
CHAPTER 4

ENGINEERING PROPERTIES OF MATERIALS

Material properties are an important aspect in the process of

structural design. From the designer's point of view, each material

should be used. "efficiently" in an effort to make the most of its

structural capabilities while at the same time minimizing first cost.

The owner on the other hand will be more concerned with maintenance

costs and service life. Therefore, the material must be functionally

adequate as well as Structurally sound. An untreated timber pile that

comes under the attack of marine borers may quickly lose its strength

and fail prematurely. In this case, the material is initially strong

enough to support the loads, but it is unacceptable because of environ-.

mental factors. The marine environment is usually very hostile toward

engineering works, and a useful service life may be difficult to achieve

unless the proper material is chosen. For a discussion of the

deterioration pzocess and the cozresponding protective measures avail-

able, the reader should zefer to Hubbell and Kulhawy �979a!. This

chapter will focus on the engineering properties of the materi~~ and

how they influence performance in a coastal structure. Concrete,

steel, and wood are the principal materials addressed since they are

the ones most commonly used. Emphasis has been placed on concrete

and wood since they may be quite variable as structural materials and

are often misused. Other materials including aluminum and wrought-

iron are also ~entioned brief]y.
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4 . 1 CONCRETE

As with other structural materials, strength is an important

characteristic of concrete. In the marine environment, however, concrete

strength may not be the primary design criterion since properti.es such

as durability, permeability, and wear resistance become more critical.

If the engineer provides for these latter considerations when designing

a concrete mix, adequate strength is often assured. In this section,

the variables that influence each of the above mentioned properties

will be examined. Gui.delines will then be presented concerning mix

design specifications.

Durability

The useful life of concrete is normally limited by the disintegra-

tion effects of freezing and thawing, wetting and drying, heating and

cooling, chemical attack, and abrasion. To be durable, concrete must

be able to withstand these types of exposure so than an acceptable

service life is attained. Durability may be enhanced by choosing the

proper type cement and aggregate. Other variables include aggregate

gradation, water-cement ratio, and the use of entrained air or water

reducing admixtures. Cement types have been investigated by Hubbell

and Kulhawy �979a! and will not be addressed here.

Aggregate forms by far the major portion of the concrete, and the

durability of the mix is directly proportional to the durability of the

aggregate. For this reason, concrete specifications require a well

graded aggregate of proven durability  Cordon, 1979; ACI, 197Sa; Bureau

of Reclamation, 1975!. If possible, "proof" of durability should come

from field experi.ence. Alternatively, a laboratory procedure such
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as the Magnesium Sulfate Soundness test  ASTM C88-76! may be used to

verify aggregate stability. As illustrated by Figure 4. l, concrete

durability is increased in mixes using a low water-cement ratio and

incorporating some degree of entrained air. Water reducing agents,

as implied by their name, allow foz greater durability by further

reducing the ~ster content while maintaining workability.

All concrete is porous to some degree because of the presence of voids

within the mix. These voids are caused by the loss of water during drying,

the decrease in volume of the cement paste during hydration, and the

voids incorporated intentionally through entrained air. As with

other porous media, concrete is permeable to air, water, and water

soluble corrosives. Since these agents adversely affect the weathering

and durability of marine concrete, it is advantageous to proportion

the mix for minimum permeability. Fortunately, the water-cement ratio

is again the primary factor involved. It should be kept as low as

possible while still maintaining a workable mix Phxrdock and Blackledge,

l968!. Figure 4.2 shows the relationship between the water-cement

ratio and the coefficient of permeability foz various maximum aggre-

gate sizes. To assure low concrete permeability, good aggregates must

be used that are sound and of low porosity. The aggregate should also

be proportioned so that maximum density is achieved. A convenient

way to represent this concept is through the use of gradation charts

 Figures 4.3 and 4.4!. Figure 4.3 shows two gradation .curves drawn

on a gradation chart which plots the percent of a test sample passing

various sieve sizes versus the log of the aperture particle size. Figure

4.4 on the other hand is a gradation chart of percent passing versus
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aperture size raised to the 0.45 power. The gradation curve which

is suggested by Nurdock and Blackledge �968! as a standard mix for

the 1.5 in. �8 mm! maximum aggregate size has been replotted on the

second chart. Note that while the shape of the curves is concave up on

the standard chart, it is nearly a straight line when redrawn. It has

been found experimentally that a straight line connecting the maximum

and minimum allowable aggregate sizes on the 0.45 power chart  demon-

strated by the broken line! represents a gradation that will have the

maximum theoretical density. The designer has only to choose the

maximum aggregate size and plot the line on the graph to estimate

the percentages of each aggregate size when specifying a dense mix.

