EN380 Notes on Wood and Timber as a Marine Material

Wood has been used as a shipbuilding and offshore structure material since the earliest days of each industry. The USS Constitution and the Standard Oil Company’s California Rig #1 are both examples of wood’s long-term presence in the industry. On the shipbuilding side, over 40,000 wooden ships and small craft were built for the US Navy in WWII. The last US Navy wooden-hull purchases were the YP’s in the ‘80’s and the Avenger-class minesweepers (Figure 1) in the ‘90’s. At 224 feet, the Avengers are the longest wooden hulls built for the Navy.
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Figure 1: USS Chief, Avenger-class wooden minesweeper

Commissioned in 1994

Although it is unlikely that the Navy will ever again purchase wooden hulled vessels (mostly because of high initial costs compared to composites), wood’s properties make it a viable material for structural use in the Navy for many years to come. In EN380 we will briefly explore these properties.

First is a description of the microscopic properties. Wood consists mainly of hollow fiber cells (sort of like short soda straws) made of lignin and cellulose (Figure 2). The lignin acts as an adhesive holding the cells together. The cellulose is a fibrous material that is hygroscopic, or attracts water like a sponge. (And just like a sponge, wood will swell when moist.) The lignin is very strong, so much so that wood typically fails by crushing of the cellulose structure rather than failure of the lignin.
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Figure 2: Wood microstructure – tt = tg = transverse, rr = radial, wr = wood ray

Wood is typically grouped into two classes: hardwoods and softwoods, although unfortunately there is no correlation between these terms and the wood’s surface hardness. Hardwoods have broad leaves and small fiber (cell) sizes (about 0.01” diameter and 0.05” length). Softwoods are conifers (have cones) and large cell sizes (0.05” x 0.13”). Balsa and oak are hardwoods, Douglas fir, pine and cedar are softwoods.

Directionality (isotropy)

Continuing the soda straw analogy will explain wood’s directional properties. If a soda straw is held in the hand and squeezed between two fingers, the straw’s wall crushes. This is the radial direction of the wood and like the straw it is not very strong. If the straw is held between the hands in the long direction and pulled or pushed, it is strong as long as it does not buckle. This is the longitudinal (axial) or with-the-grain direction of the wood and is its strongest direction. The last property direction is the tangential or hoop direction. This direction can be visualized by the pressure built up in a straw if one end is capped and the other is blown in to. If the straw splits (or “checks”), it is a tangential failure, and this is typically the weakest of wood’s three directions. The radial direction is slightly stronger than the tangential direction due to the presence of wood “rays” (wood fibers). Few species have rays in the tangential direction, but those that do are highly preferred in marine construction due to the increased splintering resistance. The most notable are Sitka Spruce, Live Oak, and Black Locust. The last two are fairly rare. On an historical footnote, the 1797 frigates were specified for Live Oak frames and planking. Due to a shortage, only two were built using Live Oak rather than the inferior White Oak. One of those was the Constitution.

In material science, a material which has the same properties in all directions is isotropic (metals are usually considered isotropic). One which has different properties in every direction is anisotropic. If it has the different properties in three perpendicular planes it is orthotropic (composites are orthotropic). If one of the planes has the same material properties in all directions it is transversely isotropic (an example is a single fiber in a resin). These terms are important when using Hooke’s Law. Wood is technically anisotropic but is usually modeled as transversely isotropic. Composites are technically orthotropic but are also modeled as transversely isotropic. Analytically, wood and composites share many characteristics.

The three directional properties of wood vary widely, but in general, if a wood species has a longitudinal strength of 100, its radial strength will be about 5-10 and its tangential strength about 2-10. Given the large difference in properties it is clear that making sure the load is arranged with the grain is critical to a structure’s success! This is often not easy as most trees do not grow perfectly straight and lumber mills do not usually cut lumber for maximum strength.

Figure 3 shows a typical log undergoing the milling process. Depending on what part of the log the plank comes from it will have dramatically different properties when exposed to moisture. The “A” plank is quartersawn (or vertical grain – VG). This cut goes through the tree’s center and gives planks that are warp stable. (See Figure 4.) Another advantage to this cut is that it minimizes the weakest hoop direction fibers. The major disadvantage is that if small trees are used, planks of a useful width for marine construction will often include sapwood, the outer rings that are rot prone. Plainsawed planks of low density woods like pine, fir and cedar will often warp as much as a plank thickness. The bottom line is that for any structural application exposed to moisture, quartersawn heartwood is specified.
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Figure 3: Quartersawed (A) and plainsawed (B) boards cut from a log. (From Ref. 2)
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Figure 4: Distortion due to sawing location of planks from the log. (From Ref. 2)

