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INTRODUCTION

Stress wave velocity measurement has been used for the inspectipn of wood
and concrete structural members over a period of ten or fifteen years in the
United States. I[Its use 5n concrete inspection was practiced in England, at
least on an experimental basis, for a longer period of time. As a research
tool, it has been ﬁsed to'measure wood elastic modulus for over twénty years
at Washington State University and the U.S. Forest Products Laboratory. A
number of consuliting engineers in the Pacific Northwest have employed the
technique for wood building dinspection. Individuals at Colorado State
University and the University of Maryland have emp1§yed it in the inspection
of old buildings, utilities poles, wood piling and glulam structures. Faculty
and students at Washington State University have inspected schools, stadiums
and bridges for practical decisions on replacement versus repair over a period
of ten years.

A stress wave is a disturbance of the partié]es of matter in a piece of
material. This disturbance is propagated through the material at a velocity
related to the elastic modulus and density of the material. The disturbance
can be caused by a blow or impact. The velocity can be determined by
measuring the time for the disturbance to travel a known path length. The

velocity in undecayed wood of any species can be computed on the basis of its



density and elastic character. Measured velocities in a structure that differ
substantially from the theoretically appropriate velocity are evidence of
possibTe deterioration of the wood. This takes the form of decay or insect
damage, or internal checking due to seasoning processes,

The interpretation of the measurements is a crucial aspect of stress wave
inspection. High travel time or, stated another way, low velocity, is a
signal to expect some type of deterioration. The interpretation involves a
fairly good conception of the anatomy and mechanical properties of wood on the
part of the inspector. It is also important to visualize the stress wave
phenomena correctly and to understand the influence of environmental variables’
and physical and geometric features of the structure being inspected.

The operating principles of the measuring equipment must be clear to the
user. A "black box" concept is unacceptable for effective use of the stress
wave velocity technique. No mystery need, or should, prevail,

Although this method has been in use for a number of years, very little
in the way of an explanatory treatment of the subject has been collectively
presented. It is the object of this study to gather together as much
information as possible, to explore areas where relationships have been less
than clear, and to expand the investigators® experience that they might offer
guidance to others who care to emplcy the stress wave method.

Stress wave inspection is just another tool for the knowledgeable
inspector. It is a means of probing the interior of timber members
nondestructively, rapidly, and with simple lightweight and portable
instruments. It quantifies wood hroperties that have been traditionally
sensed by audible sound, hardness or resilience, color, texture and moisture
content. The method may have its greatest value in identifying undecayed

parts of the structure and concentrating the inspectors attention on suspect



areas where he may still employ traditional methods of evaluation (taking
cores or plugs, boring holes to sense resistance or to examine the condition
of chips, or use of picks).

Experience has proven that stress wave inspection is useful in
determining the extent of deterioration or the absence thereof, in such a
manner as to avoid sweeping condemnation of a structure with limited actual
amounts of decay, thus minimizing the extent and cost of unnecessary

replacement.



STRESS WAVE TIMER AND TIMER CHARACTERISTICS

An impact upon a piece of material imparts motion to the particles of
wood at the point of impact. This stimulates the adjacent particles to motion
and this disturbance travels in the direction of motion along the length of
the piece. When it reaches the end it is reflected back toward the source of
the disturbance.

The form of this disturbance can be quite varied, depending on the shape
of the impactor,'the energy it imparts to the piece of material and the
properties of the material itself. The speed at which the disturbance travels
is a function of the material's elastic properties and its density, according

to the relationship:

Ep 9
V = -{%—~ inches/sec [i]
where ED = dynamic elastic modulus of the material in psi
o =  density in 1bs/in°
g = acceleration of gravity in inches/secondz, 386.4

The dynamic elastic modulus i< slightly larger than the value obtained by
static testing, since the static test value is based on stress at some

arbitrarily chosen strain, at a lower rate of loading than is the case for a



dynamic test. This is related to the materials creep properties, since the
shape of the stress-strain curve below the elastic 1imit is dependent on the
rate of loading and the material's creep properties (see Figure 1). In this
discussion the ratio of dynamic to static modulus is 1.06 for compression and
1.16 for flexural elastic modulus. This is mentioned in Appendix A.

Typical values of stress wave velocity in various materials of good

quality, computed from equation [1] are given in Table 1.

DETERMINING STRESS WAVE VELOCITY 4

The most direct method of determiqing the stress wave velocity is to time
the wave as it moves a measured distance through the material. Accelerometers
are used for sensing the stress wave as it starts at one point and arrives at
another. The timer displays time in microseconds (millionths of a second).

The stress wave velocity is then calculated as:

vV = 1020 L inches/mi]]isecond (in/ms) [21

where L is the path length in inches and t, the time in microseconds.

The method employs two accelerometers, one to start the timer and the
other to stop it. The accelerometers may be placed on the material at a
measured spacing, L, to obtain the wave transit time between them. This is
shown in Figure 2. This accelerometer arrangement is employed with the
Metriguard 239A Stress Wave Timer and is useful in laboratory work, or for
industrial applications for measuring stress wave velocity in pieces of
discrete length or width. It is not the preferred method for field inspection
of highway structures. Instead, an impact tool or hammer with a START
accelerometer built into the hammer head has proven more convenient, combining

the function of the pendulum in Figure 2 and the START accelerometer. The
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Table 1. Typical Stress Wave Velocity Values for Several Materials

—

Stress Wave Velocity
Material _ {inches/millisecond)

Wood, Tongitudinal:

Douglas-fir, dry 208
Douglas-fir, wet 182
Loblolly pine, dry 198
LobTolly pine, wet 176
Wood, transverse: Radial Tang. 45°
Douglas-fir, dry 54 44 20
Douglas-fir, wet 48 38 17
LobTolly pine, dry - 54 44 20
Loblolly pine, wet 48 40 18
Steel 196
Aluminum , 209
Concrete:
2500 psi | 128
3500 psi 139
4500 psi | , 148
8000 psi 171
Air* | ! 13

*Equation [1] does not apply to fluids.
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STOP accelerometer may be clamped to the member or hand held using a grip as
shown in Figure 3. The accelerometer must be aligned in the direction of the
wave path and has a front end which must face the source of the wave.

The arrangement shown in Figure 3 is highly practical for the inspector,
most of whose work will be taking readings in the transverse,
across-the-grain, direction whether the material be rectangular beams and
cotumns, decking, or round poles and piling.

Another instrument which is often used for stress wave measurement is the
James V-Meter. It employs two accelerometers as does the timer shown in
Figure 4, but they are somewhat 1arg¢r. Instead of a pendulum or hammer
impactor, the James equipment has a piezoelectric crystal built into one of
the accelerometer cases. This crystalican be electrically actuated to cause
an impulse and actuate the START acqe]erometer. These accelerometers are
applied to the wood on their broad f1aé faces. In the form in which they are
currently avai]abie, they are difficuIL to align with the stress wave. The
broad flat face may not couple well to%wood surfaces unless a grease is used
to improve the contact. But with some attention to these design problems the
equipment should be able to serve theipurpose well. Some good research has

been reported using the James V-Meter.

ADJUSTING THE GAIN SETTING

The accuracy of the timer readinh depends on the GAIN setting of the
timer. An explanation is offered. An accelerometer placed in contact with a
material, senses the acceleration of the particles in contact with it.
Accelerometers are constructed to sense accelerations above some minimum

value. Lower accelerations will not afkect them,
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At "a" and "b" the slopes of the durves are equal, but "a" occurs at time
"ta" after the wave reaches the START accelerometer and "b" occurs at time

"tb" after the wave reaches the STOP accelerometer position,

[f the gain settings of both accejerometer circuits are the same, the
timer will measure a travel time whi#h errs on the high side by the time
tb - ta. This leads to a reduced appar%nt stress wave speed.

If the gain of the STOP acce]erom%ter was set at "2" (see Figure 4) then
half the acceleration required at a s%tting of "1" would trigger the timer.
In Figure 6, where the attenuation w#s 50%, the acceleration (slope of the
dashed line} at "c" would be half tdat at "a" and the gain of "2" would
amplify this signal to actuate the STqP‘timer. This would occur at tc = ta'
No error would occur. While this is 4n‘idealized illustration, it describes
the principle. The éttenuation shown hkre is larger than would usually occur.

As the path is lengthened the tiﬁe error becomes a smaller and smaller
percentage of the total travel time w%ich explains the leveling .off of the
curves in Figure 5. For the ]ongit+dina1 stress wave velocity curve in
Figure 5 a gain setting of "4" was su%table. In the case of the transverse
wave path a gain setting of "10" on theiSTOP accelerometer was best.

An inspector is usually concernei with transverse travel paths of ‘less
than 20 inches, so proper gain setting% are desirable, and the value shown is
approximately correct. ;

The intensity of the impact is noticritical because the attenuation for a
particular material is a percentage iof the amplitude, regardless of the
initial amplitude or intensity of theiimpact (of course the impact must be

sufficient to deliver a measurable shgna] at the STOP accelerometer, but

beyond this minimum Tevel the intensityiis not critical).
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The timer gain can be ca11brat d by measuring the time for successively
greater path lengths and plotting them as in the example, Figure 7. A gain
setting that produces a line passing through the origin is the correct one.
If the choice of available gain s$ tings does not give a curve that passes
through the origin then a time correction can be make by subtracting the
amount of the y-intercept from the observed readings. In the case of the
lower curve this would be minus -13,[or add 13.

triggering of either accelerometer (pne dot for the START and another for the
STOP accelerometer). If these bladk| dots fail to appear the accelerometer is
not being triggered. E1ther the wave has been attenuated too much, and a
stronger impact is necessary; or there may be an open circuit in the cables or

their connectors., A light flick o

The Metriguard Stress Wave Timer will display a black dot for the
the fingernail on the front end of the

accelerometer can be applied to test the accelerometer.

For inspection work sturdy ca les and connectors are requ1red It is
easy to accidentally step on the chbles, kink them, or stretch them and care
should be taken to avoid this. We  had some trouble, initially, with light

encountered during an entire season ¢f field work.

cables, but these were replaced by T:ronger ones and no further problems were
If moisture enters the timdr it may affect the circuits. In one
instance, using the equipment in inglement weather, this occurred. We placed
the timer in an oven for about an haur at 150°F, which drove off the moisture
and eliminated the problem.
[t is 1inconvenient to ca]ibrh#e the instruments in the field. It is
recommended that calibration work b% done in the shop or lab. Some practice

doing this will set up some targetfvb1ues for appropriate gain settings.
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~When inspecting a structure iith many equal thickness members, the

existence of a gain setting error W
readings will be for equal travel pa
may differ slightly from the theore
shown in Table 1, but the degrading:e
evident.

It is not necessary to clamp th
pressure against the member will esty

timbers can be coupled to the accelsg

ths.

p STOP accelerometer to the member.

tblish a good contact.

i1l not be a serious problem, since all

The velocity in good undecayed wood

tical value discussed in Appendix A and

ffect of decay (Appendix E) will still be

Firm
Even roughly sawn

rometer with firm pressure. 01d members

are often coated with dirt or a mixtyre of dirt and wood preserving fluid. A

wire brush, a scraper,; or a wide pu
accumulation.

It is sometimes convenient to él
especially if there is insufficient
grip mounted accelerometer, or if a
practica] for one person to hold tH

beam while wielding the hammer on

n inspector must work alone.

Lty knife is useful in cleaning off this

amp the STOP accelerometer to the member,
space behind the member to use the hand
It is not
e STOP accelerometer firmly against the

the opposite side, except for very thin

easily accessible members, such as small columns.

A roundhead screw and a lock wa
the STOP accelerometer improves the ¢
short enough that it does not bear
the accelerome

because it is difficult to hold thé

that should happen,

sher in the threaded hole in the front of
tontact and coupling. The screw should be
pn the bottom of this threaded hole. If
ter may be damaged. This screw helps

Flat face of an accelerometer square with

a flat surface or on an irregular round pole or piling surface.
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TIMER

\
!
\
|
|
TOOLS AN& INSTRUMENTS
J‘ _
The stress wave timer used in &hﬁs work is the Metriguard 23%A Stress
Wave Timer. It is shown in Figure 4. It weighs about five pounds and is
powered by one 9 volt battery. rt displays the time in microseconds
(millionths of a second) between &actuations of the "start" and "stop"
accelerometers, which are connected tq it by cables. To check the functioning
of the accelerometers, the display includes two black dots which appear when
an accelerometer triggers the timer One dot is for each acce]efometer.
Should either of these fail to appear‘on the display the accelerometer or its
cable are not functioning correct1yw A light tap on the front end of an
accelerometer will actuate it for purfoses of circuit checking.
Gain control switches are mountéd on the timer panel. The numbers are
gain multipliers, which indicate the feduction in threshold voltage needed to
actuate the timer. At a gain settﬂng of "2" the timer will recognize an

accelerometer signal of half the amou

t it will recognize if the gain was set

at "1." Thus "gain" increases timer gensitivity to accelerometer signal. The

selection of an appropriate gain setti

ng is discussed in the preceding section

on Stress Wave Timer and Timer Characlteristics.

