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Safety Requirements on Bearing Capacity of Ground for Mobile Cranes

By Satoshi TAMATE *

Abstract: This study focuses on the phenomenon of ground instability causing mobile cranes to overturn. A
mobile crane is a truck comprising machinery for hoisting equipment. It is usually supported by four outriggers,
each of which is located at a different corner in order to restrict crane pitching during hoisting operations.
Nevertheless, the crane may become quite unstable if the outriggers should happen to sink into the bearing
ground. Many accidents have occurred due to overturning of such mobile cranes, and number of casualties
reaches approximately 100 in Japan, furthermore, it is also considered that the same problem would exist in
countries throughout the world.

Main causes of the accidents were both overconfidence and mistake in the evaluation to the bearing capacity
of the ground, ie. the prevention of penetration measures was not used. Accordingly, clarification of the risk of
overturning due to the ground penetration by the outriggers is needed to ensure safety.

In this paper, firstly, investigations of characteristics of the mobile cranes, an analysis of the accidents and a
survey of researches in the past are conducted to make sure the purpose of this study.

Secondary, a series of bearing capacity tests were carried out on the model ground. Unsaturated soil is
considered to be the normal ground condition for the setting up of mobile crane. Therefore, the tests were
performed using two types of the model ground to induce different ground penetration characteristics, and these
types were 1) uniform, soft loam, and 2) layered ground with a hard surface covering soft soil. The bearing
capacity of layered ground with a hard surface overlaying soft ground is higher than that of uniform soft
ground. However, the velocity of penetration into layered ground is higher than that of uniform soft ground.
Consequently, it is important to evaluate the risk of overturning not only in terms of the bearing capacity of the
ground, but also with regard to the penetration velocity caused by brittle failure of the bearing ground. The
index of brittle failure for the bearing ground (R.) was defined with reference to the results for the relationship
between the acting pressure (g) and normalized ground penetration by outrigger (s/D) .

Thirdly, theoretical analysis of both the static equilibrium and the dynamic equilibrium were introduced to
calculate the critical depth of outrigger ground penetration at which the crane overturns. The results showed
that the critical depth due to the dynamic equilibrium was much smaller than that due to the static equilibrium,
and therefore, it is necessary to consider the dynamic reaction of mobile cranes in order to prevent overturning.
A series of experimental simulations using a mobile-crane model was performed in a centrifuge in order to
examine realistic overturning behavior due to ground penetration. It was found that brittle failure of the ground
resulted in rapid outrigger penetration and tended to make the mobile crane overturn more easily when

compared with ductile failure of the ground. It was also confirmed through back-analysis of experimental
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records that the mobile crane had already satisfied the kinetic conditions for overturning prior to reaching to the
critical settlement of static equilibrium in cases where rapid penetration occurred. In addition, numerical
simulation was carried out to examine the experimental results, and in this, the updated Lagrangian method was
used to solve the equation of motion. Through study of the results of experimentation and simulation, it was
found that an index of relative instability (I) — specifically, the ratio of critical depth for kinetic equilibrium
(s.) to that for static equilibrium (s) — had a linear relationship to the common logarithm of an index for
brittle failure of bearing ground (R;) as derived from the load-settlement curve for ground penetration.

Fourthly, relationship between bearing characteristics of the ground and risk of the overturning was
investigated. The supporting surface’s failure risk (r,) is defined as the ratio of the acting pressure (g,) to the
ground’s yield pressure (g,) . The kinetic risk of overturning due to ground penetration (ry) is defined as the
ratio of the static risk of overturning due to ground penetration (r) to I.. ryis defined as the ratio of s, to s,,
where s, is the ground penetration induced by g, and s, is the ground penetration at the static equilibrium for
the mobile crane. It was made sure from the experiments that the crane overturns at r,>r,=1. In particular, r,
= r,=1, when the outriggers penetrated quickly due to brittle failure of the ground (I,=04). It was clarified that
the crane reached kinetic equilibrium soon after g, reached g,.

This study concludes that mobile cranes become highly unstable as a result of rapid penetration of the
outriggers, and therefore occurrence of rapid penetration must be considered in evaluation of risk. Calculation of
probability for safety of overturning (P,) was performed in consideration of uncertainty existing in both r, and
r. By using general mean value of the coefficient of variation from N—value, P,> 0977 at safety factor on
bearing capacity (F,) =3 resulted whereas P> 0.837 at F.=15. Accordingly, this study proposes to set the
crane by F.=3 to prevent the overturning.

