active in the marine field since 1968,
including four years spent with the merchant marine. From 1972
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when he began employment as a marine surveyor. In 1987, he de-
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In order to retain as much of the USS Constitution’s remain-
ing original material as possible, and at the same time preserve
the ship’s hull form and structural integrity for the future, the
Navy has conducted numerous inspections and engineering
studies over the past decade. While much of this work has in-
volved visual inspections, test borings, mechanical testing, clas-
sical naval architecture calculations, and research into past
shipbuilding practices, a commeasurate amount of effort has
also been directed at using today’s technology to maximum ad-
vantage. This paper discusses: 1) inspecting the ship’s fasteners
using ultrasonic testing, 2) inspecting the ship’s wooden struc-
ture using three nondestructive test methods, 3) analyzing ship
deflections and general stress levels using finite element model-
ing on a computer, and 4) investigating the use of fiber rein-
forced composites to strengthen the ship.

INTRODUCTION

The USS Constitution was launched on 21 October 1797
and is the oldest commissioned ship afloat in the world
today. She carries this distinction largely based on the fact
that a portion of the ship’s underwater structure is consid-
ered to be original. Included in this original material are the
keel, deadwood, floors, lower planking strakes, and a num-
ber of lower frame futtocks. This material has lasted be-
cause it is water-soaked, and too wet to promote rot. Else-
where in the ship, where wood moisture contents may vary
from 15% to 40% due to intermittent wetting from rainwater
or seawater, structural members decay, and original wood
has been replaced during past overhauls.

In recent years, the Navy has become concerned about the
material condition of Constitution, particularly because of the
ship’s continued “hogging”, or “drooping” at the bow and
stem. Figures 1 and 2 show how the appearance of the ship
changed from 1931 to 1986, and Figure 3 shows how the
shape of the keel changed during the same period. At present,
the overall deflection of the ship due to hogging (primary
bending) is about 15 inches. The relatively slow rate of in-
crease in deflection that occurred during the 1981-1991 time
frame (l/2-inch per 10 years vs. nearly 2-inches per 10 years
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for the 1937-1981 time period) is the result of major weight
shifts that were made aboard the ship in 1981.

As can be seen in Figure 3, Constitution's keel profile
shows evidence of secondary deflections beneath the main-
mast and in the vicinity of the scarf joint immediately forward
of the mainmast. On the basis of primary bending alone, the
keel profile would be bell-shaped and nearly symmetric. The
forward skew in the keel profile and the dip in the keel be-
neath the mainmast suggest weakness in the two mid-keel
scarf joints, where the secondary deflections are most pro-
nounced.

While continued longitudinal deformation has been a
major concern, it has not been the only one. In 1984, for ex-
ample, a number of 1927 era copper drift pins were removed
from inside the ship, and several were found to have crevice

corrosion where they passed through the ceiling plank/frame
interface. As Figure 4 shows, crevice corrosion on a copper
pin is apt to occur wherever salt water enters a narrow open-
ing to contact it. Once corrosion starts, the composition of
the water within the narrow opening changes, and this
change, in turn, leads to accelerated corrosion at the pin sur-
face. Considering the effects which crevice corrosion can
have on fastener strength, and the fact that the underwater
structure of Constitution is held together by copper pins, it
becomes clear that monitoring the condition of these pins is
essential.

The routine maintenance and repairs which are performed
on Constitution help to control and prevent decay but, gen-
erally speaking, do not enhance the ship's overall structural
integrity, On the contrary, the increase in residual ship
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strength that results from the removal and replacement of
topside hull and deck planking, for example, can be offset
by: (a) increased stresses on the keel and bottom hull planks
(which are thought to be original), (b) increased longitudinal
deflection in the hull, and (c) the fact that the new planking
“builds-in” these increased stresses and deflections.

In the past, hull deformations and structural problems
such as those just cited have been remedied by periodic
overhauls and “restorations” in which hull form and struc-
tural integrity were restored to some degree by the large-
scale replacement of materials. Today the underwater struc-
ture that is thought to be original comprises less than 10% of
the total hull structure. AS Constitution approaches her two
hundredth birthday, it becomes increasingly apparent that
approaches other than the maintain/overhaul philosophy
which prevailed in the past are required to preserve what re-
mains of the original ship. The following headings describe
the most promising of current Navy efforts related to Con-
stitution’s preservation.

