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ABSTRACT

In the 1880's, as a result of advancements in torpedo warfare, a new
emphasis was placed on the speed of warships, particularly torpedo boats. At
previously unheard-of speeds, certain weak links in ships' equipment
manifested themselves. Among these weak links have been shaft strut cavitation
and erosion. This paper outlines the historical background aund describes
cavitation problems assoclated with the shaft struts of selected contemporary
destroyer-type ships. Causes and cures of the problems are addressed and
recommendations furnished. :

INTRODUCTION

Until the 1870's the cavitation problems of propeller shaft struts were
not an issue in ship design. Briefly, cavitation is the flashing of water into
vapor, caused by the dynamic pressure decreasing locally to less than the
saturation pressure. This happens as the result of high-speed flow around a
curved body. Early steamships were too slow to produce cavitating flow, and
were usually single screw, with the shaft enclosed in the tapering afterbody of
the ship. This type of stern has a minimum of ~curvature near the propeller and
requires no struts. :

In the course of the aAmerican Civil War, dramatic changes in naval
technology became apparent. The introduction of so-called "torpedoes” -
actually mines which could be moored im a harbor or carried at the end of a
spar or towline - made it possible to sink a major warship with only one shot
from a small, cheap "torpedo boat.” The Confederate ironclad ALBEMARLE was
sunk at her mooring by such an attack in 1864.

In 1866, the self-propelled torpedo was introduced by Sir Robert
Whitehead. As it improved rapidly in speed and range, a torpedo attack on a
battleship at sea became possible. To press home such an attack, however, the
torpedo boat had to be fast. It had to endure the battleship's fire from the



612

wz S X > w 10j ‘wioqeaeq

~
E
£

~
>
!
x|
~i
=
~
n
~
EN

w5 x >0 103 ‘asdyiry

IWIOY SSITUOTSUSWYP
Uy ‘sxe se[nwioy 9yl YydSyym I0J ‘uoy3oa3s Amaonuw.;ﬂ .macn_i.fm.wmnw:ww
Hd3-4WL 243 ST STulL *S§DTISTJIBIDEIRYD IJJ] MO] PUEB HOEIIE JO v.md ue aw ~m>w
9D0uUB1ISISal UOTIBITAERD 10] PauBIsap Sem Ydjym u01123S ﬁw::Emw:T e vu: 1 P
(9WL) Uulseg Topon Jo1del piAaeQ 9yl °‘s,0n6l Y1 Ui swyluLdw  ayjl 1

*1 2an814 pue | 37qeL uT UdA}8 pue (7 @dousd18je1) ulysop oHepuadde uo aaded
s, {opuey uy '_uwuuw:wu se ‘ATIYATIS Pai1dalled diom §1as(Jo Ayl ‘(ugl Inoqy
)

QuiIsgQyg sod 16zt = £ QuIsSgy g S0 1071 = >
© 500 gy°g SOd 1 = X 10 Q9 S0D gHTg SUI wTH = X

:peal 031 SEPINEI0] 3A0QE 3yl Uyl ouryd B uy paiInsai syyYl
‘(1 @19®'L) £%61 AW 1 30 ‘sInilg I3eys 103 [-gOT1 SAQ 3I39ys ®IEq .__m:«mw.w unw”m
Jo neaing 8yl uJl UIATZ _uo13ID3§ INIIS piepueIg, BYl ST SIYL m. «vsouuaou
g/1 e 03 pafueyd sem 3dpe Jujliead Ayl ‘SwWII SwWeS Y3 INoqe Iy .wm,— e
wnw1ldo 3Y3 SEB UVOFSIOIP STYI parioddns ‘IyBTem pue UOTIBITAED vummuma>
uy .:Oﬁuu:vw.u e Sujuielqoe 03 MIJA B Yiim .mu«u:@co:{. 103 wouuwaeoo N“oﬁ._«tww
1eUOFIEN BYI Aq iom [eriudwiradxy *1%61 Uy E:v:mwoaua e q PazIT naol
sem afesn siyg *0°9 JO oJlel ssaudu}j e Bujaey suojldes u::m, Auysn vvu.ﬁc
WYD) Jo neaang 8yl ‘¢gel Inoqe ‘TeIO}IB3WIQ 2q PpINOM od.uw.. umu:m_:mun..w_w:ﬂw
v Jeyl Jajreq 8yl uy °* uojsoriod pidea, o1 1da8fqns ou.u.s [S¥s u_c oyjlea w.
v Buja®wy swie 3In13s 3jeyl pajvdpul ‘Ar93eunjaojun ‘aduayaadxa 3DJAIBS

