DATE: Angustiss4

E 4 SPONSGCR: Naval Facilities Engineering Command &9

PROGRAM NO: YFs0.534.091.01.202B

N

TN NO: N=-1703

AUTHOK: cC.A.Keeney and S. E. Pollio

3147537

TITLE: EVALUATION OF NONDESTRUCTIVE UNDERWATER
*  TIMBER INSPECTION TECHNIQUES

K030 10922
AD-A147 537

> NAVAL CIVIL ENGINEERING LABORATORY

BTIE FILE copy

84

PORT HUENEME, CALIFORNIA 93043

Approved for public relesse; distribution unlimited,

11

13 033

RPN 3 IRPRARFARMBERETL | 3

Rk

ad

R} DRSNS ]

[ o aonrasebeiasabs 3 SARSSFArCTIRgN g MO IDR SRR

PP o - 4 CTAaTITUTMERRE ST T OO

SeSTeT Jamey ¢ T8 e D

pa ¥ ol




-~ ~
Jg 1 Jo
oot o8 o’ 3— o% a oz~ or
[ 'ttty vt
Tr osi ol F o o] 0 or
b4 4 [} -+ E 7S
do
smesachun {ZE Po= nesndwg
do Huye 4 ua) 978 N3 o
%8} JUNAVHINIL
nv> spied g €t 03805 QIO nE
3 193) 29O o £294mu HqrO W
fe suoyeb 9z'0 2 $
'3 enb [ "1 ] s [}
W swud X 0y ]
oy $OUNO Pingy €00 sasnpy Ld
INNTOA
$U0) Lo [} ®x.000°1) sowuoy ]
qi tpunod 4 4 Rueboyy L]
10 SOUNO SEo0 wued L]
uliom) sV
sa0e s (W 000°01) sa/nay L]
~w= saprw ss8nbs 0 2133001y drenbs nEx
ng SpIEA ssenbe b4l S8 senbs w
«:_ spous sanbs 810 33U aenbs z
vadny
w bl 90 $38)muony wy
pA spieA Y} 11mu u
L} 159} % 4 L w
w [T T 0 HINMUNUD un
w snpuy 00 S ww
E] H1DONTY

I

ﬂhhujzi; WL,

{a rl L1

J

.'.l.'.llvrr

toquAg pui§of Aq Aydnjngy MOUY NOA usyM

FUNIOPY N DY WOL) SUOKISAIO0Y) SLRMIXOIS] y

in

'r"|"'r"l

m
i

"

SHOLIOVA NOISHZANGO DNELIW

inches

-

DOLOLC1D "ON Some] OF ‘UL I #0114 ‘seansteyy pus st 10 Q) BIZ ‘IING S0

T

1

[t~

é

o,or'l'lrl

"
2

'r"|"'rr[

'l

2
Tee__ . %

lill!'ll
‘Ill Il

il LLLLL

'I"‘["I"'["l"']"‘l"’

4

D:c—

3010011y Ssenbs

~
tefs

2038uH U0 Bsenhs

™~

7

€
E6ef

'|'|'r|'r|-r

) /g

e —
Bexe) JUNLVYYIINIL

80
€00
e
S8°0
o
0o
[ 4
St
S

INNT0A

80
Sr'0

ulem) SSYWY

o
L X4
80
800
s9
v3uv
91
&0

sz,
H1ONIT

Aq Adyyngy

VS 204y 08 SOy

130X8 2010 204 “[ARS) $ET ~ W,

.
°

%1

("R -3

o
[

ie 82

Y

se2E

MOUY ROA UlyM




Unclassified
SECURITY CLASSIFICATION OF Tw1§ PAGE ‘When NDeta Fnieved)

REPORT DOCUMENTATION PAGE BEFORE COMPLESING FORM
I REPORT NUMBER 2 GOVY ACCESSION NO.[ 3 RECIPIENT 'S CATALOG NUMBER
TN-1703 DNO044010
4 TITLE ‘eng Sudlitie) S TYPE OF AEPORT & PERIOD COVERED
EVAL 1 F NDESTRUV'CTIVE UNDERWATER
ALUATION OF NO Not final; Jun 1981 — Aug 1983
TIMBER INSPECTION TECHNIQUES T PERFOREING DRG REFOAT NUMGER
T AUTHOR/e. 8 COMTRACT OCR GRANT NUMBER(:)
C. A Keeney and S. E. Pollio .
9 PERFORMING QRGANIZATION NAME AND ADORESS 10 PROGRAAM ELEMENT PROJECT. TASK
AREA & wWORK UNIT NUMBERS
NAVAL CIVIL ENGINEERING LABORATORY
Port Hueneme, California 93043 YF60.534.091.01.2028
1 CONTROLLING OFFICE NAME anND ADDORESS 12. REPORT DATE
Naval Facilities Engineering Command = ":l:‘g::: i?ii_’u
Alexandria, Virginia 22332 58
14 MONITORING AGEMCY NAME & ADORESS/ ! dilterent from Contralling Office) 1S SECURITY CULASS (of this report)
Unclassified
(158 DECLASSIFICATION OOWNGRADING
SCHEDULE

16 OISTRBUTION STATEMENT (of thix Repoer!

Approved for public release; distribution unlimited.

17 OISTRIBUTION STATEMENT (of the abstract entered 1n 8lock 0. (f dillerent lrom Repart)

18 SUPPLEMENTARY NOTES

19 X EY WORODS (Continue on reverse side 1/ necessary and rdent:fy by block tumber)

Mnderwater inspection, nondestructive testing, waterfront facilities, ultrasonic testing, ++ ™
impact testing, computerized axial tomography, tmber inspection

20 ABSTRACT Continue on reverss side {{ necessary and idemtity by block number}

This report presents the assessment of potential techriques for underwater nonde-
structive testing of timber piles. Three techniques are discussed: X-ray tomography,
indirect ultrasonic testing, and impact testing. A computerized axial tomography (CAT)
system has never been used underwater to date. However, studies concluded that the
underwater application of tomography is technically feasible. A brief introduction to the
preposed prototype under-. ater CAT system is presented. In addition, results of laboratory

DD , %255, 1473 eoimion oF 1 nov s 1s oBsoLETE . (continued)
Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Dala Entered)

(\l‘

-

-
v
©




Unclassified

SECURIYY CLASSIFICATION OF THIS PA

GEWhen Daia Entered)

20. Continued

detail.

1. Underwater inspection

CAT system is presented. In

!

|

I

I " This report preseats the assessmen* of potential techniques for underwater nondestructive

| testing of timber piles. Three techniques arc discussed: (-ray tomography, indirect ultrasonic

] testing, and impact testing. A corcputerized axial tomography (CAT) system hss never been

used underwater to date. However, studies concluded that the underwater apptication of

| tomography is technically feasible. A brief introdu~~~n to the proposed e underwater
prototyp

]

I

|

|

|

I

|

bility of an indirert uitrasonic system and impact system to acurately measure the percent
cross-sectional wood loss are presented in deml Oy 3 Cpa 10_, . Su?s:).u ({
L]

Wekrwmés rwedud o - ~ )

and field tests to evaluate the capability of an indirect ultrasonic system and impact
system to accurately measure the percent cross-sectional wood loss are presented in

Lbrgy Card e e e -
Naval Civil Engineering Laboratory

EVALUATION OF NONDESTRUCTIVE UNDERWATER
FIMBER INSPECTION TECHNIQUES, by C. A. Keeney and
S. E. Pollio

TN-1703 58 ppillus  Augus- 1984  Unclamsified

2 Nondestructive testing 1. YF60.534.091.01.202B

addition, results of labotatory and field tests to evaluate the capa-

J(ﬂ, ,_:,)

T S e SR e VG G . e — mbat e e s van .

Unclassified
SECURITY CLASSIFICATION OF Tuis PAGE/When Dete Enterod)

v

R S

s.s wg

I M B O

€. T v .

I S T

L.t

CTELRLTLOLTLT. T N ey WL A LN e g

4



INTRODUCTION . . « « « « + o &

BACKGROUND . . v ¢« « ¢ ¢ & « &

DAMAGE « ¢ ¢ v ¢ ¢ ¢« o« o o o &

CONTENTS

MEASUREMENT ACCURACY REQUIREMENTS

POTENTIAL TECHNIQUES . . . . .

Passive Sonic Testing . .
| Low Frequency Ultrasonics
|

ASSESSMENT OF POTENTIAL TIMBER NDT

Indirect Ultrasonic Analysis

Impact Analysis . . . . .
X-ray Tomography . . . .
Real Time X~-ray Imaging .
Acoustic Emission . . . .
Dielectric Measurement

TECHNIQUES

EVALUATION OF TIMBER INSPECT:iON TECHNIQUES . .

TOMOGRAPHY . . « « « o ¢« « + &

INDIRECT ULTRASONIC TESTING .

Commercial Demonstration

¢ s s e s =

e o s o o o

* s e e s e

NCEL Ultrasonic Laboratory Testing . . .
NCEL Ulcrasonic Field Testing . . . . . .

IMPACT TESTING . « « « « « « &

Theory . . « « « « « «
Types of Impact Testing .
Equipment . . . . . . .

Laboratory Procedur . .
Laboratory Test Results .
Impact Field Testing .

Field Test Results . . .

Summary of Impact Test Results

CONCLUSIONS AND RECOMMENDATIONS

REFERENCES . . . « « « « + .+ &

Page

10
10
10
11

11
11
15

15
16

35
36
37
39
41
43
47
50

50

51

“odes
,or
vpocial

35 “El!lgl’ N
|
O
—_—

()

RCYS)

‘et

ol

DA A
L) i

v

9.

W

’




INTRODUCTION

Accurate assessment of the condition of Naval shore facilities is a
vital aspect of Fleet readiness. More than two-thirds of the Navy's
waterfront structures were built before 1950 and are rapidly deteri-
orating. Thirty-five percent of Navy piers are wooden superstructures
on wooden piles (Ref 1). An economical maintenance management program
for these structures requires development of reliable and accurate under-
water timber inspection techniques.

In 1979, the Naval Civil Enginee¢ring Laboratory (NCEL), under the
sponsorship of the Naval Facilities Engineering Cowmand (NAVFAC), initi-
ated a project to improve the Navy's ability to inspect and assess the
soundness of the underwater portion of wooden waterfront facilities,

The state-of-the-art of underwater nondestructive testing (NDT; and the
application of existing or potential NDT techniques were to be evaluated.
This report presents the results of laboratory and field evaluation of
several potential techniques, particularly acoustic NDT techniques.

BACXGROUND

Natural materials, such as wood, often vary inherently to a large
degree, and prediction of their properties is considerably more difficult
than with man-made materials. Distinguishing the natural property varia-
tions from any internal damage of the wood under water has been a major
effort at NCEL, and several approaches have been investigated. The types
of timber damage, the measurement accuracy requirements for timber piles,
and the initial concepts for inspecting wooden waterfront structures are

discussed in this report.

DAMAGE

Structural damage of timber waterfront structures generally falls
into one of two categories: mechanical or biological (Ref 1), Mechanical
damage usually results from accidental overloads or abrasion. Accidental
overloads can occur during construction from excessive pile driving forces
or after construction from large impact loads, such as docking ships.
Abrasion typically occurs in the intertidal zone and depends upon the
amount and type of material or debris in the water.

Biological damage to wooden waterfront structures results from the
activities of living organisms such as fungi, insects (e.g., termites,
ants), and marine borers. Fungi, the cause of wood rot, are low forms
of plant life that depend on organic materials for food. Rot damage
usnally cccurs above water in the splash zone and near the pile cap.
Insect damage also occurs above water in the atmospheric and splash znnes.
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The most severe type of damage to timber waterfront structures is caused
by marine boring organisms because this damage often cannot be detecfed
visually until extensive damage has been done. In the United States
alone, marine borers and fungi annually cause an estimated $500 million
in damage to wooden waterfront structures (Ref 2).

Marine borers are of two types: crustaceans and mollusks (Figure 1).
Of the crustaceans, Limnoria or Woodgribbles zre of primary importance.
The shrimp-related Limnoria attack and damage wood at the piling surface.
These tiny animals average 1/8 to 1/4 inch in length and burrow shallow
tunnels which are then eroded away by wave action, exposing new wood to
attack. Limnoria eventually narrow the pile diameter usually at the
waterline (or the mudline), resulting in an hourglass shape.

