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RD—DELTIEHEOLEZBIND DN, EHOLICKDEKRMGKD BRI
EOC.EMENTOEHSLEIBICOVWTOMAEEH N DG, ECTHELE
TR.BRSOEXRIRMEFE REFLPEBDOIRAIVEHICLELG. EMLOLE
BICEITHHMOFEHENGIERZERIC. N AREDEREAATz. F2
ETHRRLEABFRCELCLEABEROBERMEDOS Y SPT FHAIZAL.
RSN E=ATHEERNDOKIELZRAEL. EHOLOLEZEHH OIEEZR
HABHEEBHIT BEHHDIEEICL O TARREGIRER/OLMEED-OHDE
FNF—UDOAREEEICHMND,

MEDRGTE—MRICIHMICKDZVEH., DEVWRHALHIIEE NS,
CDIIGEIARDBHERKTOFEHECNERTHHEE . FE2ETREE
LERENRARERRICEEIINRELDHIVBEEOHREHALGEH,
2l ECTHESETR . BHFERAKIEDEFTHELDIBELLSVIZEILIZED
BEMRAE~NDEZEOHERICHL T AR EZERLE, E2ETHRL
AR FERICELLHABROBEMEDE L SPT &HRMZANT, AF¥4IL
AOBERMZENRICRHBOMBGRAEZRREL.BERNKIENOFHE
toREZRA . EEMHERAENODELEEZEELE. T . ED0ERESE
S HREDHRIED-ODEEKEHFHTOLKRERET S

BE.RMTIIFCHYDEWRY  TEKE FEEKITEIFTMR—
AMDB)DEKETHY . EDEHAERIRDEEYTH S,

FREKEDB) (N =(KRREE(Q) EREE (@) TE2REE (g



E28 AEMERICEN-ITREDER

2.1 ARDER
2.1.1 BE2UMREREDL-OHOEBRAFXEE

AMECTRAREII, BERGE TR ELINIBERHELTHF OAXTMOKX
EREHRBIL. BRCEIRHEEFFESIENZV . LAL—AT. AXDOREN
BEIEGEENBCERBIZIDIBRDENKREVIL Y ORRMTENR
BNBIE POENMONTEY. BEMEICEN-REOREEEZFMRL. &
K-BEMETIBISERVICERITNIEL. FRBICBE=—XITH G AT &
BEMBENARELEGEIEZEZADOND, COIEIE MEMEDERIEF F
BRFEICDHEMND, Efz A MAERICESHEFIRTEEZTIIC.REEEICEN
FAXREOEHZHEBEMNELUMRBEDTATLO—D2ELTERTNIE.
LM EEDBEMR~NDEMZMEL. EXBEEMDOEXRELITHL. 2
BMEREZRHETHIILLEAREL LD,

CDEHIZE. BEDATREHMEOE >BR-REE -BRFLGRiL
DERE VI BVOVREMREEMKR L RIEEEILTILELNH D, FIT
ERMEMEARSECIX. BESEICEN AT REZEIRTIMRIRE
MEICEN-ENMEERTREBEORIRICRYBOIEEL. EENHRE
LEELH O COMBETIE.ABLRESREICE ISR EREREZEIRL.
BHELTRETIIEZEMEL TS O £EIXRDIKRETHEMSGREEM
BZHELNHY. FHBNLEFRICKYBREEGEREZTSILEL ST,

2.1.2 BREDOHMELERE

AN ARKTOEWEMGREMHEDRAETAELLTIE. EIZRD2DMNEIT
bbb,

OBV FE--ERICEARENNT T =bHIZETRTHFE

QM Fi&x - BERLENEDEHREMEETATIFE

CDEODMIFIhAEICOVTIE. AEPHABORELENDFMT
—AHEYDAEICEHBEAAMNS P BRICKYEREBNEOKRE. EE
DAED HANENABMOKREEENTECHEIZEOL ISIBLEROK
[ZROND. FHHIFICRDEEEZTS M REDBFEANH D,

FOOBERETE. BEREAM P TORBOBENZLLSZ.,
BEENBEEBERITHENRELDTIAR~NDEAINHELL Y,

—H. QDI NEERAVWDHADE S, FRAFEEENE S CTRENEE



EFZFIKWVSIZ S ARDEHRERIIEVOTHEMAZRMER<TSHE
MNE[RETH D,

It 73 3% 45 % B 8 (Stress wave Propagation Time LKL . SPT)DEHiEIIZLS
MEFTFEFZELUT.RADEREHE CE. TR ITKYRHREHREYD
TR EEELT S,

Ews(GPa)=V *(km/s)x o (g/cm’) ek (1)

CCToEws V BV ol FEN TN AREBEMENYTRB.IEHED
G EE. ZETHS, SPT it BITEBHICERELZ2 DOMEE LY —
BDSPTZATET AN, VIEE Y —ROER | Z SPT TRLTKR DN D,
BEEOHEICKY  IKRFEDFATHEONT Eys [T, RIFERDOIKOEM &
THLONDIBM VYU RB (LT E,. TX(2))LFRBLGHEBRBAGREE DL
ARERIN TG 24

E;(GPa)=(2 x £ IR AR (Hz) x HBADES(m))*x 0 (g/em’) K (2)

BE.IKNIZBEFAHSPTEBITIX.IABARDBEILSPTICEEZXRIFS
BWIENERINTWND ) FEL IS HEORE N AEHEEIC+ HE
. BHEREMAULEDOBRKAARMEELRBTRITELILEEAON,
TOHR. AMEZIZKSPEMALZENMNTOZE(BEHEE) TRMOYY
TRBEHTECTEDRENRESNTINDG 45, ChoDFER, AL K TEHAIL
f=SPTICEDEEHL-EWS [T Efr EOMBENELALZEFTESINDS,

ME MMADBREMHGEFETCEIZCAVLGNRTLDEHBI# I D FAKOPP
(FAKOPP Enterprise (/\>H1)—) 8 (B
BE2—1)IX. BE2/MNBTNHNUFIVTIC
BEnh.BlFMLE BV —DERE
PEBIMNEET—KRH-YDE A B E
NEVWOT. LHEEOWLUMKEZR ST S
HFAEICEL TS, = FAKOPP T
SHAILT= SPT ICEDEEHINT Eyg
FEAERCHKSABEICEDTHLIZEN
MESHTWLD 7,

EHE2—1 FAKOPP

— 12 —



FCT.EEZDWHETIE. FAKOPP IZ&5 SPT &8 TIL K D& FE M geE
IwREEWTHEELT=,

FAKOPP T® SPT 5t BITIE. B2—1D
KIIIRA—bEH—ELR YT H—D
2D EVY—%F BB EAMICTEITIC 1.0
m ERTREL. \oY—FZHATRE—
roH—ZTELTRE TS 27,

LAL.EZBEONZDAEICHM>TSPT%
FALTHDE . ULTOELSLBTREEGDH
EEMERLI,

Do —DELRAHFRIMNEE, SPT

DEAEGZYPT L,
QRELCEXRTLHABBMEEZASLEL
Ef‘dtéo

QORILEAXRDELE Y —EETH. T
EHIZIECTSPTENEHT S,

FEWHRMICHTEL-EEMEEICEDE  E2—1 FAKOPP TO SPT &tifl
BRLEZAXEERLS . REKOSIMEDHK
XEDRBHIELTHAMETDE=HICE BRENEAFERIILTEVHR
EHREERALTOALTEAGLEN, ZO=HIZIE SPT sHBIAEEHE DS LY
LDTHAIENWEAETHAHEE A=, £TZT.FAKOPP T® SPT &HBIIZHITS
HAFROBEEZM LS E-LC. BAEEERKL -,