*m013 2yl yaym pauldjre 8q 03 sIniis vyl sainbaa z:wvu:uwa.w
Jou pIp soadguan 7igl 24yl #snedaq ‘(] sousradjal) g *ON uollPmIOIU] JO chuwdwﬂm
SdINSNY ©2 Bujpacvdve ‘e pue 210j 10 ‘A7[rIV0ZYIOY vm:m.:m s3INI1IS .:u«m mdmwu
whwz siafoxasap ,1adjd inoy, ] aeM PIIoM 3yl jJo Auew ‘IIA3MOY wum uow:
SuYzjwyuTw 01 M3JA B YITM sINI13s 3yl jJo Lem uf SSUF] wWea1ls 3yl jo : wUuouww
a4y Ajrejudwyiradxa pautwialap ATTIVWOISND  Y¥g) JO neaing w__.ymw M:v.:muu
jou s}7 uojienba aefndjized syl jo ash Yl 10J s[eUO}IE] w.f. m”v :M e
dieys ® pey pue ‘(asou 10) afpa Jujped] dYl WO13j PpauodaAl .3 [« va .m T M
e SSPUNDTYI wWhwixXew s3I} pey 1] (1 @2T9BL) 1-W uoy1das ‘AaeN °§ :u:.w—_uumcw
syossap Suypyyng 103 (sdadgsuan) suorIedfyydadg yjeiausy 1yeday pue uoyl nias o)
Jo neaang /161 Pue ZI161 843 UT UuBA}Z UOFIDAG INIIG pIvpuelg, AYI ST STYL

QU¥Is gQu S0 ] = £ R
O 800 QU 02 T = X
t(®19y a38ps Buyrreiy e ut8120) wio3J aernfueyoaa UY SUFEIqO BUO BOUIYM
33pa SujrTRIl 3 painseaw a18ue = g
$°8 SBM BNTEA 3SOYM JUEBISUOD = U
UOT3I338 IN138 jo YIBuey « 17
?8p2 BujTye1l 2yl Wo1y 10308a SNIPEI =« 1 BIdYMm

QU 800 T - 2

isem (101LeL *M piAeg
WIVY 031 p21nqiizie) uofInas sjy3 J03J ernmioj ayj °G°; Jo oj3ex (ssauauyy)
S§SPUNDFYI 03 y3IBusT-pioyd e Bujaey ‘(@193 paysyiqndun ue U} Paq1aosap 35113)
UOT1088 3INIIS paurywea1ls Jeip-mol € Bursn sem £aey °sS*n eyl ‘061 Ul

rsadeys Ini3s uispow 310w ay3 Jo Juswdoyoaap
54l S0B11 03 3IS2I2IUT JO ST I]  *SIVIII3 UOTILITAED 03 uaAaI3 sem uojjualle
213371 413usiedde 3nq adueisysaa Suponpaa o3 PTed ses uojlulize ‘Lypeignopup
‘Pap10d31 J0u ST pasn adeys ayy *£1e131q1e 33Inb 2iem suoyIdEE  3Inigs
‘£In3uad Byl jyo uiany a8yl Iy -sieak 43 I9A0 pajiEA AEBY SUOTIOIS 3INIIG

SNOILDAS INYLS J40 INIWIOTIATA

“UOTIBITARD Byl Bujieaid B1am EY) STEFIU3I9II TP
@anssaid ayy 2103913y pue ‘asnayy sya dn apjalp o3 ijeys 1ad siayyadoad
WOpUE) 331Ul YITM ISEBD IBYI U] POATOS sem warqoad 3yl /681 UT VINIRUNL Yigm
Buyizess ‘sdyys paismod-suiqiny 9AT21p-1231Yp A11we uo sioyyadoad Buyuani-isej
94l 103 sUOSEd1 1EIJWIS 10J wayqold ® sem UOTIEIYAE) “®BOl® Bpeyrq aiom Bulaey
196 ® yaym siayradoad Burisyxe ayy Suyoerdes £q p331d21100 sem syyy 9681
Ul ONIWVQ asKoilsap YsTirag ayi 103 siayyadoad PPeOT-ATYBTY uo umopyesiq
ISTIY] 30 3SNEd Byl S5® papiodax Ay[ng 3817) sem dyys ® uo uoyleITA® J3TTadoag
*sdiys maads uymy 103 7{81 UT 26N uOWmOD U} 2IdM EINIIS  °SIni3s pue sijeys
uado y3IIm sma1ds uml pey §18401383p £1awe IT® pue ‘3usmdotanap 1ysy3 uy Ayies
SMIIDS UIM) 03 ITBUTS WOIJ PIYIIFMS SIBOq opadioy -uofielAE®d jJO watqoad ayjy
03 UOTJua3l3lE PI[TEO OSTE pue ‘s1afo13s3p pue s3voq opadioy uy pesn £BoTouyoa3
3yl o3 ssBueyd Oyjemelp poaynbax peads dyys ujy asea1duy snomious STUL

*S$30Uy GE popaIIXAD
PeY si19f01359p £1njuad 3yl 3Jo uinmy 9yl £q pue ‘sjouy ;7 pasoxs 1Te pPYnod £ay3
:4o110d  STY3 Juswerduy o3 PaUOI8sTuUmOd 213m ,513L01383p 3vOq opadiol, 1sayj
42 €681 Ul *sdysatileq ayqeisugna A1Buysea1douy ay3 @soro pynod faya aiojeq
§3v0q opad1ol 2yl Lo13sep o031 Ayssaidxa sdyys uBysap 03 Ino 13s Kay3 eyl
IB31Y) SJY3I I® pawieTE 05 219m uUTeIlg UT SITIFIoyINE 2yl pue ‘sjouy ¢°zz oyew
PInod> 1e0q opadiol uwoi-gol ® ‘0ggr Ag “§30U) §1 13A0 Ijem PINOD jJwOq opadioy
uol-/z ® (/8] &9 (-131se] 0F pynod sdyys Buyrres ‘gcgr ug uaAy) *s1eYI]
uo S30UY §/°(]1 Spew ‘OVONVAWYM SSN ‘PTI0M 4yl uy diysies 1s933% 3y gogy ur
*paads 1yayl asesidujy 03 £3o10uyoa3 Bujaoiadwy pasn sd1ys a8iey se sisansuem
dATseAd 8,3381e3 9yl 193uN0d 03 pue B1Tj I9pun 2my3 1ydY3 BzJWUTm 03 ‘s3ieoq
opadio) ayy uj poads aiom io0j PUEm3p Tenuyjuod e padcnpoid uojIeNIYs 1e9F101]
STyl ‘0061 s® 23e] se spied (gog Kfuo sem oa3uex 8AT3I23339 s,opadioy ayj
PUB  :paiy) °q prnod opadiol syl TyIun sund s,dTysa1313eq ayy jo o8uer swaiixe