The molluskan type of marine borers are teredines 1ind pholads.
Teredines are commonly referred to as Shipworms and include Teredo and
Bankia. Shipworms settle into the wood substrate when they are very
young and barely visible. Their clamlike shells begin digging into the
wood leaving a pinhole entrance. They burrow inwards and eventually
turn to tunnel along the soft wood grain. Teredines can cause severe
loss of structural integrity and leave essentially no externally visible
signs. The average size of adult Teredo is 1/2 to 1 inch in diaueter and
1 to 2 feet long. Unlike Limnoria damage, Teredo or Banki. damage usually
cannot be detected by visual inspection.

Pholads or Martesia are approximately 2 inches in length and 1 inch
in diameter as adults. Typically, Martesia burrow less than 2-1/2 inches
into the piiing but leave an entry hole large enough to detect visually.

MEASUREMENT ACCURACY REQUIREMERNTS

The extent and severity of boring damage, coupled with the large
number of wooden waterfront structures, necessitate development of quick
and effective timber inspection techniques. These techniques must be
capable of evaluating remaining structural strength or remaining cross-
sectional area. If tha timber pile sustains internal damage, then a
parameter other than diameter must be used as an indication of struc-
tural condition.

Inspection data criteria and accuracy requirements were established,
based upon structural analyses (see Ref l). Table 1 lists the accuracy
requirements as a function of (1) type of deterioration (internal c=-
external); (2 load capacity of the column; and (3) length of the damaged
section (with respect to the total length of the piie) for various degrees
of damage. Thus, Table 1 defines the physica. and material parameters
to be measured and the level of accuracy to which they must be measured.
The accuracy is given in terms of coefficient of variation (%), which,
in statistical terms, is the standard deviation divided by the mean.

With more than one-half the original cross-section remaining, the
requirements for accurate measurement are as follows:

i. For extensive external damage to the piles, 147 (most stringent
requirement)

2. For internal damage tfrom Teredo and Bankia, 20%

Therefore, the test and evaluation of potential underwater timber inspec-
tion techniques were based upon the 14 and 20% accuracy requirements.

2
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Pop ) Demage Charscteristics
| generic names Appearance
f Gribbles 1810 1/4 inch (3 10 6 e
| . . mm) long;: no tubercies -~ i
i lumnom " = g
ignorum P
(Rathke} @
Secton A-A
Limnoris 1/8t0 1/4inch(3 0 6
quadripunctata mm) long: 4 tubercles,
Holthuis
&y o)
@ ' Section B-B
Limnotia 1/8 to 1/4 inch (3 t0 6
tripunctsts mm) long: 3 tubercles.
Menzies
£
P
Shipworms Adults can grow 1 to 2
Teredo feet (3OS to 70 ¢m)
navalis long;: #einch (12 mm)
Linne diameter.
. shells
3 at head
{
I
i.A
l‘ Teredo pallet
Bankia -\\ (spadetike)
setaccs |
Tryon A} wormlike body
i
i
\ .
K siphons
LT
" Bankia "Q-' ‘f-‘
paliet ‘i
(featherlike)
Aduits can grow 5o 6
feet (1.5 t0o 1.8 m)
long: 7/8 inch (22 mm)
diameter,
Pholads 2 to 2% inches (S0 (o
Martesia 63 mm) long. l-inch
sifata (25.4mm)dismeter
Linne
Unlike the shipworm’s, the size of the
entrance hole increases to about * inch
(6mm), making it pussible to rotice
their presence,

Figure 1.
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Table 1.

Accuracy Requirements for Timber Piles

[Nomenclature at end of table.]

Structural Evaluation Type and Extent of Field Data Required Accuracy
Criteria Deterioration Requirement
Parameter Range (£%)
4., Material Strength Internal Damage
£, = P/A 1. Magnitude - cross-
sectional area:
> - 2
or AR/A0 0.5 AR 50-150 in. 20
< - 2
AR/AO 0.5 Ap 0- 75 in. 25
B. Instability
2. Length/location Ly» Hy >1-2 ft 20
Short Column:
¢ - 1. <£ r )b External Damage
Iyt
“ 3 L 1. Confined damage
region:
applied where f_ < (2/3)?C
Ld/L £ 0.2 Ld 1-8 ft 20
> - 2
Long Column: AR/A0 0.5 AR 50-150 in. 20
dR 8-14 in, 10
ﬂz E
f = L AR/AO < 0.5 AR 0-75 in.? 25
¢ (/m? Location Hy >1-2 fr 20
2. Extended damage
region:
Ld/L > 0.2 Ld >8-10 ft 2
> - 2
AR/AO 0.5 Ap 50-150 in. 14
dR 8-14 in. 7
< - 2
AR/AO 0.5 AR 0-75 1in. 25
Location Hd >1-2 ft 20
A = cross-sectional area L = total length of structural element
AO original cross-sectional area Ld = length of damaged section
Ap remaining cross-sectional area 2 = unsupported length
dR diameter of remaining cross-sectional P = axial load
area
fa axial stress = critical buckling stress
fc critical stress for a column = radius of gyration
Hd location of damaged section alrng pile = modulus of elasticity

length, distance from pile cap to seabed
or to midpoint of damaged se~tion




The accuracy needed could be established based on the criteria for
maintenance. The degree of damage determines the method of repair.
Piling is wrapped when damage is between 5 and 15% of the cross-sectional
area. When damage is between 15 and 50%, the piling is repaired with
grout or concrete. When damage exceeds 50%, the piling or the damaged
area is replaced with wood or concrete (Ref 3). For both economic and
safety purposes, the accuracy required should be between 10 and 15%.
After 15% cross—sectional area loss, the strength of the pile is affected
and the cost for repair increases.

Current methods of inspecting waterfront structures do not meet the
accuracy required to prevent unexpected or catastrophic failures, par-
ticularly in critical waterfront facilities that directly impact Fleet
operational readiness. Current methods of inspection include visual
surveys, incremental coring, resistance probing, and hammer sounding.

In addition, ultrasonic inspection of wood piles is curreantly being used
by Agi and Associates, a consulting firm located in Vancouver, British.
Columbia, which has often inspected Navy facilities.

Visual inspection, the most common method of inspecting underwater
structures, is an essential part of any structural survey and can provide
information on defects and external condition. However, numerous defects
are not visually detectable, particularly in timber waterfront structures.
Pilings that appear to be sound may suffer over a 50% loss in cross-
sectional avea from marine borer infestation. In core sampling one or
more small diameter cores are removed for examination to determine the
internal condition of the piling. Core samples indicate the pile condi-
tion in the exact location of the core. The major disadvantage of incre-
mental core inspection is the small probability of intersecting a mollusk
tunnel unless the infestation has reached advanced stages. Resistance
probing and hammer sounding give only gross indication of internal condi~
tion and are typically only successful in identifying extensive deteri-
oration.

The ultrasonic equipment used by Agl and Associates was developed
by B.C. Research of Vancouver, British Columbia. B.C. Research studies
revealed that the remaining cross-sectional area could be correlated
with the ultrasonic measurement only to within 25%. This is due to the
inherent variations in wood strength and the effects that differing
eccentricities of the damage in the cross-sectional area have on the
buckling and bending moments for the pile (Ref 4). The detailed capabil-
ities of the ultrasonic inspection technique used by Agi and Associates
are discussed in this raport in the section on Commercial Ultrasonic
Capabilities Demonstration.

POTENTIAL TECHNIQUES

Passive Sonic Testing

During research to determine growth rates of Bankia and Teredo,
Professor E.C. Haderlie of the Naval Postgraduate School, Monterey,
Calif., found he could detect the presence and location of borers in
timber laboratory test panels. The borers were detected by listening
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with a sensitive transducer for the rasping sound produced by the organ-
isms as they bored into the wood. As a follow-on to this work, NCEL
sponsored a project to determine the feasibility of using this technique
to detect the presence of marine borers in timber piling. In the first
phase of the werk, isolated specimens of Bankia and Limnoria were col-
lected and their characteristic sound spectra recorded in the laboratory.
It was hcped that the sounds made while boring would be unique in spec-
tral content and could, tlierefore, be distinguished from ambient back-
ground noise present in all waterfront environments.

Test results revealed that the soncgrams of isolated mollusks and
gribbles were almost identical to the ambienl noise recorded in Monterey
Harbor. In his final report (Ref 5), Professor Haderlie concluded that
"...the natural sound of barnacles and other foulers on a piling are so
diverse and complicated that they mask any borer sounds coming from
within the piling and we have been unable to filter out the extraneous
sounds which might make it possible to detect borers in a wooden harbor
structure."

Low Frequency Ultrasonics

In an early state-of-the-art survey (Ref 6) low frequency ultrasonic
NDT was identified as having the greatest potential for improving the
Navy's ability to accurately evaluate the integrity of wooden waterfront
structures, This NDT method was selected for further evaluation because
it is known to penetrate through wood, is not hazardous to work with,
and can be readily used in an underwater environment.

Low frequency ultrasonic inspection is based upon the influence of
the test specimen on the propagation of a known sound wave. In flaw
detection, the transit time of an ultrasonic pulse “raveling through a
test specimen with a fixed path length is measured. Dividing the path
length or the separation distance between two transducers by the transit
time determines the acoustic wvelocity. Solid homcgeneous materials have
a constant acoustic velocity. Therefore, uncharacteristic changes in
the pulse velocity in these types of materials are due to defects, such
as cracks or voids, which either delay or accelerate the received signal.

Ir nontiomogeneous materials, acoustic velocity varies locally due
to natural changes in the microstructure such as grain orientation in
wood. Although nunhomogeneous miterials do not have a constant acoustic
velocity, an average acoustic velocity can be obtained, for instance,
for a given wood greain direction in a given specimen. A deviation from
the average acoustic velocity greater than the deviations caused by the
nonhomogeneity of the material itself signifies an "uncharacteristic"
change in pulse velocity and, therefore, material properties. Use of
ultrasonics is based on relating the uncharacteristic sonic signal to
the condition of the structure.

Low frequerncy ultrasonic inspection of nonhomozeneous materials
(wood)} uses two transducers in a through-transmissicn mode, with one
transducer acting as the transmitter and the other as a receiver. In
contrast, high frequency ultrasonic inspection of homogeneous materials
(metals) uses oun~ transducer that acts as both transmitter and receiver
in a pulse echo mode.

B 1 .
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In initial low frequency ultrasonic laboratory tests signals from a
solid specimen were compared to signals from a specimen with a known
amcunt of cross-sectional wood loss. The laboratory test procedures,
data analysis and test results are explained in detail in Reference 7.
The laboratory evaluation of direct and indirect ultrasonic inspection
indicated the following:

1. Ultrasonic time-of-flight and attenuation measurements do not
consistently correlate with voids smaller than 25% of the wood cross-
section,

2. Direct time-of-flight measurements cannot detect warer-filled
voids (marine borer tunnels) because the acoustic velocity of wood across
the grain is very close to that of the acoustic velocity of seawater
(Figure 2).

3. A digital readout of the time-of-flight or tramnsit time alone
is not an accurate or reliable measure of crouss-sectional wood loss with
eicher direct or indirect transmission modes.

] 2 ] 12—
V= 5000 fps v =4360 fps
w000

(a) SOLID WOOD PATH {b) 2 WATER FILLED VOID ) 2" AIR FILLED VOID
TIME =_12"/12 TIME =_107/12 4 2°/12 TIME=_10"/12 4 2"/12
5000 FT/SEC 5000 FT/SEC 4860 FT/SEC 5000 FT.SEC 800 FT/SEC
= 200USEC = 201 SEC =188 USEC

Figure 2. Direct transmission time-of-flight measurements through
(a) solid wood, (b) solid wood with a 2-inch water filled
void, and (c) solid wood with a 2-inch air filled void.

Although consistent correlation between the ultrasonic signal and
the timber specimen had not been identified, further testing was required
to determine what, if any, inspection capability existed. In particular,
the accuracy and reliability of using ultrasonics for the inspection of
timber waterfront structures must be determined. Based upon the labora-
tory test results the following recommendations were made:
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1. Utilizartion of timber specimens with increasing known amounts
of damage or wood loss to identify the minimum amount of damage detec-
table.

2. Incorporation of appropriate state-of-the-art data processing
techniques to correlate digitized acoustic data to the condition of the
timber.

3. Evaluation of ultrasonic parameters besides time-of-flight and
peak-to-peak values.

4, Utilization of multiple transducers to show relative changes in
the acoustic signal at adjacent locations.

ASSESSMENT OF »OTENTIAL TIMBER NDT TECHNIGUES

In light of the problems encountered during the initial laboratory
evaluation of ultrasonic inspection of timber piling, a study was con-
ducted to identify new alternative techniques. A contract was awarded
to Scuthwest Research Institute (SWRI), San Antonio, Tex., to evaluate
existing and assess new NDT techniques for use by Navy divers (Ref 8).
Potential NDT techniques were analyzed to determine feasibility and to
predict parformance capabilities and characteristics. The most promising
techniques were then tested in the laboratory to demonstrate their feasi-
bility.