AETE.HBATORDBEEHREICEVNTRELZ SPTEEZBS-HDRK
BEUHEHLNICTEIILEFBNELT. BV —DEARS ITEFE. £
Y—EBE. oY —HBRGEEDFTAFEICODVT. AXFAKPRAFILIKRES
AVWTEHAEEOESH RO B OHAEOESEZRAL.ENEROE
HHEDHE EEZR - SHICEARATHEL-EEHRELMEAEROALKOEM
MmCETBIL-RE MR ELOLEFTV. REMEDHEEREERIILIZ. T
LTZEOREEZAFATCEMEANTERRELLZRHBFAEICOVTIRRS,

— 13—



2.2 HAKROBRMEDA L
2.2.1 oY —DELAAFEDEE
2.2.1.1 TEEDHER

(R EMREICEN-ENEERATREOERIOMREFICTHY.
FAKOPP T® SPT EHBIFEICOVWTEHEXBMZIR T LELITA—H—DOEXIT
THMBEAFRAZEOMEHKBICHAVELELN. THRICETICERELE
Y —FNIX—TITETEHIEVWSTEUNDEMBIRERIEIBONE, 1=,
ZITC.EMEMRERBRBEANDRAXIIATSPT GHBIOHTEMRABLIZN. &
FHACE—OMBEICEBLIz, oY —%#HBRICHEITE. FTHRLAAR
BERETLNTX—TELRAAEBEET SPTEDELDTEEENELLHTLE
NERHONT-DTHLH MMBIFHRTIE. FTHLAL . TLNAYT—THK. D
izt —fimA R BICEREEICEdET. o Y—0H O TR F
TMEALLGEBBDOHR ARSI =H. EDBRELVY—Z/BICHEEE LN
DN, B\ASMNTEEN 2z, ZD=HEU Y —DELAAFEDORFIILGEF
L7=s

2.2.1.2 #MEEAFE

U —HLAAFEDOREICEIMEHRREAD 31 FADXFILAK 3 K
FHLU IR I AZEIC.BRARELEZENREAOAR T, BHEICFITIZI.0 m
FRERCTE Y —REMEZHEL (FBR2-1). toY—EABEREZHE
RUTYI—ILz. GE. UE . EEOERTOE Y—REZBIRILES
T35, ZARICOVT,. DEVH—ICHLOMBVEEICFTRLATE S
(1.0~1.5 cm BEDEAN). QoY —2TLNII—TEITLTHEAT SIS
BQmBEDEA) . ZFNEFNIZOVNT. 5SET 2V —%2N\UY—THE
LT SPT fEZEBIL. DO A IR EICFHRAEOE DT (EEBFRIZE
HLT=,

BHEEHRICELTE. AIREICHANRRBZH — 3560, BIREETE
%.BBOICDOIZDOVNTSPTEBIZITL. ZDR®R. 2o —Z2HEMTICODEH
T SPT &tilllZ#1To7=,

2.2.1.3 #BREER

LY —DELAAFEEIC. GON-SPTEOEHFHKIZTONVTER2 -1
SR LGHE. oY —DFEHFANRESE. OOFHTH 1.2 cm, QOFEH T
#2.0cm =o1=,

— 14 —



£2—1 o —DELAHFFDEWNZELS SPT DIX5DE

ot —ZE L AR FiE FlICLEFEH dbivor<—

SiEE 2T AR 12 12
TENGRS mEn) 308 147
TENMGRH & MvE%) 075 039
LENMFRE FE %) 162 102
TERN ZERE W 051 033

CORR. VY —Z2FTHLATKY LNV T—TCEITITEAMNEE
BREDIDSKIGDIEDNTREINT=. T SDIEITDVWT/UNTANYIRTE
(4L DRBIEMNMBEE)ZLIZECAHA  FRELGENERETEL
(P=0.015<0.05) ,

LU —ERRICFTEATABE. ILNY—ZTRHNEEEITEART
BARNZEVWEO. HBRBOITEICRLTENTEH LAY —HHD
T HBEEVY—LDEBEEENEILTHAREENHD, COENETRIE
DIESDEDRAICE-=EEZDNT=,

COEINZTEVH—DELRAAZDODNTIX,. TLNYR—TEVY—FH[H
BITLT2cmBEBAINE. FTHLATHSICHER, KRELZSPT AE
ENBIENDLI o1z, UMAETIEVLTERMEERBLIZWNEIATHDIH.
JLNII—DETIIRBEBETHLIZENHMOT=,

LAL—AT.fRIBICREI— Y —F NI —THETLHRICITE
IDOETSPTEMNELTIREMNERSINTZ, CDT= SPT DEHBITIE., H
KAFEZIFTRLATHETDHLSICLIEA E5D2FDHREEH Fahofz, H2
—2[2, [E52FDL NI LN I—TDEVH—HFAICHINBABRE.
BEAEDSPTIEDTFHEEZEZEZRT .

£2—2 BARE.EAAXKEDSPTEDIESDODEEFHE (U s/m)

SRER{ANo. A B C
Al#RNo. 1 2 3 4 1 2 3 4 1 2 3 4
ERERE 1 1 1 1 1 1 1 1 1 1 1 1

s (:Fui:;l% 316.2 320.2 350.0 330.8 329.0 338.2 333.6 305.6 2922 2864 2754 2852
4

4 *’*f*ﬁﬁ% 239 471 374 311 436 130 182 358 303 321 279 415
— us/m)

ﬁ R sl
z%{f@ 076 147 107 094 132 039 054 117 104 112 101 145

& i”}% 329.30 326.60 284.80
th BEREE 13.83 1318 6.91
& (us/m)

EERE 4.90 4.03 243

(%)

— 15 —



COBREDBEICIERLANATREA— oY —FIT BT IDELNHDIEER
BNtz LAL. HMEADEZCZTOBRDKRALGE ANNZEETIERIEZ L
O 2 TOERKIZODVT. NAY—ZHAVTRECITZEATEO Y —ZITEL
TEHRITBEIERTAEETHD, CDF=H. N\NIX—TEUH—FITETHRY.
B HDEICKD SPTEDIESODEDHRLEFWNERBELRE LT,

Fr.R2-2IIRTLIIC.ACLEARTLRREICFTAEBNELZLSERH
HEZEE DS, COFBR. ABR2-10OEV Y —EBEICLDHETBITIE.
FILEATHAREICESEILE hShBIAEEENT VI EN RTINS,

2.2. 2 SPTEtAIAZREDER
2.2. 2.1 29— $TEFEOHEE

FAKOPP T® SPT &HAIICHEIT A BIEDEERAD—DEL T, N7 —
TEUH—ZITBITOIEDNDEICKDIEZENKRENEHIBLIZ, ZCT—&E
DATHIHBERIETE=H. \UX—ITROIITEFRELTHELEE
EREETHIEELE BV —DREBICEDREBREDITEANLENTHES
f=hS. FAKOPP DFERA~Y=a17J)LIZT200~300g BEDHTITET S1LDEL
HiHY. LLBRHW/NSBATRVWIEABESNTz, ZCTHAICIE THEHLILV =&
CHTREVH—DARIGLEZOT.HEEWVVTEATEE TLHZEADHD
T=o

ENHEBZEF . ITENOBEHE . M TOEEROETE. BLUH
RFPEEFZBELEHBR. TRO/vIXAR—IURUZHELTHERLEZ(E
B2—1) . ENDRLETABINTODNARIEKY, oY —%ITE T 55 H
HEWFTER)ICEEREEFEALEZ. COENITEEBEEXTEE2-20 &
JITFERT S,

SERAAMRED _r.‘_.:‘_.-.v“.-
$?§I<%B§J\ l VUV < l*TEK

)
Y= T ]
ey

cLuIIIIIHIIIHI|lIlIII[I}[IlI'IlliIliIIllllll|[IIHLI|IIIHlILIIIl[IllIllH’.IIIlIFHI]‘.lllllﬂl]ﬂllllgi |‘.T.II‘LIm[H‘.‘.]E‘.'.}I!I'.}lﬂ!;’.ﬂ!i‘lﬂ]ﬂ'ﬂ}]‘gll'!!'\]ill';".'n'l'lll%