Two final factors that influence concrete permeability are age

and. conditions during curing. Permeability decreases as the concrete

ages and approaches a complete "set". Since the outer layer of the

concrete is the most critical for permeabiU.ty  because it covers and

protects the reinforcing steel!, it is very important to keep the surface

moist during the cure, particularly during the first few days  Rxrdock

and Rlackledge, 1968!.

Abrasion Resistance

Abrasion resistance is directly related to the crushing strength

of the concrete since concentrated stresses tend to chip and spall

the surface. Generally, the concrete with the highest compressive

strength will have the greatest wear resistance. The susceptibility

of the aggregate to chemical attack may also be important. Limestone .

for example, dissolves in an acid environment which often occurs in

polluted areas.
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Concrete strength is highly variable and is dependent on such

factors as water-cement ratio, curing, degree of compaction, aggregate

properties and admixtures. Water-cement ratio is again the most impor-

tant single factor in determining concrete strength. Figure 4.5 illus-

trates the decxease in strength that occurs as the water-cement ratio

increases. The lowest water-cement ratio that. may be used while still

providing acceptable workability will result in the strongest mix,

all other factors staying constant. It is convenient that at the same

time durability, permeability, and wear resistance are also optimized.

The influence of curing on strength is very complex and can be best

illustrated with the aid of two figures. Figure 4.6 demonstrates the

effect of moist curing on strength gain with age, while Figure 4.7

indicates the temperature dependency of concrete strength. Optimum

strength may be achieved by moist curing at a relatively warm temperature

|,'70'F!, The summer months are therefore the best season for concrete

construction with respect to proper curing in the field.

Thorough compaction is necessary to densify the mix and remove

unwanted void spaces. It can be carried to the extreme, however, since

vib~ation will segregate the aggregate and reduce strength. Aggregate

properties such as surface texture, particle size, pax'ticle shape,

and aggregate-paste bond influence concrete strength. Their effects

are somewhat interrelated and tend to have compensating results. For

example, rough surface textures enhance concrete strength  assuming a

cement paste of constant water-cement ratio! because of better bonding,

but a greater paste content is required. Angular particles also increase

strength by creating an "aggregate interlock" but require higher water-
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cement ratios for workability. The lower water-cement ratio obtained.

with a rounded aggregate balances the better strength producing pro-

perties of a crushed aggregate. In geaeral, high quality concrete

is assur'ed by using strong, clean, sound aggregate proportioned for

a dense gradatioa.

Air entrainment aad water reducing agents ar'e the most common

admixtures used in marine concrete. Entrained air reduces the strength

of the concrete by about 5 percent for each percent of entraiaed air.

Figure 4.5 demonstrates this strength loss graphically. Water reducing

admixtures have become widely accepted as a means of increasing slump

and workability without compromising strength or quality. They may

also be used to decrease the water coateat of a mix without reducing

the slump or workability.

Reccmmendatioas for Marine Concrete

Marine concrete must be of high quality if it is to resist the

environmeatal and structural loads imposed oa it and still provide

a useful service life. Specifications for marine concrete aaturally

place limits oa many of the parameters previously discussed as iaflueaciag

coacrete properties. Table 4.1 presents a summary of the recommendatioas

of three committees concerned with the quality of coacrete used in

mariae structures. Note that while these guidelines aid in producing

a high quality concrete, the final mix proportions should always be

based on the adjustmeat of trial mixes whenever possible. Properties

peculiar to each aggregate type must be taken into consideratioa. Step

by step procedures for proportioning normal, heavyweight, and lightweight

concretes are presented in the 1977 American Concrete Institute standards
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 ACI 211.1-77 and ACI 211.2-69!.

4.2 STEEL

Steel is a very' common materi.al in modern civil engineering.