Mechanical Properties

Material properties of wood are generally given for the longitudinal direction and are presented for a standard moisture content of 12%. Radial and tangential properties are occasionally given but are usually estimated from the previously mentioned ratio’s. If given, then usually the tangential, being lower, is given. “Green wood”, where the moisture content is above 18%, generally has strength properties about ½ of the dry wood properties. Wood can be “green” either because it has not dried sufficiently after harvesting, or because of exposure to water after construction. As the structures designed by naval architects and ocean engineers are often in a wet environment, it is also important that they understand what will be the equilibrium moisture content of the wood in their designs! A piece of wood may increase its weight 30% when submerged! The equation for moisture content is:
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Table 1 shows the material properties for common woods used in ships and offshore structures. Tensile properties parallel to the grain are usually taken as equal to the compressive strength, although they are typically higher.
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douglas fir

0.45

0.48

12,200

340

7,430

1.95

white oak

0.6

0.68

15,200

800

7,440

1.78

western red cedar

0.31

0.32

7,500

220

4,560

1.11

sitka spruce

0.37

0.4

10,200

370

5,610

1.57

mahogany

0.45

0.45

11,500

-

6,780

1.5

teak

0.55

0.55

14,600

-

8,410

1.55

lignumvitae

1.05

1.06

-

-

11,400

-

*tangential

all properties are for oven dry samples


Table 1: Mechanical Properties of Common Woods used 

in the Marine Environment (from Refs. 1 & 2)

Typical Uses in the Marine Environment

Apart from recreational craft, wood is still commonly used in fishing vessels and other small commercial vessels worldwide. Its natural buoyancy, abundancy, and ability to be worked with simple tools lend itself to marine construction in developing countries. It has significant disadvantages for large commercial and naval applications however, including:

· Low modulus of elasticity (~1/6th that of aluminum)

· Low fire resistance

· Susceptibility to biodegradation

· Splintering

In the US Navy, wood is still specified for well-decks of amphibious ships and as a damage control material. Figure 5 shows “4x4’s” (four inch square lumber) stored on DDG-53. Typical species are White oak, Eastern pine and Douglas fir.
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Figure 5: Damage Control Material on USS Ramage (DDG-51)

Structural Analysis Equations

Because wood is essentially transversely isotropic, equations governing stress and strain are different from isotropic materials. The most accurate way to analyze a wood structure would be to use the same methods as for composites. In the case of plywood this is especially true as it is a wood laminate. The mechanics approach for plywood and composites uses the plane stress assumption which assumes that stresses through-the-thickness are zero. 

In general practice though, because lumber is typically used in plank form, one axis dominates the properties and the stresses in the other two directions are assumed zero. Little additional error is created in using the resulting isotropic beam formulas.

For example, in axial loading, the deflection is given by the familiar:
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where P is the axial force, L is the length, A is the cross-sectional area and E is the Young’s modulus of the axial direction.

In bending the deflection of a straight beam of constant cross-section is:
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where the bending and shear constants (kb and ks) are based on the loading and boundary conditions (see Table 2), W is the total beam load acting perpendicular to the beam neutral axis, L is the span, I is the moment of inertia, G is the shear modulus and A’ is a modified shear area. 
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Table 2: kb and ks for beam deflection

Again, due to the beam assumption, stress formulas for wood are the same as those of isotropic materials:
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where k is 3/2 for rectangular cross-sections and 4/3 for circular cross-sections

Typical lumber dimensions lead to the possibility of buckling under compressive loading. The critical buckling stress is:


[image: image18.wmf]2

2

÷

ø

ö

ç

è

æ

=

r

L

E

L

cr

p

s

 where r is the radius of gyration, 
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for a circular section.

As wood will creep under long-term load it is customary to design to half the allowable deflection or stress.

Fastening

Wood is relatively easy to join compared to other materials. And as with other materials, joining can be broadly classified into two methods: bonded joints and mechanically-fastened joints. The trade-off between the two are that bonded joints are typically 1 ½ - 3 times stronger, but take longer to assemble and are regarded as permanent.