16

FE2-1 BEAHEER
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FH2-2 EATEZEOFERADORKER
B#ZEDOFATEIDRY (K). FE/T (H)

BE.ENITEREEICEIDITETL. HHEE SPT EAXFBCEAROHL
Nl A—h—ha0JI2EnE 4 usDEFARENRELET D, CO-HEK
EHTELEHERICEREEZH IS FEEATHEIIFEEMOILEND
AN AEITEITNELVDAFTBHATH . COIEICDNTHEITT St
BORBRSFICHAWELELES . —LERIZFREXTonGMof=, £TT 4T
BERHF7ITEELT.ANEDRIEEDHLIPRIENGEWN2EDEBIEZE
FRLERYSE S DFEHEZFFAEELL TR CEELT,

— 17 —



2.2.2. 2 2VY—DEREDHEFTELEEEDEH

FECEAZMRICSPTZEBITHEE . ALHRENGREINEIENLEFL
WolMl.2. 2. 1. BSTRAILAZATHRAMRICK > THENELGDIIER L H T
NN —ITEBIZELZEZE DA REMELHEELRL,

ZIT. HMERARSHNOTFEMICEBFTLTVSI FEDRAXERTARES
ZIC.EAKREBICEARLEOZEAAICK2—1OISICHBICFETRAEER
ELT.EAITBEEZRAVTSPTHAIZITL. AEEORELXLE L,

COHRRE.ENHTEEEZRHVTHAREIC SPT ENELLIEA LA
o BE.K2—2(ZFAIZF 100 %ELT=EEDNRAADRFRTD SPT {EDIE
BMETRT, —RICIIKRTEHIEDODFAIIHENEBENE-OEHGIAEEF-TLD
EEHONEN. COEBYTHNIEHEFOILA T FEEHIEAIEL. ZDEHIC
SPT [FEICHRB/NIGELLZY . 100 LT OREHBERTIETTHS, LOALETR
L&Al KLY NESREEZRTAAE—ELTLGEA ST,

——No.1
——No.2
——No.3

——No.5
——No.6

No.7

3]
K2—2 AHEDSPTEDIEH

COFSI.RALEKRTLRAREICHABARELRDIRRAELT, BV —%
BERICEITICRLESGE . W AEIBBEDENEIAERRETH-O. B
DA ERDTMICEYAET ¥ ERBEOKRHTOENL. HEWLIEEUY
—EHBORM -BHDEZICHEEZITTLESIIL Y RNEZ LN,

ZITHRBDERWVEIADHRICEEEZZ TRV SPT DEIRZFREL T, #
BASZEENDENEBRTIRBERL. VY —2/DICEEETHILLEL

— 18 —



e MOARTEREDIG ARNBZEORFAHERNZERMIEETS
LxhtThag ',

MARIZHLTHDIZEO Y —Z2E LR, to b —MOERGERHZH K
TROBIZIF. TN TNDEU Y —EABMOERCEEEMASERER
DEBELEFRAZETI2N . ERBEOZWVLMRATOERSTAT®HLL, £
CTERGMOAEIC, ERLGHRTEUY—BEETA=H. FICO0FRHD
REUABFERELEE L. COREIBABMORNTZEREIC 1.5 m ELL
1.0 m ELTHY. FRICIFIARFICEETH-HDEVHFBDIAATH S,
FAKOPP T SPT 5t BITIX 4us BEDRENHLIESNATLSDT, Y
—HBRARVNANBEZRINLOLITNEFESIAE, LKTOEITEEZEL.
BEOTHMICEIBRELGATZAVBARICEREDOHSE/FEAL . BH.
H2—-3IAENEXAREZ. EE2—-3ICEBDAEEETT,

2— 3%@@&%&&%@ BEniRAK

BFEE2-3 EEOMHAKBEEERAE

2.3 FHRAIFEDHR
2.3.1 SPTEICKHIBITEFEREOCEVY—EREZFOELE

FAKOPP T® SPT HAIICEFAITEFEROLEUV Y —BREDEWVICLLSE
HHEDORIZHEY. GFRHFEDENVCLIFHENDELS>EE—FEDOEH
T CHEITIDLENH oIz, ZCTHOICHAZTDOREZDEVWPXRRGEED
HEFHRLE-KRET . FHAFEDEVICEKIENEROBRMEZERL.
ZTDRICEBEOILUMKTHRERTDHILELT,

— 19 —



2.3.2 MBERE

ERERHBOSI FADAFIKS KNSRI 4m DAKXER 2 A (T
EBLV2EFE)EREMULTEHRICHLIEZ AXDBEHRIITEDEEYTH S,

RSIARDFRDER 179mm~387 mm, FHFHIE 2.6 ~5.2 mm, &
B 0.62 ~0.87 g/cm’ | E;, 5.06 ~9.20 GPa,

BEARKDHEBRIEMEMXEAREBRNOEESRN(TRAT7ILMEE.
TR ) TEmRLT-,

TR AARNTORABERZ. LARERALHKD (EMBERBD 51 F4£)D
MK 4SS A(BEERE 192 mm~448 mm) [SHEAL. AAEOERECES
MEEE LT,

2. 3.3 EtAl
2.3.3.1 AKTOFA

BIEE DA AKZFFHULVT FAKOPP TO SPT 5t BlICHRELBBOKRTE. oY
—[FHRE.ITEFEREHERTLHIIEELT,

AT BHBRICHLTETREESLURORED 2 BHELL. ThThXE
(R2—4)3LLEHM(R2—-5)F52 AEHRELT,

M2—-5 MHEE (M@E)

ENETNDEEICE T U —DHRERR (LT, BRE) X KERKDF
BT 1.0 m & RMBAETHREAREEAONIERBORSELTD
15m®D2#EFEL.ALREOMEFMET 2=HICAEDOPDLER—ICK

— 920 —



BEIREL Iz OIS AAEMNMREZESITTRIB ISR ELEZARICHLT
EXJTSAMTHARERELFALEZ(R2-6),

1[E B DAIR

2[E1 B DRI

M2—-6 HKDAMEE

RA—b o —~DITEHEIE. AAITEKEINIT—ITEL EAITEE
BEZAVEEWMOITED 2 BEllz, —BOFBRIZEITHITERKF2. 2.
2. 2ICEDF 7T EEL.BONFHABOEERHEZEZEEL -, SHICHhL{E
MEEWIEIZ2 DDEZRW -5 DDEAEDFEHEEZZDAIFR D SPTEL
L.HBSRECRLTHEMERSHI-VICHREL SPT DEZFLE L=,

U —EBRE. YR ITEFEREORDIZKIFAFEOHAED
HER2-BIZRT . HE. . HOFATEREDL DRI HEEZS RS E
NEEBMUICERETIESNATOWS VDT A RITEVY—HEEET DE
HFEL.MOBRICETAIHBRREAFZERMBBOEEYELT-,

x2—-3 FHAFEZOEAEHLE

TEREFE IN— T ETHTRARE
T —RlE  CPAT AL VAT 2N

WHEEm) 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5

2.3.3.2 MAKR®DEA

UARADRAETEHABEIBRICHLETELIUORMOEED 2 BHEEL,
FAENAEREAROUAICIAZ>TARAICANZLEOHBEDE R TR
EERELE.GHE. VY —OREMBOHEFREI . AKRKOAETERE
DENELDZEZREELLE IKRKDHAETEH. EBFRHCEMEHEH-YVD
SPTEDEHAZE . AKDFAELRFRELT=,
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2.3.4 #HREEE
2.3. 4.1 AKXKFAE
2.3.4.1.1 BIFEBD SPTEDESDE
AARATOEITEFE-ARHBERTEAILZ SPT OHABEROBERMIZD
WT.[Eo2F(EHFRBFZLERLEZ(F2—7), HBICETLZHHEERE 1.0 m
DA TOFATE NI EZEOEHRBE 4.0 NEN . EHITEEE
ERAWDE 04 %ITHEZBE NI —TOITBELYENITEEETOITED
AWM 110 ETEBRBENMERL. ENBEROBRELEFLIZI NI o1,
SHIC.ALAREDHZETIE. HBICFETHRABRICEPODBRED AN
HABROBRUINGLGY . FALEENSEFAKRELARVALEH HEE
ROBHEMEINEFIERNRIN GHE. FFHHBRIIOLVT.ITEFE . &
DH—BE. T —RRIN TN EEH TCOEEBRHBDOERIZDNNT
DALV DFEIBAIREEToIzECA . WThEBEEREERERALE
(P<0.01),