J N . A
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As noted in the previous section, the timer should be protected for the
entry of moisture into the instrument casing. Since it may be exposed to rain
in routine use, suitable gaskets around all openings in the case are

desirable.

ACCELEROMETERS

An acceTerometér is a piezoeldctric device which is very sensitive to
acceleration. The two types used;in this work are shown in Figure 8. The
larger one (manufactured by Metriguard) has proven very acceptable for field
work. The smaller one (manufactured by Columbia and supplied by Metriguard)
has been useful in Taboratory work. |Either type may be used with the timer in
Figure 4. If desired, one type can|be used for the "start" function and the
other for the “stop" function, but u ually pairs of accelerometers of the same
type are used together.

These devices should be treated with care. They are reasonably sturdy,
but abuse could damage them. When hey are placed firmly in contact with a
piece of wood they will sense the passage of a stress wave.

In field inspection work it s convenient to have one accelerometer
mounted in or on the hammer used tg produce the stress wave. Figure 9A shows
an impacting hammer with the larger |type of accelerometer mounted inside the
head. It is a very rugged tool with a padded handle to reduce mechanical
Qhock to the operator,

Figure 9B is a common ball peen machinists hammer with the small Columbia
accelerometer mounted on one side by ;means of a steel angle bracket welded to
the hammer head. The wiring is external, running alongside the wood handle
and taped to the handle. While we have used this extensively in field work,

the exposed external mounting s more susceptible to abuse and has



Figure 8,

Atcelerometers
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occasionally been damaged. With extd
deformed and the wiring may creep aroy
heavier type (A) of impacting hammer i

Note that the front of the acd
hammer face. When the blow is struck
steel head to the accelerometer. The
through the hammer head is very small.

The "stop" accelerometer is he

inspected. Figure 10 shows hand grips
type (A) and of the small type (B).
type (A)

usually in the cable connections.

is preferred for sturdines

Figure 11 shows one of the small i
bar clamp. This is used to attach a
location where space may not permit
Figure 10.

An accelerometer mounting device
panels is shown in Figure 12. The s
enough so the travel time through the
"start" accelerometer is mounted, to
time for the wave to travel directly
“stop” accelerometer.

Table 1 gives a steel
parallel-to-grain in undecayed wood is

about 66 in/ms.

three or four times that through the

stress w

So, the serpentine ¢

23

nded use the angle bracket may become

nd the handle underneath the tape, The

5 generally more satisfactory.

elerometer faces the direction of the
1 stress wave travels back through the

error induced by this small travel time

Td firmly against the material being

with "stop” accelerometers of the large
Both of these have been effective but
s. Problems, l

should they occur, are

iccelerometers fitted with an adjustable
"stop" accelerometer to a member at a
in

|using the hand grip units shown

|

r measuring stress wave timelin flat
erpentine steel structure must be long
Jteel, from the pendulum end where the
the "stop" acce]erometer, exceeds the
through the wood from the anvil to the
ave velocity of 196

in/ms. Velocity

almost the same. In decayed wood it is
ath through the steel should be about
if the tool

wood, is to measure the




Fiéure 10.

Stop Aagc

Elerometers with Handgrips

24



Figure 11.

Stop Accelerof

hdter with Adjustable Clamp



Figure

12.

Serpgn

tine

Accelerometer Frame
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velocity in decayed wood. As shown it

is adequate.
Velocity perpendicular to grain

possibly as low as 17 in/ms in de
transverse stress wave measurements td
should be about twelve times as long a

The frame could be modified to of
increasing the travel time through thd
shim of a material such as a silicone

A device of this type would be
velocity, or time, in the transverse
reached from the Tower face. A hamme

in such a tool.

OTHER USEFUL TOOLS

Wire brushes, scrapers and stiff |
dirt that have accumulated on timber S
sometimes useful to obtain good accele
of the wood more visible.

Increment core borers are useful i
wave results imply decay with marginal
cutters have also been used to obtain
chips or to sense decay by observing 1
penetrates.

These tools are all well K

Metriguard Inc. has a circui

trouble-shooting cable and acceleromet

27

Figure 12 the path length in the steel

is about 53

in/ms 1in sound wood and

cayed wood. To use this device for

find decay, the path through the stee]

5 through the wood (i.e., 196/17).

tain this extra length. Another way of

frame is to insert some high impedance

rubber or other similar material.

useful in measuring the stress wave

direction in decking which can only be

r might be used in lieu of the pendulum

putty knives are helpful in cleaning off

urfaces. Wire brushing rough lumber is

rometer coupling, and to make the grain

n probing timber areas where the stress

time or velocity determinations. Plug

samples. Augers can be used to obtain

the resistance to. drilling as the auger
nown to the bridge inspector.

t checker which can be used for

er maltfunctions. We found this useful
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- when we were using the small accelprometers in the field, but it has never

been needed when the large accelerompters were used.
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WOOD AS A STRESS WAVE MEDIUM

In this section of the report we wish to discuss stress wave behavior in
wood, to help the inspector interpret readings. The appendices discuss the

background in greater detail. They may be studied to enlarge upon the

summarized discussion in this section.

UNDECAYED AND UNTREATED WOOD

Theoretical and measured stress wave velocities in sound wood have shown
very good agreement. Theoretical velocity information is developed in some

detail in Appendix A.

Longitudinal Wave Travel
| Waves traveling parallel to the grain (fibers), i.e., Tongitudinally,
have velocities of about 227 in/ms for completely dry wood, 200 in/ms in wood
at 12% moisture content, and 174 in/ms at the fiber saturation point (FSP).
FSP is usually in the range of 214 to 30%, according to Table Al.
These values are not greatly affected by species, being +10% for most.

They are fairly typical for the Douglas-fir and southern pine most commonly

used in bridge construction.
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While it is generally conceded that moisture in excess of fiber
saturation has no effect on mechanical properties, there is a small decrease
in stress wave velocity at these higher moisture contents. This is believed to
be a dynamic effect which appears because the high particle velocities and
wave propagation rates are affected by the mass of the free water in the cell
cavities. The stress wave velocity decreases as meisture rises, to about 0.9
times the FSP velocity at 80% to 100% moisture content.

In above-ground bridge structures such high moisture content would be
unusual. In piling, underwater or near the water line velocities in undecayed
wood of 90% of the FSP velocities could be expected. See Appendix C for

further discussion.

Transverse Wave Travel

Velocities 1in either the radial or tangential directions are about
one-fourth to one-fifth of those obtained along the grain. Velocities in the
radial direction exceed those tangentially by about 25%.

Poles and piling are commonly inspected by passing the stress wave
transversely through the diameter. In a solid pole this path is perpendicular
to the annual rings (radial direction) and the undecayed wood velgcities are
about 55 in/hs at 12% moisture content, 48 in/ms at FSP, and possibly 42 in/ms
at 80% moisture content or more.

In solid timbers of good quality the shortest transverse wave path may be
either radial or tangential, or some intermediate direction, depending on how
the member has been sawed with regard to the pith (tree center).

Figure 13 shows possible paths in a pith center (boxed-heart) timber, It
mdy he difficult to know what velocity to expect for paths that do not pass

through a pith center, or are not clearly tangent to the annual rings.



— S TQngenﬁa/

(.Pr'ﬂq
ster -  _ Radial
_ \_/A—-— 7&n?en{-faj to
45° from Radrzl/

Figure 13. Transverse Stress Wave Paths Through a Rectangular Member
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Qur own work and that or others shows that the velocity along a path
through the wood which intersects the annual rings at 45° is lower than the
tangential value, and not at an average of the radial and tangential values
(see Figufe B7). The velocity through such material may be as low as half
that in the tangential direction. So, for timbers, velocities of 30 in/ms at
12% and 24 in/ms at FSP, may occur in perfectly sound wood.

This leads to quite a lot of variation in transverse wave times in sawn
timbers. However, és will be mentioned later, serious decay will result in
even lower velocities.

The inspector should watch the annual ring orientation and relate it to
the measured stress wave time, to interpret readings in sawn timbers and
glulam beams.

Table 2 gives stress wave times versus path lengths for undecayed wood in
thé longitudinal and transverse directions at 12% moisture content. The
larger transverse times will seldom be needed, except possibly in deck

inspection--certainly not for pole or stringer inspection.

TREATED WOOQD

The transverse stress wave velocity in Douglas-fir, completely penetrated
with creosote or Penta-in-oil, is gbout 65% of that {53 in/ms} in untreated
wood. This is the velocity to be expected near the ends of untreated poles or
timbers. For Douglas-fir or southern pine, the radial velocity in completely
penetrated treated wood will, therefore, be about 35 in/ms.

The transverse velocity through a treated pole can be estimated by the

following formula {see Appendix F):

D

V = 570194t + 0.0189D (2]
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Table 2. Stress Wave Time in Microseconds in Undecayed Douglas-fir at 12%
Moisture Content

Transverse
Path Length Longitudinal Radial Tangential 45°
inches @ 200 in/ms @ 55 in/ms, @ 44 in/ms @ 20 in/ms

5 25 91 113 251

10 ' 50 182 227 500

15 75 272 341 750

20 100 364 454 1001
30 150 545 682 1500

40 200 ' 727 909 2000

50 250 909 1136 2501
60 300 1091 1363 3000

70 350 1273 1590 3500

80 400 1455 1817 4001
90 450 1636 2045 4500

100 500 1818 2273 5000
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where D diameter in inches

or
1}

penetration of preservative in inches

Table 3 gives estimated velocities for poles of different diameters and
penetration depths, based on an untreated wood velocity of 53 in/ms and a
treated wood velocity of 35 in/ms.

These estimates imply greater precision that is actually justifiable, but
they do show that the effect of treatment for penetrations typical of
Douglas-fir poles, is not great. The conclusion is that treatment only
reduces the velocity in undecayed poles by 4% to 8% and can be ignored for all
practical purposes, in pole inspection.

The effect of.treatment of Douglas-fir timbers is generally not more than
a 10% reduction in stress wave velocity, except at ends where full penetration
of the treating fluid causes a reduction of 35%.

Dip treatments in Penta-in-0il cause less than 10% reduction in the
stress wave velocity, in most cases considerably less than 10%.

We do not have data for the effect of water-borne salt treatments. The
salt treatments do not materially affect the mechanical properties of the
wood, and since the moisture is largely lost upon redrying after treatment, we

believe the effect of these treatments on stress wave velocity, is negligible.

DECAYED WOOD

Decay in wood causes a loss of weight and a loss of strength and
stiffness {elasticity). As decay proceeds in the interior portion of a timber
or pole with a dry or treated exterior shell, a void may be left in the center
of the pole. However, long before the void develops, the effect of decay on
the elastic properties of the wood will manifest itself as a markedly reduced

stress wave velocity. FEquation [1] states:



35

Table 3. Estimated Transverse Stress Wave Velocity for Douglas-fir Poles at
Locations Away from End Penetration Effects for Various Penetrations
of Penta in Qil or Creosote

Penetration in Inches

Diameter 1 13 2
10 47.5 45.5 43.5
12 : 48.2 46.4 44.8
14 48.7 47.1 45.7
16 49,1 47.7 46.4
18 49.4 48.2 47.0
20 49.7 48.5 47.5
22 49.9 48.8 47.9
24 50.1 49.1 48,2
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If ED and o, remained proportional, one to the other, V would be unchanged
by decay, but they do not remain proportional. The dynamic or static elastic
moduli are degraded much more rapidly than the density. This is illustrated
in Tables E1 and E4. The longitudinal velocity decreased 29% with very Tittle
weight loss. The accompanying loss in dynamic elastic modulus was about 50%
and the strength loss about 30%. A 56% velocity loss was associated with a
27% weight loss, an 86% Toss in dynamic elastic modulus, and over a 99%
strength loss. A 70% vé]ocity Toss was associated with a 57% weight loss, a
99.5% loss in dynamic elastic modulus, and over 99% strength loss.

Also in Table E5 for transverse stress waves in southern pine, one
observes a 49% velocity 1oss associated with a 53% loss in dynamic modulus of
elasticity and a 50% strength loss. For small specimens, which could be
weighed, a 56% velocity loss was associated with a 63% loss in dynamic elastic
modulus and 79% strength loss, with a 50% weight loss. An 11% velocity loss
was associated with a 30% loss in ED and a 29% strength loss.

Either longitudinal or transverse stress wave measurements will detect
decay. Velocities which are half those of sound wood imply very -extensive
decay. Velocities which are 75% of sound wood values signify harmful decay.
Usually a timberrdoes not decay uniformly throughout its volume. Measurements
at different locations will provide contrasting sound wood and decayed wood
signals.

The transverse stress wave readings are most useful in identifying
decayed areas because if decay is present at all, it is likely to occupy a

substantial portion of the total stress wave path.
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Longitudinal paths can be long and decayed regions may cover a large part
of the cross-section, but a relatively small portion of the total path length.
I[f Tongitudinal measurements are made, they should be made over successive

short increments so the decay effects will be prominent.

TERMITE DAMAGED WCOD

Termites can produce considerable damage in wood without producing a
detectable reduction in longitudinal stress wave velocity.