S ¥

6961 utr (v dyys) sdyys 8yl jJo auo uo sTej13l d7eIS-T[ng *ia[jadoard mau e jo
UOFleITEISUT IB3IJE Jead B ueyl SSIT UT qNY dYl WOIJ INO SIYDU] ¢ Inoqe Ipeiq
yoea jo apys (paemioj) vOTIONS 3yl uo ieadde pynod dasp youy z/1 01 dn s3yd
‘Butmeals paads y3yy jo unowe oyl uwo Jujpuadag “PIe1 [ENIOUQE UE B PIpPOlId
s1ayredoad  sdyys 9say3l ‘31s17J 2yl woig °sse[) 18Koilsaq O1FSSIW PIPIN

S$104443 NOTIVIIAVD J0 S3ITdWVXI

*saperq aay1adoad 8yl 31d.£7219A95 ued asdeTTod 1y3Y) 3IYM
‘aeyradoad ay3 uo aBuijduy 03 se Os 3je payiiIed aq ued s§21qQng =yl ‘Suoils
£170910733NS §] UOJIBITABD JO WEIIIS BYI JI *uor8s1 sIYI uj uojidajoad
dfpoyled jJo dey Aq PpIILISTIVOOE BQ UEBD YOTym ‘uUOTS0110D DFIL[013Id9Y2
01 10afqns uayl oa1e [elam a1eq JO seale IsaY] -Teisw ayl ujy s1jd doyaasp
osTe 1Inq ‘Bujjeod 3Juted a8yl Daowsar LTuo 30U YOFym sainssaid fedoy oB1ey
A38a 119xe Kayl ‘Inils 9yl 3sujede asdeyyod sa7qqNQ UOFIBITAED Byl uUSypM

*£IN118 3yl ased ay3ue morj a8yl uy safueyd Djweudp IONpuy UED IAEBIY puE
mek ‘ys2ayd ‘yroax se yons suoyrowm dyys ‘vojryppe uy *siafey Liepunoq dyys pue
T2pow 8yl JO SE3UNITYI UT SIDUIIBIJFP SATIB[AI BYl 03 °Np 13JIIP [IIm (8INIIS
ajeypawadiuy 8yl jo KLem uy Araerndorized) TINY BY) 03 207D UOTIDIITP MOTJ
ayl ‘osty *afBue mo1j] uy afumd> e 2onpuy osTe Lew 3jeYs BYj JO UOTILIOI YL
*Teaieq INni13s pue 1jeys aa1yadoid ayi se yons ‘“saBepuadde 1syjo jo a3duasaad
843 Inoyifm pavywmiaiap usaq BJujaey SIT 03 oNp 3031100 29 30u Aem ay3ue
MOTJ Po2INSedw STYl ‘I2ABMOH *35Tm] asTmueds Inoyljm ATremsn ‘3yns o3 pauBye
$IN138 3Y) pue PpIUTWIIIAIP ST SIDIAIP 2383yl 4Aq paunsse 2ay78ue ayy *pa3imooy
8q 0) 2ie §IN1Is 3yl 31a3ym pade(d aie _ sTeyy, arqeioard 10 sagny J037d yYoyys
Uj 53163} [opow uo paseq ‘moT3J 3yl yjijm paudiye 218 sInis ‘A[]EUOTIUIAUOY)

*uoTIBITABRD S§138BTal yoyym
eo1e ainssaid moT ® uy sa[nsaa syyl ‘a8pa Buypeal a8yl jo 3je Ly3ioys INdd0
s13pInoys 3Jeyl os ‘pajun]q 3q Aew ssou 8yl ‘ATsAyIEUILAITY *81INd20 }O®IIE
jo af8ue ue uaym pa3IeIBULS ST UOTIEITABD JEY] 05 ‘@asou TeOFIdITTP BYI 4£q
10J P3T{®0 ST Se papunol ueyl isyjel (paujds) padsnd Buyaq a8pa Buipesy ay3l uy
3Insa21 ued adeys 179yl Ul T1EIBP 01 UOTIUBIIE® JO NOB] ‘sInils a8yl Bujiedjaqey
U]  *sINaIs Yyl 3sed moTJ Byl YyIJm JudmuIFresSTW IFIY3l 03 Bnp IO EINIIS Y3 JO
ssauiyey 10 Buydeys isdoadwy 03 onp aq ued UOJIBRIFAED JO uofIeIBUAR ‘snyy