Due to fastener degradation, adhesive bonding is required for long-term, efficient joints in the marine environment. Adhesives transfer load from one member (called an adherend) to another, through the adhesive. In most cases the load transfer is designed as a shear load, as adhesives are typically much stronger in shear than in tension. Factors involved in adhesively bonded joints include:

· Type of wood

· Surface quality

· Adhesive

· Bonding process

· Joint geometry

· Service environment

All of the woods noted above can be glued, although teak, oak and lignumvitae all require specialized methods for satisfactory results. Figure 6 shows typical edge and axial joints and Figure 7 shows corner joints.
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Figure 6: Edge (A-plain, B-tongue and groove) and

Axial (A-plain, B-scarf, D-finger) Bonded Wood Joints
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Figure 7: Corner Bonded Wood Joint

Mechanically-fastened joints in wood use a staggering variety of fasteners. (Just walk down an aisle at Home Depot.) Marine joints however, rely primarily on two types: wood screws and bolts. In general, screws are used for lightly loaded, watertight connections. Bolts are used for high-load conditions, but are significantly more difficult to make watertight. Thin planking on small craft is occasionally fastened with copper rivets.

An important corrosion issue is the reaction of wood fasteners. Traditionally the way to avoid fastener corrosion was to use wood trunnels (dowels). In the US the preferred trunnel material was Black Locust. These are relatively low-strength however and silicon bronze and monel are preferred. If cost is an issue stainless or galvanized steel is used, although service life is reduced. If cost is no object then titanium can be used.

Control of Degradation

Under ideal conditions wood structures can survive for centuries. The primary reasons wood structures fail include fungi, insects, bacteria and marine borers. In some cases large structures have been known to fail within a month of infestation.

Fungi (rot) requires moisture, oxygen and mild temperatures and is considered the largest source of marine decay.  To foster rotting the moisture content must be above the fiber saturation point (30%), and the temperature must be between 50 and 90oF. The best prevention methods include ventilation, reduction of leaks, and preservatives. Note that most preservatives are toxic and make painting difficult.

Insect attack includes termites, beetles and carpenter ants. Rarely are marine structures infected by insects. Some vessels stored out of the water, or along infested docks, have become infected, and alongshore structures are susceptible.

Damage by marine borers is worldwide, and can occur in seawater, brackish and even fresh water. Attack can be rapid, with pilings destroyed in less than six months. The primary borers are the toredo (shipworm) which can grow to lengths of four feet in ideal conditions, and various species of bankia, pholads, and limnoria.

In all cases preservation techniques attempt to either impregnate the wood with toxic chemicals or provide an impregnable barrier. Preservatives include copper compounds and creosote tars. The allowable (by EPA or OSHA) versions change frequently. The US Navy currently favors a combination of epoxy/glass coatings and copper antifouling paint for vessels and concrete coverings for stationary structures.

Plywood

Plywood is a glued-up lamination of many layers of wood. Figure 8 shows typical 3, 4, and 5-ply construction. Compared to lumber, plywood is more stable and uniform. It’s axial and transverse properties are similar and it is available in wider widths. Its primary disadvantage is that it is not easily formable. Compound curves (bending about two axes) is not possible. If formed in-place into a curved shape (such as a boat hull) it is commonly called “cold-molded” construction.
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Figure 8: Plywood construction.

The individual plies are held together with various glues. Exterior, marine, and aircraft-grade plywood are required to use waterproof grade. The difference between the three grades are the number of flaws in each ply, and the variation is quite wide. In general, the price is reflective of the ply quality and wood species. Many marine applications can use exterior-grade. Aircraft grade is rarely justified except in weight critical structures, and even then may not be desirable as many woods used in aircraft ply are not rot resistant.

Recommended References:

1. Wood: A Manual for it Use as a Shipbuilding Material, 4 Volumes, Bureau of Ships, Department of the Navy, 1957-1962

2. The Encyclopedia of Wood, Revised Edition, Sterling Publishing, New York, 1989 (Also called, Wood Handbook: Wood as an Engineering Material by the US Government Printing Office)

Homework Problems:

1. What are the expected tangential, longitudinal and radial tensile strengths of white oak when wet and dry?

2. You select a douglas fir  “4x4”, whose actual dimensions are 10’2”x3.9”x3.8” and weighs 31 pounds, 5 ounces. Is it wet or dry?

3. What is unique about lignumvitae?

4. Compare the specific (meaning per pound) stiffness, specific compressive strength and specific flexural strength (ie strength/density) of sitka spruce, aluminum and steel. Which materials are best in stiffness and strength for weight critical applications?

5. Why is wood a material of choice for controlling flooding and for minesweeper construction?

6. A 8’x8’x8’ compartment on your ship is flooded with seawater. Due to the worry of the deck collapsing you decide to brace it with 4x4’s. What is your estimate of the load? Is this a conservative engineering estimate? Why? How many 4x4’s would be required if they were vertical? What is the possible problem with this arrangement? (Think multi-decks.) How many 4x4’s would be needed if the supports were canted 45 degrees to the vertical?

7. Using the internet, locate a specific wood preservative available today that would work in the marine environment.
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