In the case of transverse stress waves, termite damage has been observed
to cause a pronounced loss in stress wave velocity. This may be due, in large
part, to the destruction of the shortest path between accelerometers, and
diversion of the route through a longer path, with attendant "apparent
decreased velocity."

Usually termite damage aﬁd decay coexist in actual structures, if they
are present at all, whereas in Tlaboratory infected specimens fhe termite
damage may not be accompanied by decay damage.

Some additional study of the effect of termite damage on transverse
stress wave velocity would be very desirable,

Termites occur in the Northwest, but are not the scourge they present in
more southerly regions.

Table El1 provides some termite damage data. Figure ES contains some

observations on carpenter ant damage.

TEMPERATURE EFFECTS

Temperature affects the elastic properties of wood. The effect is quite

small. Table Cl and Figures Cl and C2 provide some direct illustrations of

the effect.
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In dry wood a 200°F temperature increase results in a 14% loss of elastic
moduius and 6% loss in stress wave ve]ocﬁty.

In wet wood the loss in elastic modulus is 25% with an accompanying 14%
loss in velocity for the same 200°F température change,

The velocity versus temperature relationship is nearly linear. An
inspector would not need to be concerned with temperature affecting the
measurements in the range of zero to 100°F at usual wood moisture contents in

highway structures.

Table €2 provides adjustment factors that combine the effects of

temperature and moisture content.

ESTIMATING STRESS WAVE VELOCITIES
Most highway structures are treated with either Penta-in-0il or creosote,
In the Pacific Northwest they are also usually Douglas-fir or possibly western

red cedar (for piling). Stringers and decking will be Douglas-fir.

Round Members

Treated poles have a shell of preseérvatively treated material about 1 to
13-inch thick, which will not decay. Decay, should it occur, will be in the
untreated core. The expected velocity of a stress wave passing transversely
through a treated pole can be estimated for a variety of assumed conditions.

Case 1. Determine the stress wave velocity for a treated Douglas-fir
pote, 14 inches in diameter, with one inch of treatment penetration. Assume
there is no decay and the moisture content in the above-ground portion of the
pole is 16% to 18%.

Referring to Figure 14, the stress wave path is radial. The velocity in

the treated part is about 35 in/ms and 53 din/ms in the untreated part. By
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Figure 14, Case {: Velocity and Time

for a Treated Wood Pole
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Figure 16, Case Il1: Velocity and Time

for a Treated Wood Pole With
Advanced Decay
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Figure 15,

Case I1: Velocity and Time
for a Treated Wood Pole With
Moderate Decay
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Figure 17. Case IV: Velocity and Time

for a Treated Wood Pole With
a Decayed Void in the Core
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equating the total travel time through the treated and untreated parts to that

through each of these parts, separately, an equation can be written which may

be solved for the expected stress wave velocity,

D
T

a

where )

Ty

2t

D - 2t
<t (3]

u

average stress wave velocity through the pole, in/ms
stress wave velocity in the treated shell = 35 in/ms
stress wave velocity in the untreated core = 53 in/ms
diameter in inches = 14

preservative peretration in inches =1

0.0571t + 0.018¢D - 0.0377t

D
0.0194t + (0.0189D

For this problem, Va will be 49.3 in/ms and the expected timer reading will be

284 microseconds,

Case 2.

Determine the stress wave velocity if the pole in Case 1 was

moderately decayed, so the velocity in the central decayed region was half the

velocity in sound wood and the inner six inches of the pole's diameter was

affected, as shown is Figure 15.
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The expected reading of the timer would be 398 microseconds.

Case 3.

Determine the stress wave velocity if the pole in Case 2 was

more severely decayed, such that the velocity in the center four inches was

207 of that in sound wood and the velocity in the part between the treated
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shell and this severely decayed core was 45% of Vu' This is illustrated in

Pigure 16,

14 2 ., 8 L4 2 + .8 ;4
\ia ¢ U.IEVU ﬁ.ﬁvu 35 " 2385 " 10.%
Va = 17.6 in/ms

The expected timer reading would be 795 microseconds.

These three cases show how the decay produces large changes in stress
wave velocity and very noticeable increases in timer readings.

It is not likely that an inspector will make calculations 1like this.
Possibly, after an inspection, when some timer readings are available, he
might find these calculations useful in helping with the interprefation.

Case 4. Sometimes advanced decay leaves a hole in the untreated core
which can not propagate a stress wave. Assuming the central four inches of
the pole in Case 3 was void, what would the stress wave velocity and time be?

Figure 17 illustrates the conditions. The stress wave would follow a
path around the hole. The shell distance will still be be about 2 inches.
The path through the decayed wood is about 12.6 inches. One could assume that
one third of this 12.6 inch path would be through decayed wood nearly
perpendicular to the annual rings, one-third through decayed wood at about 45°

to the annual rings and one-third though decayed wood about tangential to the

annual rings.
For undecayed wood we assume:
Vu in the radial direction is 52 in/ms
Vu at 45° to radial is 19 in/ms
Vu in the tangential direction is 41 in/ms

For decayed wood use 45% of these values.
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i . -_‘ 2 + 1‘:&?,2 + 4;2 + 4.2 B ‘
¥, ¥ "85 184 o
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14.7 in/ms

The expected timer reading, in this case is 953 microseconds.
These calculations for round members are fairly uncomplicated because the
angle of path to the plane of the annual rings is usually 90°. In sawn

timbers and glulam beams this will not so often be the case.

Rectangular Members

Bridge stringers are rectangular members of solid sawn Douglas-fir,
“treated with creosote or pepnta-in-oil. They are 5 to 6 inches wide by 15 to
19 inches deep. Occasionally wider stringers are used. Solid sawn stringers
are usually cut with annual rings as shown in Figure 18.

It is usually convenient to pass the stress wave through these stringers
transversely and horizontally at the mid-height and near the top and bottom.

Decay is, if present at all, likely to be in the middle or at the bottom
where the stringers bear on a pile cap. If water has penetrated the deck
decay potential may exist along the top, but we found that decks were
generally tight and dry.

[f decay is absent, the expected stress wave velocities can be taken for
the annual ring orientation to the wave path. Near mid-height the wave path
is usually radial, that is, perpendicular to the annual rings. With one inch
of preservative penetration the expected velocity for 6-inch wide stringer can

be estimates as follows:
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At 12% moisture content, VU VR = 55 in/ms, from Table A3. V,_ is 0.65

t
47 in/ms, or a timer reading of about 128

VR or 36 in/ms. This yields Va

microseconds.

For a transverse path near the upper or Tower edge of the member, where
the rings are almost parallel to the wave path, Vu = Vtangentia] from Table A3

for a value of 44 in/ms. Vt = 0.65 Y = 29 in/ms,

tangential

Va’ if the path is through 2 inches of treated wood and 4 inches of
untreated wood, is 37 or 38 in/ms and the timer reading should be about 160
microseconds.

At a location where the annual rings are at about 45° to the wave path,
V45 = 20 in/ms = Vu, Vt = 0.65, V45 = 13 in/ms, and Va computes as 17 in/ms or
a timer reading of 353 microseconds.

The reason these computed times are explained is to illustrate the
sensitivity of the reading you obtain to annual ring orientation, even in
decay-free wood, At three locations in this stringer, readings of 128, 160,
and 353 are possible,

An early experience in using tte stress wave method will show the variety
of readings one may get at a single section of good wood. The inspector has
to anticipate that these variations will occur. To locate decay he must
compare transverse readings taken at various sections along a member, to
search out abnormally large ones that suggest decay.

Severe, advanced decay in any of these sections will be shown by a
dramatic increase in the timer readings.

Values of Vu for a decayed area would be less than 50% of those for
undecayed wood in the preceding examples. For the wave path transversely
through the center, the cnmpufed expected velocity would be 29 in/ms, for a

timer reading of 207 microseconds. For the two other paths previgusly
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evaluated the results using decayed wood core properties would be Va = 24
in/ms for the location near the top or bottom, and 11 in/ms for a path that
traverses the annual rings at an angle of 45°. Thus for decayed wood the
readings would be 207, 250, and 467 microseconds. These values are listed in
Table 4, together with values for a member in an even more advanced state of
internal decay.

Inspecting the surface of a timber wil) help visualize the annua1.ring
orientation within, and perhaps the variation among readings taken at one
cross-section. In Figure 19 are sketches of the cross-sections and the figure
on the broad face of members with different annual ring patterns. Checks are
often present, following radial lines into the members. Pith centers often
display numerous face checks and sometimes abnormally shrunken wood {juvenile
wood}. Knots are also clues to ring orientation. Round knots are on a
tangential face. Long narrow wedge-shaped knots (called spike knots) appear
on radial or nearly radial faces. Oval shaped knots are on faces which are
more nearly at 45° to the annual rings., Juvehile wood associated with pith
centers often contains numerous very small knots representing small branches
that formed when the tree was young and became intergrown with the wood which

later formed around them. Some of the these characteristics are shown 1in

Figure 19,

Longitudinal Stress Wave Velocity Measurements

The detection of decay in a long member using longitudinal stress wave
time measurements is less successful than when using transverse measurements.
If access to the ends for applying the impact is possible, a "stop"

accelerometer placed at any position along the length will sense the arrival
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Table 4. Stress Wave Velocity {in/ms) Along a 6-inch Path Transverse to Grain
in Douglas-fir, Creosote Treated to l-inch Penetration (numbers in
parentheses are travel times in microseconds)

Direction of

Stress Wave Path No Decay Moderate Decay Advanced Decay
Radial .47 29 20

(128) (207) {300)
Tangential 38 24 17

(160) (250} {372)
45° to Annual Rings 17 13 11

(353) (467) (533)




Figure 16.

Appeararce of Figure as an Aid to Inferring Ring Orientation
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of the stress wave. The "stop" accelerometer must be placed so the front end
faces the approaching stress wave.

Interior decay will imhede the stress wave in that decayed region. The
wave may proceed, unaffected, through the treated and undecayed shell, to
which the accelerometer is attached. The wave velocity along the undecayed
shell would not be affected by the decayed interior material. Thus, the
stress wave may bypass the decayed portion with very 1little change in
velocity.

This behavior was illustrated in a test described in Appendix E. A
decayed 12 by 12 was used to determine travel times, than subdivided into
longitudinal sticks and ketested. Tables E2 and E3 show the very pronounced
reductions in transverse velocity in the decayed regions either in the 1?2 by

12 or the 2 by 12 sizes. Table E4 shows that longitudinal velocities, while

diminished by the decay, were not as markedly affected as was the case in the

transverse direction.

Longitudinal measurements are useful, but not as definitive as transverse

measurements in the detection of decay.

Hardware Influences

Bolted connections sometimes afford traps for water. Decay may develop
near Eo1ted connections if the bolts are loose and if the ho]es penetrate into
untreated wood. Testing near bolt holes is important.

It is a concern that steel bolts might provide an avenue by which stress
waves could bypass decayed regions. The stress wave velocity in steel is
about the same as the longitudinal velocity in good wood, and four times that
transversely in good wood. Thus a "short circuit" seems feasible, especially

when testing in the transverse direction.
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We tested many lap joints in bridges where 10 by 20 inch Douglas-fir
stringers ‘were joined together aver bearing caps, as in Figure 20,

The bolts were checked for tightness and, if necessary, tightened. We
. found that the velocity through a 20-inch thickness consisting of two tightly
bolted 10-inch members, was the same as through single 10-inch members. There
was no.effect of proximity to the bolt holes, or of the interface between the
members .,

In another field inspection of giulam timber with steel end hardware,
shown in Figures E1 and E2, we fdund no effect of hardware on velocities
measured transversely through individual laminae.

In yet another project we measured the longitudinal stress wave times in
mechanically laminated beams with continuous steel connectors of the type
shown in Figure 21. The steel plates which paralleled the taminae, did not
short circuit the stress wave paths through the wood. Distinct measurements
were obtained from stress waves passed longitudinally along Taminations.
These were used to compute the individual dynamic elastic moduli of each
lamina. The results obtained agreed with those made for the unassembled

members of the beams. These were for beam lengths of 16 to 20 feet.

GluTam Members

Transverse stress waves in glued-laminated members have been found to be
reliable measures of the properties of each lamination, even though the
laminations are very intimately adhered to one another. With the "start" and
"stop" accelerometers placed on one lamina, the characteristics of that lamina
can be obtained.

In glulam beams a transverse path through a lamina may pass through wood

with annual rings oriented perpendicular, parallel or at some intermediate



Figure 20.

Bolted Lap Joint Between Two Stringers
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Figure 21.

Steel

Reinforced Wood Beam
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angle to the rings. Each lamina would have its characteristic stress wave
time as indicated in Figure 22 for Douglas-fir at 12% moisture content.

In glulam beams, fungi may have difficulty penetrating glue lines, and
the susceptibility of adjacent lamina to decay, may differ. Sometimes decay is
confined to particular lamina, but not always. Our experience has been that

decay may occur in one lamina without affecting the stress wave velocity in

the adjacent lamina.
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LITERATURE CITED

Citations from the literature are made in Appendices A, B, C, and E. The

last page of each of these appendices presents the literature cited in that

appendix.