*adeys Teojadyri® ue sey Iniis e Jo uoyliod asou a3yl
3Byl uosS®al 3yl ST SIY] "UOTIBITAED 3ISISa1 O3 Spual asou [edJIdTI[2 ue eyl
umoys sey ddUITIAdxY *SUOTITPUOD JUTIBIFAED YSTIQEISS 03 SE YINS S] IpnifIle
10 adeys s3] J¥ Apoq B uo 1ndd0 ued 1} Jeyl suedw SJY] -2anssaid Jodea ayl 03
sdoap @inssaad syl aisym Apoq ® uo averd @j)el ued uojleIFAED ‘pajou Lysnojaaiad
se  ‘2i0mIayjang ‘wea11s ® U a7fue mel Jyems e 3B 395 3jeyd ey Uyl ®©
uo se ‘afps Buypeay dieys B sey Apoq o9yl JJ JUSTOTa 1som[e S} adeys IATIVIFID
ur 98uEYd STYL °MOTJ PAGANISTPUN Yl 03 dOUI3Jal Yijm pauoydaa ‘Apoq 3y jo
adeys aa¥3I20332 9y3 s2Bueyd yoelle jo ayBue @yl ‘10 epnatize aya Sujluey)

*(®dejyans 1e13 A[°afieraa e Sujjerjofou s§ pue _I2ul0d BY3 pauiny, sey
MOTJ 193je ‘°*3°7) sinssaid iodea 8yl ueyl 123ea18 [3A3] ® 03 S12A0D31 danssaid
1207 2yl se uoos se Bujysdey(od ‘mioj TT¥m lodea jJo L K3yaed, e ‘aanssaad
™Niodea 3yl ueyl ssa] aq so2inssaid asayl prnoys ‘paujelle aie sainssaad Isamoy
mmw:u sNY3 pue ‘saTIIDO0TBA 159Y3yy 2yl eyl 1auiod dieys B 3B ST 1] 2103213Y]
*mMOT3 8yl o031 df3ue ue e 8aiejd Jery e jJo o3pa Juypea] ay3z e L3Jo0T23A

83FuTjuy ue s30ypaid Liosayl Tyojaje moyj teyjuailod ‘adey ug *sanssa1d uy
doap 3Buypuodsaiiod e Juyaynbaa ‘sedejans paaind Kydaeys sajejloBau pynyj 8yl
se Ayieojlewelp sasearduy (uoyraenbs ayl uy ,A,) MOTJ 3yl jo paads [ed0T YL

Jd

Juelsuod « z8 4+ d 4 mw

tuoyaenbs yyrnouasg oyl £q paqiiosap se ‘moTJ
9ya jo pseds TeoO] Byl Yyiim sayiea ainssaad Oyweulp 8yl °dianesaid uvojreanies
2y3 ueyl ss3] 03 4LTedo7 Buysea1dap aanssaid Oyweudp 8yl woaj BujiTnsaa
Jodea o3juy 123em Jo BuyyseyJ oyl ST UOTIEITAERD ‘ID][IE€2 PIUOTIUSW SY

*‘qny 1y3y3 aeau saperq iaayradoad ayiy jo Buylayd
doap asned 03 3JB PIFIIED SEY SINIIS I IP PIILIGUAS UOTIBITAERD Y] ‘SOS5ED
8WOS UT  *Y30q 10 ‘UOTSO0II0D 10 UOTS0I3 UOTIBITAEBD £AQq PIsned uaaq sey STYL
*s98pa BulTie1l In1Is 3yl uj sayojou jo jJudmdoTaa’dp Byl Aq pue sadEJANS IFAYI
uo p233§d Buymodaq s3IniIs Yyl £q PIITqIYX2 ST STYL ‘a8ewwp uoyILIOTILIBP
pascuayiadxa Buyaey sIniis 3yl Jo AL103ISTY © UIAQ SeY J19Y3 818 JuUIDAI Uy

IVWA LNALS 40 SASAVD

¢, 90UBISTS31 YSTUTWIP 03 12pi10 UT §309Fd TIeI YIIm °*°°*apwu
313m SUOTIVAE [EOIIAI[T@ PITos ‘saniys paBioy jJo sfep pyo ayl, uy 3Ieyy pajou
oste iaded 3jeyy *a0y30ead ysyayag PpaIdayyax LArqemnsaad syyg *y jJo ojaex
ssaulfey ® Yiim Inqg ‘adeys {43 2yl jo sdueieadde Teisusld ay3 Jo SUOTIOBS INIIS
‘aeoq opadiocl ® pue 123y3ta1j e yioq 103 ‘pamsoys uosdmys ‘(¢ 2oua18I21) SINIIS
19112doad uvo iaded e uyr ‘/061 Se L1i1wd@ sB ‘JBY) 230U 031 3I83193u JO BT IT

*A19ay309dsax ‘Toaaeq InIls
8yl pue Iny 3yl 322w A9yl 3II9Ym SINIIS I jJo spud iamol pue iaddn ay3z e
paiinbai Ay11ewaou aie 8327773 ‘@2730e1d uBIsap pood yYyiym aduepiodde uy *pesn
8T 0°G 3O (@/1) ©OYaei ssaudulj ® ‘papeau s} yiBuails asidasuei) y[BUOTIdaOx?
ssayu “(z ?an8y4 pue 7 21qel) AAeN °S°*M 9yl uy 2sn uommwod uj A[IVILAND
ST pue ‘(7861 2unf | Jo [-T191 sS4 mou) /GceT das ¢ Jo Z~10€% SAQ 8INIIS IJeys
103 199yg eaeq uByisaq sdyys jo neaing oyl uf udAF3 8] uOTIOIS HIF STUL

y3BudT uoFIoeS = 1

- 1

863UNOTY3 0€T19€Y°0 = = R =@

WNUXEW JO UOTIBOO] = K 4 a .