Keywords : Mobile crane, Overturning, Penetration by outriggers, Kinetic instability, Bearing capacity of
ground, Safety factor

* AR 7t 7 )V —7  Construction Safety Research Group
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HIZVREN TV 5.
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BEHR 7 L — RSB SR TSRS %] (81
5 H16%%), $F2m [FMES] (BB1755»5374%),
3T [N (53850 5405), #4% [J A4 ¥ —n
—TRODY)Fx— | (FEAGERV425), HEHFE [HE
HI ] (55435225455, MHIB X OBIER» SR S h
5.

EImETIE, BER 2 L— v OBETM OKEHIE
HHEDPFIRIN TS, HE5H [REE] (5135%Hh
5165) TiX, BB L—rouil, %), AAD
REEIREEINRTWS., BIHREE (S) i, 2
DR OBIREICH LTRERX Y L — v o dtt
EHERT 7200 ETH Y, TOfEIZLIGLEE T
LB EMBEIhTHS (X1-12R). BHX7 1L —
YOREEEMREKT L VTR OSME R % EET
HZEIZED, 7 L—UEBUIN U R DR S
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BT 2 REMEORETH ), ZoMIF0.150 s
THZENPHEIN TS (R128H1). ZoOHEIC
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DEBEZEMATAE) THDH. MMILERBIETHY,
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DEXy, B#r L —roE@bibIcET s 3%
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O EERICHET 2R KOO Y OB ERKNE &
LTHEENRTWS (7L — S48l 4569
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@ ML LICXVEHOBZENTD 56
X, TEEPEIEESRTwD (F L — riEgasiil
B705D3).
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TEMH ET05D4).
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1.3.2 #BHORLHA
FEr#NEORBREX Y L — VR ICET 5 RA
HAZ DLIFICEH LTk 5.

(1) 7xYUAHE%KE (United States of America)

TAYAEREICBT A HEBHANIICZIE, OSHA
(Occupational Safety & Health Administration, U.S.
Department of Labor) #%%E% % Occupational Safety
and Health Standards® 2% %. ZOHIZIE, -Crawler
Locomotive and Truck Crane.-1910.1802°% 5%. Z®
1910180 (c) (1) (v) Tix, BHXZ L—rowEtk
WA A 22 RN R B OS2 RSINTH
D, EHB I BOREHRICHEL 2T X%
LHEWZ ERBRREN TS, T2, T2z T,
OSHA ZMobile Crane Inspection Guideline for OSHA
Compliance Officer” Z/RLTW5A. ZTDHE2E1H
Lifting Principle Ti%, HESMIZOWTROME ) Flal
INTW5S.

7V — v QR EIG BN ST COME & hiie
ELTHHEEINTWS, LoT, Ml EFLTwS
RV HGS IR HE S 5 2 L3 Sz
b, FEIC, WRESLHBRIEBENX S L - oRE
TICKELEELH5Z55DTH L. Ko Tk
TiX, BEHHDLVIZaryr ) - Tay s a7y
M)A —OTIKE L THELY SIS, KFEEiEFE
SRR S,

FRONEILX, HAROBHE ZIZHULHNETHS.
7272L, OSHATIZZIZMmZ T, Z7b—rF XL —

\ZLE T Mol D ST HEAE

¥ B X OBEAEE R IR E 2 R IRTE % HI 5 5 72
DICLELRHRAEA T HALENEH L LABXTE), H
AROLEFINIE 2 WA RO NS,

(2) #E&FEE (United Kingdom)

4 F1) ZTiZBSI (British Standards Institution) %%
E ® 5 BS (British Standards) @ #1112 Code of
Practice for Safe Use of Cranes” 2V/R&NTw5b. #
A7 L — VREMBEOLEEICH T 2HH X, Part
1 General, Part 2 Testing and inspection® & OF Part 3
Mobile cranesiZH 5N 5. HARDHEANZ L RT,
MR I3 2 ERAVEMEN 2 KBTI D 2 S ERMNIZ R
RHENTWE, ThHEOHR TR IN LB R &
B SEER IR ICB# T 2 HE 2 DT IR %,

Part 1 General

4. Planning of the lifting operation Tl&, {E3EETH D
WREREIZ BT AL K Ak, TEEBYOBEREOA
RIZX Bk, D5 WIZEBOMERNEIZL LG
BRI L THEELZTNE RO 2w L 2R RTn5.,

7. Selection of cranesTlx, BE)N 7 L — v D%
BT HBIII YR, MR M, RESNEEE
L% b nwl L 2E/RTN5S,

9.2. Crane standing or support conditionTlZ, &)
X7 L=V ORFEMERFT 5 72D BT 7 M i BE D
MEREBAMEERER ISR SN TS, S 61T, TEER
DT M)AV T ATE L IEMEICRNT 5729
&, B L— v oflEatt, HMEED 5 VIE
B2 T3 A2BRAICHE LTI R VwZ k
PR TV 5.