ULTRASONIC INSPECTION OF FASTENERS

The ultrasonic test apparatus (flaw detector) used to in-
spect Constitution’s fasteners works on the same principle
as sonar. The test equipment incorporates an oscilloscope
which provides what is known as an “A-scan” presentation

and specially designed probes (transducers) that are able to
focus sound waves through the length of a ship fastener. An
ultrasonic pulse (sound wave) is transmitted by a selected
transducer into the exposed end of a fastener. The pulse pro-
pogates through the fastener until it reaches a material of
substantially different acoustic impedance from the fastener
(i.e., wood or water). If the fastener is free of defects, the
pulse will reflect, or “backwall,” off the other end of the fas-
tener back to the probe, where the flaw detector converts the
time-of-travel for the pulse into a fastener length measure-
ment. If the fastener is partially deteriorated, the flaw detec-
tor will display secondary signals along the length of the
fastener, in addition to a backwall (length) measurement.

Fastener flaws such as fractures, deep pits, and body
wastage will characteristically show up on the A-scan as ei-
ther well defined peaks and spikes or sloping echos. Copper
alloy fasteners often fail from the effects of various forms of
corrosion, many of which take the form of leaching, where-
by one element of the alloy is attacked and removed. Such a
condition can be routinely identified by being able to recog-
nize the distinctive attenuation, or scatter characteristic, in
the A-scan.

Figures 5 through 8 show ultrasonic A-scan results for
four copper pins which were located in the lower portion of
Constitution’s hull. Note from the figures that the pins in
better condition (Figures 5 and 6) produce a strong backwall
echo at the far end, and minimal signals from the near zone.
while pins in poor condition (Figures 7 and 8) produce the
opposite effects.

NONDESTRUCTIVE TESTING OF WOOD MEMBERS

Nondestructive testing (NDT) techniques for wood differ
greatly from those for homogeneous, isotropic materials
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stress wave to travel between accelerometers is measured
with a high speed timer, and stress wave velocity is comput-
ed simply by dividing the measured distance by this mea-
sured time.

On Constitution, the primary function of stress wave ve-
locity measurements will be to locate areas of decay in large
thick members. Since the pair of accelerometers can be
nailed virtually any distance apart on the face of a beam or
plank, velocity measurements in one area can be compared
with velocity measurements in another, and decayed areas
can eventually be isolated. Once a decayed area has been lo-
cated, test borings and chemical analyses can be used to as-
sess the extent of damage.

In addition to locating decay, stress wave velocity mea-
surements can also be used in predicting the mechanical
properties of a wooden member. For instance, once the
stress wave velocity “C” has been calculated, the modulus
of elasticity “E” of the member can be determined by:

where is the mass density of the wood. For nondestructive
in-place testing such as will be done on Constitution, the
mass density is estimated based on actually weighing other
wood specimens having the same species and moisture con-
tent as the piece being tested.

MICROSCOPIC INVESTIGATIONS

Microscopic analysis of a wood specimen can reveal a
considerable amount of information that is not obtainable
through other methods of nondestructive testing. Using a
light and an electron microscope: 1) maximum stresses that
have been applied to the wood can be qualitatively assessed
through the absence or presence of cell wail buckling, 2)
the presence of bacterial, fungal, or electrochemical degra-
dation can be detected, and 3) peculiarities in the cell struc-
ture, such as the presence of reaction wood, can also be de-
tected.

Since 1985, microscopic investigations of wood taken
from Constitution have been conducted several times. On
one occasion, wood shavings were removed from a ceiling
plank in the hold which had cracked transversely, complete-
ly through the plank. What was unusual about this plank
was that it had a tension break in an area that was presumed
to be in compression. Microscopic analysis of the wood
shavings revealed that the ceiling plank contained reaction
wood (such as would come from a curved tree trunk), whose
tendency to shrink longitudinally is far greater than in wood
coming from a straight tree. It was consequently surmised
that ventilation improvements which had been made in the
hold since 1974 had caused the ceiling planks to shrink, and
since this particular ceiling plank contained reaction wood,
it shrank more than the surrounding planks and broke.

Another microscopic examination was made of chips and
shavings taken from Constitution’s starboard sister keelson
and limber strake, to look for evidence of significant com-
pressive stresses or creep. Results of the examination sug-
gested very low compressive stresses and no wood creep ef-
fects away from fasteners.