It is estimated that steel is used in at least a mi,llion applications

 Cordon, 1979!. With respect to coastal structures, the steel products

of interest are structural steel, reinforcing steel, and hardware such

as bolts. While many steel alloys are available for high strength

or corrosion resistance, the most common steel i,s an' all purpose carbon

grade referred to as "mild steel"  ASTN designation A36!. Table 4.2

lists the various steel alloys available, giving their ASTN designations

and common uses. While each of these alloys may hold advantages over

A36 structural carbon steel, they should not be used indiscriminantly

since they may cost. significantly more. Table 4.3 indicates the avail-

ability of the different. steel types for structural shapes, plates

and bars. Note that the table includes t' he ultimate and yield stresses

for each alloy listed. Other steel properties that are important are

the modulus of elasticity �9. 1 x 10 psi oz 200 GN/m ! and density6 2

�90 pcf or 77.2 kH/m !.3

Steel's low cost and excellent engineering properties compensate

foz its one major flaw; corrosion. The process of corrosion and the

methods of protecting steel from its effects are dealt with in detail

by Hubbell and Kulhawy �979a! and will not be discussed further here.

4. 3 WOOIj

Wood was one of the very first materials used by man for the purpose

of construction, and its unique engineering properties will make it
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Table 4.3 Availability of Shapes, Plates and Bars According
To ASK?i Structural Steel Specifications  AISC,
1980, p.. 1-5!

~ lAinirnum unless a range is shown.
s Includes bar-size shapes.
' For shapes over 426 lbs./ft.. minimum af 58 ksi only applies.
a Plates only.
SS Available.
W ffot available.
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indispensable in the future. High strength in addition to low weight

gives wood a strength to weight ratio much larger than for steel or

concrete  Cordon, 1979!. Wood is easily worked using a variety of

tools and it is readily available in standard sizes and grades. Timber

structures are attractive, inexpensive, and may be very durable if

properly treated. Wood structural members also have excellent shock

resistance. The following section first examines the nature of wood

with respect to its growth, composition, defects, and species. Second,

the variables that influence strength and shrinkage are discussed.

Third, the response of wood to load duration  both short and long term!

and its fire resistance are investigated, and finally, laminated wood

members are presented.

Growth, Com osition, Defects and Species

Wood is a cellular material growing naturally in response to constantly

changing conditions such as moisture regime, soil status, and growing

space. It is an orthotropic substance composed of long tube-like

cells  Figure 4.8!, having unique and independent mechanical properties

along each of three mutually perpendicular axes; longitudinal, radial,

and tangential  FPL, 1974!. Figure 4.9 depicts these axes with respect

to the grain direction and growth rings. 3ecause of this special case

of anisotropy, extensive tasting would have to be conducted to determine

separately all of the mechanical properties of wood on each of its axes.

To compound the problem, these data must be acquired on many different

species of wood. In practice, wood is only used in simple tension

or compression parallel to the grain, and simple bending along its

s rong axis, so the amount of testing is greatly reduced.
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of WoodFi re 4.9 The Orthotropic Axes o
 ASCE, 1915, p. 33!
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For the purposes of testing, small specimens of "clear" wood

 free of defects! are used. that are .assumed to be homogeneous. In

fact, because of the variable environmental conditions noted pre-

viously, the mechanical propex'ties of "clear" wood may be highly variable

themselves. On a larger scale however, the behavior of wood members

is often controlled by defects such as knots, cx'oss-gzain, checks snd

splits. Other imperfections, including insect damage, reaction wood,

compression failures, pitch, and bark pockets may also x'educe the

strength and flexibility of wood members. Mood properties are also

very species dependent. Hardwood species include the deciduous, broad-

leaved trees that shed their leaves in the fall in cooler climates.

Softwoods on the other hand, are conifers that are "needle-leaved"

and reproduce through seed bearing cones. These "evex'green" softwoods

make up most of the commercially important species because of their

rapid growth and straight stems. The species available in the United

States aze listed in Table 4.4. Note that most of the species are

softwoods and that while most hardwoods have a greater specific gravity

 i.e., greater density!, there are exceptions- Specific gravity is

a useful index of the mechanical properties of wood, the primary one

being strength.

Parameters Influancin Stren th and Shrinka~e

Tests of small, clear, straight-grained wood samples establish

an upper bound on the strength of an actual wood member. Grading zules

are then applied to reduce the allowable strength of the member caused

by defects and other stxength-reducing characteristics. The basis

for lumbar grading in the United States is the American lumber standard
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PS 20-70 published by the Board of Review of the American Lumber Stan-

dards Committee �970!. After visual inspection, each grade is given

a commercial designation  No. l, No. 2, etc.!. This system allows

the lumber yard to supply the user with the proper grade corresponding

with the strength values used in design. The material properties of

visually graded structural lumber to be used in design of wood struc-

tures is presented by the National Porest Products Association �978a!.