BIBLIOGRAPHY

We have developed a comprehensive bibliography from our literature
review, which includes all the publications or privately printed materials

that are relevant to the stress wave inspection topic. This bibliography

follows.
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APPENDIX A
THEORETICAL STRESS WAVE VELOCITIES IN CLEAR WOOD
An understanding of the relationship between stress wave velocity and
wood properties can be gained from theoretical considerations. The general

equation used in this discussion is:

v 2
Ey = 9—9 {A1]
in which Ep = dynamic elastic modulus in psi
v = stress wave velocity in inches per second
o = actual wood density in 1bs. per cubic inch but excluding
any water above fiber saturation
g = gravity constant of 386.4 inches per second per second

Values of the static modulus of elasticity can be found in the Wood
Handbook [1974] or in ASTM D2555 [1973]. These values were obtained from
bending tests. They should be increased by 10% to obtain the true static
modutus of elasticities. Dynamic modulus of elasticity is measured by very
short time tests, whereas static tésts require several minutes to perform.
Static test results include the effect of wood creep and their elastic modulus
resu1ts’need to be increased about 6% to obtain dynamic values. For these
reasons values of elastic modulus taken from the Wood Handbook or ASTM D2555

must be multiplied by 1.166 for use in the above equation.
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The values of static modulus of elasticity for Douglas-fir given in the
Wood Handbook are 1,560,000 psi for green wood and 1,950,000 psi for wood at
12% moisture content. The dynamic values, Ep, are 1,819,000 psi and 2,273,700
psi.

The specific gravity of various species are also found in the Wood
Handbook and ASTM D2555, They are listed for the green condition and for 12%
moisture content. They are based on the volume at either green or 12%
moisture content, and the oven dry weight. Thus the Wood Handbook and ASTM
D2555 values are not the actual specific gravities at these two conditions.
To obtain the density from these specific gravity values the following
procedure is necessary.

Coast Douglas-fir specific gravity Tisted in the Wood Handbook [19747, is
0.48 at 12% moisture content. One cubic inch of this wood contains 0.48 *
62.4/1728 = 0.01733 pounds of dry wood plus 12% of that weight in the form of
water. So its true density is 1.12 * 0.01733 = 0.0194 1bs/in3.

"~ Green Coast Douglas-fir has a listed specific gravity of 0.45. "Green"
means any moisture content equal to or exceeding the fiber saturation moisture
content. The absorbed water in wood occurs in two forms; that which resides
in the cell walls and that which is in the cell cavities. In living trees
both the cell walls and the cavities are occupied by water. When lumber or
poles dry {season} they lose the cavity water first, then the cell wall water.
Los; of the cell cavity water has no effect on the volume or the mechanical
properties {strength and elastic properties). Loss of the cell wall water
causes reduced mechanical properties and shrinkage.

When wood is green the cell walls are saturated and varying amounts of
cell cavity water may be present. The cell wall substance is fully swollen

and at its maximum volume at any moisture content upward from the fiber
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saturation moisture content. Fiber saturation moisture content is commonly
called the fiber saturation point (FSP).

To determine the density of green wood we need to know the FSP. It
varies according to species. Table Al, the most comprehensive table
available, from "Mechanics of Wood and Wood Composites" by Bodig and Jayne
[1982] Tists FSP values for many structural woods; When data is not available
for a species use 28% for low extractive woods such as true firs and spruces,
25% for woods of average extractive content, such as white pine, and 20% for
woods of high extractive content, such as locust or possibly bald cypress.

It is also important to know that the density in the stress wave formula
does not include the weight of cell cavity water,

| The value of density for green coast Douglas-fir, FSP of 26% from Table

Al is calculated as:

* *
p =120 2038 ¥ 628 . 0205 Tbs/in3

These densities and elastic moduli may be used to determine the
longitudinal stress wave velocities for coast Douglas-fir, green and at 12%.

The equation is:
E, g '
WA (2]

At the green condition, V is calculated to be 185 inches/millisecond, and at
12% moisture content it is 213 inches/millisecond.

To obtain values of velocity at other moisture contents it is necessary
to determine the density and dyramic elastic modulus at those moisture
contents. To obtain density, the shrinkage coefficient must be known and may

be found in Table 3.5 of the Wood Handbook [1974]. For coast Douglas-fir the
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Table Al. Fiber Saturation Point of Different Woods at Room Temperature (Bodig
and Jayne)

Fiber Saturation

Fiber Saturation

Species Point, % Species Point, %

Ash, White 24.0 Pine, Klinki 32.5
Basswood 32.0 Loblolly 21.0
Birch, Yellow 27.0 Longleaf 25.5
Cedar, Alaska 28.5 Red 24.0

Western red 22.0 Slash 29.0
Douglas-fir 26.0 Shortleaf 30.0
Fucalyptus 30.0 Redwood 22.5
Fir, Red 30.0 Spruce, Sitka 28.5
Hemlock, Western 28.0 Red 27.0
Larch, Western 28.0 White 30.0
Mahogany 24.0 Tamarack 24.0
Oak, White 32.5 Teak 22.0

Swamp 31.0 31.5

Yellow poplar
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volumetric shrinkage factor is 12,4% for moisture change from FSP to zero
moisture, The change is considered linear with percent change in moisture.
Volume at zero moisture content is 1 - 0.124 = 0.876 times the volume

green. Density at zero moisture therefore is:

00 = R Faieg = 0.01855 1bs/in?

The volume at 20% moisture content is:

1 - (6/26)(0.124) = 0.971 times the green volume,

so the density at 20% is:

_ 1.2 * 0.45 * 62.5
P20 © 0.971 * 1728

= 0.0201 1bs/in°

Values of Ep are required if the velocities are wanted at these other

moisture contents. The Wood Handbook contains the necessary equation on page

4-32:
E ( 12 - M )
D D12 EDG
where EDIZ = ED at 12%
M = moisture content at which ED is wanted
At zero moisture content:
(12/14)

It

2.2737)

Ep = 2,273,700($555 2,745,142 psi

At 20% moisture content:

2.2737)

Ep = 2,273,700(5°573 2,001,500 psi

Corresponding stress wave velocities are calculated as before.

At zero moisture content :
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V = 2x7456%g§825386'4 = 239 inches/millisecond

At 20% moisture content:

/2,001,500 * 386.4
0.0201

196 inches/millisecond

The stress wave velocities calculated above are all for the lTongitudinal
or parallel-to-grain travel path., If “elocities are wanted for other travel
directions the value of Ep in those directions is needed. Values of modulus
of elasticity in the Tongitudinal, radial and tangential directions are given
by Bodig and Jayne in a fairly comprehensive table in this appendix. This is
included as Table.A2 along with their fiber saturation points in Table Al.f

For coast Douglas-fir the ratio of radial to longitudinal E or Ej fis
0.067 and tangential to longitudinal is 0.043. The .radial and tangential
velocities can be calculated using 0.067 E, longitudinal and 0.043 ED
longitudinal. Or, more conveniently, multiplying VL by the sguare root of
either of these ratios. Thus, |

Vo = 0.259 V [A3]

L

Vo = 0.20? V. [A4]

Table A3 lists calculated values ofrstress wave velocity for a number of
wood species likely to be encountered in wood structures. The longitudinal,
radial and tangential velocities were obtained using adjusted static elastic
modulus properties and densities computed by the methods of the foregoing
discussion. The radial and tangential values are based on directional ratios
from Table A2, The combined tangeﬁtia]—radia1.transvérse velocities are based
on literature [1935] findings which we simptified to the form:

0.40(VR + VT)/2 [A5]
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The purpose of this discussion is to show that velocities are not highly
variable among species. Low density cedar and grand fir velocities are not
greatly different than high density longleaf pine or Douglas-fir, particularly
in the transverse direction.

In inspection work it is most useful to measure the velocity in a
transverse direction, i.e., across the grain. The reason for this will be
appreciated if one thinks about how decay develops in structures. It is often
localized. It occurs at points where conditions are especially favorable.
One‘part may harbor moisture, as at the bearing location of a beam, and the
rest may be too dry to support decaying organisms. Points of exposure,
bottoms of pilings, unprotected overhangs, rails and rail posts, tops of
poles, bases of columns in ground contact, waterline regions of freshwater
piles, and in buildings where accident or poor design or construction have
permitted wet conditions, are almost invariably localized.

In the case of treated timbers, centers may decay leaving sound treated
wood at all exposed faces. Longitudinal stress waves may propagate very
nicely through the sound shell of'the member, giving no evidence whatsoever of
the decayed central region. Or if the decayed area is short any effect it may
have will be masked by the good travel path in the remaining good wood.
Transverse measurements will detect the unsound core when longitudinal waves
will not.

Measurements made transversely enable the inspector to identify and
locate decayed areas. Longitudinal measurements do not lend themselves te¢
this interpretation, unless the mewber is very badly deteriorated. In angther
part of this report the effect of decay on stress wave velocity will be
discussed in specific terms. Then it will be noted that decay has a large

effect on elastic modulus, larger than its effect on density, especially in
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the early stages. Stress wave velocity is very sensitive fo this elastic
property change.

In pole and piling inspection, transverse stress wave paths tend to be
radial. Decayed centers divert .the path toward the tangential and lower
velocity material. In sawn timbers and glulam beams paths tend to be a
composite of the radial and tangential. Table A3 indicates that the
téngentia], radial or composite T/R paths have characteristic velocities, the
radial being about 25% higher than the other two. Significant decay, we find,
markedly reduces these velocities.

Table A4 Tists elastic property ratios.
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Table A4. Elastic Modulus Ratios
Er/EL Er/E
Douglas-fir
Coast 0.067 0.043
Interior IN & N 0.072 0.047
Southern Pine
Longleaf 0.078 0.054
Stash 0.076 0.053
Loblolly 0.075 0.049
Shortleaf 0.076 0.049
Cedar, Western red 0.086 0.048
Fir, Grand 0.064 0.037
Pine, Red, Norway 0.074 0.046
O0ak, Northern red 0.093 0.048

70
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APPENDIX B
EFFECT OF GRAIN DIRECTION ON STRESS WAVE VELOCITY
Grand Fir

This study determined the stress wave velocity versus grain angle at two
moisture contents. Data Qas obtained at 28%, which is close to the fiber
saturation point, and at 17% moisture content. We used grand fir because it
was available green from a mill, and Douglas-fir was unavailable.

Nominal (rough) 2 by 4's were surfaced and glued green into a panel
approximately 42 by 44 by 11 inches thick, using a phenol-resorcinol adhesive.
The annual ring orientations of the individual pieces in the panel varied from
flat to edge grained.

Stress wave velocities were measured at selected angles to grain at each
of the above moisture contents. We used the Metriguard Model 239A Stress Wave
Timer with a gain setting of 1:20.

Table Bl lists the data gathered. Figures Bl and B2 are plots of this
data. We fitted Hankinson type equations to this data. The Hankinson
equation has been found useful in describing properties as functions of grain
direction and is described in many references on wood technology and timber
design. K5 Y. Kim published a useful note on this equation in Wood and Fiber

[1986]. This type of equation was applied to wood crushing strength in 1935
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Table Bl. Stress Wave Velocity vs. Angle to Grain at Two Moisture Contents for

Grand Fir
Angle 28% 17% Angle 28% 17%
0 175 196 31 80 84
0 - 192 31 78 87
10 158 170 40 64 70
10 157 169 40 65 70
10 159 169 48 41 59
20 112 123 61 37 26
20 112 118 61 43 39
22 103 115 75 22 25
23 103 109 75 28 28
23 101 107 90 27 23
31 78 88 90 21 21
31 79 86
. 2 Wl !E
Hankinson: Ve = —3F 3T
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[Markwardt and Wilson] and has subsequently been found useful in describing
many property-grain relationships for wood. These are described in the Wood
Handbook, page 4-27 and Figure 4-3 of that reference. The form we first

examined was based on the equation in the Wood Handbook for elastic modulus,

2

using V- instead of E, since the stress wave equation defines E as

proportional to V2. We then used an equation of the form:

Ve

V. = [B1]
0 Vﬂ sin"e + VLcosne

with good results.

Jung [1979] and McDonald [1978] have each obtained similar velocity
versus grain angles relationships for other species of wood at other moisture
contents.

Using stress wave and density data available from this test we calculated

the dynamic elastic modulus, E_, using densities of 0.0158 1bs/1‘n3 at the

D,
green condition and 0.0153 1bs/in> at the 17% condition. We obtained:

17% 28% (green)

Dynamic E parallel-to-grain 1,490,245 psi 1,252,636 psi
Dynamic E perpendicular 19,164 psi 25,553 psi
Ratio perpendicular/parallel 0.013 0.019

As these ratios were considerably lower than those anticipated from other
published information on grand fir we cut specimens from the test panel for a
static test of the perpendicular-to-grain elastic modulus. The tests showed
this value to be 16,528 psi static, which converts to a dynamic value of about

18,000 psi. This indicated that the particular material we were working with
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did, indeed, have a somewhat low perpendicular-to-grain elastic modulus. The

value found in the Titerature for typical grand fir is E /E = 0.05.