Still another microscopic analysis was made on chips and
shavings taken from lower portions of the ship’s live oak
frames. In general, the samples taken showed the frames to
be lowly stressed and free of decay, but evidence was found
of chemical degradation at copper pins (fasteners) and on
the frame surfaces. Much of this degradation was attributed
to the past practice of packing salt between frames to inhibit
rot. Chemical analyses were subsequently made on these
chips and shavings, for comparison with other live oak spec-
imens which were mechanically tested.

CHEMICAL ANALYSES

At present, the principal benefit of performing chemical
analyses on wood specimens is that such analyses often
allow the causes of observed degradation to be better under-
stood. These analyses are especially needed in the case of
chemical degradation. However, research is also ongoing to
establish relationships between the chemical composition
and material properties of wood, so that material property
information can be derived from a simple test bore, and used
to complement stress wave velocity data.

From the chemical standpoint, wood has three major
components: 1) cellulose, which is responsible for the
strength of wood cells (fibers), 2) hemicellulose, which acts
as a matrix for the cellulose, and 3) lignin, which serves as
an adhesive that bonds fibers together. Additional to these
are two minor components: 1) extractives, which contribute
to wood characteristics such as color, taste and smell, and 2)
ash-forming minerals such as calcium, potassium, phosphate
and silica. For purposes of chemical analysis, cellulose and
hemicellulose occur together as hollocellulose, and wood
specimens are described as having four basic components:
hollocellulose, lignin, extractives and ash. Figure 10 shows
the relative amounts of these components that occurred in a
number of live oak specimens, and Figure 11 shows a fur-
ther breakdown of the hollocellulose components.

The specimens represented by Figures 10 and 11 formed
a test series in which live oak specimens from Constitution
materials were compared to live oak from other sources. All
specimens were given both mechanical property and chemi-
cal tests to see if chemical analyses would produce indica-
tors for mechanical strength. Unfortunately, as can be seen
by comparing Figures 10 and 11 with Table 1, no correla-
tion can be found between mechanical properties and the
presence of a particular wood component. Further chemical
tests for “% acetyl,” alkali solubility, and degree of poly-
merization on the wood test specimens also failed to pro-
duce a correlation.

A particularly interesting result which emerged from this
series concerned the “PO” test specimens (see Note 5 of
Table 1 for description) which were completely lacking in
structural integrity due to separation along annual growth
rings. The deterioration of these specimens, which occurred
while they were stored underwater at Portsmouth, NH, was
so extensive that l-inch × l-inch × 16-inch pieces for me-
chanical testing could not be obtained from the large timbers
that were available. However, as Figures 10 and 11 show,
the chemical composition of “PO’” wood shavings, including
“% lignin” was similar in all respects to the chemical com-
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positions that were found on sound wood test specimens. At
this point we can therefore only conclude that chemical
analyses provide information which can be useful in inter-
preting other data, but do not provide data that is useful by
itself.

COMPUTER MODELING

INITIAL MODEL

Modeling Constitution’s hull on a computer using the fi-
nite element method (FEM) was begun in 1986. The initial
purpose of the modeling was to see if diagonal metal strap-
ping on the hull could effectively be used to stiffen the ship
against hogging. Two historical findings which caused inter-
est in the strapping were that: 1) the British, in the 1820s,
added diagonal steel strapping to the inside of a ship which
had a hull similar to that of Constitution, and 2) the HMS
Unicorn, another ship built by the British with diagonal
strapping in the 1820s, was still afloat and had less than 2-
inches of longitudinal hull deflection. Neither of these find-
ings provided clear evidence as to the effectiveness of diag-
onal strapping, however, since the ship similar to
Constitution no longer existed, and the HMS Unicorn had
spent her entire life in a laid up condition, tied to a pier.