6.0
5.0
3\c: AVG=S. D.
4.0 -
n=20
& !
ﬁ_? 3.0 +—:
=
2.0 -+
1.0 A
0.0 Dk S5 BT
TEFE WYY YRS AYR— AUR— TREE  TREE  TREE
oY —FERE  FT 17 & & 17 T17 Fot) EEt)
o9 —MifE 1.0m 1.5m 1.0m 1.5m 1.0m 1.5m 1.0m 1.5m

2—7 AKFACEFIFAFEBOHAEDNETSDE

CNoDFER.AKIZHEITS SPT FHAICENTIE AHEE 1.5 m TORD
RETENTEZEZAVDTFEDN. EKRDFRICLENEEFFHEHELSH 1/20
[CERL. xbHNBROBHRENSLLIEN DM o1,



X (DML EALHIEESIC, SPTEIFE;sDEHICEBL—2ETHEET 5,
L=A>T.SPT {EDIXSDEIX. Eys HEICKEEETSH, EZT.HAKRD
Ep b ATETHLON=2TO SPT IZ&5. HE% 800 kg/m’ ERELIEED
Eps EDBERERIECH. NVT—ITEIZES 1.0 m FEROFATRE (LT,
HEEFE)TOERITIEX Eps DIESDENKEV=HHEBEEOOHFIME L
N ENHEEEZRAVV- IS mEROMOABTOEA (LT, HFE)
TIX Eps DIESDENPEKGY  POFVHEHBENREN-(E2—-8(a) (b))

12 12
©
% 10 10
8 8 -
I.Ll‘t o »
S 6 6
K &
R 4 4
2 2
y = 0.79x + 1.80, r =0.66, n=280 y = 1.79x — 4.43, r =0.78, n=280
0 T T 0 T T
0 5 10 0 5 10
WERFETDE,, (GPa) HFETDE, (GPa)
(a) fEERFETO SPT &M (b) #HFiET®D SPT &+l

2—8 AKTHEBLE Es& £ &EDER

2.3.4.1.2 SHAFEBOSPTENCES

A EEWEDEEREBELTE. ALEAXRTHNITHBONEEZE R
THRAEREARLICHS (BEELAT W) ZENEFLL, Z2 T, LA TE
BL-SPTEZEITEFE - ARBERAIC. tEm-xtmIHRRECEEL,
FEUY—BREICETAEHRR-EITEBEFETCOHNBEROESHZHL
BLE-(E2—9(@)~ @) . stAKERNDESHX. BFADEELCTUAEL
UHBEGRHBTCEEL. COGE. BEXDOU A 0ISEISEEA1.0(12E
KB . DFYEIFRKN vy = x [TEIDEZTOHEBEIEVEE. ACEAKTRL
RAEAESONOT IV ESGHELTLN)IEEZEKRT S,
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450 450
[0,—:y =0.87x +46.2, r =0.80, n=20 = E/DE'
/\E 400 +— O,-:y =0.77x +69.1, r=0.72, n=20 — 400 T ™
3 =5 0
jmy 350 350 5
= &
% (o)
S 300 300 T ., =0.87x +33.9, r=0.82, n=20
4 O,*+:y =0.90x +36.5, r =0.86, n=20
250 T T T 1 250 T T T 1
250 300 350 400 450 250 300 350 400 450
L-1DSPTIE (us/m) L-1DSPTIE (us/m)
(a) FTBE. N T—ITE (b) f1HBE. "W T—ITE
450 450
O,—:y =0.92x +16.3, r =0.87, n=20
R O,—:y =0.82x +57.4, r =0.77, n=20
E 400 400 -
@ O,++:y=0.71x +82.9, r =0.68, n=20 i
3 (0] Eﬁ]/
um 350 o 350 ="
. : O
o Oa¢ i
8 300 : 300
N
i O,y =0.97x +19.9, r =0.90, n=20
250 T T T 1 250 T T T 1
250 300 350 400 450 250 300 350 400 450
L-1DSPT{E (us/m) L-1DSPTIE (us/m)
(¢c) FITEE. TEHIE (d) fIHEE. EHITE

2—9 FHAEFHIZETLZ2RKDABROFRAECESHE
Rl O — 8K 1.0m O, - AIEREK 1.5m

EFAREICSTAARFRADUAF IEETOFEHEEZN TN 63.9 4s/m,
0.79 =2=DIZH L. ROEE TIEZENET N 26.7us/m. 0.92 ZRLT=, Ff=.
ROBEDEES. \oI—ITBICETSRIFXDU . EEDOEHEEZN
TN 3524s/m.0.89 Zo=DITHL ITBEEZAV G SIEENET N 18.1
Us/m,0.95 F2ot=, SHICROEE CTHHBEEZAVIEA T BKREEN
1.0om QEZFRIFHXDUF AEZIEZENZEN 16.3 4s/m, 0.92 FZof=DITxFL.
BEE 15m OEZEEFNEFN 199us/m, 0.97 Fof=. ChoDEER . XD
ERbhmhot=,

OFTEREICLEARB[DEEDANBEELT L,
QMOEEDIHZGE . N\NVX—ITEBIYEBETOITEOANEEENEL,
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QNOEECEETCHITENDHAE.MBENRVANBEENDOFL,

LRDEEMD, AKIZHEITS SPT HBITIE, BIHEE 1.5m OMHEET
EBERXEZRAVSGEEN. RVENIBREOBHRENEL FEoNd SPT ED
BEMIE<HETENAHMDT,

BHE.FARECK.CAENERORAFAEDAMZERNICERT S
EEZBND VD HBRENRLGDIFEABEOBEE TOREDEAL
PILMDEBEELREDFAHYENL S ARICEEL, AIBEEDOAEN—ELIZK
o=t DEEZS,

2.3.4.2 IAKRFAE
2.3.4.2. 1 5tBAFEBDSPTEDIESDE

AARFAETEH. 3.1 OBREISVEIREE 1.5m ZEEZLL TEFERIEE
HWTBEEBEZRAWV . I KIZHEIT 15

BROEEBESLIVETRETO .
HEICEBSPTOEBFREER2 S AVE=S D
—10IZRT . DR . IIKIZH ﬁp_%
WTLRHEBEOAHNEARE  §
EYLIEDDEMINE ot T *@‘

BERBOEHEL. FTEED 0o

BE 1.0 %FEo=A . fOEET

(£ 0.3 %ITIERLT=, &8 E &t EERE MOEE
BOERIZDOINT. Yq/LabYY 2—10 AKRFHAETOEDHY—
DHSIEMMBEELLEDS, RECRBRAOER

EREXERLI=(P<0.01),
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2.83.4.2.2 SAFEBEDSPTENESMH
SARATOHROEE. FITERE

[O0,—:y =0.75x + 88.6, r = 0.80, n=45
TNENTHLNT- SPT ELD.
HABROBAMELBLELE B
2—11), CORER. FHEEIC 3
BITHERADYFLBESEEN @
Fh 88.6us/m.0.75 Eo1=MDIZ E 350
L. HOEETIEENLEN-0.4 g
gs/m.1.01 ZRLy=x I[ZIXIFE - - O,y =1.01x 04, r =097, n=d5.
LCEKRDEFBRIIZEWVWTHR O 250 300 350 400 450 500
BLiECKYWIELGETBI ARG T L-1DSPT{E  (¢s/m)
bHHEEALNTZ, B2—11 SAFBTOEAMHEDLE