13. Testing and examination-13.1.4. Test site Tid,
WIS 2 EEFHES LB SN TV 5.

Part 2 Inspection, testing and examination

Part 2 Inspection, testing and examination i, fii
I8 5 5, BB XA ICET % FHEIR
XHENTWA, ¥ilZ, 133 LevelingTlx, BEIX 2 L
— UOSERE S NS HBOMERIA £ 05%LIN & BLE SN
TW5.

Part 3: Mobile cranes

Part 3: Mobile cranesTiZ, 20 EIFEEICHH
NZBEHX 7 L — 2 ORELRITIZOWT, ORI
SRR L 72 BB DORHAL & 4 b D BV

BRXOENTWAE, B, BERHNAEICIEPart 1B XV
Part 2L EHENR SN 5.

4. Management of the lifting operation —4.3. Planning
of the lifting operationTlZ, Part 1& [RIARIC/ESEETH
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KFIZ BT 2 W I A~NOIEEDPBRENT WS,

4.8. Duties of a appointed persons for mobile crane
operations- 4.8.2. Basic lift Tix, & 27 L — v OfA
RO D720 ORI Z T, 20 RIFTERIC
PEoCHWRTEHET Y MY —VERAMEICH LT, i
T AR NERELZTNE RS 2w LSRR
bNTWwW5h, 483. Comples lifting T, L%
MERTEH7200MELXERL 2 TNE RO RNWT &8
BRHENTWS,

0.2.2. Use of outriggers/stabilizer Ci&, BEj.7 L
— Y ORBEICHT HERFHPRD L) IZBRS51T
W,

@O BREWCEBLTIE, 7Y M)V —DRTICX 5B 7
DA EEALZR BT 5 7201210 B i fE %
AR L 2 dhudZe & 20w,

@ FAUIMEHRRICER L RE SR EELHT S D
OxRHEML, FHLLTNIR S 2w,

@ EHMAEFIHTII L VWHIBRICREST S & E28ET
5. ZOHHIZ, BRAZ ML -HEICRET S L
WRBERWIEV AT H720TH 5.

@ B Z TR 25612, BREZ2 CRE L%
CTWERBRV, S5I1T, HlRbD S5V E Sk E
L CHBRICEMIE ) 2 58S 5561213, i
PIZ BT B EII 08U E 2 458 L e L CTZFi i &
HESTHZ L. B IOBIIITHM4SE DL Rt
FACRHA IR BE R AAAE L W L AR L 22 1)
X% 520,

® BAEBOMB LI DD 556 13RS
PEMRICERZRD, Moz Leiihid
%57,

12. Operating conditions —12.5. Outriggers/stabilizer
Ti&, 7Y P A—@RY HLIEICZDOWTROM ) b
RXTWb. 7Y M) A—%2@HT 282, BRI
T M) —E—22HmRARIIGIEML, #BEE2T vy
FT7 v TEERITNELRS . FLT, BRI
AHIAXDOETHREEIFVWTVLRETHLZ LY
MR LTI R 5%\,

(3) #—ZBMF VU T7EH
(Commonwealth of Australia)

F—Z FZ 1Y 7 Tld, Standards Australia (SA) #°
E 5HAS (Australian Standards) ®HZCranes
(including hoists and winches)? 2V RENTWn5b. B
B L — VREMBEOREMEICET 2 HHE dPart 1

General requirements (AS 1418.1 (1994)) , Part 5
(AS 14185—
(1995)) , Part 14 Requirements for cranes subject to
arduous working condition (AS 1418.14— (1996)) I
RoNns, Shoof TRl 2 =i & s
KERHIEICET 2 FIHE LT ICHRRS.