Whereas Constitution is a three-dimensional, curved sur-

face structure having thousands of fasteners and structural
members of varying properties, it was clear at the outset that
a number of approximations and simplifying assumptions
had to be made relative to the ship’s structural configuration
and material properties. The most important of these was the
assumption that the effectiveness which various hull stiffen-
ing schemes had on overall hull deflection could be modeled
using combinations of truss, beam and isotropic plate ele-
ments. Constitution’s side and bottom, for instance, were
modeled using a combination of isotropic plate elements
and beam elements at the forward and aft edges of these
plate elements, to reflect the ship’s greater stiffness in the
transverse direction. Using this approach, half of the ship
was modeled with 671 nodes and approximately the same
number of elements. Figures 12 and 13 show the model
from the outside and inside respectively (with hidden lines
suppressed).

In order to establish “equivalent” material properties that
characterized the actual ship, trial-and-error adjustments
were made to elemental material property data until the be-
havior of the computer model mimicked that of the ship.
The main data point used to define the ship’s longitudinal
flexibility was taken in 1981, when 31,000 pounds of can-
non were removed from the ends of Constitution and 40,000
pounds of lead ballast were added just forward of midships,
causing a l/4-inch deflection. (In actuality, since the ship’s
total longitudinal deflection was about 14 inches at that
time, the 1/4-inch measurement amounted to a temporary re-
duction to 13-3/4 inches.) To recreate this data point, the
isotropic plate elements making up the hull of the computer
model were assigned an “equivalent” elastic modulus (E) of
only 80,000 psi. This modulus accounted for deflections due
to both bending and shear. With Poisson’s ratio set at µ =
.50, the corresponding shear modulus (G) was about 26,700
psi. By comparison, the beam elements which represented
the ship’s transverse framing (i.e. the beams at the forward
and aft edges of the shell plate elements) provided an
“equivalent” elastic modulus for the double sawn frames of
about 550,000 psi.

The difference between the equivalent elastic moduli
found for the longitudinal planking and transverse frames is
primarily the result of differences in the way they resist ap-
plied loads, rather than differences in material properties.
When loaded longitudinally, Constitution’s planking pro-
vides slipping planes, leading to greatly reduced shear resis-
tance under in-plane loads. Consequently, the plate elements
had to have a low shear modulus, and because they were
isotropic, also had to have a low equivalent elastic modulus
to account for shear deflections. On the other hand, Consti-
tution’s double sawn transverse frames have staggered joints
and are loaded laterully as beams, so their equivalent elastic
modulus is 30%-40% of the elastic modulus that would be
expected if the double sawn frames were made from two
continuous futtocks.

A footnote to this discussion on the initial computer mod-
eling of Constitition is that a limited amount of diagonal
strapping at the turn of the bilge, such as the British put on
their 1820 era ships, was found to have little effect on Con-
stitution’s hull stiffness. Extensive double diagonal strap-
ping from the keel to the cap rail, such as was done on
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World War I era wooden ships, would be required to make
any appreciable difference in the ship’s shear stiffness.

REVISED MODEL

Recognizing the limitations of the initial FEM computer
model, revisions on the model were started in 1989. The
first major step taken to improve the computer model was to
change from a main-frame run FEM program and data base
to one that could be run completely on a personal computer.
This changeover was made possible by the great advances
that were made in personal computers during the 1986-
1989 time frame, and drastically reduced the costs of FEM
modeling. With the transition to a personal computer com-
pleted, the next steps were to change the Constitution FEM
model as follows:

1) The half-model nodal coordinates were mirrored to make
a full model. This alleviated several problems associated
with assigning degrees-of-freedom to centerline nodes, al-
though it doubled the size of the model.
2) The method of support for the model was changed from
using a single fixed point or two pinned joints to using a
system of springs or “boundary elements.” This reduced the
potential for getting unrealistic local deformations from dif-
ferences in applied loads around a point of support.
3) The beam/isotropic plate element combinations that had
been used to get different directional properties were com-
pletely discontinued in favor of using orthotropic plate/shell
elements.

From the standpoint of technical accuracy, this last step of
converting to orthotropic plate/shell elements was the most
important, and certainly the most involved.

In order to estimate properties for the plate/shell elements
which represented Constitution’s hull planking, transverse

framing and ceiling planks combined, a number of 1/16
scale model beams were constructed, and tested in bending
and shear. As Figure 14 shows, the test pieces were made
using white oak for the outside planks, live oak for the
frames and Douglas fir for the ceiling planks, just as on the
ship. Fastening on the test pieces was accomplished com-
pletely by wire brads, set to the same pattern as the copper
pins used on the ship.