RE O—FFTERE O -HOEE

2.3.5 F&H
S NRGEIGEIZEWNT. 2. STHELONEMREFLUTOESYTHS,
OEBERBAEFE->TEU Y —Z—FEDONTHHETLHAILET.HAKER
DHEMEZEEOHAHIZENTED,
QBEIZHLT 1.5 m OMBTHOICEUY—2E BT HET. LAFES:
(FHAD SPT ZBIECFHRIFTHIEMNTES,

BE.COFICHBLEFRFEZ., LLEF MM & (Measurement of
diagonal line by Mechanical knocking (B RIITE CL DRI OHETAI) ) LMEFR
gTH5IEELT,

—RDWURICEITS. S ARIEWEICKDIIERIFENLGZIL RDE E 6
ETEH.FICEHBBELHENRETHASN .MM ETOH SPT 5HRIT.BE
DEWVEHRI O EMLGEEENATREICLESEE X T,

—AT.HREMOICERET SO LARODERFICKHECTREMNILKRITH
LT TAEENELD=H. COENFEMICHEET IR EMENH o1z, &
RAGH FEEISE VEREFTEMICT5-OICIEX. AELGEDEZEZHRT S
IRPDEICHEDIEEZONTZOT. MM EIZKDEBHERIZOVTAEM
EZxH®ETHIEELT,
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2.4 BEMEEROBENRL
2.4.1 AEMEORKEE
BEMEICEN-AXREOERIIHNIMSIEHMAETCEK. RLALGERD
AARDNE AR REGD AMBETLERICEYEXBREROREDENH SN,
FAKOPP Z AL\ MM A T® SPT &HiBI TIX. B & (X LRIER A9 A E (KL
T.ARAE)NKECLGSHEE SPTENRELGY . ZOEHA (DIZLEEE
FZORENMERKRIZFE Eps1FINESGY FRFGHELGED, CDHE . REHRE
[CMAREMHLBRFLGEARSEFELTEERIERMSR/NATLEIZLIZHY,
FELKGBOW . BRESEZHROBEZSODICITARAED SPT ITE5EZLH%
ExHONICTILELH D
ZCT ARICH L THRAGAE TRREZEELTSPT Z5HAIL. SPT ITxt
THRRAEDEEFRIL.SPTEOAEMEZRATHIEELT -,

2.4.2 MMEGIE

ABRICEIEMEMEABRBNOIAFIARIOR (ERE 148-257 mm, V7A—
SRMEIKR. NN FHE)ZHL. ARKDORLEHMEARICHFEDORSOFM O
BIRERETACLET.AILHERMBICETAHRALGAETH SPTIEEZF ST
EEL- BHE AR OBREICHE>TIE. . AMMEDOIOFEEEZ 0.3m Mo
1.5m £¥TO0.Im EVFTRIRZAB TELLOIREL(EE2-4),

FHE2—-4 MRAZRICHELAEE
LA —DETEABERESOHAZADE



BEODDLDEIARDODHWEEHDICETCEAEL(EE2—5) it KEMD
FDEH—LI3AT.ARIKRIZIDE ERAMIBBLESVICROARI
B (ENTD L:03m~1.5m)ZHEELIZ(B2—12), Ff=. o —DEL
AAAEEIHBICHLTEETHEAR4S BEITHSES5BELI-. BH. oY —
DEIHEMD 2.0 cm DFEFICHNERZANT. o —DELAAICEELT
[THASRETHLADILETEU Y —DIEAFRSEH—LIz. O LT . H2—
120 K5Ity —%kinfME#g LZEH L=,

) R

v iy g

\
\
\
\
o

EE2-5 AKICEELRREE K2—12 ZIARICHRTELRERRE
oY —EAEROT—Y t A — 5 i e R B

AFEAEOIX. AT RCOBBARICHTI LU —DEIGRIDABEL
LEz(B2—12) ., GH. LEODERIZDODNT, —HlxdR2—4I12R T,

£2—4 L(EoY—%infEiEm) &0 CARAE) OBEZRDH
Bi:Limm), & (E)
HasiFaaLl 1500 1400 1300 1200 1100 1000 an00
BEaL 1461 1361 1Zel1 1180 1080 agn 2ha
& 5.8 6.3 BB 7.4 8.1 8.9 10.0

ISkl gon s sO0 700 80D Loo o 400 0 300 0 134
Bl Th3  BRO LR 4kL 360 ZEE 134
& 113 1.0 154 18.9 244 340 30.0
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SPT DFHEIIE MM EIZEL, o —DITEIZEETRILE WITEEES:
AUz, 1 BlRHY 7TEHFTEL,. P REMORLEWMEZ 2 DRV 5 E 5
DEHEZZDRERD SPT ELT=, HAILT- SPT B HI-Y DIEIZH
BEL-LT.ARAELOBEFRZTHRAN,

2.4.3 fHEREER

2.4.3.1 RRAELSPT OFE%K
ORDIIATEBILSPTEAEDERICOVNT,. VA—2TEICR2—-13

(A)~()ITTRT . COER.BBAELSPTIZIXFEELRUVIE DFEEAER

5Ntz (P<0.01), §hbhHE, AR AENKESLIICH>THAUEMHIZYD

SPT fENAKELIEEHIENHALIN LSz, BB, BIRXDEET O FIZH/O—

CHETENHSRREEM L RINT,

1000
O++Al: y=6.63x +349.46, r=0.99%% n=14 /E3
/E\ /A
< 800
%)
3 /
600 K

igé 400 - [J---A2: y=6.67x +347.05, r=0.98%% n=14
@ A-+-A3: y=6.59x +294.51 r=0.99%% n=14
200 : : : :
0 20 40 60 80
BIER A E (E)
2—13 (a) BIRAEL SPTOREK (VB —2 ARHK) **(P<0.01)
1000
OBl y=6.92x +312.69 r=0.99%* n=14 /
£ 800 ==!
%) ==
S
600 — e
Lr-g ] O0---B2: y=6.16x +371.75 r=0.99%%, n=14
400 —
% A-+-B3: y=6.68x +344.50 r=0.99%*% n=14
200 T T T T
0 20 40 60 80

AfRAE ()
M2-—13 (b) BEAEL SPTOMK (V 0—2 B R#E) **(P<0.01)

— 929 —



800

. -+C1: y=4.10x +320.93 r=0.99%* n=14

S

N

(%]

2600

‘I'm ‘;} ————

= 400 - N o

E e [0---C2: y=4.39x +343.87 r=0.99%* n=14

A--+C3: y=4.86x +314.62 r=0.99%* n=14
200 T T T T

0 20 40 60 80

ARAE ()
M2—13 (c) BIRAEL SPTOEK (/00— CFRiE) **(P<0.01)

2.4.3.2 ABRAEELSPT OEMLEL

H2—-13TCHELNIERXZAVT. EF 250 mm ZAXDZEMNLTE R
EREL.IIKRZRIRERE 1.5 m TRATEITHAEZDBRIBEAE (9.59 E)IZHIT
%5 SPT(E% SPT)EZEHLIz. COE%E SPT ICHITHZABEAEICEITS
SPT DEMEEZEHL-, COMFER. MIRAELEMEICTERVVIEDOHERBMN
Boonz(B2—14), CORBRICENIE, RIZERE 40cm O K% R
BERE 1.5m TEHAILIZEE . AEAE LR 1546 EERELEEIN. CDEEH
¥ SPT 1T T AEMLELITTEHTH 1.1 &5, DFY., AERERHZE 1.5m IZEH
ELTEAILT: SPT ZEICVYUIBREBEEHTHE KEKRICLEIFEYLY
RBEEEHTHILICLS,