Some of the more important parameters concerning the strength

of wood members are specific gravity, growth characteristics, defects,

moisture content, temperature, grain orientation, chemicals, and decay.

Of these, the important growth characteristics and defects have been

mentioned briefly. The manner in which each defect or growth irregularity

affects timber strength will not be addressed since the material pro-

perties recommended by the National Porest Products Association �978a!

have been adjusted according to the appropriate grading rule.

Specific gravity is related to the amount of woody fiber that

a piece of wood contains. Regardless of species, the specific gravity

of this woody fiber  primarily cellulose! is about 1.5  FPL, 1974!.

The specific gravities in Table 4.4 are considerably less than 1.5

because part of the volume of a piece of wood. is occupied by all cavities

and pores. Logically, lower void volumes will be associated with

thicker cell walls that should result in greater strength. This ~ s

found to be true as the tensile and compressive strengths of wood increase

with specific gravity for clear, straight-grained pieces that are free

of defects  Patton, 1976!. It should be noted however that specific

gravity also reflects the presence of gums, resins, and various imper-

fections that may actually reduce strength while increasing density.
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When fresh cut wood begins to lose moisture in the seasoning  drying!

process, the cell walls remain saturated until the free water within the

cell cavities has been evaporated. The Fiber Saturation Point  FSP! may

then be defined as the state where free water evaporation is complete but

the cell walls are still saturated. For most species, this occurs between

25 and 30 percent moisture content  National Forest Products Association,

1978b!. While variations in the moisture content above the FSP have little

effect on the strength of wood, the mechanical properties will increase with

a decrease in moisture content below the FSP  Table 4.5!. The location of

vood members used in harbor structures ranges from totally submerged to

above the water but open to the weather. Since these members wiU. tend to

come to equilibrium with their environment, their moisture contents can be

expected to vary from saturated to send.-dry �5 to 20X moisture content!.

Some provision must be made to reduce the design strengths of timber

members when they must serve at high moisture contents. The National

Forest Products Association �978a! specified maximum moisture contents

for various wood species, and presents reduction factors to be applied

to the tabulated strength properties when these moisture contents are

exceeded.

The drying process may also be important since wood strength may be

permanently reduced by prolonged temperatures abbve 150 F �5'C!.

Figure 4.10 demonstrates the effect of extended heating on modulus

of rupture. Temperature extremes may be expected during the oven drying

of lumber and during the pressure preservative treatment process. In

the latter case, the maximum temperature level and duration are respec-

tively 240'F �15'C! and 10-15 hours  NacLean, 1952!. As shown by
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Figure 4.10, the damage incurred by such heating should be negligible.

In structural design, wood members are commonly loaded both parallel

and perpendicular to the longitudinal axis of the member. In the first

case, growth ring orientation is not important as long as the member

is straight-grained. If the fibers do not run parallel to the longitudinal

axis  as in the case of cross or spiral grain!. a reduction of working

stress has been made through application of the grading xules. Growth

ring orientation is important, however, when the member is loaded in

bending  stress perpendicular to the longitudinal axis!. The orientation

of the stress with respect to the growth rings may range from tangential

� degrees! to radial  90 degrees! as illustrated in Figure 4.11.

Depending on the portion of the log it was sawn from, the orientation

of the growth rings relative to the faces of the member may range from

pure tangential to pure radial. As such, grain orientation must be

incorporated in the grading rules when rating a member for its allowable

wor]dng stress.

The recommended wood strength properties  National Forest Products

Association, 1978a! are all based on edgewise use  bending stress applied

to the narrow face!, and using these values for flat-oriented membex's would

be incorrect. Again, footnotes are provided. to adjust the tabulated

design values fox grain orientation.

The effects of chemicals on the mechanical properties of wood

depends primarily on the specific type of chemical involved  FPL, 1974!.

Basica].ly, they may be separated into two groups: swelling and non-

swelling liquids. Petroleum oils and creosote are examples of non-

swelling chemicals since they cause no volume change of the wood and
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therefore have no appreciable effect on properties. Liquids that cause

swelling on the other hand  water, alcohol, and organic solvents for

example! may reduce properties even though they do not. chemically degrade

the wood  FPL, L974!. The loss of properties is a function of the degree

of swelling and the process is reversible upon removal of the swelling

Liquid. Obviously there will be water present in the marine environment

so some volume change of structural wood members is to be expected. Chem-

icals that act to decompose the wood fiber  alkaline solutions and non-

oxidizing acids! result in a permanent reduction in properties. While

pollutants may cause some of these substances to be present in trace amounts

in harbor waters, their concentrations are negligible and cause no damage.