Douglas-fir and Southern Pine

Two panels measuring 48 by 48 by 3/4 inches, one southern pine and the
other of Douglas-fir were evaluated for stress wave velocity and grain angle.
The ring orientation of the individual pieces composing each panel was
randomized, from flat to edge grain. Moisture content at the test condition
was 104 and densities were 0.0191 1bs/in3 for the southern pine, 0.0185
1bs/in> for the Douglas-fir.

Test results appear in Table B2 and curves plotted from those data appear
in Figures B3 and B4. Values of dynamic elastic modulus derived from the
measurements at zero and 90° to grain are presented in Table B3. These values
display ratios in general agreement with what might be inferred from published
data. Ratios of radial to Tlongitudinal and random radial-tangential to
longitudinal are probably similar, Based on McDonald's [1978] Table B4, the
Douglas-fir ratio appears low. It is of the proper order of magnitude, and it
is necessary to acknowledge that these panels may differ from the norm
obtained with larger samples of wood. It is noted that the Tongitudinal
elastic modulus for the Douglas-fir in McDonald's study is quite low for the
species.

~In each of these cases the material used was not selected to be
representative of the species. This was not important since the stress wave
velocities are proportiocnal to (E/p)%. E varies with p within a species and
the ratic is not highly sensitive to within-species properties variations.

The grain angle effect which was being investigated would not be expected to
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Table B2. Stress Wave Velocities at Various Angles to Grain for Douglas-fir
and Southern Pine (10% Moisture Content)

. Douglas-fir Southern Pine
Angle to Crain {velocity in inches/millisecond)

o 170 200
0 170 210
0 197 210
0 180 180
7 170 170
7 170 190
7 177 190
7 180 ° 180
15 150 153
15 150 160
15 150 150
15 150 150
21 130 130
21 127 130
21 120 130
21 120 130
28 110 110
28 110 : 110
28 100 110
33 95 94
33 93 99
38 85 72
52 61 63
57 &7 59
62 4y 52
62 &3 52
62 L4 55
€9 37 49
69 40 48
69 37 49
69 35 48
75 31 46
75 33 46
75 31 46
75 3 46
83 30 b
83 33 45
B3 29 45
83 31 44
S0 30 42
90 32 &4
S0 32 44
50 30 44
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Table B3. Elastic Constants for Douglas-fir and Southern Pine Derived from
Stress Wave Velocities and Density

Douglas-fir Southern Pine
Parallel-to-Grain ED 1,534,054 psi 1,977,226 psi
Perpendicular ED 46,011 psi 91,397 psi
Ratio Perpendicular/ 0.030 0.046

Parallel
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Table B4. Stress Wave Velocities in Dry Wood Reported by McDonald

Longitudinal Radial Tangential T/R
Douglas-fir {dry) 171 78 70 _ 68
Western red cedar (dry) 230 85 78 75
Eastern white pine (dry) 171 97 61 73
Ponderosa pine (green) 173 64 57 56
Beech (dry) 260 78 70 68
Hickory (green) 207 , 89 66 71

Red oak (green) | 162 80 70 69
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be sensitive to the choice of the material as long as it was normal wood in

sound condition and of reasonable quality.

" Other Tests

J. Jung [1979] conducted research on the grading of i-inch thick red oak
veneer and reported the results depicted in Figure B5. The wood was at 12%
moisture content, whi?e they do not cover the entire range from Tongitudinal
to transverse, the curves are quite similar to others obtained in our studies,
Jung does not present any measurements for transverse-to-grain stress wave
velocity. He wused the James V- Meter and both James and Metriguard
accelerometers, obtaining results within +8%,

Kent McDonald [1978] conducted studies on 3/4-inch thick boards submerged
in water, He used a through transmission ultrasonic technique similar to the
James V-Meter approach. Immersion in water was to obtain good "coupling"
between the wood and the accelerometers. He tested several species and
reports the velocity measurements (converted to inches/millisecond) taken from
2 inch cubes cut to get longitudinal, radial and tangential grain velocities
as shown in Table B4.

The "dry" moisture content is not given in the report. It is implied
that immersion in water was not long enough to alter the wood moisture content
during the tests.

The McDonald data is the only reference material on transverse stress
wave velocity, at different annual ring orientations. It is probably on
species not commonly used for highway bridges, and the values are larger than
those we have usually observed for softwood species. Probably the specimens

were very dry when tested, and we know they were very small in size.
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Other references [Bodig, 1982; Markwardt, 1935; FPL, 1944 and 1974]
provide values for elastic modulus in compression perpendicular to grain and
at various ring orientations. Theoretical values of stress wave velocity
ca]cd]atedrfrom these data are presented in Figure BS,

McDonald's grain angle effects were shown on graphs, reproduced in
Figures B6 and B7. They are not identified as to species, probably
representing an average of the various species tested. Figure B6 is similar
to our results for Douglas-fir, southern pine and grand fir, but McDonald's
parallel-to-perpendicular velocity ratio is only 2.5, whereas ours were 3, §
and about 8, respectively.

Figure B7 is an important relationship, showing the tangential velocity
to be less than the radial, -and 45° to either to be less than either. This is
the only information we are aware of on this relationship and we have
attempted to use it in our interpretations.

Figure B8 s more Tikely to represent the relationship in softwoods at

usual in-service moisture conditions.
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APPENDIX C
MOISTURE AND TEMPERATURE EFFECTS ON STRESS WAVE VELOCITY
One would expect that moisture and temperature effects on elastic modulus

(E} and density (p) would be reflected in stress wave velocity according to

the equation:
- [c1]

where g s the gravity constant, 386.4 inches/secz. This appears to be
app%oximately true within the range of zero to fiber saturation, but not with
precision. This review of available information has been made to determine
how adjustments should be made for these two environmental factors.

James '[1961] made a very carefully executed study in the 0-160°F
temperature range and the oven-dry to fiber saturation (0-27%) moisture
content range on Douglas-fir. He used 280 specimens approximately 2 by 2 by
40 inches long, in 40-specimen groups, each conditioned to a different
moisture content at 80°F. After measuring stress wave velocities he changed
the temperature with no change in moisture content and measured the velocities
at 0, 38, 120, and 160°F. The log-decrement for Tongitudinal sound waves was

obtained and the velocities and dynamic moduli of elasticity were calculated.
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At the time he did this, the type of equipment we have been using was not yet
developed.

Table C1 provides his results and Figures Cl1 and C2 show these
graphically. These are very clearly defined relationships on one of the most
commonly used species found in structures of all kinds. Using James results
we prepared Table C2 which permits applying correction factors to any
temperature and moisture condition likely to be encountered in wood structures
which are not actually used wet.

The longitudinal stress wave velocity is 210 inches/millisecond at 12.8%
moisture content and 80°F. This agrees with our thescretical value in Table A3
for coast Douglas-fir. Adjusting to the FSP using Table C2 factors gives 188
inches/millisecond, not too different from our theoretical valué of 185
inches/millisecond. The factors also provide adjusted transverse velocity
values that agree nicely with those computed from theory for Coast
Dougias-fir. For the southern pines and red (Norway) pine agreement also
appears reasonable when the Table €2 factors are used.

Burmester [1965] made a study'of moisture content in a European pine,
probably Scots pine, which is widely cultivated in Germany. His graph of
Tongitudinal stress wave velocity versus moisture content appears as Figure
C3. He obtained 224 inches/millisecond at 12.8%, and using the factors from
Table C2 this would correct to 230 at 2% (he obtained 243) and 200 at 27% {he
obtained 205).

The Burmester study included a point at 150%, well above the FSP. This
indicates that longitudinal stress wave velocity decreases as moisture rises
above FSP. The decrease is very small, about 0.2 inches/millisecond for each

percent above fiber saturation. He did not assert that this relationship was
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Table C2. Stress Wave Velocity Adjustment Factors for Temperature and Moisture
for Douglas-fir :

Moisture Content Temperature °F
z 0 38 80 120 160 200
1.8 1.060 1.048 1.029 1.019 1.010 0.995
3.9 1.057 1.038 1.020 1.010 1.000 0.986
7.2 1.080 1.020 1.004 0.986 0.976 0.962
12.8 1.030 1.014 1.000 0.986 0.971 0.952
16.5 1.010 0.990 0.971 0.952 0.933 0.910
23.7 0.948 0.933 0.914 0.881 0.866 0.829
27.2 : 0.933 0.910 0.895 0.857 0.840 0.805
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Tinear, hence the dashed line in his graph. Other studies shows that it is
not linear, but falls at a diminishing rate with increasing moisture content.

Gerhards' [1975] investigation on sweetgum (ligquidamber styraciflua), a

common species of hardwood found in the southern United States, is of interest
mainly because of the paucity of any data on moisture effects. Sweetgum is
not commonly used in structures which might require inspection. Its density
and elastic properties are similar to interior Douglas-fir and loblolly (a
southern) pine. Gerhards' curve is presented in Figure C4. His specimens
were 96-inch long 2 by 4's. He used a stress wave timer 1like the Metriguard
instrument, with simitar accelerometers, for a longitudinal pulse.

Our Table €2 adjustment factors do not fit these sweetgum results.
Sweetgum is a dfffuse-porous hardwood and unlike the softwood species to which
Table C2 adjustments appear reasonable.

Gerhards defines the stress wave velocity changes in the wet region,
showing the change to occur at a diminishing rate with rising moisture
content.  He shows the same amount of change as Burmester (30
inches/millisecond from FSP to 150% moisture content). Buf most of this
change occurs between FSP and 80%, very little thereafter.

This reduction in stress wave velocity at moisture levels above fiber
saturation seems inconsistent with the commonly accepted idea that no volume
or property changes occur in this range. Gerhards suggests possible moisture
content gradients in his specimens might offer an explanation, but his method
does appear to have been carefullv executed and the conditioning carefully
done. Perhaps the added weight of free water in the cell cavities, even
though not affecting cell wall properties, does act as a mechanical impedance
which shows up jn dynamic measurements but not in static tests. In any event

we must note and acknowledge these observations.
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As a matter of further interest we include Figure C5 showing static
bending elastic modulus obtained by applying a Tload at midspan with a
span-depth ratio for the mémber of about 60. At this large value these
elastic moduli should be very close to the true E. In the hygroscopic range
(0 to FSP) the ratios of static to dynamic E are a little higher than we
assumed in our theoretical computations of expected stress wave velocities, in
Appendix A.

Gerhards obtained the upper curve in Figure C5, computing dynamic E from
his stress wave velocities and density determinations. By omitting .the weight
of free water in computing, we modified his curve, to obtain the dashed line.
Our choice of a fiber saturation wés speculation, and is subject to question,
but the general effect is interesting. We could find nothing in the technical
Titerature on sweetgum FSP.

As a part of the current work, we studied the effect of temperature on
four pieces of Douglas-fir lumber, 2 by 10 by 30 inches long. Velocities were
measured longitudinally and .transversely at 33, 70 and 110°F. The moisture
content at 33 and 70°F was about 8%, At 110°F it was probably close to oven
dry. The results are in Table C3. Figure C6 also shows these results. If
the woaod had not dried out in a substantial way {as it must have done, at
110°F) the stress wave velocity at that temperature would have been Tlower.
The numbers in parentheses in Table C3 are adjusted values to 8% moisture at
110°F,

Aggour and Ragab [1982] produced a very useful study of piling using the
stress wave technique. They examined piling, piling sections both treated and
untreated, and small beam specimens cut from piling. Their research is very

relevant and we cite some of their results on moisture content effects.
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Table C3, Stress Wave Velocity vs. Temperature for a Douglas-fir Sample
Longitudina?l Transverse
Moisture SWY Dynamic SWV Dynamic
Temperature Specific Content in/ MOE in/ MOE
°F Gravity % millisec  10° psi millisec 106 psi
33 0.48 12 214 2.04 71 0.23
70 0.48 12 205 1.87 67 0.20
110 0.47 0 205 1.84 65 0.19
(198) (63)

Note: Numbers in parentheses are values adjusted to 8% moisture content.



140

TEMPERATURE EFFECT

99

220 -

200 -

180 S

160 -

VELOCITY (IN/MS)
P

120
100 -
80 4
60 -

40

|

e -

LONGITUDINAL—

TRANSVERSE ----

30

Figure (6.

TEMPERATURE (°F)

Effect of Temperature on Stress Wave Velocity in Douglas-fir



100

They used the James V-Meter with the piezoelectric pulsing unit and
accelerometers. Their results were both longitudinal and transverse with
transverse results tending to be radial velocities, owing to the circular
shape of their research material.

Figure C7 shows their Tongitudinal stress wave velocities. The values
for untreated red oak and southern pine are lower than our theoretical values.
This may be a coupling characteristic of the James Y-Meter transducers. Other
than that, the shape of their curves support the findings of James and
Burmester. Their southern pine values are lower than those of red oak. We
would have expected them to be higher.

The Tongitudinal stress wave velocities in Figure C7 for untreated
southern pine are about 15% greater than those for the southern pine treated
with creosote solution to retention of about 10 1bs per cubic foot. We
measured the velocities in southern pine lumber at 12% moisture content, then
again after the specimens were treated with Penta in light petroleum solvent
to a retention of 8 1bs per cubic foot and found that the velocities (in all
the directions to grain) were 5% to 6% less for the treated material.