Part 1 General requirements

Section 6. Stability Tl&, #EEE—X > b (M) I
N BEEE—A T (M) DRER (F) PEDDH
NTW5., MIED)HfOES &AM EZ ZE L 72 finf
AV MORKMBEEERL, MIBHPICBT %
EE—RA Y FORMELEEFZL TS, EETOFIE
LALLE, RIERRIZO W TR EOEH % 58 L CF,
F12EE T2 ENED LN T WS,

Part 5 Mobile and vehicle-loading crane

Section 9. Stability Ti%, EAKME & Ml 1CB§
LRMPKRD X HIZBRENT WD, B EIIEE
BRI, BEAROBREIRBIEICED b 7R %
FLTHEOLNLETHY, HHFRMTICHZ2EEHKXS
L=V ORERRHRT 270D DTHD. BEFR
DOFEHEMEIF133 (=1/075) BLETHA. HL, 20 Lk
J7IRECHARE BB S ¥ 2581315 (=3/2) Dlo
RERFEHEING., BHERAO 7 L — VS ERAITIE
REFERI2ZIDELEEDON TS, Tabb, ASO
BEFRIIIHROZN LD B REVEIHVLRLTW
L. B, ERMEOMEIIBEHN S L — K FErD
BXE 2 Mg ICBWTIHEE N TWA Z L ZHifEE L
TBY, ToO&RMEHBRT SISO 4305128 T b [k
Thab.

7. Selection of cranesTld, BE 7 L — » OffE
EWZBWTIILEL SNLEERNEEETLHE LD
2, BETABGSM, SN, RESHEERET
LWBENHDHLEBRRTWAE, Tl L7zBSIZH [
R 23R & 7z,

9.2. Crane standing or support condition i, 1E3
FREEFE I B OZERZ MR L 20 R 52w
LR RTEBY, ZhIBSEFEKETH S.

13. Testing and examination —13.1.4. Test sitelZ
BSE Mk LREBA 6N S, BT T2ICHOE T -
FIRETRIINELRSRWwWS L, ZOHICHsIET Y
POFT—ICHETLIMELZ L CTELMELA LR
N nZ PR RE5NTw5b, F72, Hariidk
IZOoWTIE, ROZEPABRRLNATWE., F—7 V¥
7 &, HERE, MORLILZEOFELFR, ZH

Mobile and vehicle-loading crane
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(4) 1SO

(the International Organization for Standardization)

ISOBHIDHZ, Mobile cranes— Determination of
stability (ISO 4305:1991 (E)?) Aa7R&NTw5b., &
OFTRBHRZ L — Y OREMHEFIZOVTRD LD
IR RTW 5. BEIR 7 L — VI3KFED DB 7 Hh i
WCERIESIN D Z & BEIRIC, BT R RESRMIIRE
NTW3., BT, KFRE L IHBOEF1%
# LR ET 2. ISOITREN RO LBREIZBSHSH
ET D AFAERA05% L D B RERMETH 5.

Mobil cranes — Experimental determination of crane
performance — Part 1: tipping load and radii (ISO
11662 - 1:1995 (E)) Ti&, #fsHHER%Z FEHis 5B
oL EZ XKD X ) IZETW5E, BER 7 L —
NI RIS ERESHER I N FICRE SN
BUNE RS2V, F72, HBEOKFEIREZ1X1%DMH
Az ERETS.

1.4 BEIEOMHR

B 7 L — v oIk IS % BEA o %E,
B TR T RICB T L0004 Abhs. Z
ONEIZ, D VIFORBHIHR 7 L — > T T OREH
HICEHT2b0THL. TNOHONEEMIE, D0
DOIREIZ & FET B KFEIMBED R E— X M &
WMRKEIEDZLICLEREENDONIE, 7 5 OITHT A
NRWOWMEREDRIEEZKEZ L THo7z.

1960~ 19804F- AR B I FEfli S M7= e PR IC R & 24
TMETEFHNEN 2SS {fThbRTnd, 7L —
R IEIRED 5 VIIEERES - ERETHD L &
IR L7=WF7ensiT b T 5.

19804E LRI, BEIR 7 L — v OBEIE S %2 4T
BB A AT hb R TWwa., 77— A DRk, 7%
SOICHERIERIZBIT A 7 L—r0%Etk, Tabblk
¥HED 7 L — v OBREEHICHE T 207802 {fTbh
TWwWh, L2LEYNS, N5 TlE, 71—
WAL E R IR E SIS 2 SRR s NThB D,
VEERICRET D 2 L— U REDIzb AR L— VK
ROEEPHLE SN TWDE, REMLRHCHNEZ T
IR T 5.