3.0
<O a—2A -y =0.017x + 0.84 r = 0.99%% n=42

2.5

2.0

1Bk

1.5

1.0

O:98—2B--y = 0.016x + 0.84 r = 0.99%% n=42

0.5
A:9B8—2C-+y = 0.012x + 0.88 r = 0.99%% n=42
0.0 T T T T

0 20 40 60 80

AfRAE ()
2—14 HRAEL SPTHEMEOEFZ ** (P<0.01)
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2.4.3.3 AMAEICLSLIKEARD SPT DFHIE

LROERIO BRARLGEREORXEHATIEE. LY —RRE 1L.5SmD
MOFRA(MEEORANRAE)LERARGAUEAE 90 E)D 2 BI#E D SPT %
BT AHIETH2-13DEIGARAEELSPTEOEFEXZERL. ThE
AWTHEI—EDAEICHITHSPTICHEITNIX. Ens BEHEDEORIEAE
DEEHEVETIIENEEDIEEZONT-,

2.4.4 HEGEOHRERE()
2.4.4.1 KBEZOAKDEEMREEDLR

MM ETOFAEZDE ABROMWBEICKY ., ERICII AR TEAILE SPT
[CHEDCREMEE (Eps) & EBRBOAKRNKTEEL: E, EOBEBRERERL.
HEEREZRTLI-,

Fr-.HHM DI KT FAKOPP [CKBAEBEZERITLHRICIE. FOREEEHE
(MESEAE)ETOERICEZEY. ChEY EDSEDEEMSRENEIE I
Sl CEANTBHATH S, T TILARTOREMREIREL GBI X R 4 0 E iz
AmAK2ERD . SMmBEFT)IESOTIRETLIEELEMIC. IATEAIL
12SPT CEpsZEHLERBEDOINARKD E, LB L. HEERELFMHER L,

2.4.4.2 HMH

ARICILEERT BT TS MRADREAF# (46
~50 FE)DAX-E/FILKRE 15 KDE 30 K&
Lize GHE. CORBRBILERIBESEMHER M
ERME S —FHEICEDSFER 26 FEFEREMN
EELEARARICEFT-HMBREIFRFIAIHE ]
TEBLELDTH S,

2.4. 4.3 HBAHE
2.4.4.3.1 SPTOFAEEDEH

SPT M&HAlIIZIE FAKOPP R U\f=, £ H—D Bl
RIEMMELERFRADE | K. BLUREFEL
LTHBICETREIARA (VY —[BE 1.om)ZFHRTEL
(FB2—15), o —DITEIZIE. MM ZEELEERE
AREICONTIEENITEEE  REFHRICIAANT B2-15
DNUT—TEER W, MM ETEBILE spT  LACARES
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(MM-SPT) IZDW\TI&2. 4. 3. BIZHEDE . ERARDEBITHI= SPT #H

WCTHERBELS G- (FHIE-SPT), ¥Bon =31 D SPT (£ K F & SPT.
MM-SPT. # EE-SPT) [CDWWT,. K (1) ITKY Eps ZEHLI-. GBHE. LI KD

BWIRAECEIEERBINTHATHLID . KEFOILIHDOENEEDESD

ENPSVDTENEEZEHELELTRAVWSIELTHEMLGREE,NTIEESN

T3 P FCTCSHERBFETIKRREOEZELZREE (EH 0.9g/ecm’) EL.

REETD Eps ZEHLIZOBE AKDAEBETHONIZFEDSIB. TEL2

BEEDFEHEEZAVTCEEZEETD EpsBH LT,

2.4.4.3.2 AKDEEHEDETE

YARATORERANATALRNICHBRAZEXEL. T EL2BEFEZ TN T
4.0m [CEMLIE EAKEHFHLE-ZR. RS ER(TA.XA),. EEZE
BLARINSLTFIAYEZRAVWCE ARSI HZETAIL. ATH K (2)I2&Y
E,ZROT=,

2. 4. 4.4 FEREER
2.4.4. 4.1 REET® Eyps & Ep EDOBER

MARTRD SPTERHDEEICEIUREE Ens EAKXD E EOBR R
ZH2—-16(a)~()ICRT . COWR. WITNELEFELGHBEN INER SN
(P<0.01) . %5H . #H IE-SPT>MM-SPT> X FEDIBIZ. & Eps EAKTH
btz E, EOMBEMNEC MM EATHLNI- SPTZAEMBIETHIETAKN
DEEHREDHEERELNRLTIIENALNE Tz BE.Eps M E, &Y
ESWMELLESTLEA, CHIERAADFEENFEHTO0.7 g/em’ EINEShoTzf=8.
REZEEZ 0.9 g/em’ ELTEHLE Ens DANECEESINE=EEZ D,

HEBREICETS MM AT ARMFDERIE 184~413mm T, AR A
EA 7.05 E~1598 ELIESDLN A, MM-SPT I2&% Eys D TE F& E L5
EFEICIDLDEURTEL.COEBEOHEFCHBEELRESREHTE
NARETHAIERON-D BRI EZEIRT H-ODEEHREFETEIEIRD
REZLYVSOL-OICAEMEZT > IANLWOEFHIETLT-,
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2.4.4. 4.2 REETO Eps& Ep EDOBER

MARTRDT- SPT EEFEDHAADEEICEDICERE Ens EALKD Ej &
DE®BZEZE2-17@)~ ) IZRT . WThIFELHEEINERIN, JIIEL
B #R [Z4 EE-SPT>MM-SPT> KX FEDIRIZ. & Eps EAKTHELONT- E),
EDHEBENE N 2F=D I IE-SPT [CKB EpsE E, DEIBAMN. 2D T
TR Hy=x ITEL BFHEFBERLIZ. COZEEX. MMATO SPTEXAE
HETAHALET. BEEUNDERZ SYEREICHEETETLSEEAONT,
ZLTC EHRBENICEBROBEELTBIENHENIL., SSICHEVVEE CTHREE
BDOREMREZETE TEDEEAT-,

2.4.5 AEGEODHRERE(2)
2.4.5. 1 HMEBEOHDABEEREDLE

BIETIX.IIARTHEL: Eps EXKD E, OBERIZOVTHERLIZA.
BRVEEYTAMEFERITHEET. AKRKDEETIELGHDPORLGEDEM
MEFEAT S, IIAKRICENT MM A THz SPT EZAERHETHIEARD
E, DETEICENTHAN . BMEOREMRLOBREZERIILELD
5, ZCTC. SETCOEBMENTOHBRTHWIULAREZRRIC KR &EME
DEEGRELTRAEL. IARATHEELZ Ens EOBREHEREL-,

2.4.5 2 ABRAKELARBRA X
HEBAIEMEMERARIENORFX(31~33 F4)16 K& EMBERE
NDEBEHIRUVERBTEDRAX (60~72 F£4£)10 KDEF 26 KEA L=,
ITNTNORBREITOVWTIIZIADIKET2. 4. 4. 3. 1[ITHELL #HEIC
FATAAR LN DB #8255 E L. FAKOPP [C&Y SPT &l 21T o1, TN .
BHBAZHRERZ B T3I2~4. I mOEICEMB . BEEIZOVTHET
FOH . EREIREL2BEE . MEARSENOAXFIRAN2BFEFELEFTR2EE
OFRODN 10cm KFDEDETEDA)EHMEL. EMEMREARIZSENIC
T2.4.4.3.20AHKTE, ZHHLT-,
ETOARGFFHARICEMEMEABRGANOEMEMETHFOIBETK
AE®RE(114~414 mm F19 227 mm) [ZIECI=~TETEAMICEM LIz, TD
BEEFEULTBRNTRARAELZRE. RSMALXAKAMEZ BB TAIEEETo=.
HRBEOHBRAZEERELTEALA—THHLIF. 75mm EEA ~150mm IE f
FTOHEHM 45 KZ2BE. COBRMICOVT. EMEMEABBOEXRRE
AEBREEZAV. TBERAMOEERBR =27 ILICE>TIE R4mM
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ERXTHEBRZTU . BHHFES(MOR)EBITFY U IR (MOE)EZRH-(BEE
2—6) . BH. —EDFA THON-BEEHRETEH. 1BALIS2RADH K
BRE/EFEDIZTOVTIE, FHEZEHLTHRSIZEELT,