196330 UWOTIDIS = X T = 4

980U WOIF UOTILI0] w= ¥ x .
§SIURDOTYI UOTIDIS = ( X = x :a2a9ym
© .
L1+ %21 - 9V/T = 24

. . I S xS ug 103 ‘ejoqiadLy



612

aq TTIM 31 *sButleod jujed mau jJo uwopieojTdde 21039q ‘SUOTITPUOD aanjeaadwal
parioiauod avpun (TEFIsIw >yaauktod PpOTTII~1EISW B)  TEIBL 7 wuoziag
yaym paiIeod LTINJ21ED U8Aq IAEY £oy1 ‘uotayppe ul -eduus 1wo12dT19 papuaiuy
iyl a1vwjxoadde 03 guyputa8 Lq poapunoa uedq 2103015y 2A®Y SINIIS 3] jo
asou 2yl °-UOTIEBITAED 9yl JO dVINOS oyqeqoad ayl sem SIUL spadsnd aq 031 punoj
sem In33S yYoee JO #SO0U BYI ‘UOTIEULWEXD uo ‘1saamoy cadeys H4d 243 sy 03
pou3ysap 23dm S3IN1IS IE3Y] spouoiiounjjew Buiasey wo31sLs uojidejoid dTpoyrwd
jquaiand passaadwi 8y o3 3np A113ed pue uOJIEITAED 03 anp Ay3aed <(deap
youj Buc Se yodnw SsE WAYI 3O awos) payolou 1219435 sEM s3ni1ls ayl jo 2a8pe
Yuyprear ayy ‘sdiys asayl jo auo ug -uoyBa1 asou Ayl pe111d pey pue - SINIIS
aya jo 9pIS paeoquji vyl uo A1y1emgad - sBuyleod juted syl Jo 2sow paaowmal pey
uojaelfAE) cuoflEiado jo syjuUOW M3 e ATuo 193138 OOPAIp UT 2TTUM POMIIA uaaq
aney 2je1d yoaled poods-uy3Ty om3 ‘gg861 Ul “£13uade1 210KQ “1FBID TOI3E¥J

sg3onp 9yl 19A0D Uy
TTIM Yoyum ,@sou ST, 1eo¥3dy11@ Uue yim sajerd osayl oaderdsi o3 pauuerd
s1 31 suoyiuaaaid §1F 03 UOTIUIIIE aeynojiaed Led o1 pIdu A3 pue UoTICITAERD
jo aemod Byl S233EIISUOWIP sTUL «sajerd B8yl udImIDG Ppopoid 1I0TE syl uy
pal1asuf 9q UED 2JTUN §,I3ATP © Pyl UOTS01a UOTIEBITAED DIBADS Yons suo8iapun
sey @89p SIYI 3O jujod @yl *piemio] pajujod @dp 94 YIIM padeys~aap 1€
sajeyd esayyl *INIIS IYI umop spea] UYdTym 3IONP B 13400 UITHM sajerd Buypiyej
jo iyed e ‘asou s3i} 1e SEY §INI3S uUlEW 2yl jo Yd>Ed jo wWie Suo ¢azomiaylrang
+519y10 U} S3sOU JUNTqQ pue suojjaod owos uf sdsndo jo su8ys moys soBpa Buypeal
ayy ujede 219H sswa1qoid UOFIEITAED JUWOS pelJqTIyx2 9AE€Yy 003 353UL *83N1738
pedeys-Hda UYITA paddynbe oste aae sdjys @sayl “sse[) J1940131s2Q MSV

-g350] 19pow WOl1J PoIUIWIIIAIP UIDQ fuyaey ay3ue
170y3 @17dsap ‘moOTJ BUI UM pauSjre ueaq aa®| 30U Aem s3N11s 2)ETPIWIIIVT
3yl eyl a1qissod osie §1 31 -s3n13s jo sadka yroq jJo 9Isou aya Suywooid
ul T7e29p 02 UVOTIUVAIIE JO HOF] 01 onp sem paduUa1Idd¥d UOTIEITA® ay3 jo yonw
ey paiepysuod s} 31 6109333 uojaIBITAED JO 1108 dWES I P211QIYx? SINIIS
ajeypswialuy 2yl -3ye] 30U Ssem ddeJINS Y3 PpuUE padsnd sem $3n13s 2yl 30
uop3d9s YSTRIIS Byl jJo IOV NI +pajunyq ses 83I3[TI3 2ul 30 uoy3iod @sou 3yl
jey3 pue sinils 2yl jo sdejans 3yl 3o Buyi11d pomoys yoopAkip uj SINIIS 283U
Jo uojlBUTWEXD 12]E7 +g7n13§ ujEm 2yl Jo 2sou dYI jJo I8Eq 2 1eau UOTIBITAED
jo uoy8a1 ® pamoys S19ATp eqnos oyl £q ux®d ¢2an10§d vojlom I133EMIBPUD
ay] °seweyeg 9yl Jo si9IEA 131> 241 uj paeds uy3Ty 19 SIIATP eqnos £q ssed
031 uojsevoo pey sse1> §JUI JO sdjys syl 3o auo ‘poie873s9aul Fuyaq S wayqoad
>tueukpoipky paleyaiun ue aTiya wi61 ul ° S8SEID 13STNID S11SSTH P2PINY