From the results of the laboratory experiments and feasibility study
conducted in seawater on small-scale wooden models with simulated marine
borer damage along the grain, the contractor determined that the following
six techniques were technicully feasible:

e indirect ultrasonic testing
e impact testing

e X~-ray tomography

e real time X-ray imaging

e acoustic emission

o dielectric measurement

Each of the six potential timber inspection techniques are discussed
below.

Indirect Ultrasonic Analysis

SWRI evaluated this technique using essentially the same equipment
as during the laboratory tests at NCEL. Two 50-kHz transducers, separated
a distance of 18 inches in the axial direction, generated compressional
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waves along the wood grain of timber specimens., Axial damage was simu-
lated by cutting slots in wood blocks of various depths. Laboratory
tests were conducted on wood blocks with slots equal to G, 25, 50, 75,
and 100% of the block thickness. The blocks were submerged in seawater.

Measurements of the RMS (root-mean-square) of the received ultra-
sonic signal were taken between two fixed times. An increase in the
attenuation of the acoustic wavss was expected with an increase in slot
depth because of the impedance mismatch between water and wood in the
axial direction. It was also expected that a portion of the wave energy
would te delayed in time. Test results, summarized in Table 2, show a
decrease in RMS amplitude with an increase in slot depth.

However, the decrease in RMS is not linearly related to the increase
in damage. SWRI concluded "that the RMS of che transmitied signal between
two fixed points in the time window decreases with an increase in slot
depth, but there is no consistent relationship between slot depth and
RMS amplitude."

Table 2. RMS Amplitude of Ultrasonic Signals for Various
Slot Depths

[The transducers are placed on the
opposite side of the slots.]

Slot Depth (Z) Signal Amplitude
(3.5 in.) Millivolt RMS
0 113.8
25 20.02
50 17.5
75 5.0
100 2.8

Impact Analysis

The impact/resonance technique evaluated by SWRI during the contract
differed from the technique evaluated at NCEL. SWRI's impact resonance
tests were to determine the effect that axial holes in a wood pole had
on vibration damping. In the SWRI tests, two accelerometers were placed
on one side of a wood pole with axial holes simulating borer damage
drilied into one end. The damping of vibrations generated by an impact
located diametrically opposite each of the accelerometers was evaluated
from the freguency response of the accelerometer output. No difference
in modal frequencies between "so0lid" and "damaged" wood was noticed.

The impact testing technique evaluated at NCEL is an extension of
the hammer sounding technique currertly used by inspection divers in the
field. By striking a piling with a hammer and listening to the quality
or tone of the acoustic response, a diver can tell if there is extensive
internal damage. After discussions with several experts in the wood and



lumber NDT industry, it appeared that, potentially, a technique could be
developed for correlating changes in the frequency spectrum of impact-
generated accustic signals with the amuunt of cross-sectional wood loss
in marine pilings. The NCEL impact testing technique is more thoroughly
discussed in the IMPACT TESTING section of this report.

X-ray Tomography

Computerized axial tomography (CAT) systems currently used in the
medical fields for imaging and diagnostics use a photon source and a
bank of receivers. With this system a two-dimensional map of the cross-
section of a specimen is reconstructed, using mathematical algorithms
and data obtained from measuring the adsorption of the gamma rays trans-
mit:ted through the material. The use of X-ray tomography in CAT scanners
for inspection has been documented widely in the literature. Scientific
Measurement Systems (SMS) of Austin, Tex., developed a CAT scanner to
investigate preservative penetration in wood poles. Limited laboratory
tests were conducted by SMS using their CAT system on sections of timber
pilings with simulated marine borer holes drilled in them. The piling
sections were submerged in water, but the holes were filled with air and
the CAT system was completely dry. A CAT system has never been used
underwater to date.

In a simulation study under contract to NCEL, AMETEK Offshor
Research and Engineering Division, Santa Barbara, Calif., showed that
X-ray tomography is feasible for detecting water-filled cavities in wood
when at least a 0.5%Z density difference between wood and water is assumed
(Ref 9). AMETEK also developed a conceptual design for an underwater
computerized tomography inspection system (see Ref 10).

The work performed by SMS, AMETEK and SWRI indicated that an under-
water computerized axial tomography system is technically feasible.
However, definition of the packagirg and operational requirements for a
CAT system for effective use in a waterfront environment is needed.

Real Time X-ray Imaging

The real time X-ray imaging technique, which is based on X-ray radi-
ography, has been used to determine the internal condition of living
trees (Ref 1l1). However, no work has been done on inspecting borer-
damaged wood piles, particularly under water; therefore, because of the
great effort necessary to develop this technique, it was determined to
be beyor.1 the scope of the contract.

Acoustic Emission

SWRI evaluated an acnustic emission technique in the laboratory as
part of the timber NDT assessment contract; it is based on the belief
that a bending load applied to a wooden pile would produce sufficient
stress to break wood fibers where the piling was weakened by the tun-
neling activity of marine borers. Also anticipated was that a higher
acoustic emission (AE) count would result for an equivalent load from a
pile damaged by marine borers than from an undamaged pile.
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In the SWRI laboratory tests, three timber piles with varying amounts

of wood removed were submerged in water and loaded in a three-point bending

configuration. Good correlation between the AE counts and loss of cross
section was observed. A sensor submerged in water was found more sensi-
tive in AE detection than a sensor mounted directly on the piling. How-
ever, because of the high ambient noise level in most harbor environments,
it was questionable whether or not the acoustic emission from wood piling
could be detected. SWRI proposed subtracting the background noise from
the AE rate to obtain the AE rate alone. Yet, based upon work with the
passive sonic testing technique, distinguishing AE counts in a noisy
harbor environment is still considered unlikely.

Dielectric Measurement

In this technique the change in the dielectric zonstant of a timber
pile 1s measured and compared to the amount of wood and water-filled
marine borer tunnels. Damage is indicated by the change in capacitance
of a wood pile between two conducting plates, For the SWRI tests a flat
plate capacitor was built by placing two copper plates on opposing sides
of a wood pole. According to theory, the dielectric constant of the
piling should increase with an increase in volume fraction of water
causeda by borer tunnels. Results showed a consisteant increase in the
dielectric constant with an increase in loss of cross section.

In these tests, a pair of copper foils, used as electrodes, must
create a watertight f£it around the pile: excluding all water between
the copper foils and a saturated wood piling in the field does not ap-
pear feasible at this time. Therefore, NCEL decided not to pursue this
technique further.

EVALUATION OF TIMBER INSPECTION TECHNIQUES

Based upon the contract results from SWRI, three of the six orig-
inally recommended techniques were selected fcr further evaluation at
NCEL: ZX-ray tomography, indirect ultrasonic testing, and impact testing.

TOMOGRAPHY

The technique that holds the greatest potential for satisfying the
accuracy requirements (Ref 1) for the detection of hidden defects in
timber to this date is the CAT. Tomography, a radiographic technique,
differs from a conventional radiograph in that it appears to be a cross~
section photograph of the inspected object, taken as if the object had
been sliced in a plane. A conventional radiograph appears as a shadow
of the interior structure of the specimen. A tomograph is reconstructed
from a set of projections of the specimen taken through that slice plane
(Figure 3). Each projection is representative of the relative demnsity,
as a function of the angle through the slice plane, at each viewing posi-
tion. The tomograph allows detailed visualization of the interior of
the specimen (Figure 4).
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Figure 3. Tomographic scanning process.

In the final contract repcrt from AMETEK Offshore Research and
Engineering Division (Ref 9), the feasibility of developing a CAT system
capable of operating in an underwater environment was documented. Under-
water application of tomography is technically feasible. To minimize
development risks, it was determined that a specialized system should be
designed specifically for inspecting submerged timber structures rather
than modifying an existing laboratory or "dry" CAT system. Results of
the detailed analyses of the conceptual design, system performance,
operational scenarios, and identification of critical issues for under-
water CAT inspection of wood pier pilings can be found in References 9
and 10. The proposed prototype CAT systam, inspection criteria for the
CAT system, and scan time considerations are discussed briefly below.

The prototype CAT design consists of four basic subsystems shown in
the block diagram of Figure 5. The scanner subsystem is composed of the
source, detectors, and the necessary support and enclosures for under-
water use, The telemetry subsystem consists of the electronic leads
necessary to connect the scanner subsystem to the data acquisition and
control subsystem, The raw data acquired at each incremental angle of
rotation are formed into a matrix by the data acquisition and system
control subsystem. The data conditioning, reconstruction, and display
subsystem consists of the computer algorithms and the associated hard-
ware required to reconstruct the tomogram from the data collected.
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DIRECT CONNECTION

SYSTEM SEQUENCING,
SCANNER =1 MONITORING, AND
TELEMETRY

ADJACENT TO SPECIMEN

WORK SITE
HIGH SPEED
TELEMETRY LINK
DATA ACQUISITION
AND SYSTEM
CONTROL
— e e e e —
WORK SITE OR REMOTE 1
L\\---—orw_-c::' CONNECTION OR
1 COMPUTER MEDIA

DATA CONDIT!ONING,
RETCONSTRUCTION,
AND DISPLAY

Figure 5. Functional block diagram of Computerized Axial Tomography
System,

The inspection criteria for the scanner design was established based
on the maximum diameter of wood pilings (!8 inches), minimum internal
flaw size desirad to be detected (12.7 mm), capabilities of the present
state-of-the-art detectors, and use of Iridiua as the isotope source.

The inspection criteria for wood under water are as follows: (1) the
density resolution (Ap), 0.5%, and (2) spatial (width) resolution 6 mm
< Aw < 12 mm,

The scan time depends on the specimen thickness (w), spatial resolu-
tion (Aw) and density resolution (4p). With a 18~inch wood piling and
an Iridium source, the minimum scan times in minutes are based on de-
tecting internal and external damage. Since damage to wood structures
is primarily due to biological attack, the detection criteria are based
on the size of the organism. The average size of shipworms (these cause
interior damage) would equate in tomographic parameters to a cpatial
resolution (Aw) of 1/2 inch (12.7 mm) as the minimum spatial require-
ment. To detect the damage caused by the Woodgribble (most severe in
terms of small spatial resolutions), a 1/8-inch (3-mm) spatial resolu-
tion would be necessary. Since the damage caused by the Woodgribble is
exterior, the spatial resolution was eased.
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Accuracy With

Respect to Damage Spacial Minimum
(%) Width, Scan Time

Aw (mm) {(min)

Internal External

0.01 0.03 6 12.0

0.02 0.05 8 5.1

0.03 0.1 12 1.5

A brief summary of the underwater CAT system requirements for inspection
of wood pilings follows.

e Fan Beam Full Illumination Scanner

e 78.3 Fan Angle

o Center of Rotation (COR) -~ centered detector array configuration
° Iridium Source

e 200 Curie Intensity

e 127 Detector Array

INDIRECT ULTRASONIC TESTING

Commercial Demonstration

A demonstration of commercial ultrasonic inspection capabilities by
Agi and Associates was completed in 1982. Timber piers known to suffer
from marine borer damage (San Diego, Calif., and Pearl Harbor, Hawaii)
were inspected.

The basic components of the ultrasonic system used by Agi and Asso=-
ciates are: two magnetostrictive transducers, a single trigger and
timing unit, a transducer drive, the received signal and amplification
system, and a meter presentation of the received signal. The transducers
operate at approximately 30 kHz and transmit over a fixed distance of
about 3 feet, A rigid framework maintains spacing between the trans-
ducers as they are moved along the length of the pile (Ref 12).

The testing crew consists of two persons. One using scuba equip-
ment to scan the entire pile from the water surface to the mudline with
the sonic probe and a secoud on the surface to maintain a continuous
record of tk sonic and visual data.

The initial reading is taken at a known solid region of the pile
(usually above the waterline) and used as the standard reference. The
analog display in the surface unit provides a direct readout of the per-
centage of undamaged wood remaining in the pile cross section {compared
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to the initial reference). Where damage 1s indicated, the diver provides
close visual observations concerning the type and location of darzge,
eccentricity of voids and other pertinent information. These observa-
tions are relayed to the surface technician through a telephone link.