Water-borne preservative salts are now commonly applied to timber for marine

use to provide resistance to decay and fire. Ki.ln drying usually follows

the preservative treatment. While mechanical properties are essentially

unchanged for pressure preservative salt treatments, the combined effects

of fire retardants and kiln drying may reduce maximum load as much as 45

percent. A 10 percent reduction is often applied to the design modulus

of rupture which is affected much less severely.

Decay is caused by a fungi that. consumes the cellulose and Lignin

in the wood, seriously reducing strength. The rate, of decay depends on

moisture content, oxygen availability, snd temperature  National Forest

Products Association, 1978b!. The process of decay and t' he treatment

of wood to combat it is discussed by Hubbell and Kuihawy  l979a! and will

not be addressed here.

Shrinkage is dependent primarily on moisture content. It begins

when the free vater in the cells has been evaporated  '.e., at the

fiber saturat'on point FSP! and continues until the member comes into
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equilibrium with its surroundings. The reverse process, expansion, is

equally likely if excess moisture is available to be absorbed. Wood

shrinkage is greatest in the direction of the annual growth rings

 tangentially!, somewhat less across the rings  radially!, and very

little along the grain  longitudinaLly!  National Forest Products Asso-

ciation, 1978b!. Longitudinal shrinkage is negligible except for very

long continuous members, or for abnormal wood which is usuaLly excluded

in well graded structural lumber. Typical shrinkage values are given

in Table 4.6. Figure 4.12 is presented to illustrate that because of

shrinkage, wood members will distort from their fresh cut shape.

The Effects of Load Duration

Wood has the property of carrying 'substantially greater maximum loads

for short durati.ons than for long durations of loading. The strength

values tabulated by the National Forest Products Association �978a!

are based on the "normal duration" of loading which is defined as

"the application of the full maximum normal design load for the dura-

tion of approximately ten years  either continuously or cumulatively!

and/or the application of 90 percent of this full maximum design load

continuously throughout the remainder of the life of the structure..."

Xt is appropriate to increase the working stresses to recognize the

resistance of wood to short duration loading. Figure 4.l3 presents

the duration of load adjustment factors for impact, wind, seven days

load, and snow. Et should be noted that these load modification factors

do not apply to modulus of elasticity. Additionally, the National

Forest Products Associati.on �978b! states that "the impact load duration

increase factor does not apply when the member has been pressure impreg-
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9!OLSCE, 1975,Table 4.6 Shrinkage Values of Wood

Shrinkage from Green to Oven-Dry
Percentage of Green SizeSpecies

Radial Tangential Volumetric

SOFTbfOODS:

Cedar. western red
Cedar. not them white
Douglas fir~
Firs, true  Hem-fir!*
Hemlock, eastern
Hemlock. western
Larch, western
Pine, eastern white
Pine, lodgepole
Pine, ponderosa
Pine, red
Pine, southern*
Pine. sugar
Pine. western  Idaho! ~hite
Redwood. Cali fornia
Spruce, eastern~
Spruce, Eng 1 emann
Spruce. Sitka

HARDNOOOS:

Alder, red
Ash*
Aspen*
Basswood
Beech
Birch, ye'!low
Cherry, black
Cottonwood, black
Hickory, pecan
Hickory, true"
Maple, sugar
Dak. white
Oak. red. northern
Oak, red, southern
Halnut, black

2.4
2.2
4.8
4.5
3.0
4.2
4,5
2.1
4.3
3.9
3.8
5.4
2.9
4.1
2.6
4.1
3.8
4.3

4.4
5.0
3.5
6.6
5.5
7.3
3.7
3.6
4.9
7.7
4.8
5.6
4.0
4.7
5.5

5.0
4.9
7.6
9.2
6.8
7.8
9.1
6.1
67
6.2
7.2
7.7
5.6
7.4
6.9
7.8
7.1
7.5

7.3
8.1
7.9
9.3

11.9
9.5
7.1
8.6
8.9

12. 6
9.9

10.5
8.6

11.3
7.8

6.8
7.2

11.8
13.0
9.7 '