*psj0u UOTS018 1001 BPETQ 1e172doad ay31 031 paINQIIIUOD aapy Avm $INIIS
ayl 3jo @seq 3yl Ie paleaauall sa1qqnq vojaIeITA®D B3YI ITYI 1oadsns 12ded sTyl 3o
sioyane 8yl °"SIBTTII ¥ 103 pue §1001 24yl I1edu SOPETQ U3 jo so8pe Buipeay
aya 103 poidope sem usjulj 1927319q ® snYL -gapeyq 94yl jJo 235Bq BUI T $3911773
a3yl Jo ysjulj Byl 30 £1y1enb aya uy 11EILBP O uoflua1IE JO OET 03 PIINGTIIIE
sem sia77adoad @yl jo vOFs01d ayj -uoyIBITA® B3I Buy1023100 U TNJEEIDIONE
uaaq aaey 01 peiiodal a1e SUOTIEITIIPOU asay] °mMoT3 d41 03 IF uByyeaa1 K1eso1d
aiom 03 278ue §1} Fujauajioal pue UOTIDBE ani11s 3yl SujuayiBuay °‘3Inals 2yl jo
uoy3199s 31FIud 3YI K{reniata Buote pappe 2iem gooa7d Suyayeg cuBdysap 1euidyio
ayz woaj sa2189p auyu Buj193JIP MOTJ E PamoOys InAs ajejpewiIaIuUY 3Ya oI
quaoefpe Ayoiejpewwy [Tays 243 uo uiajzed uojsoaa =yl pue sajaom Y] *53163)
1opou wWOlj PIUTWIIIAP af8ue mo(j @yl wWoij PpIeoqul saaa8ep anoj duFTILIUID
asou aya BuyajIys jo V32 8yl pey Yoy ‘sajerd Bujayey 3o guyisysuod ,1004Q,
e _jo uoyle[[EISUT 33 Aq payjipon sem (edeys nq4d) siniis ujew aya jo uoyiiod

9

piemioj 1amol ay3 jo adeys 3yl *£3INIIS IILFpPIWIAIUY puE ujEd 3yl yioq jo Iseq
2yl 38 UOTIEITAED JO SdYDled pamoys safaow 3sAY] *paads 1inj 38 uojdal uiaIs
aya jor §31n312jd UOTIOW 1IIEMISPUN YOOI EIBATP EQNIS ‘ueaqqiie) Iyl jo siaiem
1ea7d ay3 ySnoayl sdyuys 2s9y3 jo BUC jo IFSUBII E Sujang *j9em yoes yadap
uy youj y/¢ 3O 9IE1 3yl 3B PIPOId YOTJUM Youal daap yoduy-z £q ¥pTM Ydul-9
£q Suol youy-0f © pey 2ISTTTI 2pelq 1ayy2doid yoea ‘uoOIITPPE U A1) # o 1-F 1
jouue> spiaom 3ey3l uiaijed uoyleryaEd, B UY Bujansei sdeo @dunp 1ayyadoad
pue sieilemaye] 1Jeys id(r2doid sse[819q13 oy3l Jo 6so] paduatiadxd sdyys
asayl ‘sAep £11es 1oyl up  *(h IDUDIIF3I) sdyyg 13ujeIuo) /-1S ANV'IVIS

*swa1qoad uOFs013d
19f7edoad ou pey sINIIS IIYlooWS 2Y) Yiim esoyl ‘1861 ul poidedsuy sdyys
aYya jJO °UOTIEITAED PJOAER 03 13pi0 UY adeys uoyadas Iayjoows e saiynbai Iniys
peuSiTesTm ® A[IS1IDAUOD PpuE ‘quomuBjlestw JO JuUEIITOI BIoW ST INIIS YJoows
v «quamufyTeaa 103J PpIdu TE21 OU 8] 3I3Y] sdyys os3yl U0 UOFSOI 1ayyedoad
do3s ued s3n1as oyl Juyylooms JI ‘A1SNOTAGO *Jno pajaled 3Jou ses I} INq
‘uoyrasenb 2yl paT1IVE dAEY PINOD SINIIS poayedaa £Tysaij uo UOTIEITABD DAIISQO
pue sayBue moJjul 2Inseaw 01 g6l UT pesodoad 1s23 27Ed8 [[NJ Yy ‘Wie yYded jo
apys suo uvo ATuo BuyleiTA®D 9103213y] pue ‘moTJ 243 03 109dsa1 yITm paudyreEsTW
osTe 2ias $§INIIS 3yl 3Ieyl peasads3ns Bupjoop-Lap 1213%® »aouMﬁvoer« sdyys
410q U0 PIA1DSQO Yimoid aujiww jo su1la3led pue uoysoi@ Jo §3DeII ‘puBy IO
ayy ug (v @2andyg) 2pTS yoEwe uo IBPINOYS, PITY B YIIm JUNq Kaoa 213M $IN1IS
5 dyys =y31 jo se8pa Bujpeay a3y ‘papoid A1peq Bujeq 03 UOTITPPE U] °UOTIO0S
Hdd pauBisap 2yl 01 13010 YINW 3I3M SINIIS ¥ dyys wo 3Inq ‘3ITInq se saylue
uj @0uU2123JTp IUEBDTITUBTS Ou sem DIdYL S0P YITUA D diyg uo pue swayqoad
a1ey71adoad sey 133uoy ou ydTuM ‘y dyys uo 1g61 ur soTBue INIIS PIIANSEIW VASAVN
spoysIIqeIS? UI3Q 20U SEY SSIVUYIOOWS JO HDET UITA peieduod se JuamuBjyesw
ni11s £q pasned SF UOJS0Id Byl JuIIX@ JTYm 031 §E uoyisanb ayl