Several of the inspected pilings were removed, sectioned, and
crushed to compare inspection results to actual cross-—sectional area and
remaining strength. his study was designed to: evaluate the inspection
test results obtained with the ultrasonic test equipment: compare the
ultrasonic inspection results with visual inspection recults; and compare
ultrasonic and visual inspection results with established accuracy re-
quirements. Reference 12 presents a detailed description of the capabil-
ities demonstration and discussion of the results. A brief summary of
the results cve stated as follows:

e The Agi and Associates ultrasonic inspection equipment can detect
both external and internal timber damage.

e The ultrasonic inspection overestimated the actual damage in San
Diego by an average of 1€% and in Hawaii by 18%. Visual inspection of
the same piles in Hawaii underestimated damage by 13%.

e The variance for both the visual and ultrasonic inspections was
very high. The standard deviation ranged from 12.1 to a high of 21.9
for the ultrasonic inspections and 13.3 to 16.3 for the visual inspec~-
tion results. Since the variance is directly related to the precision
of the measurement of cross-sectional area for any single pile it should
be much lower to meet the accuracy requirement of 20 to 25% given in
Reference 1. For 957 of the measurements to fall within the accuracy
specification, the standard deviation associated with the measurement of
cross sectional area must be approximately 6% or less. From this stand-
point, neither inspection technique meets the inspection criteria defined
in Reference 1.

NCEL Ultrasonic Laboratory Testing

The reason for pursuing indirect ultrasonic testing at NCEL was.
based on three points:

e Previous ultrasonic tests conducted at NCEL (Ref 7) showed that
although a consistent correlation between the ultrasonic signal and the
wood specimen condition could not be identified, alternative ultrasonic
parameters had not yet been investigated. Further study was warranted.

e The results from the SWRI contract indicated that indirect ultra-
sonic testing is a feasible inspection technique. Positive results were
achieved when the RMS of the ultrasonic signal was compared to the amount
of wood lost. The signal RMS consistently decreased with an increase in
wood damage.

e The Agi and Associates ultrasonic test demonstration proved thau
ultrasonic equipment is not just a potential technique; it has been
satisfying a current need. Although the accuracy is less than the pre-
determined requirement, ultrasonic inspection reveals information about
the interior, rather than only the exterior, of a timber pile, as with
visual inspection.
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The low frequency ultrasonic equipment used by NCEL is commercially
available from James Electronics, Inc., Chicago, Il1l. This ultrasonic
equipment is used routinely during field inspections of lumber, utility
poles, and concrete terrestrial structures. The entire system (Figure 6)
consists of two lead~zirconate~titanate ceramic piezoelectric transducers
mounted in stainless steel cases; a portable ultrasonic digital readout
meter (called the V-meter) equipped with a factory~installed adapter to
permit direct readcut on an oscilloscope; and an analog display unit
that converts digital transit time measurements into analog form.

Initial ultrasonic tests determined that transit time measurements were e
not a reliable or accurate measure of cross-sectional wood loss; conse- o

quently, the analog display unit that converts digital tramsit time )
measurements to analog form was not employed. A schematic of the ultra- o
sonic test system configuration is shown in Figure 7, - s

Figure 6. Transducers, ultrasonic v-meter and analog display unit.

The ultrasonic parameter that indicated the highest potential for iﬁt
correlation to the amount of cross-sectional wood loss was the RMS ampli-~ }3}
tude of the ultrasonic signal received. A computer program to calculate e
this value was written for the Tektronix 4052 computer. o
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The transducers operate at a frequency of 54 kHz and were water-
proofed for underwater use. Two holders were designed and fabricated to
aligr and secure the transducers in the correct orientation for direct
and indirect transmission (Figure 8)., Direct transmission requires that
the transducers be placed on opposite sides of the element. Indirect
transmission requires that the transducers be placed on the same side of
the specimen (Figure 9). Both frameworks maintain the transducers. a
fixed distance apart. In recent ultrasonic tests, only the indirect
transducer holde. was used because the acoustic velecity of the sonic
signal across the wood grain is so similar to that across water.,*

Laboratory Test Preparations. Prior to each series of laboratory
tests, the following preparations were made:

@ The circumference of the test pile was divided and marked into
four quadrants.

¢ The length of the pile was divided and marked into 3- to 6-inch

increments depending on the amount of damage.

e A drawing was made of the test pile showing any external damage,
internal damage, or other pertinent information (damage measurements,
pile diameter, etc.).

Description of Piles, 1Indirect ultrasonic laboratory tests were
conducted on piles with simulated and actual biological damage. Piles
with actual borer damage were obtained from San Diego and Hawaii (see
Figure 10). Those piles with actual borer damage were numbered: 5x,
4x1, 8335D and 8323E. The test pile with simulated borer damage was
referred to as the "standard" pile. Initially, the standard pile had
multiple small diameter (3/8~inch) holes drilled 21 inches ceep in twu
quadrants, However, these holes became enlarged and blocked with debris
aiter a relatively short period of time.

Procedures. Following initial preparations, the transducer holder
(containing the TX and RX transducers) was placed against the timber
pile in the desired location. The transducer holder is designed to allow
the arms to be adjusted to the pile diameter. Although the transducer
holder is placed directly against the pile, the transducers themselves
remain approximately 1 inch away. Consistency between each series of
tests was achieved by beginning each test at the first marked line in
quadrant 1 and proceeding down the pile to the last line for each of tha
quadrants,

*This was explained previously in the section on Low Frequency
Ultrasonics and is shown in Figure 2.
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(b) Indirect.

Indirect and direct transducer holders.

Figure 8.

(a) Direct.
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{b) Indirect Transmission

(a) Direct Transmission

Figure 9. Two methods of ultrasonic through transmission.

The number of ultrasonic signal readings taken along each individual
pile was dependent on the separation length of the transducers and the
length of the pile. However, the transducers were held at a fixed dis-
tance of 19 inches in the transducer holder during all laboratory tests.
Consequently, the number of readings taken was dependent mnly on pile
length. The maximum number of readings (l100) was taken on the standard
pile. Approximately 20 readings were taken for each of test piles 5x,
4x1, 8335D, and 8323E. Every reading was repeated to evaluate reproduc-
ibility of test results. If discrepancies between an initial and second
waveform reading were observed, a third reading (or more, if necessary)
was taken ir. the same location.

The data recorded for each series of tests included the following
information:
e digitized ultrasonic signal waveform

e location of the transmitter and receiver

o description of the pile, including a sketch showing damage in
test locations

e separation distance of the transducers

e distance between transducers and pile surface
o settings on the 7854 programmable oscilloscope
e time, date, and location of the test

e tape and file number

e any changes in test setup or execution

e comments, including noticeable changes in recorded waveforms
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(b) Pile 5X.

Figure 10.

(e) Standard pile.

Laboratory test piles.
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Laboratory Test Results. Low frequency ultrasenic theory indicates
that the strength of the signal picked up by the receiver will be stronger
in solid wood than in damaged wood. The transmitter sends sonic waves
into and down the grain of the wood. The receiver picks up the signal
and relays it to the oscilloscope, which measures the strength of the
signal and its time of passage for the fixed distance in the wood., The
amplitude of the digitized ultrasonic waveform received indicates the
strength of the signal. As a result, the decrease in the RMS amplitude
of the ultrasonic signal received is the parameter that holds the greatest
potential for correlation with the amount of cross-sectional wood loss,
The RMS is the square root of the mean of the squared amplitudes. The
formula for calculating the RMS amplitude is as follows:

After looking at the RMS amplitude of the ultrasonic signal for the
various test piles, a large discrepancy was apparent uvetween the RMS
values for different timber piles. For example, the average RMS values
for the standard pile were 1.4 to 2.2 mV, while the average RMS values
for pile 5x were 14.5 to 15.0 mV. The DC level of the ultrasonic signal
was shifting, seriously affecting the calculated RMS. To compare RMS
values of the ultrasonic signals, a synchronized horizontal time base is
required for identifying the wave amplitude components for attenuation
measurement. However, to compensate for the irregular DC shift exhibited
in all the ultrasonic signals, the standard deviation of the ultrasonic
signal over a specific time period was determined. The formula used to
calculate the standard deviation is shown below:

Standard Deviation = L - <§>2

The standard deviation creates a synchronized horizontal time base by
subtracting the mean amplitude squared from the sum of squared ultrasonic
signal amplitudes as shown, Th’s eliminated the erroneous readings
obtained from comparison of only the magnitude of the amplitudes (RMS).
Standard deviation, mean and largest peak to peak value were cal-
culated over four different time domains of the ultrasonic signal. This
signal was separated into discrete time frames or "bins" (100, 200, 300,
and 400 usec) to evaluate the difference in sound velocity between wood
and water. Compressional sound waves travel in solid wood with a
velocity of approximately 5,000 m/sec along the grain, whereas waves
travel through seawater with a velocity of 1,500 m/sec. Figure 11 shows
two ultrasonic received signals. A typical a~oustic sound wave received
after traveling only through water is snown in Figure lla. 1In comparison,
an ultrasonic signal received after traveling through a solid timber
pile for the same path length or transducer separation of 22 inches is
shown in Figure 1lb. The smaller amplitude wave indicated by a "1" in
the figure is the part of the acoustic signal that traveled through the
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(a) Through seawater.
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Press return to continue
(b) Through wood.

Figure 11. Received ultrasonic
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wood. The amplitude and strength of tuis portion of the signal is
affected by the internal condition of the timber pile. The part of the
signal traveling through the water indicated by a "2" in the figure
arrives later but with a larger amplitude,

The fixed distance between the transducers was set at 19 inches
(0.483 meter) for laboratory tests. The travel time for the sonic
signal to travel directly through the timber pile from the transmitter
over the fixed distance to the receiver would be equal to 97 usec
(0.483 m + 5,000 m/sec). Consequently, the first time frame of 100 usec
relies heavily on the arrival of only the ultrasonic signals traveling
through sound wood. The travel time for the sonic signal to travel
through a damaged pile section is influenced by the amount of water con-
tained in the damaged area. If the damaged area were completely filled
with water (e.g., from borer damage), then the time for the sonic signal
to travel from the transmitter to the receiver would be 320 usec
(0.483 m ¢+ 1,500 m/sec). Therefore, the ultrasonic signal contained in
the 400 usec bin is influenced mainly by the slower, larger amplitude
waves traveling through water. The 200~ and 300~usec bins are inter-
mediate time frames that include the waves traveling partially through
water-filled voids and solid wood along with the stronger amplitude
waves traveling only through ww.er.

The location of the transducers was recorded using the quadrant
number (Q) and the transmitter-to-receiver increment position (TX-RX).

A data entry identified by Ql-2 RX1 TX8 means the ultrasonic signal was
transmitted through the wood between quadrants 1 and 2 with the trans-
mitter at the 8th marked line and the receiver at the lst marked line.
The distance between the marked lines varied for each test pile as
explained previously.

After completing the laboratory ultrasonic and impact tests, the
five laboratory test piles were sectioned and photographed. The photo-
graphs of the various sections for each pile were enlarged and the cross-
sectional area was divided into quadrants. An example is shown in
Figure 12. With the photographs and an engineering tool called a planim-
eter, the cross-sectional area remaining in each quadrant was calculated.
Subtracting the remaining cross-sectional area from the total cross-
sectional area gave the amcunt of cross-sectional area loss. Correlation
between the amount of cross-sectional area loss in each quadrant and the
standard deviation of the ultrasonic signal received in the respective
quadrant was investigated.

Figure 13 shows the relationship between the cross-sectional wood
loss of the standard pile and the standard deviation over four different
bins of the ultrasonic signal. The best correlation between the standard
deviation and the cross—-sectional wood loss was found to be over the
100~usec time bin (Figure 13). Standard deviation generally decreases
with an increase in the percent of cross-sectional wood loss. It is
apparent from the figure that the data collected contain discrepancies.
Standard deviation (over 100 usec) for a 17% cross-sectional wood loss
is higher than standard deviation where a 9% cross-sectional wood loss
exists. Repeated readings often varied in the same location. Signal
variations that occur through a constant amount of cross~sectional loss
are due to material changes in the structure and grain orientation of
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the timber pile. Figure 13a shows a shift in signal strength measured
by the standard deviation from 0.2 to 2.5 mV for a constant 0% cross-
sectional area loss. These natural variations were verified when large

or significant fluctuations in signal strength were measured in different

quadrants of a completely solid pile (see Figure 14).

Figure 12, PILE 5X: Cross section divided into pie-shaped
quadrants.

The relationship between the cross-sectional wood loss and the
calculated standard deviation of the ultrasonic signal over the 100-usec
time increment for the test piles (standard, 5x, 4xl, and 8335D) is in
Figure 15. As shown in Figure 13b the ultrasonic readings taken for
pile 5x (Figure 15b) were unlike the standard pile. The steady decrease
in standard deviation with au increase in cross-sectional wood loss of
pile 5x is not as evident. The largest discrepancy exists in the region
where 74% cross~sectional wood is lost. Standard deviation increases
where a decrease is expected.