EHE2—-6 MATHREMEEEL-ZEROEM KO FHERKR

2.4.5 3 f#EREEE

SIARTRSDF- SPT EEHDEEMNS. AEMERD SPT [TE DK Eps &
(MM- Eps) EERBIER D SPT[ZE DL Eys(HIE- Eys) D2FEEED Eys &R
Of=c CNDEys&E UKD E, RUEH & DA DEE M EE (MOE. MOR) &ED
MEEZR2—-18~20IZFR T,

—~ 9 9 —
o y = 0.55x + 1.52 v =0.88x - 0.82
S r = 0.59%% n=26 O r = 0.73%% n=26 O
7 520 ; o O
S M ° o °
8 5 © o Q 5 (@ OO
-I-;: /O/OO ® 0.4 80
] © 00
o &
3 T T T 3 T T T
3 5 7 9 3 5 7 9
SLARDMM-E s (GPa) SARDHE-E,;s (GPa)
(a) MM-E, & DBER (b) WIE-Ey & DER

K2—18 MATHELRE E;ERKD E, &EDBEFE XX (P.01)



o o
4 Ty =556x -8.96

y=431x+0.92 ©) X o
% O 0 = 0.79%% = o
O s (,% o /O
35 (@) 35 O A

(GPa)
&

O O
S ﬁﬁ/ 5 ggé o
= O O
S 25 © o 00 25 ©
it
T o0 OO ® 6)
=
15 T T T 15 T T T
3 5 7 9 3 5 7 9
S ARDMM-E s (GPa) SIARDFIE-Eys (GPa)

2—19 IUARTHELRE E,EHMHED MR &EDBE X (P<0.01)

(GPa)

y = 0.66x + 0.76 y =0.97x - 1.53
r = 0.70%% n=26 o r = 0.82%% n=26 o)
O o)

@) 7
= O O
S s © o759 S 5 u'uo
T*Ff %67@0 O/% o
3 T T T 3 T T T
3 5 7 9 3 5 7 9
SLRDMM-E 6 (GPa) SLARDHIE-E,q (GPa)
(a) MM-E, & DBEZ& (b) ##HIE-Eys & DR

2—20 MATHTELRE E EHHMGZD ME & DBEFE *%(P<0.01)

WTFhEFELZBE R (P<0.01) AR OON=A. AEMIELT SPT IZE S
EWS DIFESABVWHBAEZ TR IHERELGSIZ.MOR DEZRETHIRAFME
F.EHMBOHOCBEUNGE. REHEUNDERLE S T5-6. MOR &
EWS L(DHEBEMETLTERBATIELEWLA ., RECTERTHLIEEMN T,
SHIZEBOHRDOBREMRELLTEESINDS MOE L EWS EOMHBENRBEL
BOTWAMN, SOIEIFILKRIZEITSBIE N ZE AT IE R IR /548 4 &8
HEEICEBWT.EEBOICKDEAFEORENEMTHAIILEZRLTLNSE
BT L=,
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2.4.6 FEWHENCGCEEDHTE

2.4.6.1 BEHTOLEN
HRERAWVEIRKORETOREMGEREE TE. X (1DITRSINEGES

Y. EZEILEETHI. BENHBAINE. 2. 4. 4. 4. 2D K5I hiZED

AARKDEEMREZE VVEETCHEETLHIENAEEICLES, €I T, FAKOPP T

D SPT & BIICKPEZEEDHEDATEEHEEREF L1,

2.4.6.2 ##

CORRBRICEIEMERBEDRFT AKX (L=4.0m)67 RE L V=, BRI
LEAKIEREBFYTRICAESTEINZLDO T, KB ORIFEZROZBEFRH.
BEELGEFTHATHS,

2.4.6.3 ABREREABRAZE

FAKOPP [FE U —DITEATH ASND SPT ENELDL, k. —F
DHENDEZRTALICE > T . REHREUNDEREZRE TESAEE
HERTEDTHIEHB SNz, TCT.ELE2—TCEDHEHERTIEE
LT BEDENITEEE (LT EBE)DIFENC. /vIHR—ILRUDN
FEUVHREOTHEAZHLEE N EEE(UT.BE)EERL,

BETEH. ETOHBAEICOVWTIAVRYIRTREIZ . HRTHERFOE
BEHALEZBZE.AKRKPREFRDELTROAREEH AR (L 1.5 m FEE) &
EEAMBTOFAKOPP Dt —BEZHEL(E2—21) AR D2EED
ENITEEEICKYSPTEAIZT oz, SPTDFBIZ . IA—VUTFEAWT
REBAZRVVITRTLTA—FEILICKYEEZSRIL. AIBLEEEHNI LT
ExROT=,

= 1/2L =

K2—21 RAKICEHELRAE
BE.IDEE FFT ARVNSLTFIAVICKYEE R ERD . E, 2 HE
HU= SRR TLEREBRARIEIFUY—TENRLUTETAXE O R RE M
LEI2cmBEOABEZIFEDRL,. 28X TEKEEZKRDT-,
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2.4.6.4 REREER 1.2

M2—2212 8 ADEEEEK T ¢
EHERT.BEEIX 051~1.08 §0_8
g/lem®, @IKEIL 27.6~165.5 %
T RABRBEOAKERRN B O
RICTHENTE . GHE. AR ﬁ 04
KD E; XY 825 GPa.jE R 02
11.06 GPa, & 1K 5.39 GPaf=o7=, 0 . ,
HERADODMDAREE A M T, 0 100 200
2EEOEHITREBICLYE AROEAKE (%)
A7 SPT MRI%E. M2—23, B2-22 AXOBELAKE

24|TRT . MBEBEFBOHTEWVWHEBZRL. COZEERICE A ZERAMLTLNS
CLEERTADEEAON . CORO  BMBEELTWATENDETOE
EEDOHREDOTREFBEVERbN, SDOEH. AAXTELNEZAKRD
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x£2—-5 BEURAEZMEMI—=

- FHEmFE EE BHEFAAE SPTIHA
RS 00 /he) AR AR
Py 10.4 900 9,360 95
B ) 9.8 1,100 10,780 78
M5 9.6 1,500 14,400 91
A 65.0 80 5,200 79
R 7.3 1,800 13,086 81
= 2.5 1,800 4,500 24
H IR 13.0 700 9,100 91
= 32.3 1,500 48,450 95
HA AT 4.6 1,500 6,900 21
=1 8.0 30 240 8
J=RZ 9 19.7 40 788 23
YNES 0.5 154 154
) 6.0 40 240 8
SRBECS 4.2 50 210 0
TEL 0.1 2,000 200 5
PIHEH 2.2 208 208
BRI N 0.1 25 25
£t 195.3 123,816 1,086

Q@ umEneRaEdgHs

M2—-25 BEMRAENEMS HER
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L=,
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e & T/ SPT TEHLE Eys DHBRBEE T ZR2—26I27F7,
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I, LMD 24 AERRICEBLBEREERP THAHA(EE2—-8),

34 45 56 6-7 7-8 89 9-10 10-1111-12

Eys (GPa)

2—26 MAD E,OHBREES#
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3.2.2 HE

3.2.2. 1 HEBIK
HBRICEENERBOAMT S TIHRHARAAKICEINSN-ENEE
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Summary

1 Prologue

Sugi (Cryptomeria japonica) is a conifer endemic to Japan that has many
superior characteristics for producing high-quality timber. Sugi grows straight
and quickly. Because sugi wood has a fine grain and is easy to process, it has many
end uses. In Japan, sugi has traditionally been used to build houses and to create
wooden articles used in daily life. As a result of its ease of processing, sugi has long
been planted as a profitable timber tree. Indeed, sugi has been grown intensively
in Japan since the middle of the 20th century. As a result, sugi accounts for
approximately 43 % of the total area of forest plantations in Japan. However,
in recent years, wood prices have dropped, meaning that the appropriate
evaluation and use of sugi wood has declined.