-s197719do1d ay3i jo uofielojaadzap syl dois TN
§In13s 2y3 jJo ajedaa ‘g dyyg jo asED BYl UY SE ‘qey3 orqissod sy 31 ‘Buypuyad
pue Buypiem £q sIn1Is Byl Iyedai o031 pINSsT 31dA SuOFIONIISUL sadeys
voy3oas pouBysep 9yl woljy iej pue papois ATpeq Buyeq ‘(¢ 2an81g) uoTITPUOD
ayqeiordap B uj 233m §INIIS 1TAYI IBY) PIIAA0COSTp SeAm 3F ‘1861 ur a drus
3o sydeiBojoyd pue ) dyus Suyioedsuy up *sjuswmaderdai 1o siyedal iay1adoad
safsuajxa paijnbai aaey (g pue D sdiys) waIyl jo onl *sdyys paayedaaun
11138 943 jJo 2mos o3 PITTED USIQ SEY UOFIUIIIT 8 ,VIASAVN ¢£73u8091 210K

*yeaar @yqeadsdde
ue 01 uoysola 1371odoad paonpaa osye Inq ‘uUOTS0ID INIIS paddoas Afuo 2j0u a1eyd
1addeam ay1 ‘Aipe3Idadxaupy *eRewep 13ylany wolaj 1Y 19930ad o031 Bujypua3juy ‘INIis
pagewep oy3 punoie 23erd aaddeas, 19318 @ BuyrieIsut £q ¢9e1 ufl wdqoad
§7yl poafos piefdiys TeaeNy UOISITIBYD Y] *uoyso1d ai1ayyadoad o031 uOTIIIPPE
u} uoysold 1nils jo wayqoid e padoy2andp (¢ dyys) dyys 1syjove ‘aTTymuedl

-gdyys 2yl 3Jo owos pad(3y UOTIWTIIPOW STYL "qANY dY3 031 IO 8U0T103s dperq
peoun 031 pajjypom 219m sidyradoad 9yl 4961 UF pue *£13500 003 se paidafa1 sem
- juaswaderdal 3nils - poylaw 3yl Inq ‘wayqoid aya 103 2and e SE pesodoad sem
gIn13s ay3 SujusyiEay °T2POW Yl UO SDURISTP AUTI YONS I3A0 aoetd 003 Y TUM
mOTJ UT S§90UBIBJITP TEIAT 01 231€] 001 219A s3er] mo13 ay) osneoaq A[218INDDE
STyl moys 03 PpaTIel Ppey $Isa1 Teuydrio oyl [J0uU SEM MOTI 2AYI ITTUA ISTMY
Juejsuod jJo 219m Adyl Isnedxaq sqny a3yl 1eau pauSyiTesTo 2aiam sInis Byl LY
poisa88ns saqni 3031d Buysn 5183 Juswmufjye Inils 3Juanbasqng .u@*awaoun a3yl
01u0 1je Sujuealls Sem SINIIS UTEW IY) WOIJ RBIIIS UOTIBITAED B ') payedaaa



612

“u0TIDSS INII8 Y3 JO SSIUITEJ BINSSE 01 UML)
2q 03 OSTE SpIduU B1p) ‘*EaIe Isou 9yl ujl adeys jeoyIdyTTe ue SpyAcid 01 uIME]
2q PINOYS 21®D *SPIOM IIYIO U] °*PIPJOA® 3G PINOYS IBTTTJ 1911vQ-01-IN1IS 3]
uy anodo £13uanbazj se yons ‘siapynoys °peijfmiad aq Jou pynoys sadps Buipesy
padsny  °*s3aniis a8yl adeys A1iadoad o3 uayel aq pynoys 3a1ed ‘ased Lue uy