Again, readings vary significantly for a constant cross-sectional
area loss. The plots of standard deviation versus the percent of cross-
sectional wood loss for pile 4x! and pile 8335D show a wide range of
values with no consistent or significant decrease in standard deviation
with cross-sectional wood loss.

To clarify the extent of association between the percent of cross-—
sectional wood loss and standard deviation of the ultrasonic signal, a
regression analysis was performed on the data collected for each pile.
Regression deals with the prediction of one variable from its correla-~
tion with others. The two variables being correlated (percent cross-
sectional area loss and standard deviation of the ultrasonic signal) are
shown in graphic form in Figure 16.
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The curve of best fit was drawn through the data points. The best
fit description relies on the statistical measure of the extent of the
relationship between the two variables called the coefficient of correla-
tion (R). A value of R = | indicates a perfect association or complete
dependence of one variable upnn another. The value of R is shown along
with the curve chosen for each pile.

The curve of best fit willi yield accurate estimates if the variation

around it is small. The variation around the curve is called the standard

error of estimate. Standard error of estimate was calculated and is
also shown in Figure 16 with the respective curves for each test pile.

Because of the natural variability in materials such as wood, an
absolute standard for all timber pilings and standard deviation of the
received ultrasonic signal cannot be determined. Each pile tested has
its own signature that defines the prcperties of that pile. During an
inspection, an average standard deviation would have to be recalibrated
on a solid section for each pile.

NCEL Ultrasonic Field Testing

In June 1982, NCEL installed seven timber pilings with various
degrees of biological damage along the corrosion test pier located in
Port Hueneme harbor in California. This pier is situated where marine
borer populations and their activity are known to be great. These timber
pilings were allowed to deteriorate further from biological attack for
approximately 1 year. In July 1983, three of the seven installed pilings
and one of the support piles for the corrosion pier were inspected by
Navy divers. Two inspection techniques, ultrasonic and impact testing,*
were employed.

For successful evaluation of any inspection technique, a range of
biological damage was desired. First, the divers visually inspected the
installed piles to locate the timber pile with the least, and the other
with the most, obvious smount of damage. As expected, a new pile had
the least amount of external damage. The ultrasonic tests were first
conducted on the new pile (no. 8). Following the ultrasonic tests on
the new pile, the Ndvy divers inspected three additional piles with
various degrees of external damage.

The same equipment coufiguration as that in the ultrasonic labora-~
tory tests was used (Figure 7); initial preparations were also similar.
Variations were as follows: the length of the pile was divided and
marked with a line into l-foot increments instead of 3~ to 6-inch incre-
ments; the external damage, internal damage, and any other pertinent
information were recorded on video as well as in drawings; the separa-
tion distance between the transducers in the transducer holder was set
at 22 inches instead of 19 inches; and the ultrasonic signal from the
receiver was averaged 100 times to reduce the noise level.

Two divers and an engineer at the surface were employed during the
actual testing. One diver used video equipment to examine the pile for
damage in the area being tested and documented the actual test procedure.

*See IMPACT TESTING section for discussion of this technique.
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The other diver placed the transducer holder directly against the pile
in the designated regions of the pile. The engineer at the surface
viewed the movements of the diver holding the transducer, observed any
external damage pointed out by the diver with the video camera, and
monitored the ultrasonic signal from the receiver shown on the cathode
ray tube (CRT) screen, ’

Communication was from the surface engineer to the video-equipment
diver. This allowed the engineer to inform the diver when a closer look
at damage was desired and when a reading needed to be repeated; but
with only one-way communication, the diver could not relay to the surface
engineer any problems encountered or visual observations pertinent to
the ultrasonic testing until after surfacing.

The diver operating the transducer holder traveled from the marked
line at the waterline to the marked line at the mudline for each of the
quadrants on each pile. During testing two readings to check repeatabil-
ity were taken of each pile at 40 different locations. The data recorded
for each series of tests included the same information described in
Procedures of the NCEL Ultrasonic Laboratory Testing section of the
report.

Field Test Results. Unlike the laboratory test piles, the harbor
test piles were not sectioned to determine the percent of cross-sectional
wood loss because these piles will remain in place for future inspection
testing. Therefore, the ultrasonic equipment can be evaluated only on
detection of external damage.

For the four (three damaged and one new) harbor test piles inspected,
the regions of external damage were identified by combining visual, video,
and photographic data. Extent of the external damage (including length,
width, and depth of damage) was also determined. After location and
extent of damage for each pile were established, standard deviation of
the ultrasonic signal at these locations was evaluated. Based on ultra-
sonic laboratory test results, standard deviation of the ultrasonic
received signal over the 100-usec time interval held the greatest poten-
tial for correlation to the amount of cross-sectional wood loss. Thus,
only standard deviation of the ultrasonic signal 1eceived over the time
frame of 100 usec was investigated.

Figures 17 through 15 give the ultrasonic field data collected at
and near the damaged regions. Regions of external damage were compared
to regions of no external damage. The location and dimensions of the
external damage are also shown in Figures 17 through 19, although the
damage is not to scale. This comparison showed the change in the standard
deviation with external damage; however, the amount of external damage
on all the piles inspected in the harbor was minimal (less than 15%
cross-sectional loss).

Figure 17 shows the relationship between the external damage of
pile 8 tested in the harbor and the standard deviation of the ultrasonic
signal received over 100 usec. Quadrants ! and 2 of pile no. 8 were
analyzed; damage in quadrant 1 is substantial compared to that in
quadrant 2. Length and depth of damage are relevant to its detection
using ultrasonics. Therefore, the results in quadrant ' (Figure 17a)
show a definite decrease in the standard deviation in regions where
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external damage is shown. The standard deviation decreases from approxi-
mately 3 to 2.5 mV when the ultrasonic transducers are positioned closer
to the damage. When the transducers are placed directly over the damage,
the standard deviation decreases to approximately 1.7 mV. The ultrasonic
readings taken in quadrant 2 fluctuate slightly without regard to the
damage exhibited.
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(b) Pile 8, quadrant 2.

Figure 17. Ultrasonic field tests: <ctandard deviation (100 usec)
versus position of receiver (RX) for Pile No. 8.

Figure 18 gives the standard deviation readings over 100 usec for
pile no. 5. Again, two quadrants were evaluated. The greatest amount
of damage in quadrant 2 (Figure i8a) is shown between line markings 3
to 5. As shown, the standard deviation is low at lines 3 and 5. Quad-
rant 3 (Figure 18b) has minimal damage with the greatest damage depth
being 0.6 inch. In the damaged region of quadrant 3, the standard devi-
ation fluctuates from approximately 0.2 to 0.6 mV. In comparison, the
stardard deviation in the solid region ranges from 0.6 to 1.1 mV.

The external damage shown on pile no. 1 is almost nonexistent
(Figure 19a). Yet, the standard deviation varies from approximately 1.8
to 20.1 mV. This fluctuatior in the standard deviation is observed where
no change in the pile condition is shown.

Figure 19b shows the change in the standard deviation with the
external damage over 100 usec for the Support Pile. The standard devi-
ation decreased from a range of approximately 0.7 to 1.8 mV in the solid
region to 0.4 to 0.5 mV in the damaged region.
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(b) Support pile, quadrant 2.

Ultrasonic field tests:

standard deviation (100 usec)

versus position of receiver (RX).

34

e e




Summary of Both Laboratory and Field Test Results. The final analy-
sis of the ultrasonic inspection technique after the laboratory and field
tests is based on the following criteria: (1) accuracy, (2) range of
damage detection, (3) repeatability of readings taken, and (4) operational
simplicity.

Accuracy is defined as the extent to which a given measurement agrees
with the standard value for that measurement. One method for estimating
accuracy uses the regression curves plotted in Figure 16. The R-value
is shown for each curve. The test piles, standard, and 8335D show
R-values of at least 0.6, indicating some relationship between the stan-
dard deviation and percent cross-sectional area loss. Couplete depen-
dence, however, requires that R = 1, Piles 4x] and 5x have R-values
equal to 0.02 and 0.06, respectively. Since R is close to 0, little ST
relationship exists between the standard deviation and cross-sectional et
area loss for these piles. According to these results, the only correla- [
tion is for the standard pile which has only simulated damage with a ;
maximum cross-sectional area loss of 26% and for pi.e 8335D which has
extensive damage with a minimum cross-sectional area loss of 45%. Con-
sistent correlation between standard deviation and percent cross-sectional o
area loss has not been found. RS

The range of damage detection can be evaluated by examining the b, ..
regression curves (Figure 16). The curve for the standard pile
(Figure 16a) shows that for a standard deviation value of 0.25 mV, the
percent of cross-sectional loss could be between 0.0 and 20%. The re-
gression curve for pile 8335D (Figure 16b) shows that a standard devi- o
ation value between 0.1 and 0.2 mV could indicate a cross-sectional loss ——
in the range of 55 to 85%. Piles 5x and 4x1 show no decrease in standard S
deviation values with an increase in cross-sectioral area loss. The R
variability of readings makes it impossible to discriminate the range of
cross~sectional loss that can be detected.

The repeated ultrasonic readings varied in the same location. The
variance between standard deviation readings was less that 0.05 mV.
However, according to the regression curves, a small difference in stan-
dard deviation values (0.05 to 0.l mV) can seriously affect the value of
cross-sectional area loss.

The deployment of the ultrasonic equipment in an operational envi-
ronment and subjected to actual use as in field testing showed the sim-
plicity of using the ultrasonic device. The only function required of
the diver inspecting the pile is to hold the transducer in the proper
location. Both the Jistance between the transducers and the angle of
orientation of the transducers in the transducer holder is pre-determined
and pre-set.

IMPACT TESTING 2

Theory

Impact testing at NCEL was based on the simple hammer-sounding et
inspection metnod currently used by Navy divers to detzct internal damage UM
of timber piles. When a timber pile Is struck with a hammer, a sharp y
ringing sound indicates a solid pile; a hollow or dull thud indicates a
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damaged pile. Listening to tlie quality or tone of the acoustic response
is a subjective process. NCEL conducted an engineering analysis of this
acoustic inspection technique to quantify the hammer sounding method.

It is known that if the equilibrium condition of an object is dis-
turbed by an impact, it is the nature of the objectr to transfer the force
and the motion: to deflect, vibrate, resonate, and conduct sound
(Ref 13). Upon impact, a timber pile will vibrate laterally, axially
and radially. The overall resonant frequency response evaluated by SWRI
showed no appreciable change with damage for the frequency response of
lateral vibrations (Ref 8). The goal of the NCEL impact tests was to
analyze the localized sound waves transmitted axially through the pile.

The hammer impact excites resonant modes of vibration affecting the
quality of tone heard. Loudness, pitch, and timbre are the three funda-
mental quantities which characterize a tone. To the human ear, pitch is
one attribute of auditory sensation for which sounds may be ranked and
compared. Pitch is primarily a function of frequency, although intensity
and waveform are also influential. A curve giving the relationship be-
tween subjective pitch and frequency at a fixed loudness is shown in
Reference l4: pitch increasing with higher frequencies.

An objective approach to inspection of timber piles was devised
that utilized a hydrophone or an accelerometer to record the acoustic
response cf the pile to the hammer impact. An instrumented hammer ex-
cited the timber pile with a nearly constant force over a broad fraquency
range. The time domain signal was used to generate the Fast Fourier
Transform (FFT) of the signal for later analysis.

When disturbed by an impulse forcing function (hammer tap), the
pile resonates at its damped natural frequency. It was anticipated that
an analysis of the frequency spectrum would show a higher frequency re-
sponse (higher pitch) for solid timber piles and lower frequency response
for damaged piles. Correlaticn between the axial frequency response of
the timber pile and the amount of cross-sectional wood loss was desired.
Consequently, the following variations in the signals from solid and
damaged wood were investigated: (l) changes in bandwidth, (2) number of
discrete frequency bands (peaks), and (3) amplitude and frequency of the
highest energy peaks. Laboratory and field tests were conducted.

Types of Impact Testing

NCEL impact testing concentrated on two basic applications. Both
approaches deal with impulse impact ard the analysis of the frequency
response of the timber pile. The primary difference is the specific
equipment used to measure the acoustic timber response after impact;
either a hydrophone or an accelerometer was used to record the acoustic
response,

Ideally, both the stimulus (impulse force) and the frequency re-
sponse (axial vibration of the pile) could be objectively measured. The
overall testing procedure for the impact tests was divided into two
separate series: (1) hydrophone impact tests with an instrumented hammer
and a hydrophone and (2) accelerometer impact tests with an instrumented
hammer and an accelerometer. A detailed description for each series
follows.
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Equipment
Hydrophone Description.