Figure C8 shows results for transverse stress wave velocities. It does
not appear that the differences in treated and untreated southern pine is of
much consequence for transverse paths of wave travel.

Aggour and Ragab obtained values of dynamic E by calculation from density
and velocity data, shown in Figures C9 and C10, very much like those of
Gerhards in the range above FSP. By discounting the free water in the cell
cavities, we plotted the dashed Tlines. The loss of velocity with rising
moisture content above FSP confirms Gerhards results for longitudinal wave

paths. In the case of transverse paths the effect is present but small.
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Most inspection work will be accomplished by measuring velocities at 907
to the grain direction. The effect of moisture conteﬁt above fiber saturation
is almost too small to cause any misinterpretation of findings when decay is
present,

In the range below fiber saturation for structures not immersed in watér,
the correction factors in Table C2 will be useful.

Treated wood should show velocities about 15% lower than sound untreated
wood values for creosote and 6% less for Penta in light oil.

For water-borne salt treatments we do not believe there will be any
significant effect of the treatment on the velocity. Wood so treated will be
slightly wetter than untreated wood in the same environment, due to the
hygroscopic nature of the salts. If much work is to be done on salt treated
highway structures, some further study of the moisture effects and treatment
effects might be desired. Usually for highway structures, oil-borne
treatments or creosote are the preferred treatments because of their

resistance to excessive air drying and attendant checking of the large

members.
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APPEND:X D
EFFECT OF PRESERVATIVE TREATMENT

We prepared six specimens of southern pine, each 7/8 by 14 by 381 inches
long. We cut these from a large 44 by 48 inch edge glued panel cut so the
grain direction were at 0°, 10°, 22.5°, 45°, 67.5° and 90° to the specimens
Tong axis. |

The material was conditioned to 12% moisture content. The stress wave
velocity was measured for each piece at these conditions. The pieces were then
immersed in a tank of Penta dissolved in light petroleum solvent (Diesel oil)
for sufficient time to produce good penetration of the treating fluid.
Because of the end-grain exposure and the sapwood éontent of the pieces we
were able to obtain good penetration without the use of heat or pressure. The
retentions are listed in the tables.

Upon completion of the treatment the stress wave velocity was measured
immediately after removal from the treating solution and again, after two days
of draining and evaporation at room temperature.

The results appear in Table Dl. The effect of the treatment was to
reduce the stress wave velocity about &%. The amount of retention did not
have a distinct effect on this reduction. Evaporating and draining off of the

excess treating fluid apparently did not affect the amount of fluid in the
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cell wall substance of the wood. It is known that petroleum solvents do not
have the same effect on properties that is caused by water, probably because
it does not form hydrogen bonds with the cellulose.

The retention of treating fluid should not affect the static E of the
wood. It may affect the dynamic value because a greater mass must be
accelerated by the stress wave impulse.

Table D2 1lists computed dynamic E using the stress wave velocity and
density of the treated and untreated wood. We have not perceived any large
effect of treatment on the dynamic E, only a tendency to increase with
increasing density. Possibly, in the course of evaporation and drainage, some
moisture was Tlost, thereby accounting for a small increase in elastic
properties for the larger grain angle specimens, because of the large amount
of end-grain exposure,

Research on treatment effects could provide a better understanding of
this process. We have found very little of this in the relevant literature.
It is probably not justified in terms of the objective of this project.

Water-borne salts (CCA, Wolman salts, Boliden salts, etc.) have little
effect on stress wave velocities in sound wood. The weight of retained salt
after these treated timbers have been dried is very small. Salts do have an
affinity for water and will shift the equilibrium moisture content of the wood

upward a few percent. Effects would be conventional moisture effects.



Table D2. Effect of Treatment on Dynamic Modulus of Elasticity
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Grain ED ' ED ' ED
uﬂ'g'?li Untreated REt:::‘men 10° psi Retsz};mn 10° psi
107 psi

0 2.023 5.1 2.084 2.9 2.067
10 1.159 9.5 1.185 6.4 1.143
22.5 0.764 7.2 0.797 4.6 0.781
45 0.415 7.3 0.413 4.6 0.418
67.5 0.189 8.6 0.199 5.6 0.206
90 0.139 8.2 0.149 5.6 0.152
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APPENDIX E
THE EFFECT OF DECAY ON STRESS WAVE VELOCITY

Experience using the stress wave velocity method has shown that decayed
material displays a very Tow velocity. Transverse wave travel paths give more
reliable results, but, with good attention to correct technique either
longitudinal or transverse measurements can be efféctive. High stress wave
travel times of course, correspond to low stress wave velocity.

In 1978 Hoyle and Pellerin reported their use of the method for locating
decayed. regions in the exposed ends of glued-laminated arches in school
buildings. These were Douglas-fir arches and they were not treated with any
wood preservative. They were 5} inches wide and 224 dinches deep. A
Metriguard Stress Wave Timer was employed. The impulse was generated by a
light blow from a hammer which had an acce]efometer firmly attached to the
head. A second accelerometer was fitted with a hand grip so.it could be held
firmly against the wood member. We employed this method on the ends of 38
arches, for distances from 5 to 12 feet from the ends, predetefmined to be the
problem area. Stress wave time was measured transversely, through each
lamination, and plotted as in Figures E1 and E2. These values of velocity are
a tittle higher than suggested, because, at the time this work was done, we

had not learned to set the "Gain" correctly. Repairs were ordered on the
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basis of these results and inspection of the material removed and reﬁ]aced
showed that decayed areas were accurately located,

Velocities less than 50 inches/millisec. were considered to imply decay,
and the degree of decay correlated inversely with the velocity (directly with
the'trave] time). The transverse velocity readings for sound wood at 12%
moisture content is, theoretically, about 46 inches/millisec. Figures El and
E2 show how we identified the decayed regions,

In 1986 eighty-four bridge timbers [Hoyle, 1986] were inspected with
similar equipment. At the time the gain settingé were set somewhat
differently than in the school inspection project and it was determined that
stress wave velocities of 25 inches/millisec or less would imply decay. The
members were solid sawn Douglas-fir treated with creosote in o0il, to a
penetration of 1 to 14 inches. The structure had been in place for over 30
years.

The vast majority of readings were 40 to 70 inches/millisec. transversely
through the 10-inch width of these 10 by 20 inch beams. Readings of less than
25 inches/millisec did show decay, rather minor at 20, and very severe at 10
inches/millisec.

Figure E3 shows a severely decayed and insect damaged section which was
measured with results shown in Figures E4 and E5. The transverse readings in
Figure E4 correlated well with the damage. The longitudinal readings in
Figure E5 illustrated the superiority of the transverse wave readings. With
the impuise applied at the center of the decay-free end {point 0) and received
at points A, B, C and D we obtained sound wood indications for paths 0B (186)
and 0C (219}, and questionable readings for wood quality at OA (132) and 0D

(108). These Tongitudinal readings did not discern the damage nearly as well
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as the transverse values. The stress wave by-passed damaged areas when a
direct path through good wood was open to it,

Field experience has shown that deep seasoning checks {splits) can cause
Tow velocity readings (high travel times) which appear to be simply forcing
the stress wave to follow a circuitous route from one accelerometer to the
other. This may suggest decay when none exists, especially in large timbers
or pilings. These checks are usually visible. By moving the acce]erpmeters
so the path of the wave is not interrupted by the seasoning check it can be
determined whether the cause of the low velocity is the check or decay.

Decay has two effects. One is a reduction of the elastic modulus of the
wood. The other is a decrease in density. If these effects were proportional
to on the another the ratio E/p would be unchanged by the decay and the stress
wave method would not show any velocity loss in the presence of decay.
Fortunately these two effects are not proportional. Elastic modulus Tloss
proceeds much more rapidly than weight loss.

Based on data by Wang, et al. [1980] it can be shown that a 14% loss in
density would be accompanied by a 70% loss in elastic modulus. This would
correspond to a 40% loss in velocity by the stress wave method.

Pellerin and Vogt [1986], and Pellerin, et al. [1985], carried out a
detailed study of the effect of decay and termite damage on stress wave
velocity. This work, completed in 1986, was sponsored by the U.S. Forest
Products Laboratory, which prepared the decay and termite damaged specimens in
their Tabs. They used 500 specimens of southern pine wood, 3/4-inch square by
12 inches long, conditioned to an initial moisture content of about 9%.

One group of 150 specimens was exposed to decay by the brown-rot fungus,

Gloephyllum trabeum. Another groun 175 specimens was exposed to damage by

subterranean termites. The remaining material was used for controls. During
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the exposure periods, 25 specimen sample lots were withdrawn at intervals and
evaluated by longitudinal stress wave measurements and mechanical compression
parallel-to-grain tests. The results are presented in Table El1 and Figure E6.

The decay process requires moisture levels above 19%, as does the termite
degradatfon process. The exposure procedure is conducted in the presence of
moisture which raises the wood to a moist condition favorable to the fungi and
termites. Pellerin and Vogt combuted dynamic elastic modulus values using
stress wave velocities as measured, and the initial density of the sﬁecimens
because they found that dynamic elastic modulus determined in this way
provided a better correlation with deterioration in terms of weight loss. In
presenting their results we have used the actual density rather than the
initial density for our dynamic values. Pellerin and Vogt also measured the
stress wave velocity at the decay moisture content, and made compression tests
after reconditioning - to 9%. Since "in situ" structures cannot be
"conditioned" for inspection, we have used their unconditioned stress wave
velocity determinations in this discussion.

Figure E6 reveals an initial velocity reduction which must be due partly
to the moisture gain to induce decay, and partly due to the decay fungi attack
on the wood substance. Southern pine at 25% moisture content would be ciose
to fiber saturation and, if undecayed, wou?d display a stress wave velocity of
around 170 inches/millisec. This explanation notwithstanding, Figure E6 shows
a high initial loss in velocity for a relatively small weight loss. Wang,
et al., observed a similar rapid initial elastic modulus Toss with little
weight Toss, and the calculated velocity loss from their data would be equally
rapid.

Figure E7 also shows the initial rapid change in dynamic elastic modulus,

not entirely explained by moisture change. The compression strength and
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dynamic modulus of elasticity curves fall to lower values as decay weight loss
proceeds, in a tandem manner. Thus, it is evident that the effect of decay on
stress wave velocity is a consequence of changes produced in both E and 0.

A 50% drop in stress wave velocity at 9% moisture content would imply a
very seriousiy decayed condition with only a 25% weight loss. An 80%
reduction in elastic modulus and an 85% reduction in compression strength
would accompany this velocity loss. | |

A 25% reduction in stress wave velocity accompanies a very small weight
loss, but a substantial strength strength and stiffness loss. Allowing for a
25% moisture content of the decaying material, the reduction due to decay
would be 70% in elastic modulus and compression strength.

It 1s rarely possible to conveniently determine weight loss by field
inspection methods.

We could anticipate similar effects of decay on stress wave velocity
across the grain., To test this assertion another study like that of Pellerin
and Vogt has been conducted as a part of this project (see Appendix G). In
that study only the effects of brown-rot fungus (not termites) were examined.
The species was Douglas-fir. The specimens have been made with the grain
oriented at 90° to the long axis, so that transverse stress waves may be
applied in the long specimen direction. Appendix G shows that the SWV 1in
decayed wood is less across than along the grain. Sound wood tested in the
radial and tangential directions displayed SWV's of 40 to 50 in/ms., while the
SWY at 45 degrees to the annual rings was 25 to 30 in/ms. For moderate decay -
the SWV along tangential and radial paths was 30 to 40 in/ms and 20 to 25
in/ms at 45 degrees to the annual rings. For severe decay tangential and

radical velocities were about 20 or less, and there was not a great difference
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between this and the 45 degree direction. Fifteen in/ms is certainly indica-
tive of a very severe decay problem,

Termite damage in Pellerin and Vogt's study, had Tittle effect on stress
wavé velocity according to the results shown in Table El. The termite damage
occurred primarily in the low density earlywood (spring-wood} portions of the
annual rings. It is apparent that the compressive strength and stiffness are
affected by the termite attack but to a lesser degree than the brown-rot
fungus decay. The stress waves are able to propagate through the more or less
intact Tatewood (summerwood) even though the earlywood has been extensively
degraded. The extent to which this insensitivity of longitudinal stress wave
velocity to termite damage might occur for the transverse direction is not
known. In the field observations on the carpenter ant damaged Douglas-fir
bridge stringer, mentioned previously, the transverse velocity was markedly
affected by the insect damage. Hunt and Garratt [1938] note that carpenter
ants preferentially attack earlywood, as do the termites. A study of insect
damaged wood's reaction to transverse stress waves is desirable to clarify
this matter.

As part of the current project, a section of Douglas-fir bridge timber
which had been in ground contact and was partially decayed, was examined in
detail. The member was approximately 12 by 12 by 27 inches long. Its gross
density was 29.3 1bs/cubic foot as collected, partially decayed.