12.4
14.0
8.2

11.1
9.7

11. 3
12. 3
7.9

11.8
11.2
11. &
11.0
11. 5

12.6
15. 2
11.8
15.8
17.2
16.8
11.5
12.4
13.6
19.2
14. 7
16.3
13.7
16.'J
12.8
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Figure 4.12 Characteristic Shrinkage and Distortion of Mood Shapes
because of Annual Ring Direction  ASCK, 1975, p. 12!
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nated to the heavy retentions required for marine use." Loads of dif-

ferent durations may be combined using the following procedure

 National Forest Products Association, 197Sb!:

�! Determine the magnitude of each load that vill
occur on a structural member and accumulate
subtotals of combinations of these loads of
progressively shorter duration.

�! Divide each of these subtotals by the duration
of load adjustment factor of the load having
the shortest duration in the combination
of loads under question-

�! The largest value thus obtained indicates
which is the critical combination and the
loading to be used in determining the
structural element.

Long term loads on wood members result in permanent plastic defor-

mation called "creep." As a rule of thumb, at design stress levels.

the long time creep in wood structures can produce as much additional

deflection as the original elastic deformation  ASCZ, 1975!. Creep

is found to be a function of stress level, moisture content, and

temperature. Figure 4.14 indicates that creep increases with increasing

load. Ordinary climatic variations in temperature and moisture content

may cause creep to increase. A. two or three fold increase in creep

may be expected for a temperature increase of about 50 F �8'C! and

green wood may creep four to six times the initial deformation as it

dries under load  FPL, l974!.

Pire Resistance and Wood Structures

A remarkable property of wood is its capacity to survive fires. Xt

is in fact much more fire resistant than steel because of its low thermal

conductivity and high specific heat  Patton, 1976!. This seems to

be incongruous with the common usage of wood as a fuel for heat. A
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Figure 4.14 Experimentally Derived Creep
Curve for Wood  ASCZ, 1975, p. 50!
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12 by 12 in. �00 by 300 mm! timber might requix'e days to burn through

while a steel member' of the same strength could fail in less than an.

hour. Wood ignites at about 550'F �88'C! while steel is weakened. con-

siderably at that temperature. While the strength reduction of

wood with respect to increased temperature has been discussed previously

the loss of strength during a fire is primarily because of a loss of

section as the member is consumed. Fixe retardants improve the fire

performance of wood by reducing the amount of flammable products released.

Treated wood will not sustain a fire and is self-extinguishing once the

heat source is removed. The rate of fire penetration through treated.

wood is about the same as for untreated wood. Fire-retardant treated

wood is not usually used in harbor structures because of its cost, and

because decay preservatives are deemed more important. Additionally,

the potential for loss of life is great]y reduced compared to an

enclosed building.

Laminated Wood Nembers

The lamination of wood products allows the designer to take advan-

tage of the unique mechanical properties of wood without being penalized

for defects. The two basic types of laminated wood products are

structuzal glued laminated timber  or Glu-1am for short! and plywood.

Glu-1am consists of 3 or more layers of lumber glued face-to-face so

that the grain of all laminations is approximately parallel. Glu-1am

members have many advantages over common timbers including hi.gher working

stresses, a wide variety of shapes, and a very attractive appeazance.

Primarily because of cost, they have not found an application in

marine stzuctures such as docks and piers. They are very useful



as arches and other roof-supporting members in covered structures. Ply-

wood on the other hand is used both during the construction phase  as

temporary concrete formwork, for example! and in the final product as

decking or siding. It is made up of thin layers of wood glued together

with the fibers arranged cross~ise for maximum strength. Plywood is

commonly available in 4 by 8 ft �.2 by 2.4 m! panels of varying thick-

nesses �.25 to 1 in., 6 to 25 mm!. Cordon �979! recommends that where

plywood will be exposed to moisture as in the case of marine structures, an

exterior type should be used which is bonded with 100 percent waterproof

glue.

4.4 ALUNXNUM

Xn spite of its high cost. aluminum is becoming increasingly popular

as a structural material on the waterfront. While aluminum and aluminum

alloys have high strength and low weight as their pnme assets, they are

also very corrosion resistant because of an oxide layer that quickly forms

upon exposure  Patton, 1976!. Since aluminum is easily forlaed and machined,

many attractive finishes are possible. Aluminum is used chiefly in pre-

fabricated, modular construction where the parts can be built in the

controlled atmosphere of a shop. Welding of aluminum must be done by the

heliarc process which requires special welding equipment not usually avail-

able to most contractors, especially in the field.