The hydrophone impact test equipment consisted of:

e a Bruel and Kjaer (B&K) hydrophone and safety case

e a voltage supply source for the hydrophone (B&K)

e a Piezotronic (PCB) instrumented hammer

e a programmable digital oscilloscope (Tektronix model 7854)
e a computer (Tektronix model 4052), printer, and tape drive

The hydrophone and voltage supply source are shown in Figure 20. This
equipment was selected based on avallability, economic constraints and

desired characteristics.

The B&K hydrophone had the desired characteristics and was readily
available at NCEL. The hydrophone parameters are:

e Piezoelectric transducers

e Frequency range of 1 Hz to 125 Hz

e Flat frequency response up to 70-80 kHz

e Omnidirectional

e Sensitivity of -184 db Ref 1V/uPa

e Built-in, solid state preamplifier

Instruymented hammer kits are commercially available for behavior
testing of a wide varilety of structures. PCB Piezoelectronics Incorpo-

rated manufactures and supplies hammer kits as complete calibrated sys-
tems. A technical representative from PCB Piezotronics recommended the

General Purpose impulse hammer. This impulse hammer was selected because

structures (like timber pilings) could be tested at low, medium, and
high frequencies. The impulse hammer contains a built-in accelerometer
(Figure 21) designed to measure the impact generated by the specific
hammer. The impulse hammer parameters are:

o Forced transducer range ¢f 0-500 1bf
e Sensitivity of 10 mV/1bf

e Resonant frequency of 70 kHz

e Hammer mass of 0.3 1b

e Tip diameter of 0.5 inch
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Figure

CIVIL ERGINEENING LARORATORY

20, Hydrophone and voltage supply source.

4808 PO R INCE

Figure 21.
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Impulse hammer with built-in accelerometer.

38




Accelerometer Description. The equipment used for the accelerometer
impact tests was exactly the same as described for the hydrophone impact .'
tests except arn accelerometer was used in place of the hydrophone (Fig-
ure 22). A quartz accelerometer was supplied with the instrumented PCB
hammer. This accelerometer offers exceptionally good low frequency re-
sponse. The accelervometer parameters are:

oy

e Range *500g

e Resolution of 0.02g

e Sensitivity of 10 mV/g

o Resonant frequency 45 kHz )

o Frequency range of 1 to 5000 Hz ';
Laboratory Procedure _?

Laboratory impact testing was conducted on the same test piles ;_
described earlier in the NCEL laboratory ultrasonic tests. The initial _
preparations made were also the same as those made before ultrasonic .
testing began. -

In the general procedure for the impact tests, the timber pile was ;Q
hit in the desired, previously marked location, and the acoustic response C
of the timber pile was picked up with the hydrophone or accelerometer at i‘

a set distance away from the impact position. Both the hydrophone and
accelerometer were hand-held. The hydrophone was held approximately

2 inches away from the timber pile. The accelerometer was held in inti- “l
mate contact with the timber pile to pick up the impact-generated signal. -

One technician and one engineer performed the impact tests. The
technician struck the timber pile with the PCB hammer, held the hydro- : 2
phone approximately 2 inches from the pile or held the accelerometer -
directly against the pile in the desired location, and kept the test
pile from moving during the test. The test pile lay horizontally in the
saltwater test tank.

Both the impact signal of the hammer and the received outgoing sig- .
nal were sent directly to the programmable oscilloscope through connecting ;“
cables. The digitized waveforms for both the impact and received signals
were displayed on the oscilloscope CRT view screen. A schematic of the
impact test equipment configuration is shown in Figure 23. Digitized

waveforms of both the input and output sigrals were stored on a magnetic %:
tape for later analysis. T
The distance between the impact position and the placement of the i

hydrophone or accelerometer depended on the test pile being evaluated.
The procedure was to hit the test pile at every marked line and to pick
up the received signal at the succeeding line. The length of the stan-
dard pile was marked with 20 lines spaced 3 inches apart; the other test -
piles (5x, 4x1, 8335D, 8323E) were marked lengthwise into 6-inch incre~ T
ments. Thus, the localized axial response between the marked lines was )
received. Each impact signal and received signal was repeated to verify
the reproducibility of the test results.
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Figure 22, Quartz accelerometer.
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Figure 23. Schematic of impact test configuration.
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The data recorded for each series of impact tests (whether hydro-
phone or accelerometer) were as follows:

e The digitized impact waveform

e The digitized response waveform received by the hydrophone or
the accelerometer

e The location of the hammer impact and of the hydrophone or
accelerometer

e The separation distance between the impact and the received
response

o Description of the pile, including a sketch showing the damage
in test locations

e Settings on the programmable oscilloscope

e Time, date, and location of the test

e Tape and file number that locates the stored waveform
e Any changes in test setup or execution

e Comments, including noticeable changes in recorded waveforms

Laboratory Test Results

The first series of hydrophone impact tests were carried out on the
standard pile with its simulated borer damage. These tests revealed
that the damaged portion of the pile had more discrete frequency bands
with smaller amplitudes than the solid portion, which had fewer narrow
frequency bands with higher amplitudes (Figure 24). Repeated tests in
the same location resulted in similar waveforms and corresponding FFT's,
demonstrating the repeatability of the hydrophone impact tests.

The accelerometer impact tests verified the hydrophone impact test
results; however, some discrepancies between repeated tests began to
develop. The accelerometer has a higher sensitivity and can detect
ambient noise to a greater extent than the hydrophone. Readings were
not always reproducible.

The PCB hammer has an obvious effect on the impulse transmitted
through the timber pile and generates a transient (impact) excitation
signal. This is evidenced by a short narrow constant energy spike. A
single impulse is vital to initiating a wide range of frequencies at
essentially constant energy into the timber pile. To be sure that the
impulse generated by the PCB hammer was a single constant energy pulse,
the FFT of the input signal was analyzed.
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Figure 24. Frequency spectrum: damaged versus solid region of standard
test pile.
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In a series of tests, the effect of the hammer orientation on the
force input to the timber pile was assessed. The PCB hammer held at
three different orientations was used to strike a solid pile: handle of
the hammer parallel to the axis of the pile when vertical; handle of the
hammer perpendicular to the axis of the pile when vertical; and handle
of the hammer perpendicular to the axis of the pile when horizontal.

The hammer orientation affected the amplitude and frequency band of
the input force and output signal received (Figure 25). A standard method
of hitting with the handle of the hammer perpendicular to the axis of
the laboratory test pile laying horizontally in the water was established.

The hydrophone and accelerometer impact tests were repeated on the
standard pile and conducted on the same test timber piles used previously.
The data collected during the impact laboratory tests are shown in Fig-
ures 26 and 27. These curves generally exhibit a decrease in frequency
of the highest amplitude peak with an increase in percent cross-sectional
wood loss.

Figure 26 shows the regression analysis of the hydrophone data col-~
lected for all of the laboratory test piles, In addition, the R-value
for the curve, the standard deviation, and the standard error of estimate
are shown. The standard deviation is very high, resulting in a high
standard of error. Figure 27 shows the regression analysis of the accel-
ercmeter data collected for the standard, 5x, and 4xl test piles; again,
the standard error is very high. )

The other variations expected between solid and damaged wood, which
included changes in bandwidth and number of discrete frequency bands,
were evaluated. However, no correlation to the percent of cross-sectional
wood loss could be found.

As expected, the solid areas of the test piles generally had a higher
frequency response than the damaged regions, but this was not true for
every test. Variations were observed between repeated tests, and several
contradictions between damaged and solid regions were found.

Impact Field Testing

Field impact tests were conducted at the corrosion test pier on the
piles inspected with the ultrasonic test equipment. Preparations made
before impact testing were the same as those outlined in the NCEL Ultra-
sonic Field Testing section. The only difference was that the hydrophone
or the accelerometer rather than the transducers (receiver and trans-
mitter) was employed.

The general procedure followed lor the impact field tests closely
resembled the procedure followed for the laboratory impact tests described
in the preceding section. However, the high electrical noise level in
the cable lines and ambient noise level in the harbor severely distorted
the impact signal of the PCB hammer. Consequently, a 3-pound sledge
hammer was utilized during the field impact tests, and the impact imparted
to the timber pile was not recorded.
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Hydrophone. Field testing is vital to determination of the accuracy,
ease of deployment, and reliability characteristics of any new technique
because of the need for testing in an uncontrolled, anticipated opera-
tional environment. The hydrophone tests conducted at the corrosion
pler amplified the need for a standardized, uncomplicated inspection
technique. Explicit direction had to be given, and followed, for uni-
formity during testing.

During several periods in the hydrophone tests, subjective human
reasoning and variations in procedures affected the results. The hydro-
phone test procedures varied in the following ways: (1) the hammer
impact was inconsistent due to the differences in each individual blow

and (2) at first, the hydrophone was touching the pile, but later was ’jj:
held approximately 1-1/2 inches away from the pile. When these vari- Lo
ations were recognized, a standard procedure was devised for the divers. <l
The divers were explicitly instructed to hold the hydrophone 1-1/2 inches e |
away from the timber pile being tested at the line marking belnw the T
impact region. In addition, a consistent hammer impact was needed. The -fffﬂ
same exact strength behind each hammer blow was impossible., but - more RS

consistent impact was achieved.
The data recorded for each series of impact tests performed on the

" LR
N

four harbor test piles were the same as that outlined for the laboratory 4
impact tests. Minor variations in the data collected included: (1) the o
digitized impact waveform was not recorded and (2) a description of each - j:

test pile and damage in test locations were recorded on video tape as S

well as in sketches. T

—

Accelerometer. The procedure followed for the accelerometer impact 9_“A1

tests was nearly the same as that outlined for the laboratory impact
tests. The accelerometer tests were conducted on only two quadrants of
each of the four harbor test piles.

Field Test Results

The impact test equipment, Llike the ultrasonic test equipment, could
only be evaluated in the field for its ability to detect external damage.
Figures 28 and 29 present test results showing the frequency shifts in
damaged and undamaged regions of the harbor test piles for the hydrophone S
and accelerometer impact field tests, respectively. s

Figure 28a shows the shift in frequency (in quadrant 1) of the !,ﬂfﬂ
highest amplitude peak in the frequency spectrum from a range of 500 to cated
700 Hertz in the solid regions to 400 Hertz in the damaged region of .
pile no. 8. The accelerometer data obtained for the same pile (Fig-
ure 29a) were inconsistent with the hydrophone data. No correlation
could be established between the frequency (corresponding to the highest
energy peak) and the amount of external damage. S

The greatest amount of damage on pile no. 5 was in quadrant 2 below .
line 3; the lowest frequency is observed in this region (Figure 28b).

The damage in quadrant 3 of pile no. 5 was insignificant, and the accel-
erometer data collected here show no shift in frequency (Figure 29b).

The data collected on harbor pile no. 1 show an increase in fre-
quency in traveling from a damaged region to a solid region (Figure 28c).

The Support pile results show that the frequency remains constant
along the pile (Figure 28d).

“l‘l' ‘.b
i N Y S}

. D
A A _A_A_M

47




uotitsod snsiaa 337ys Lousanbaijy

*z ueapend ‘a271d 3aoddns (p)

NOILISOd 3INOHJOUAAH
S 14 £ 4

=

9

|

v v L v > v

et

002

31312

oev

08s

*Z 3ueapend ‘¢ ON 2TT4 (Q)
NOILISOd INOHJONAAH

t1er e 8 ¢ 9 6 ¥ 22 1 G

_

-y

1

oec
08t
a6t
8es
0es

00L

LXWODOWZO>

LXLWOoODWIO>

*auoydoapdy 2yl jo
ts3s93 3oedmy pyary 2uoydoapiy

*g7 2an81jg

"ON 9TTd (2)
NOILISOd 3NOHdOYJAH

-7 3ueapend 1

2111816 8 4 9 S ¥ £ 2 1 By

408t

4809

41608

40001

*1 Jueapend ‘g "ON ITTd (®)

NOILISOd 3NOHJOYQAH

211181 6 8

L4 v

¢3S v EC 1 Bhue

108¢
4108s
4609
1002
0os

LEWODOWZO>

LEWSOWIZOI

48




, "uoTItsod 1alawohatasoe
Snsiaa 337ys mu:w:vmuw

13531 30eduy 1333wofatasoy "6 @an8yy
"€ 3ueiprny < ‘ON a11q (9)
HOILISOd4 4313IN0NT1359y
o1 ¢ 8 2 ) s 2
\ > — e
‘d//l‘

oo

"1 3ueIpENR) ‘g -0y aypg (®)
zc~:wo..._w mw»m-momu..mﬂuc

81t s 8 Y £

Ton
_I

hd v L4 v L

A
e8s
3
o
809 8
3
802

Doz

eeg
.wOv._c
eos 3
609 0
002 ¥

49



Summary of Impact Test Results

Like the ultrasonic tests, the impact tests were evaluated on accu-
racy, range of damage detection, repeatability of readings taken, and
operational simplicity.