Referring Figure E8, measurements were made transversely and
1ongitudind11y. The results listed in Table E2 are for the transverse
difection. _ |

The timber was then sawed into boards approximately 2 by 12 by 27 inches
Tong and the stress wave velocity was measured in each board, transversely,

with results listed in Table E3. The poor condition of boards 5 and 6 is
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Table E2. Transverse Stress Wave Velocity in 12 by 12 Douglas-fir Bridge

Timber
Velocity Velocity
Path in/ms Path in/ms
1-1 31 A-A 11
2-2 30 B-B 22
3-3 27 C-C 14
4-4 20 D-D 13
5-5 6 ' E-E 7

6-6 3 F-F 20




127

Table E3. Transverse Stress Wave Velocity in 2 by 12 Boards Cut from 12 by 12

Douglas-fir Bridge Timber

Weight Stress Wave Velocity (in/ms)

Board 1bs Center  End 1 End 2

1 11.3 28 29 15 decay

2 11f8 32 19 split 18 decay

3 11.2 31 16 split 16 decay/split

4 10.8 25 17 split 12 decay

5 10.0 -- -- --

6 6.6 -- - --

Missing data is for boards too fragile to measure.
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reflected in the low velocities obtained for path 5-5 and 6-6 and reported in
Table E2. It s evident that the decay in this part of the timber was
selectively identified before the timber was cut into boards. The board
weights in Table E3 indicate decay increasing in severity toward the bottom
board number 6.

TabTe E4 1lists stress wave velocities at various longitudinal paths
through the timber before it was cut into 2 by 12-inch boards and after it was
cut into 2 by 2-inch sticks. With each réduction in piece size the alternate
paths for stress wave travel become more confined. The object of this
exercise was to see if this isolation caused any change in the velocities
along particular paths.

Velocities in the 2 by 2-inch specimens were measured immediately after
cutting from the Z_By 12-inch boards and again, after they had air dried for
- several days to approximately 12% moisture content.

This timber specimen was about 18% to 22% average moisture content when
it was taken from its location on the ground, under the bridge. The piece was
partially decayed and in some places where fungi were active, it may have been
at the higher end of this moisture content range, while at other places {the
exposed top) it probably was less than 15%.

Portions marked 5 and 6 were néar the ground contact side and were most
badly decayed. When cut into 2 by 12's and 2 by 2's, these pieces tended to
fall to pieces, although some of them could be measured with the stress wave
timer. Table E4 shows Tow velocities for some of the portions marked 5 and 6.

A longitudinal velocity for sound wood would be about 185 to 190
inches/millisec. at 15% to 22% moisture content. The velocity in much of this
piece showed only 70% of the sound wood value. As with the transverse stress

wave measurements, the decay in this member is evident.



Table t4. Longitudinal Stress Wave Velocity in Douglas-fir Timber

Decayed Portions: (a) as 12 by 12, (b) as 2 by 12's, and- (c) as 2

by 2's
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Containing

Stress Wave Velocities (in/ms)

Position of 12 x 12 2 x 12 2x 2 2 x 2 Conditioned
Accelerometers
SWV WT. SWY WT.
LBS LBS
Al 188 182 182 1.73 179 1.70
Bl 174 170 177 1.87 184 1.79
Cl 149 157 157 1.79 167 1.69
D3 135 167 175 1.61 179 1.51
El 150 178 177 1.66 177 1.59
F1 170 177 185 1.88 180 1.85
A2 192 201 199 1.70 209 1.63
B2 192 205 205 1.89 223 1.72
C2 163 184 191 2.03 204 1.74
D2 141 164 163 1.82 184 1.59
E? 154 170 174 1.72 183 1.58
F2 178 188 182 1.87 183 1.80
A3 148 164 159 1.32 180 1.23
B3 161 177 182 1.54 205 1.33
C3 164 184 182 1.86 199 1.49
D3 163 178 173 2.02 203 1.66
E3 160 180 178 1.78 196 1.61
F3 172 183 183 1.94 189 1.86
A4 166 155 161 1.26 162 1.12
B4 136 155 166 1.50 184 1.19
Cc4 166 161 167 1.74 202 1.37
D4 143 142 147 1.79 180 1.42
_E4 154 161 165 1.89 192 1.59
Fa 157 1583 - -—- — -—
A5 99 - 89 1.35 104 0.82
85 288 -— 89 2.08 154 0.94
c5 177 - 148 1.77 184 1.28
D5 122 - -—- -— - -—
E5 g8 - 88 1.45 81 0.51
Fs 160 - 158 1.84 154 1.71
A6 91 - - - -—— S
B6 170 - - _——— - -
C6 120 - -—- -~— .- ———
06 -—— - -—— - -— -—
E6 -— - - -— - “——
Fé6 166 -——-
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A comparison of velocities taken before and after subdividing the pieces
showed that decay detection is as effective in the large size as in the
subdivided size.

Aggour and Ragab [1982] compared the properties of decayed and uhdecayed
bridge piling samples, with results shown in Table E5. The stress wave
velocities for the decayed samples were about one-half of those for the
undecayed samples. This was true both for piling sections 6 to 12 inches in
diameter and small specimens approximately on inch square.

The relative dynamic moduli, decayed and undecayed, were one-to-two. The
strengths bore the same ratio, one to the other. The small specimens showed a
somewhat larger ratio, probably because the decay material in the small pieces
occupied their volume more completely. The piling sections usually contained
considerable volumes of sound or only slightly decayed wood.

Aggour and Ragab found that there was a difference in longitudinal wave
velocities for piling and for 1 by l-inch specimens. The velocity in‘the
small sﬁecimens was about 88.5% of that in the 6 to 12-inch round pile
sections.

The effect of decay is pronounced. Even idncipient decay has a
deleterious effect on stress wave velocity. This has been demonstrated in the
laboratory and the field. A 25% reduction in velocity implies a serious decay
problem, and severe decay will reduce velocity to 25% or 30% of that displayed
by sound wood.

Decay may occur in pockets, spreading from one location to another. This
spread is most rapid along the grain. The untreated central cores of timbers
and poles may decay leaving the shells of treated wood to propagate the stress
waves. Exploratory tests wusing transverse stress waves at stations

distributed along the length of a member, will permit comparative examination
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of decayed and sound wood. Use of this technique is shown in several figures

in this appendix.
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APPENDIX F
STRESS WAVE VELOCITY IN TREATED WOOD POLES OR PILING

The preservative treatment of wood poles is a process that has been
successfully carried out from the very inception of the wood treating
business. The quantity of poles treated exceeds that of any other product.
Treated wood poles afe used in electric utility structures as poles, in
highway bridges and marine structures as piling, and in certain types of
buildings as structural framing and foundations. |

In highway structures we are interested in inspecting at the ground line
and the water line, especially, but also at the pile caps which support the
bridge stringers,

We inspected a quantity of poles with various oil-borne treatments at a
modern treating plant to gather a body of data on stress wave velocity in
these treated materials.

Thirty. poles treated with pentachlorophenol in light petroleum solvent
were examined near their ends where'penetration was completely through the
Section and at four feet from the ends, where only a shell of wood, perhaps
1i-inch wide, was penetrated.

TabTle F1 presents the velocities measured through these thirty poles. At

the thoroughly treated and penetrated ends the average velocity was 33
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Table F1. Stress Wave Times and Velocities for Douglas-fir Poles Pressyre
Treated with Penta in 0il

Time - microseconds (Velocity - in/ms)
Diameter Distance from End
inches

6 inches 12 inches 24 inches 36 inches 48 inches 96 inches

9.375* 290 (32.3) 215 (43.6) 235 (39.9) 195 (48.0) 186 (50.4)
10.25* 385 (26.6) 350 (29.2) 270 (38.0) 225 (45.5) 233 (44.0)

8.25* 260 (35.5) 200 (46.3)
8.625* 420 (20.5) 186 (46.3)
8.625* 330 (26.1) 173 (50.0}
10.0 240 (41.7) 280 (35.7)
9.5 370 (25.7) 210 (45.2)
11.0 350 (31.4) 220 (50.0)
11.875 330 (36.0) 270 (44.0)
10.25 570 (18.0) 310 (33.0)
10.5 285 (36.8) : 300 (35.0)
10.75 260 (41.3) 230 (46.7)
10.0 285 (35.1) _ 210 (47.6)
11.0 385 (28.6) 300 (36.7)
10.5 310 (33.9) 225 (46.7)
10.0 310 (32.3) 245 (40.8)
11.75 338 (34.8) 224 (52.5) 212 {55.4)
12.0 280 (42.8) 205 (58.5)
11.25 310 (36.3) 240 (46.9)
10.0 303 (33.0) 270 (37.0)
10.25 288 (35.6) 195 (52.6)
11.25 280 (40.2) , 220 (51.1)
10.5 330 (31.8) 225 (46.7)
11.25 430_(26.1) _ 280 (40.2)
10.5 315 (33.3) 220 (47.7)
11.75 305 (38.5) 220 (53.4)
10.0 350 (28.6) 250 (40.0)
10.5 270 (38.9) 260 (40.3)
11.25 245 (45.9) 210 (53.6)
9.5 35 (27.4%) : 264 {35.8)

*Distances measured from top end.
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inches/millisec., and at the partia11y‘treated sections four feet from‘the
ends it was 45 inches/millisec. Treatment reduced the velocity by about 37%
of the untreated wood stress wave velocity, at the fully penetrated end and by
14% at portions of the poles where end penetration effects were absent.
Coefficients of variation of velocity were 20% at ends and 14% at 4 feet from
the ends.

Reasons for the variation are understandable. Penetration is never
exact]y the same along all diameters, due to checks, branch knots and variable
sapwood widths. Each test was along a particular diameter. Wood permeability
is also variable. The treater endeavors to provide a carefully specified
minimum penetration and retention of preservative, and in so doing will treat
some poles in excess of this amount.

Moisture content also affects the penetration and the velocity of the
stress wave. A moisture content of the shell of the pole may be 12% to 18%
and could be greater (usually is) in the center of the pole. Seasoning checks
are common and unavoidable. They affect interior dryness and may impede the
path of the stress wave through the pole. We attempted, insofar as possible
to take measurements in such a way as to permit an unobstructed stress wave
path along a pole diameter, Star.shaped checking rather limits the avenues of
free stress wave travel,

Small diameter poles may contain a greater relative amount of'permeab1e
sapwood than larger diameter poles, which can contribute to variability of
treated shell width in poles.

Considering the opportunities for variability, these coefficients of
variation are considered quite reasonable.

In two ~of the poles in Table F1 velocities were measured at five

locations from the top end, to illustrate the reduced effectiveness df end
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penetration. These results are only approximate, since there are many
variables which have not been entirely sorted out. However, on the assumption
of a center moisture content of 18%-20% and an untreated Douglas-fiyr wood
velocity of 52 inches/millisec., and with the velocity at the ends considered
to be for completely penetrated wood, rough estimates of penetration are
possible. For these two poles these estimates are shown in Figure F1. Let us
emphasize that these results may not be perfectly accurate. We could not cut
the poles to compare actual penetrations to estimated values, which would need
to be done to establish the utility of this technique.

Usually inspectors are examining poles where the penetration is not very
deep, except as seasoning checks may provide access to the inner portions of
poles by the wood preserving fluid.

Table F1 data show stresé wave time at fully penetrated sections to be
ihcreased by a factor of 1.59 times that for untreated wood; normally treated
penetrations away from the ends increased about 1.16 times that for untreated
wood in 10 inch diameter poles. For larger diameters this increase would be
less, because the treated portion of the path Tength is smaller in larger
diameter poles. This will be illustrated when we present the data on some
24-inch diameter creosote treated poles.

The effect of decay in the untreated center of a poTe, on the velocity of
a stress wave through the pole, would be far greater than the effect of
treatment on velocity. Hence it should be easy to distinguish decay despite
the somewhat similar effect of treating chemicals on stress wave velocity.

Table F2 contains data taken of Penta pressure treated poles, of incised °
Douglas-fir (coastal variety, as is all Douglas-fir in this report). Incising
promotes permeability. The computed penetration for these pales at four feet

from the end, was 2.9 inches, showing the desired effect of incising. For the
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Table F2. Stress Wave Times and Velocities for Incised Douglas-fir Poles With
Penta in 0il Pressure Treatment at Various Distances from the Butt

End

Diameter Time (Velocity) Diameter Time (Velocity)
inches 6 inches 48 inches inches 6 inches 48 inches

- 9.75 316 240 10.5 275 218

(30.9) (40.6) (38.2) (48.2)

11.0 400 300 11.0 345 250

(27.5) (36.7) (31.9) (44.0)

10.5 340 280 10.75 300 280

{30.9) (37.5) (35.8) {38.4)

10.5 330 250 10.0 455 270

_ (31.8) (42.0) (21.9) (37.0)

10.75 260 255 10.0 400 230

(41.3) (42.2)_ (25.0) (43.4)

9.75 375 190 10.25 372 258

(26.0) (61.3) (27.6) (39.7)

10.25 390 370 11.25 450 266

(26.2) (27.7) {25.0) (42.3)

Table F3. Stress Wave Times and Velocities for Incised Douglas-fir Poles With
Creosote Pressure Treatment at Various Distances from the Butt End

Diameter 6 inches 72 inches
inches from Butt from Butt
25.0 520 | 488
(48.0) (51.2)
23.5 750 455
(31.3) (51.6)
23.5 735 550
(32.0) (42.7)
24.0 535 425

(41.0) (56.5)
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fully treated ends the travel time was 1.69 times that for untreated wood, for
a corresponding velocity reduction factor of 0.6,

These poles had an average diameter of.10.4 inches. For poles of a much
larger diameter the effect of treatment on velocity would be less. For 16-inch
diameter poles with the same penetration the velocity at four feet or more
from the end would be increased by a factor of 1.08 times that for 10.4-inch
poles and for 20-inch poles by a factor of 1.22. In terms of the untreated
wood's stress wave velocity the velocities in 10.4-inch poles at Tlocations
away from end penetration effects would by 73%; for 16-inch poles would be
79%; and for 20-inch poles would bé 89% of that for untreated wbod.