Because wood is the product of living trees, its characteristics can vary
greatly, various performance including the density and strength. It is well
known that the properties of sugi wood show wide variations. For example,
the strength of sugi wood harvested from Tottori Prefecture varies from 3.5 to
12 GPa. This wide variation in strength is not optimal for industrial uses.
Thus, it is important to determine the characteristics of wood that may affect
performance prior to industrial use for the effective use of the wood and the
establishment of an appropriate price. Rapid and cost-effective methods of
evaluating the properties of wood are required for forest tree breeding
programs and for sorting wood resources to determine the appropriate end
products.

One technique to nondestructively estimate the strength performance of
wood uses the stress-wave method. The purpose of the current study was to
apply the stress-wave technique to sugi wood grown in Tottori for the
following purposes: 1) to select strong trees for breeding, 2) to observe the
drying process of felled trees and logs, and 3) to evaluate the

water-fluctuations in standing trees.
2 Selecting new varieties of sugi for high-strength performance

The recent decline in wood prices has discouraged forest owners from

properly managing their plantations and second plantiing. One way to
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counteract this situation is to breed trees for higher-strength wood that can
then command a higher market price. To breed such wood, it is necessary to
first nondestructively evaluate the strength of standing trees and then select
trees with good wood strength that can be used for breeding programs.

Measuring stress-wave velocity is a nondestructive method that can be used
to assess the stiffness of standing woody stems. In this study, stress-wave
propagation time (SPT) was measured in the stems of sugi standing trees using
a Fakopp microsecond timer (Fakopp Enterprise, Hungary ). In normal Fakopp
measurement, the sensors are arranged parallel to logs or standing trees at
1.0-m intervals and sensors are hit manually with a hammer. However, SPT
values tend to vary greatly and it is difficult to obtain consistent results using
this method . This issue with repeatability is likely the result of the sensor
arrangement and the method of hitting sensors. Therefore, we examined
several aspects of the measurement technique, such as the striking force of the
hammer as well as the alignment and interval of the sensors, to obtain more
reliable SPT values.

The results of this investigation indicated that under optimal conditions, the
sensors are hit with a constant force using the simple machine which was
made with a knock-type ball-point pen and the sensors are aligned diagonally
against the longitudinal direction of the logs at 1.5-m intervals. The
coefficient of variance for the measured SPTs using this optimized method
was reduced to 1/20 that of the values gained by conventional methods. There
was a meaningful strong correlation between the values for strength
performance of standing trees measured using the optimized method and the
actual values for timber strength performance taken after trees were felled
(r=0.94, p<0.01).

After determining the optimal conditions for the wave stress method, we
then used the method to select sugi trees with particularly high-strength wood
for breeding in the publicly owned forests of Tottori Prefecture. During this
investigation, we discovered more than one sugi tree that had greater wood
strength than the average hinoki (Chamaecyparis obtusa). We gathered some
branch from these selected sugi trees and planted the cuttings. The trees are
currently being propagated and we will register the clones as a new variety.

This new variety is expected to provide a genetic resource for future tree
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breeding programs in Tottori.

3 Application of the stress-wave technique to manage drying of decked logs

Since the Great East Japan Earthquake and Nuclear Disaster, the use of
wood for energy production has increased. Wood is often made into chips for
fuel but the water content of logs strongly affects the heat generated by
woodchips. However, it is very difficult to dry woodchips in a silo. Therefore,
careful management of the wood-drying process is very important during the
period when logs are stored for later processing into woodchips.

However, logs are typically left in large logging decks in the stockyard,
making it very difficult to properly manage the water contents in decked logs.
Therefore, we decided to test the most efficient way to load logs for drying
using our improved technique for determining water content based on SPT.
First, we created a small pile of decked logs and then measured the weight of
each log at regular intervals of date using a standard technique. We also
measured the SPT of the butt ends of logs using our improved technique.
There was a highly significant, positive correlation between the weight of logs
during drying and their SPT (r=0.93,p<0.01). This finding means that it is
possible to manage the process of drying piled logs by measuring their SPT.

Using this technique, we evaluated the differences between water contents
in piled logs according to how logs were loaded in large logging decks in the
stockyard. The results of this investigation indicated that the water content of
the logs decreased more quickly in large piles when they were piled crosswise
than under other piling arrangements. Water contents also varied depending on
the season and the weather. Thus, a considerable amount of time was required
to determine which logs would not be able to produce woodchips with
sufficiently low water content. Through this investigation, we were also able
to determine differences in the time needed for drying logs according to the
start date of the drying season. These results will help to determine how logs

should be loaded and dried in large piles for woodchip production.
4 Monitoring the natural drying process of felled sugi trees by measuring

stress wave properties.

The sugi tree is an excellent source of timber; however, its water content is
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high and it must be dried, often via a kiln, prior to use. Hagarashi, or
natural-drying is a traditional method in which timber is allowed to dry
naturally after felling. Because hagarashi wood has an appealing color and
fragrance, it commands a relatively high price on the wood market. However,
the production of hagarashi wood increases the number of on-site steps
required to process the wood, meaning that shipment timing is more
complicated. Determining the period necessary for natural drying is important
for effective hagarashi wood processing.

Therefore, study of the time needed for natural drying have been carried out.
However, the conventional technique requires one to cut a sample tree with a
saw and measure the water contents. Because sugi tend to have large
individual differences in water content, a nondestructive technique is
desirable for determining the appropriate time for drying. However, up till
now, no methods have been developed to nondestructively measure changes in
water content during the natural drying process. Yet, we found a highly
significant correlation between the weight of logs during drying and their SPT.
Thus, we tried to measure the SPT of felled sugi trees during natural drying
for grasp of the time needed for natural drying.

We found that the SPT decreased rapidly for approximately 2 months after
felling and then reached equilibrium, indicating that the water content of the
felled trees declined for approximately 2 months and then became stable. This
result was supported by research of the past. Our results demonstrate that one
can nondestructively determine the water content of sugi logs by measuring
their SPT. Using this information, we can determine the periods necessary for
natural drying under various felling patterns, which should make the natural

drying process easier to carry out.

5 Evaluating seasonal changes in the water contents of standing tree trunks
trees using the stress-wave method
Determining the water content of standing tree trunks is important not only
to assess potential uses for wood after felling but also to determine other
aspects of tree growth cycles. However, there are few studies on seasonal
changes in the water content of standing trees, including broadleaf species.

Yet, anecdotal evidence from individuals concerned with forestry suggests
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that the water content of standing trees changes seasonally.

Because water content appears to be correlated with SPT values, changes in
the water content of standing trees would influence the selection of trees for
high-strength wood using the stress-wave method. Therefore, we attempted to
determine changes in the water content of standing sugi trees by measuring
trends in SPT over a long period and analyzing whether any seasonal changes
occurred in SPT values.

The results revealed that the water content of the standing trees did
demonstrate seasonal changes. The results revealed that the water content of
the standing trees did demonstrate seasonal changes. However, because these
seasonal changes only amounted to a few percent of the total SPT value, they
are unlikely to influence the selection of trees for strength performance.
Despite this, information on small changes in water content and, hence, timber
weight would be useful for suppliers who wish to ship lighter trees. In
addition, this information should be useful in other research fields because we

expect that the technique will be also effective for tree species other than sugi.

6 Conclusions

In this study, we applied the stress-wave method towards improving the
strength and, hence, the value of sugi wood. We developed an improved
technique for the stress-wave method to measure SPT, and achieved
high-precision SPT measurements. Using these results, we were able to
determine and select individual trees with high-strength wood and develop a
new, higher-strength sugi variety. Furthermore, we were able to evaluate
changes in water levels in the decked logs, felled trees, standing trees. Sugi
is expected to be the most important forestry tree in Japan in the future.
Therefore, the results of this study should contribute greatly to the success of

future forestry.
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