The accuracy associated with the impact tests is #50Z. Frequency
analysis of the Impact response can be used onl); to detect internal
damage between 50 and 100X of the total cross-sectional area. The range
of detection of external damage, hovever, is not limited to severe
damage; a decrease in amplitude and frequency was observed for external
damage constituting only a 152 cross-sectional area loss.

The impact tests were not reproducible. The variance in frequency
shifts between repeated tests was extremely high (300 to 700 Hertz).

From the standpoint of assessing the operational simplicity of the
impact inspection technique, the true test was actual use in Port Hueneme
harbor. Although the impact procedure was relatively simple to perform,
diver technique greatly influenced the signal generated and received.
This adversely affected the reliability and consistency of the results.

CONCLUSIONS AND RECOMMENDATIONS

Three timber inspection techniques ~ computerized axial tomography,
ultrasonic, and impact - have been presented. The following concluvsions
and recommendations are made:

1. At this time, only the conceptual design of an underwater computerized
axial tomography inspection system can meet the accuracy requirements

(Ref 1) for detection of internal defects in wood. Because of the devel-
opmental nature of underwater tomography and cost, further work on devel-
cpment of an underwater CAT system has been postponed.

2. A decrease in standard deviation of the received ultrasonic signal
with an increase in percent cross-sectional area loss has been observed
for a few of the laboratory and harbor test piles, but a consistent cor-
relation has not been found. A shift in standard deviation reading from
the average reading taken on a solid section for each pile could be an
indication of internal or external damage, a knot, or a change in grain
orientation. Therefore, a shift in ultrasonic reading indicates a poten-
tially damaged region but must be confirmed with a visual inspection or
other NDT technique.

3. The ultrasonic test results indicate the low frequency ultrasonic
system cannot meet the accuracy requirements in Reference 1. However,
it would be advantageous to develop an ultrasonic system similar to the
NCEL system to increase the confidence and reliability of inspection
data compared to a visual inspection. In addition, the probability of
detecting internal damage is greater during an ultrasonic inspection
thon during a visual inspection.

4. Frequency analysis of the acoustic response after impact can only be

used to detect excessive internal damage (50% or more). Many factors
involved in the impact testing procedure affect the signal received:
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orientarion of the hammer, strength of the hammer blow, placement of the
hydrophone or accelerometer along the pile length, and any movement of
the hydrophone or accelerometer during testing. Deciphering and elim-
inating the individual causes for discrepancies in the received signals
is extremely difficult and highly unlikely. Therefore, it is recom-
mended that further pursuit of the impact testing technique be discon-
tinued.

5. An economic cost/benefit analysis of each of the technically fea-
sible timbar inspection techniques is planned in this fiscal year.
Subsequently, one of the timber inspection systems should be selected
for prototype development based upon measurement accuracy and economic
cost/benefit.
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NAVSTA CO Roosevelt Roads P.R. Puerto Rico: Code 16P. Keflavik. Iceland: Dir Engr Div, PWD, Mayport
FL: Dir Mech Engr 37WC93 Norfolk, VA: Engr. Dir.. Rota Spain: Long Beach, CA: Maint. Cont. Div.,
Guantanamo Bay Cuba: PWD (LTJG.P.M. Motolenich). Puerto Rico: PWD - Engr Dept. Adak. AK: PWD
- Engr Div. Midway Is: PWO, Guantanamo Bay Cuba: PWO, Keflavik lceland: PWO., Mayport FL: SCE,
Guam. Marianas; SCE, Pearl Harbor HI: SCE. San Diego CA: SCE, Subic Bay, R.P.

NAVSUBASE SCE, Pearl Harbor HI

NAVSUPPO Security Offr, Sardinia

NAVSURFWPNCEN PWO, Dabhigren VA; PWO, White Oak. Silver Spring, MD

NAVTECHTRACEN SCE, Pensacola FL

NAVWARCOL Dir. of Facil., Newport RI

NAVWPNCEN Code 2636 China Lake

NAVWENSTA (Clebak) Colts Neck, NJ: Cude 092, Colts Neck NJ: Code 092. Concord CA; Engrmg Div, PWD
Yorktown. VA: Maint. Control Dir., Yorktown VA

NAVWPNSTA PW Office Yorktown, VA

NAVWPNSTA PWD - Maint. Control Div., Concord, CA;: PWD - Supr Gen Engr. Seal Beach, CA; PWO Colts
Neck. NJ: PWO, Chatrleston, SC; PWO, Seal Beach CA

NAVWPNSUPPCEN Code 09 Crane IN

NCBC Code 10 Davisville. RI: Code 15, Port Hueneme CA: Code 156. Port Hueneme, CA: Library, Davisville,
RI: PWO (Cude 80) Port Huenemne, CA: PWO, Davisville RI: Technical Library, Guifport, MS

NCR 20, Commander: 30, Guam, Commander

NMCB 3. SWC D. Weilington: FIVE, Operations Dept: Forty, CO: THREE. Operations Off.

NOAA (Mr. Joseph Vadus) Rockville, MD: Library Rockville, MD

NORDA Code 410 Bay St. Louis. MS; Code 440 (Ocean Rsch Off) Bay St. Louis MS: Code 500, (Ocean Prog
Off-Ferer) Bay St. Louis. MS

NRL Code 5800 Washington, DC: Code 5843 (F. Rosenthal) Washington. DC: Code 8441 (R.A. Skop),
Washington DC

NSC Code 54.1 Norfolk, VA: Code 7% Norfolk, VA: SCE Norfolk. VA: SCE. Charleston, SC

NSD SCE. Subic Bay. R.P.

NTC SCE. San Diego CA

NUCLEAR REGULATORY COMMISSION T.C. Johnson. Washington. DC

NUSC DET Code EAI123 (R.S. Munn). New London CT: Code TA13l (G. De !a Cruz). New London CT

ONR Central Regional Office. Boston. MA; Code 481, Bay St. Louis, MS: Code 485 (Silva) Arlington, VA;
Code TWF Arlington VA

PACMISRANFAC HI Area Bkg Sands. PWO Kekaha, Kauai, HI

PERRY OCEAN ENG R. Pellen. Riviera Beach, FL

PHIBCB 1 P&E. San Diego, CA: 1, CO San Diego. CA

PMTC Code 3144, (E. Good) Point Mugu, CA; EOD Mobile Unit, Point Mugu. CA

PWC CO, (Code 10), Oakland. CA; Code 10, Great Lakes, IL: Code 105 QOakland. CA: Code 105, Oakland,
CA: Code 110, Oakiand. CA: Code 121.1, Oakland. CA: Code 128, Guam: Code 154 (Library). Great
Lakes, IL; Code 200. Great Lakes IL: Code 200. Guam; Code 400, Great Lakes, IL: Code 400, Pearl
Harbor, HI; Code 40, San Diego. CA: Code 420. Great Lakes, IL: Code 420, Oakland. CA; Code 424,
Norfolk, VA; Code 500 Norfolk, VA: Code 500, Great Lakes. IL, Code 500, Qakland. CA; Code 505A
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Oakland, CA: Code 600, Great Lakes. IL: Code 700, San Diego. CA: Code 800, San Diego, CA; Library,
Code 120C, San Diego. CA: Library, Guam: Library, Norfolk, VA: Library, Peart Harbor, HI: Library.
Pensacola, FL: Library, Subic Bay, R.P.; Library. Yokosuka JA: Maint. Control Dept. Oakland CA;
Production Officer, Norfoltk., VA; Utilities Officer, Guam

SUPANX PWO. Williamsburg VA

TVA Smelser, Knoxville, Tenn.: Solar Group, Arnold, Knoxville, TN

UCT ONE OIC. Norfolk. VA

LCT TWO OIC. Port Hueneme CA

U.S. MERCHANT MARINE ACADEMY Kings Point, NY (Reprint Custodian)

US DEPT OF INTERIOR Bur of Land Mgmnt Code 583, Washington DC

US GEOLOGICAL SURVEY Otf. Marine Geology. Piteleki. Reston VA

US NATIONAL MARINE FISHERIES SERVICE Highlands NY (Sandy Hook Lab-Library)

USCG (G-MP-3'USP 82) Washirgton De: G-EGE-4 (T Dowd), Washington, DC: Library Hqs Washington, DC

USCG R&D CENTER CO Groton, CT: D. Motherway, Groton CT: Library New London, CT

USDA Ext Service (T. Maher) Washington, DC. Forest Products Lab. (R. DeGroot). Madison W1, Forest
Service Reg 3 (R. Brown) Albuquerque, NM: Forest Service. San Dimas, CA

USNA Ch. Mech. Engr. Dept Annapolis MD: ENGRNG Div, PWD. Annapolis MD: PWO Annapolis MD

USS AJAX Repair Officer. San Francisco, CA

USS FULTON WPNS Rep. Offr (W-3) New York, NY

WATER & POWER RESOURCES SERVICE (Smoak) Denver. CO

AMERICAN CONCRETE INSTITUTE Detroit MI (Library}

BERKELEY PW Engr Div, Harrison, Berkeley, CA

CALIF. DEPT OF FISH & GAME Long Beach CA (Marine Tech Info Ctr)

CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento. CA (G. Armstrong)

CALIFORNIA STATE UNIVERSITY (Yen) Long Beach., CA: LONG BEACH. CA (CHELAPATI): LOS
ANGELES. CA (KIM)

CLARKSON COLL OF TECH G. Batson. Potsdam NY

CORNELL UNIVERSITY Ithaca. NY (Civil & Environ. Engr)

DAMES & MOORE LIBRARY LOS ANGELES, CA

DUKE UNIV MEDICAL CENTER B. Muga. Durham NC

UNIVERSITY OF DELAWARE (Dr. S. Dexter) Lewes, DE

FLORIDA ATLANTIC UNIVERSITY Boca Raton FL (W. Hartt); Boca Raton, FL (McAllister)

GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (School of Civil Engr.. Kahn)

HARVARD UNIV. Dept. of Architecture, Dr. Kim. Cambridge, MA

GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (B. Mazanti)

INSTITUTE OF MARINE SCIENCES Morchead City NC (Director)

IOWA STATE UNIVERSITY Ames [A (CE Dept. Handy)

WOODS HOLE OCEANOGRAPHIC INST. Woods Hole MA (Winget)

LEHIGH UNIVERSITY BETHLEHEM, PA (MARINE GEOTECHNICAL LAB.. RICHARDS); Bethlehem
PA (Fritz Engr. Lab No. 13, Beedle); Bethlehem PA (Linderman Lib. No.30, Flecksteiner)

MAINE MARITIME ACADEMY CASTINE. ME (LIBRARY)

MICHIGAN TECHNOLOGICAL UNIVERSITY Houghton. Ml (Haas)

MIT Cambridge MA: Cambridge MA (Rm 10-300. Tech. Reports. Engr. Lib.); Cambridge MA (Whitman)

NATL ACADEMY OF ENG. ALEXANDRIA, VA (SEARLE. JR.)