Table F3 contains measurements on creosote treated, incised, Douglas-fir
poles. These were fully incised and pressure treated and had an average
diameter of 24-inches. The treatment had very little effect on stress wave
time at six feet form the butt. This does not imply poor treatment, but only
that the path of the stress wave along the poie's diameter was probably 90%

through untreated wood.

An approximate calculation of penetration has been made using the

following equation:

g ot - b | e
ut ft ut _
where D = diameter, inches
Vft = velocity at fully penetrated end, inches/millisec.
Vut .= ve]ocity in untreated wood, inches/millisec.
) = velocity at section of interest, inches/millisec.

t = thickness of shell penetration, inches.
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Example: For incised creosoted Douglas-fir with an average diameter of

24 inches in Table F3, Vft = 38, V = 50.5, and vut is assumed to be 52 for 18%

moisture content:

28 28 .1 1
505 - 57 - 2tlzg - 53
t 0.97 inch

Table F4 has results for butt treated poles of western red cedar, using
pentachlorophenol in.light oil. This is a soak treatment. The portion of the
length from 3 feet above the butt to 8 feet above the butt is incised to
improve penetration. The stress wave velocity in this incised region at six

feet above the butt end was Tess than at the end, indicating better

penetration.

conclusions

The results are summarized in Table F5 for convenient comparisons.

1. DBata from ends represents wcod completely penetrated by preservative,
The velocity in Penta-treated Douglas-fir was 63% of that in untreated
wood (52 in/ms for D.-fir). The velocity in creosote-treated wood was
73% of that in untreated wood, A t-test for comparison of different size
groups showed no significant difference between the velocities in
créosoted and Penta-treated poles.

2. Jata from Tocations where end penetration was not a factor (4 feet or
more from the ends) showed the velocity in Penta-treated wood at 86% of
that in untreated wood. In creosote treated wood the velocity was 97% of

that in untreated wood. A t-test showed no significant difference in

velocities,
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Table F4. Stress Wave Times (microseconds) and Velocities (in/ms) for Cedar
Soaked Butt-Treated Poles Incised Between 3 and 8 feet from Butt

With Penta in 0il

Diameter ‘

inches 6 inches 72 inches 120 inches

15.0 700 850 300
(21.4) (17.6) (50.0)

14.0 590 600 400
(23.7) (23.3) (35.0)

13.0 425 770 360
(30.5) (16.9) (36.1)

14.0 387 570 700
(36.1) (20.0)

(24.6)
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The large value for the creosote treated poles was influenced by the fact
that these poles were 24-inch diameter while those for the Penta-treated
poles were only about 10-inch diameter.

The velocity in incised cedar poles was more affected by soak treatment
than pressure treatment for Penta in Douglas-fir. Cedar is _more
permeable than Douglas-fir. However, the t-test showed no significant
difference between the incised, soaked-in-Penta cedar (14-in diameter)
and the pressure treated Douglas-fir, either when fully penetrated (at
6-in from the end) or normally treated (4 to 6 ft from the ends). The
lack of significance is Because of the rather '1arge coefficients of
variation in the velocities.

Preservative treatment reduces stress wave velocity, but has less effect
than advance decay in the untreated centers of poles.. This is based on

measurements of velocity in decayed poles reported elsewhere.
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APPENDIX G
EFFECT OF DECAY ON STRESS WAVE

VELOCITY PERPENDICULAR TQ THE GRAIN

This discussion is based on Paul S. Rutherford's masters degree thesis,
"Nondestructive Stress Wave Measurement of Decay in Douglas-fir" dated August
1987, Washington State University and some additional tests conducted by
Hoyle.

Decay should result in losses in weight, elastic modulus and compressive
strength. Rutherford’'s thesis contains no data on weight loss, although he
did measure it and employed the information in his computation of dynamic
elastic modulus. Weight losses were very small and volume changes were also
small. Decay did not permeate his transverse grain specimens to the degree
that the longitudinal grain specimens used by Pellerin and Vogt in a previous
study, had been infected.

This reduced spread on the decay is logical. Fungi could easily feed
along the grain, especially through the springwood (earlywood) of longitudinal
grain specimens. For transverse grain specimens inoculated at their
mid-length, there are some with longitudinal paths from end to end where fungi

can move transversely through the cell walls of the springwood tissue, but
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even this is a more difficult direction of decay propagation. In other
transverse grain specimens there are no longitudinal paths through springwood
tissue and fungi must travel through the summerwood {latewood) tissue which is
more dense than the springwood tissue. Since the incubation time for the
various groups of specimens in Rutherford's study were the same as those for
the Pellerin and Vogt study, it is only reasonable that the spread of the
decay in the Rutherford study was more limited. ‘

In planning research on cross-grain stress wave velocity (SWV) in decayed
wood, greater periods of incubation time should be considered. This does not
mean that the experiment did not yield useful information. Pellerin and Vogt
have observed that considerable Toss of strength and elastic character does
occur before weight loss becomes significant. This is evident in Rutherford's
results, although none of his specimens lost more than 30 percent of their
~ strength or elastic modulus. The effect of these property changes were
evident in terms of the reduction of measured stress wave velocity.

An examination of Table Gi shows a relationship between SWV and ultimate
compression strength (UCS). Rutherford obtained a correlation coefficieht of
0.702 for SWV vs. UCS for conditioned speciments. Conditioning consisted of a
one week exposure to a 12 percent equilibrium moisture content environment at
75 degrees Fahrenheit. He also measured SWV in specimens at the end of the
decay period and prior to any conditioning treatment, obtaining a correlation
coefficient of 0.673. His results are shown in Figure G1.

In this study each exposure {0, 3, 6, 9, and 12 weeks) was applied to a
different set of 24 specimens (approximately 1" x 1" x 8.75"). The 24
specimens were subdivided into six subgroups according to annual ring

orientation. The subgroups in each exposure group wére matched to subgroups
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Table G1. Subgroup Average Properties

Specimen MOE SWV Approximate
Exposure Group ucs Static Conditioned Exposed Angle
weeks psi ksi in/ms in/ms
0 A 414.0 26.7 43.2 43,2
3 333.0 20.7 39.3 30.0
6 334.0 20.9 38.0 30.5 45°
9 334.0 20.2 38.2 32.8
12 317.5 18.9 37.2 29.3
0 B 484 .0 25.2 38.5 38.5
3 393.0 18.0 37.3 28.8
6 416.0 20.3 36.5 32.2 45°
9 411.0 20,0 36.5 29.8
12 412.0 20.5 35.0 28.2
0 C 546.0 36.1 47.8 47.8
3 445.0 27.8 44 .5 35.3
6 450.0 29.9 41,5 37.8 67°
9 361.0 26.1 42.3 31.5
12 443.0 29.4 42.5 33.0
0 D 612.0 50.3 61.3 61.3
3 574.0 47.4 60.5 48.3
6 473.0 39.9 51.3 45.3 90°
9 485.0 40.8 54.8 44.3 (radial)
12 474.0 39.5 51.0 40.3
0 E 640.0 44 .4 51.0 51.0
3 584.0 35.3 46.5 39.5
6 558.0 35.8 45.3 38.5 0°
9 553.0 35.5 46.8 38.3
12 506.0 31.6 42.3 38.3
¢ F 560.0 32.9 47.3 47.3
3 522.0 26.4 44.0 33.5
6 483.0 24.1 39.8 31.8 22°
-9 461.0 23.7 42.8 31.3
12 460.0 24.3 39.3 33.3

Each number is the average of 4 specimens.
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in other exposure groups. Matching was according to board origin and hence,
to ring orientation.

[In retrospect, it might have been desirable to have performed the
nondestructive tests on the samples that were exposed for 12 weeks at periods
of 0; 3, 6, 9, and 12 weeks. Compression strength could not be obtained
except after final exposure, but at least the progressive change in SWY on the
same specimens could have been measured. ]

The test results show a relationship to annual ring orientation very much
Tike that reported by Bodig and Jayne and in the 1940 Wood Handbook. These
results appear in Figure G2A where the average subgroup UCS's are plotted
versus ring orientation. There are two curves, one for controls (zero
exposure time) and one for specimens having the greatest exposure to decay.
Figure G2B shows static modulus of elasticity versus annual ring orientation.
Definite differences are observed between control and decayed specimens values
even though the decay was not severe enough to produce significant weight loss
or great degradation of the wood.

The relationships between SWV and UCS are shown in Figure Gl. UCS and
static modulus of elasticity (MOE) are the wood properties which responded to
decay in this study. Density did nof change very much. Each of these
responsive properties was affected as shown in Table G2.

In Figure Gl we show compression strength as the independent variable
because we are attempting to determine the SWV that should be anticipated for
the degraded wood. Since the UCS was determined for the conditioned wood, it
is logical that the regression lines for all specimens (upper solid line} and
controls (dashed Tline) are close together. The regression line for all
specimens with unconditioned SWV {lower solid line) is depressed since the

decayed specimens before conditioning were wetter and denser than after-
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Table G2. Ratio of Properties After 12-Week Exposure to
Values of Controls

Ring Ult. Comp. Static
Orientation Stress MOE
0°(T) 0.79 0.71
22° 0.82 0.74
45° 0.81 0.76
67° 0.81 0.81
30°(R) 0.77 0.79

151
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conditioning. Moisture content was probably about 20 percent or more. There
were no controls at the high unconditioned moisture content. The correlation
coefficients are not high because the degree of decay was not great.

The results show a very good relationship between SWV and strength, The
useful consideration is strength, and the low strengths in Figure Gl are due
to decay. The dashed line, which only extends from 400 to 600 psi, is for
undecayed wood., Decayed wood had lower strengths. Had the experiment
contained more thoroughly decayed material the strengths would have become
much lower and, as the graph suggests, would have shown SWV's as low as 15 to
20 inches per millisecond, or lower.

As mentioned before; the decay in these specimens was concentrated near
their mid-1engfh. This means that these SWV's are the averages of velocities
through decayed centers and undecayed ends. By cutting off the undecayed ends
and assembling short decayed centers into longer specimens we obtained the
results shown in Table G3. These are more indicative of the true SWV's in
decayed wood.

Note that the velocities are all below 30 inches per millisecond and as
low as 16 inches per millisecond. The effect of annual ring orientation is
not as pronounced as reported for the original specimens, Figure G3. The
Towest values are not for the 45 degree ring orientation. There was no great
variation in the amount of decay in the pieces which had been cut from the
centers of the original specimens, thus the decay periods are relatively
meaningless for these artificially constructed decayed specimens.

Figure G4 shows a very unexpected relationship between static and dynamic
MOE. The large ratio of dynamic to static values, about 3, was not expected.
We think it could be due to high creep properties for perpendicular-to-grain

loading. The literature contains no information about perpendicular-to-grain
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Table G3. Stress Wave Velocities in Uniformly Decayed
Portions of Specimens*
b-Week 12-Week
Specimen Ring Spec. SWV Spec. SWY Spec. SWY
Number Angle Grav. in/ms Grav. in/ms Grav.. in/ms
A 45° 0.50 20 0.50 28 0.55 24
{0.53) (0.58) (0.56)
B 45° 0.52 18 0.54 21 0.51 25
{0.55) ' (0.54) {0.54)
c 67° 0.51 27 0.50 28 0.53 28
(0.58) {0.54) {0.54)
D 90° 0.46 25 0.46 25 0.47 23
(0.54) (0.51) (0.52)
E 0° 0.58 16 0.59 16 0.55 22
(0.63) ‘ (0.64) (0.56)
F 22° 0.54 16 0.53 16 10.50 19
(0.58) {0.63) (0.53)
*At 6% M.C. The numbers in parentheses are for the undecayed ends of the

specimens from which the decayed wood was cut.
values are from the decayed or partially decayed portions.

The other specific grav1ty
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creep properties, but tests by Rutherford indicate that creep is, indeed,
larger for perpendicular-to-grain than for parallel-to-grain loading.
Rutherford used a lower load rate in his tests for static MOE than had been
éuggested by the appropriate ASTM Standard tests, although there seems to be
no applicable ASTM Standard test for this measurement.

The effect of this discovery suggests the values for transverse veloci-
ties in Tables 1 and 2 may well be higher than those predicted. Table 1 and 2
values were calculated on the assumption that dynamic MOE was 1.06 times the
static values, which may be correct for parallel-to-grain loading but may be
too low for perpendicular-to-grain loading. If dynamic MOE is truly three
times the static value, our estimated transverse velocities could be markedly

affected. This would be a good topic for further exploration.