Aluminum presents some special challenges to the designer with

respect to repeated stzess. As Figure 4.15 illustrates, aluminum parts

 especially welded members! must be designed against fatigue failure

since the material does not show a true endurance limit  Patton, 1976!.

Electrolysis may also be a problem if a dissimilar metal  such as a
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Figure 4.l5 Typical Fatigue 'Curves of Alumnus
Alloys  Patton, l976, p. 267!
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boat hull! contacts the aluminum for any length of time. Electrolysis

and corrosion are discussed by Hubbell and Kulhawy �979a!.

Pure aluminum is not often seen as a structural material since it

is soft and relatively weak  ultimate tensile strength only 1 x 10

psi or 68.9 MR/m !. On the other hand, in the alloy form strengths,2

as high as 7.5 x 10 psi �17 MR/m ! are possible. The most4 2

common alloys are the 5000 series  magnesium! for sheet and plate

members, and the 6000 series  magnesium-siU.con! for extrusions. The

properties of a low alloy commercial aluminum  99X pure! are presented

in Table 4.7.

4. 5 WROUGHT XRON

Wrought iron consists of grains of pure iron interspersed with

filaments of iron silicate slag  Chancy, l961!. The grain structure

is such that the individual crystals are visible to the naked eye on

a fractured surface. While many designers consider wrought iron a

material of the past, its excellent resistance to corrosion makes it

a viable product even when used in saltwater.

The corrosion resistance of wrought iron is two-fold. First,

the protrusion of the silicate threads through the surface enables

wrought iron to retain a coating of corrosion that serves to protect

the base metal. In the case of steel, this layer of "rust" easily

faU.s off to allow continuing corrosion. Secondly, the rough surface

typical of wrought iron. members causes them to retain a heavier coating

of zinc  if galvanized! or other coating than equivalent steel members,

resulting in longer design lives.

Because of its grain. structure, wrought iron has directional physical
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Table 4.7 Properties of Commercial Aluminum  Cordon, l979,
p. 214!

+ fetnper designatiou; 0. nnnentcd: Hltt, fully cold-worked  hatd!; Hl4 Hl4. H16, intcrtncdinte
degrees of cold work between 0 and Hlg.

it Based on 500 tniHion cycles. using R. R. Moore type of rotsting-benrn tnnchine.
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characteristics much like w'ood. During the rolling and forming process,

the slag inclusions become oriented in the longitudinal direction ox'

the direction of rolling. The material therefore has greater tensile

strength on the longitudinal axis and is mox'e easily bent  more ductile!

in the longitudinal direction than the transverse direction. In general,

the physical properties of wrought iron are approximately the same

as pure iroa  Cordon, 1979!. Mrought iron typically has a maximum

carbon coatent of 0.35 percent while medium-high carbon steels range

from 0.35 to 1.5 perceat  Patton, 1976!. Primarily because of its

ductility, wrought iron is commonly formed into pipes, plates, sheets,

bars, angles and channels.

4 . 6 SUMMARY

The materials used in the construction of coastal structures must

be stroag and durable. The waterfront is a very harsh environment for

man-made structures, aad their success is directly a fuaction of the

properties of the materials iavolved.

The primary coastal construction materials are concrete, steel,

aad wood. Aluminum and wrought iron ax'e used less frequently. The

advantages and disadvantages of each of these materials have been dis-

cussed.

Concrete properties such as durability, permeability, and abrasion

resistance are more critical than strength. A mix designed for the

former considerations is usually assured of adequate strength. The

water-cement ratio of the paste and the soundaess of the aggregate are

the most important parameters determining concrete quality. Steel is

a very common material used ia civil engineering, and its properties
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are well known. Steel must be protected from rapid corrosion for it

to reach an acceptable design life. As a natural material, wood and

its engineering properties can be quite variable. Wood properties depend

on species type, and the presence of defects or imperfections. Grading

rules have been developed to reduce the clear wood strength properties

because of these defects and to determine working strengths to be used

in design. Aluminum is gaining acceptance as a coastal construction

material because of its Light weight and high strength. It is now used

primarily as a material in prefabricated dock systems. Wrought iron

consists of pure iron with internal filaments of silicate slag. Zt

has very high corrosion resistance and is one of the preferred materials

for hardware and fasteners.