*UOTS0I@ 0) ITQRIBUTNA
A1aerndotiaed peaoad Koyl 37 padoraasp 2q PpInNod sINIIS Yl 03 SUOTIEBDTJFpoOm
Yyoyys uvodn syseq e spracad pinoma SIYL *83693 Topom Yyiym uosjaedwod
103 safB8ue MOTJUT >O3YdD o031 puw ‘sINAI8 Yyl uo uxdlled uoOTILITARD Kue
9AJ28QO 03 P23IONPUOD 3q UIY] PINOM BYEBFI] °SINIIS Byl JO piemioj isn[ pajunouw
saqn) 3037d pue ‘s3nils 2yl 1esu paredoy] s8I1aodmaTa yiym paddinba aq sseyd
e Jo dyys 2ISIFJ BYl 3Ieyl PpaIpuswWOd’I S I]  °MOTJ IYI 01 SINAIS Y3 uByre
183319q 031 S 08 1sIM] 1Yl SBujlepommodde 03 uaAjd aq PpInNoOYs UOTIELIIPTBUOD
‘yYeazeq Ina3s Byl iesu paiynbaa sy 1sym1 oyqeyosirdde ieyi moys s1IEIY L)
JI *sIniis 3yl 19s 03 YdOJym e a7Bue a8yl YsITqeISd 03 PIIONPUOd ¥q PpINOYS
81833 T3poW ‘SINIIS U0 UOFIBITAED JO POOYTITSNFI oYl @zZJujuuw 03 18pio uJ

NOISNTONOD

*moT3 343
yays wayl udjye 123132q 03 Uy p203 A71IYBITs usaq aAey pInoys SINIIS 3yl jo °Bpd
Buyrreas oy3y eyl sayrdwy SIYI ¢{sInIIS BY3 JO Yyoes jJo IPIS Pieoqino 3yly uo
ueyl 2pFs paroquj 9yl uo 133eaa18 sy sFemep Bujyieod Juyed ayy ‘iI3A9MOY  "ISTMI
Buyliea YIIm SIN1I8 9Y) 13136 01 PpOpPYO2P Sem 3] BISa3 [Ipow woly °uojjreiado
jo poriad e 1@e3je aouemioyiad ajayl uo yoeqpasa3] 2aFa0a1 03 Juyarsaiajug



612

%602 °0

0967°0

oyey 0
0006°0
0259°0
0L1R°0
%626°0
2686°0
0000°1
9966°0
£086°0
0066°0
H%06°0
80%8°0
8nsLt0
TL£9°0
8095°0
059Y°0
8LLE0
9LE2°0

X XTR/A

0
£301°0
08%1°0
oL1eco
0057°0
097¢°0
S80%°0
Ly9%°0
9%6%°0
000$°0
£€86%°0
106%°0
0sL%°0
[AAY ]
y0Z%°0
wLLe"0
981¢€°0
7087°0
S7¢T°0
6991°0
8B11°0

a/x

1/40 Lzoz*0 - 4

1/7a €250 = Ou

00°1
SL6°0
$6°0

.

o~

QoD

NON®DO
.

(203
—
O
= T
OO0 ODO0OO0OOO0OD

NOWVNOoO WMo
- NN M
o s e e

(®10q32d4} ‘eloqeieg ‘asdYITd)

u01128g HAH-HWL

z

4Vl

:1T®Y J® snipey

:asou je SNIpEY

0°0?
61
0761
0°81
LAANA
0°91
(LA

o
« ® s

NNDINODOODO0OO0ON~NOO
s

OO et N TN OMNDDODON

; ==

v

uoglIelsg -

0
TLeo
0592°0
y£8€°0
%Z76%°0
L16S°0
€189°0
609.°0
00€8°0
9888 *0
96€6°0
90.6°0
%266°0
0000°1
S166°0

.0
"E€¥110°0
60220°0
916£0°0
%01%0°0
2€6%0°0
6£950°0
Zv€90°0
81690°0
90%£0°0
86LL0°0
06080°0
2LT80°0
SEE80°0
79280°0
6€080°0
679.0°0
¥8690°0
£0090°0
199%0°0

LI

SSN P2393110)

0
S9¢t1°0
£¥92°0
y€8€°0
0Z6%°0
€165°0
0189°0
809,°0
00¢£8°0
8688°0
SLE6°0
S0L6°0
0€66°0
0000°1
1266°0
£696°0
9L16°0
16€8°0
602L°0
9%Ls "0

A X®el
X

(u3zoq 103)

SNOTLDS 1N¥1S QUVANVLS

109290°0
1569%0°0
1026%0°0

snypey

0
8€110°0
€0720°0
S61€0°0
001%0°0
8¢6%0°0
6L950°0
0%€90°0
81690°0
S1%£0°0
€1840°0
88080°0
$L780°0
€£€80°0
89280°0
8%080°0
$%9£0°0
£6690°0
80090°0
SS%%0°0

>l

L1761
1-8011 sad

1 3M8V1L

10€L£0°0

10€%%0°0

1228%0°0
snipey

0
01600°0
79L10°0
95520°0
082€0°0
796€0°0
0%$%0°0
2£050°0
¥€550°0
2€650°0
05290°0
047900
029900
£9990°0
%1990°0
8€%90°0
91190°0
76$50°0
908%0°0
795€0°0

>

I-R 7161 %
31q®eL 6061

o0y
002

001
asoN

—_NMT NN OO

(@sou wo1jy)
uoyaels



\ 612

(6=0a/1) uoL323S 3INU3IS HdI-GWL

Figure 3
Typical Strut Erosion
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