NATURAL ENERGY LAB Library. Honolulu, HI

NEW MEXICO SOLAR ENERGY INST. Dr. Zwibel Las Cruces NM

NORTHWESTERN UNIV Z.P. Bazant Evanston IL

NY CITY COMMUNITY COLLEGE BROOKLYN. NY (LIBRARY)

ORLGON STATE UNIVERSITY (CE Dept Grace) Corvallis, OR: CORVALLIS, OR (CE DEPT, BELL);
Corvalis OR {School of Oceanography)

PENNSYLVANIA STATE UNIVERSITY STATE COLLEGE. PA (SNYDER); State College PA (Applied
Rsch Lab)

PORT SAN DIEGO Pro Eng for Port Fac, San Diego. CA

PORTLAND STATE UNIVERSITY H. Migliore Portfand. OR

PURDUE UNIVERSITY Lafayette IN (Leonards); Lafayette, IN (Altschaeffl); Lafayette, IN (CE Engr. Lib)

SAN DIEGO STATE UNIV. 1. Noorany San Diego. CA; Dr. Krishnamoorthy, San Diego CA

SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA. CA (ADAMS)

SEATTLE U Prof Schwaegler Seattle WA

SOUTHWEST RSCH INST King. San Antonio. TX: R. DeHart. San Antonio TX

TEXAS A&M UNIVERSITY College Station TX (CE Dept. Herbich): J.M. Niedzwecki, College Station. TX:
W.B. Ledbetter College Station, TX

UNIVERSITY OF ALASKA Doc Collections Fairbanks, AK: Marine Science Inst. College. AK

UNIVERSITY OF CALIFORNIA A-031 (Storms) La Jolla. CA; BERKELEY. CA (CE DEPT. GERWICK):
BERKELEY. CA (CE DEPT. MITCHELL): Berkeley CA (Dept of Naval Arch.): Berkeley CA (E.
Pearson); DAVIS, CA (CE DEPT. TAYLOR): La Jolla CA (Acq. Dept, Lib. CAU75A)

UNIVERSITY OF DELAWARE Newark. DE (Dept of Civil Engineering, Chesson)
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UNIVERSITY OF HAWAII HONOLULU, HI! (SCIENCE AND TECH. DIV.); Occan Engrng Dept

UNIVERSITY OF (LLINOIS (Hall) Urbana. IL: Mectz Ref Rm. Urbana IL: URBANA. IL {(DAVISSON);
URBANA. IL (LIBRARY)

UNIVERSITY OF MASSACHUSETTS (Heronemus), ME Dept. Amherst, MA

UNIVERSITY OF MICHIGAN Ann Arbor MI (Richart)

UNIVERSITY OF NEBRASKA-LINCOLN Lincoln. NE (Ross Ice Sheif Proj.)

UNIVERSITY OF NEW HAMPSHIRE DURHAM. NH (LAVOIE)

UNIVERSITY OF NOTRE DAME Katona, Notre Dame, IN

UNIVERSITY OF PENNSYLVANIA P. McCleary Dept of Architecture Philadeiphia. PA: PHILADELPHIA,
PA (SCHOOL OF ENGR & APPLIED SCIENCE. ROLL)

UNIVERSITY OF RHODE ISLAND Narragansett Rl (Pell Marine Sci. Lib.)

UNIVERSITY OF SO. CALIFORNIA Univ So. Calif

UNIVERSITY OF TEXAS Inst. Marine Sci (Library), Port Arkansas TX

UNIVERS!TY OF TEXAS AT AUSTIN AUSTIN, TX (THOMPSON); Austin. TX (Breen)

UNIVERSITY OF WASHINGTON Scattle WA (M. Sherif); Dept of Civil Engr {Dr. Mattock), Seattle WA
SEATTLE. WA (APPLIED PHYSICS LAB): SEATTLE, WA (OCEAN ENG RSCH LAB, GRAY):
SEATTLE. WA (PACIFIC MARINE ENVIRON. LAB.. HALPERN): Seattle WA (E. Linger)

UNIVERSITY OF WISCONSIN Milwaukee WI (Cir of Great Lakes Studies)

VENTURA COUNTY PWA (Brownie) Ventura, CA

WESTERN ARCHEOLOGICAL CENTER Library. Tucson AZ

WOODS HOLE OCEANOGRAPHIC INST. Doc Lib LO-206, Woods Hole MA

ALFRED A. YEE & ASSOC. Librarian, Honolulu. HI

AMETEK Offshore Res. & Engr Div

ARCAIR CO. D. Young, Lancaster OH

ARVID GRANT OLYMPIA., WA

ATLANTIC RICHFIELD CO. DALLAS. TX (SMITH)

BATTELLE-COLUMBUS LABS (D. Hackman) Columbus, OH

BECHTEL CORP. SAN FRANCISCO, CA (PHELPS)

BETHLEHEM STEEL CO. Dismuke, Bethelehem, PA

BRAND INDUS SERV INC. J. Buchler. Hacienda Heights CA

BRITISH EMBASSY M A Wilkins (Sci & Tech Dept) Washington. DC

BROWN & ROOT Houston TX (D. Ward)

CHEVRON OIL FIELD RESEARCH CO. LA HABRA, CA (BROOK3)

COLUMBIA GULF TRANSMISSION CO. HOUSTON. TX (ENG. LIB.)

CONCRETE TECHNOLOGY CORP. TACOMA. WA (ANDERSON)

CONTINENTAL OIL CO O. Maxson, Ponca City. OK

DESIGN SERVICES Beck, Ventura, CA

DILLINGHAM PRECAST F. McHale, Honoluiv H!

DRAVO CORP Pittsburgh PA (Wright)

EVALUATION ASSOC. INC KING OF PRUSSIA, PA (FEDELE)

EXXON PRODUCTION RESEARCH CO Houston, TX (Chao)

FURGO INC. Library, Houston, TX

GEOTECHNICAL ENGINEERS INC. Winchester, MA (laulding)

GLIDDEN CO. STRONGSVILLE. OH (RSCH LIB)

GOULD INC. Tech Lib, Ches Instru Div Glen Burnie MD

GRUMMAN AEROSPACE CORP. Bethpage NY (Tech. Info. Ctr)

HALEY & ALDRICH. INC. Cambridge MA (Aldrich. '-.)

NUSC DET Library, Newport, RI

LAMONT-DOHERTY GEOLOGICAL OBSERVATORY Palisades NY (McCoy)

LIN OFFSHORE ENGRG P. Chow, San Francisco CA

LOCKHEED MISSILES & SPACE CO. INC. L. Trimble. Sunnyvale CA

MARATHON OIL CO Houston TX

MARINE CONCRETE STRUCTURES INC. MEFAIRIE. LA (INGRAHAM)

MEDERMOTT & CO. Diving Division, Harvey, LA

MOBIL R & D CORP Managzsr, Offshore Engincering, Dallas. TX

MOFFATT & NICHOL ENGINEERS (R. Palmer) Long Beach. CA S

MUESER, RUTLEDGE, WENTWORTH AND JOHNSTON New York (Richards)

EDWARD K. NODA & ASSOC Honolulu, H!

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

OPPENHEIM Los Angeles. CA

PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall, WA

PORTLAND CEMENT ASSOC. SKOKIE, IL (CORLEY: SKOKIE, IL (KLIEGER): Skokie IL (Rsch & Dev
Lab, Lib.)

R J BROWN ASSOC (R. Perera), Houston, TX

RAND CORP. Santa Monica CA (A. Laupa)
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RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken. NJ: J. Weish Soiltech Dept.
Pennsauken, NJ

SANDIA LABORATORIES Library Div., Livermore CA: Secabed Progress Div 4536 (D. Talbert) Albuquerque
NM

SCHUPACK ASSOC SO. NORWALK, CT (SCHUPACK)

SEAFOOD LABORATORY MOREHEAD CITY. NC (LIBRARY)

SEATECH CORP. MIAMI. FL (PERONI)

SHANNON & WILLSON INC. Librarian Scattle, WA

SHELL DEVELOPMENT CO. Houston TX (C. Scllars Jr.)

SHELL OIL CO. HOUSTON, TX (MARSHALL): Houston TX (R. de Castongrene)

TIDEWATER CONSTR. CO Norfolk VA (Fowler)

TILGHMAN STREET GAS PLANT (Srcas). Chester. PA

TRW SYSTEMS CLEVELAND. OH (ENG. LIB.): REDONDO BEACH. CA (DAD

UNITED KINGDOM LNO. USA Meradcom. Fort Belvoir. VA

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Occanic Div Lib. Brvan)

WESTINSTRUCORP Egerton. Ventura. CA

WISS. JANNEY. ELSTNER. & ASSOC Northbrook, 1. (D.W. Pfeifer)

W1 CLAPP LABS - BATTELLE DUXBURY. MA (LIBRAR™)

WOODWARD-CLYDE CONSULTANTS (Dr. R. Dominguez). Houston. TX: PLYMOUTH MEETING PA
(CROSS. 1IN

ANTON TEDESKO Bronxville NY

BARTZ. J Sunta Barhara. CA

BRAHTZ La Jolla. CA

BULLOGCK La Canada

DOBROWOLSKI. J.A. Altadena, CA

ERVIN, DOUG Belmont. CA

F. HEUZE Alamo. CA

GERWICK. BEN C. JR San Francisco, CA

LAYTON Redmond. WA

OSBORN, JAS. H. Ventura, CA

PAULI Silver Spring. MD

R.F. BESIER Oid Savbrook CT

BROWN & CALDWELL Saunders. E.M.'Oakiand. CA

SMITH Gulfport. MS

SPIELVOGEL. LARRY Wvyncote PA

T.W. MERMEL Washington DC
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': INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of
the mailing label has several numbers listed. These numbers correspond to numbers assigned to the list of »
Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and '
type of documents you are presently receiving. If you are satisfied, throw this card away (or file it for later
reference).

If you want to change what you are presently receiving: ]

® Delete — mark off number on bottom of label. ’ <
® Add - circle number on list.
® Rcmove my name from all vour lists — check box on list.
® Change my address — line out incorrect line and write in correction (ATTACH MAILING LABEL).
9
® Number of copies should be entered atter the title of the subject categories you select. ) j
Fold on line below and drop in the mail.
Note: Numbers on labet but not listed on questionnaire are for NCE L use only, plesss ignore them,
4
4
)
N - -
Fold on iine and stapie J 1
UEPARTMENT OF THE NAVY Lo
POSTAGE AND FEES PAID T :
NAVAL CIVIL ENGINEERING LABORATORY DEPARTMENT OF THE NAVY . 4
PORT HUENEME, CALIFORNIA $3043 DOO-316 ) y
OFFICIAL BUSINESS - j
PENALTY FOR PRIVATE USE, $300 ]
1 IND-NCK:.-2700/4 (REKV. 12-73) ]
0030-LL-L70-0044 ‘
)
4
<
Commanding Officer )

Code L14
Naval Civil Engineering Laboratory Lo
Port Hueneme, California 93043 R




DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

SHORE FACILITIES
Construction methods and materials Lincluding corrosion
control, coatings}

Waterfront structures (maintenance/deteroration control)

Utihties (including power conditioning}

Explosves mfety

Conttruction equipment and machinery

Fire prevention and control

Antent.e technoiogy

Structural analysis and design Lincluding numerical and

computer techmques)

10 #rotective construction Lincluding hardened sheiters,
shock and vidiation studies}

11 Soil/rock muchanwcs

13 8EQ

14 Airhields and pavernents

13 ADVANCED BASE AND AMPHIBIOUS FACILITIES

18 Base lacilities Linciuding shelters, power generation, water suppirest

17 Expechent roads/sirtieids/bridges

18 Amphibious operations (including breshwaters, wave forces)

19 Over-the Besch oparations lincluding containerization,
maternel transfer, lighterage ana cranes)

20 POL storage. transter and chistribution

24 POLAR ENGINEERING

24 Same a3 Advanced Base and Amphibious Facilities,
except imited 1o cold-region environments

- RSN NI =]

TYPES OF DOCUMENTS
83 Techdawa Shects 86 Technical Reports and Technical Notes
83 Table of Contznts & Index to TDS

28 ENERGY/POWER GENERATION

29 Thermal conervation (thermel engineering of buildings, WWAC
Systems, energy l0ts Mesturement, DOwer generation)

30 Controls and siectrical comersation {eiectrical systems,
anergy monstoning snd contcol systems)

31 Fuel flaxibiity {1iquid fuess, cosl utihzation, energy
from sohd was s}

32 Alternate snergy source (ge » power, ph I
cower systems, soiar systems, wind systams, energy Slorege
systems)

33 Site . and systems integranion (energy resource dats, snergy
CONIUMPTION Cala, INtEGratirg energy systams)

34 ENVIRONMENTAL PROTECTION

35 Soiid waste management

36 Hazardous/toxic materialy mansgermnsnt

37 Wastewdter Management and amtary engineering

38 On pollution removal and recovery

39 Asr pollution

40 Noise abatement

44 OCEAN ENGINEERING

45 Sesticor 104l and foundatung

46 Seallonr construction systums and operstions (including
diver and manipulator tooist

47 Undersas structures and muterals

48 Anchors and moorings A

49 Underses power systems, electromechanscal cables, .
and connectoars ’

50 Pressure vessal faciiities /

51 Physical enviconment lincluding site surveying)

52 Ocean-based concrete structures

63 Hyperbaric chambers

54 Undersee cable dynamics

82 NCEL Guide & Updates ] None-—

91 Physical Security femove my name