The shear and bending tests which were subsequently
conducted with these pieces yielded two important results.
First, shear tests (see Figure 15 for test method) showed that
the longitudinal shear modulus which resulted from slippage
between model planks was only about 3,500 psi. Secondly,
bending tests made on specimens having a Length/Depth =
8.4 revealed that the model beams had a much greater
“equivalent” elastic modulus in bending than the 80,000 psi
“equivalent” modulus that had been calculated for Constitu-
tion earlier. The implications of this result are that shear ef-
fects on the ship are even greater than they were on the
model beams, and the longitudinal shear modulus (G) for
Constitution’s hull is less than the 3,500 psi that was deter-
mined for the model test pieces.

Returning to the FEM computer model, a longitudinal
shear modulus of 2,500 psi was assumed for use on the or-
thotropic plate/shell elements of the hull. Longitudinal elas-
tic moduli inputs for plate/shell elements were based on
published and measured values for solid white oak (EL =
1,800,000 psi), Douglas fir (EL = 1,600,000 psi), and live
oak (EL = 1,900,000 psi). The only adjustments made to
these values were for moisture content (EL for watersoaked
oak is about 30% less than EL for dry oak), and the presence
of butt joints within elements in tension (an element repre-
senting 10 plank widths and 2 butt joints would have a 20%
reduction in EL under tensile stress). Using this approach to
elemental material property development, the revised FEM
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model was ultimately found to correlate very well, in terms
of longitudinal flexibility, with the initial model and the sin-
gle data point that had been measured on the ship.

CURRENT COMPUTER MODELING EFFORTS

In the process of developing a finite element model for
Constitution, a great deal was learned about the ship’s struc-
tural behavior. Current computer modeling efforts are di-
rected at applying this knowledge towards preserving the
ship in an afloat condition. Over the past decade, several
schemes have been considered for stiffening and strengthen-
ing the ship, and several other schemes have been consid-
ered for reducing hull loads by providing additional buoyan-
cy beneath the ends of the ship. In December 1990, design
work was begun on an internal framework to help support
Constitution while she remains afloat. FEM modeling has
been used extensively in the design of that framework.

Figure 16 shows the FEM computer model representation
of the supporting framework by itself. The construction of
the framework and the manner in which it would be incor-
porated into the hull are the next topic of discussion. The in-
teraction between the framework and Constitution’s hull are
being investigated with yet another, more detailed, FEM
model.

INVESTIGATIONS ON FIBER REINFORCED
COMPOSITES

After considering a number of materials for use in the
construction of the framework, fiber reinforced composites
were selected as being the best choice. The advantages of
using fiber reinforced composite materials in this particular

application are:

1) Composites do not require any welding or “hot work” in
fabrication.
2) Composites are far stronger than wood, and their strength
and stiffness properties can be adjusted using different types
and orientations of fibers.
3) Composites are more formable than metals, and can be
designed to avoid the possibility of galvanic corrosion with
existing copper fastenings on the ship.

While the usage of composites aboard Constitution has
the potential for stirring up feelings of ambivalence because
of the “modernness” of composites, one must also consider
that, in 1797 or 1812, the ship did not have electric lighting,
a fire alarm system, a sprinkler system, or a ventilation sys-
tem. These all exist on the ship today because they help to
ensure the ship’s safety and continued preservation. The ra-
tionale and justification for using composites in a supporting
framework are similar.

The framework represented by Figure 16 could be incor-
porated into the ship as shown in Figure 17. For clarity, Fig-
ure 17 shows only those members below the berth deck
which would be of composite. Darkened members are on
centerline, and outlined members are at the ship’s side. The
wooden structural members which would be displaced by
composite counterparts have all been installed since 1926,
and consequently have no historical significance. Specifical-
ly, the supporting framework installation would require that
the following wooden members be replaced with composite:
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All composite members would be either smoothed and
painted, or covered with wood to make the composite indis-
tinguishable from surrounding wood members. Based on
building specifications which exist for a 44-gun frigate in
the early 1800s, it is believed that Constitution originally
had six pairs of 9-inch × 16-inch live oak diagonal “riders”
inside the hull, although these riders do not exist in the ship
today. Consequently, the use of diagonal riders has histori-
cal precedent, though the live oak diagonals used originally
would have been far less effective than the composite diago-
nals in the supporting framework.

Using copper plates on the outside of the ship to dis-
tribute fastener loads, the ship would be through-bolted to
the composite framework at the stem, sternpost, and along
the keel. In addition to holding the ends of the ship to the
composite framework, the copper plates would “sandwich’”
scarf joints in the keel and lower keelson against the com-
posite upper keelson, thereby eliminating secondary deflec-
tions in those areas.

The composite material properties which are required to
construct the supporting framework just described are listed
in Table 2, These properties represent a composite which is
about three times as strong and stiff as the glass reinforced
plastic (GRP) that is typically used in boat construction, but

which is not as high strength as the composites used in air-
craft. Experience to date has demonstrated that these proper-
ties can be met using very high density E-glass or S-glass
reinforcing fibers in an epoxy or vinylester matrix. From the
cost standpoint, the best cost combination is to use the high
density E-glass fibers in a vinylester matrix.

To fabricate the large members required for Constitution,
1/8 to l-inch thick composite planks of various widths
would be laminated together, just as if they were wooden
planks going into a “glulam” or built-up wooden laminate.
An epoxy adhesive would then be used to bond planks to-
gether, and to bond built-up members together. To provide
clamping action during fabrication, as well as redundancy in
bonded joints, bolts would also be used for mechanical fas-
tening.

Thus far, two 1/16 scale composite models of the support
framework just described have been fabricated and tested,
with promising results. The first model was tested inside a
wooden structural model of Constitution, as shown in Fig-
ure 18. The purpose of this model test was to verify that a
composite framework, with curved diagonals, could be
made to favorably interact with a relatively weak and flexi-
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Figure 18. Testing of first 1/16 scale model composite frame-
work inside 1/16 scale wooden structural model of Constitution.

Figure 19. Second 1/16 scale model composite framework,
shown during initial test.

ble wooden structure surrounding it. The test setup for the
first composite framework/ wooden model combination was
very simple: 1) the model was inverted and supported at the
ship’s maximim shear points, 2) a loading tray was hung
from the keel to provide maximum bending where it occurs
on the ship, and 3) weights were added to the tray until the
ship’s full bending moment was attained (scaled by 1

/256 ).
Results of this test suggested that, under 100% of the ship’s
present stillwater loading, the composite framework alone
would deflect four to five inches at full scale. As was shown
in Figure 3, this amount of flexibility (elastic deflection) is
similar to that of Constitution, indicating compatibility in
that regard.

The second model was constructed to verify computer
predictions for stress levels and deflections in the supporting
framework alone, under various loading conditions. Unlike
the first model, which was constructed from conceptual
sketches, the second model was developed in conjunction
with detailed design drawings for the full-size framework.
As such, the geometry, construction methods, and joint de-
signs used on the second model are generally representative
of what would be used on the full-size framework for Con-
stitution. The model is shown in Figure 19 in its initial test
setup, which is similar to what had been used previously for
the composite framework/wooden model combination.

Without a surrounding wooden framework to distribute
loads into the composite, the composite framework alone
behaved quite differently than the composite
framework/wooden model had in the first tests. The com-
posite framework alone did, however, provide test data
which allowed the computer model for it to be validated.

CONCLUSION

Modern technology is now playing a role in the preserva-
tion of important artifacts, buildings, historic sites, and other
wooden ships throughout the world. The need for today’s
technology in preservation stems from a desire to keep
physical objects from the past for time periods that extend
far beyond what the creators of those objects probably ever
conceived of. In view of the fact that Constitution currently
retains only a very small percentage of her original material,
it becomes clear that the ship is destined to become a com-
plete replica if past practices of removing and replacing ma-
terial continue to be the sole method by which the ship’s ex-
istence is perpetuated. Only through the added application
of today’s technology can this course of events be altered.

Considering the number of other historic vessels in the
world that have been placed under cover or in a dry berth,
one wonders how much longer Constitution’s special status
as the “oldest commissioned ship afloat in the world” can be
made to last. The topics which have been discussed in this
paper (i.e., non-destructive test methods for fasteners and
wood, computer modeling, and investigations on a compos-
ite supporting framework for the ship) are all directed at re-
taining this special status for Constitution, besides contribut-
ing to her preservation. It is hoped that, in presenting these
topics, this paper has helped to stimulate both awareness
and interest in the ship’s preservation.
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