\ZLE T Mol D ST HEAE

7 V— Y OBMEEICERE LY TR FITIE,
THHRIZ L= REERT 77 L—VICHT 5
DA3BHAH. Moustafa and Ebeid” 1 KH:27 L — 212
KON MDOFENI L HH 1 ZBIERIEET IV TRL
TWwb., ZOMETE, Z7L—CoBH#EL 7 1 —
KNy 26819 5 2 L2 X 2EENBFIEOHIE > A 7 4
VRHEINTWAS.

Sakawa and Sato" (ZEE THHOMER Y 727 L
— DO OHEHIHE TV ERHI L TWA. Hara et
al.? (X ¥ 7 OfEm R I HE D D ) i o 3R Bl i) 48 5 7k
&, HRYDOBGFIZIEMEIZ®E C RE S & 5 720 Ol F
EliZowTHHELTwb. T/, Starr” iEpath-
controlled robotic manipulator# H\ 722 1) fif DR B
W TRHICBIT 2 REN RiETEE R L7,

Jones and Patterson™ &, MIEEHIEIZ X 2D fif
DOHIIRICBE T L2 HFWETVER L. L2 LARDD,
INSOMEIEIRIEZ L— 2R e LzH#ETFED
MEICET250THY, Zo@MHHEPIZRE SNz
bDTH -7,

BHRXZ L—rENGE LEICE, 2ok
BYRR I AT B IREY, BOEHIC X 5 IRE), %4502
7 L — g RETRAM B AR O IREY 5 A Y T o gE G
Bdhb.

Eden et al” 3 ZEMEOKT % T B/ ZER
BN BRI DOWT, TSR D R RER L 7.
Ito et al.” 1&, DV Hf& Mo 72REICH 2 BB L
—VOBNBEFHEZWHSL 2L, PIv I I L= OB
W%EtE% R L7z, Patton” 3270 —5 27 L — Y Offf
MEFVERLTWVS., ZOEFLVTIE, EiflEnk
OTEMBEEICHE - THRAT 2O ) MDD FHE)IC X
BIEMIEN I BERENT V5.

Zaretsky et al®¥ IZFMli#ERICE>TY I 2L — 1
I 5 il A OB REMAT I & K1 L7z, Beliveau et al.”
X, 7 L—EIETHRET 520 i OIRELIH O L ZE
HZRBXTWDE., D) HOIREIZ X HHEEE— 2 > b
OHEMEE CHEE LT, Y7EEIPLO) FIFbHh
7oAiEICYork (K OV&) EEZREL T, HRT2H
FEREL TS, Yorkid 74 ¥ —u =7 LTZ
D LH EDOMEICKESINLHDTH .

Bernold et al. ® 1%, 20 EIFEORME %2 ZESMD
HEAMICaZY PE= VT 5200, HIHERY AT A
ERBLZ. LA2ALEDS, ITROOWIETIE, BH
N7 L= 2Rl 5 E8EHEER, H 50T
RESNTWAS.
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BEX 7L —rvorsitE HWE L Zooifze
Wi, HEBHLEICET 20RO, Bz,
Everet et al. 1%, A XL —% L EHITEEE D3
2= =Y a YREOUFRICEN E LN TR T
TWwa. O TIEEIEE S A7 4 (CRANIUM)
PRRAENTVS.

i, BEHR I L— v 2RET 57200 FiEo
ZEMICHETAIBAEONIEIT DV THRRS,
Rajagopalan® &, EIVESETHBEMBIIBH N7 L —
BT LEOEFERFTFEIIOVWTHEL TV 5.
COTHHYL TIEBHOHIR 2 5 #HH o ®E [ Iic
BRI L -V 2RETLULEED -T2, FDOERE
I ZRELTT Y M) =R 28
LRI S NIz, SOMETIE Y L— v oFEER
APIEIEE SN, MERBESHREI S Tnwb, HlgsE
RO RFHI L L CTHRKEWRETH 5.

HARZ L— V&K FHIEERE S &, EBO T
v b= E IR ERY FEL, EORE
EHELTWS. 7Y ) H—ORAES A oA
REFhZ2B2AE, 779 MU T—3ZKRELELTTS
TEEBRTWE, F2, TYMIT—DRTICES
THAARDER L, ZhIThE - T 788 5 i [l iz
TAHILEERRTWS, T4bh, =XV MNEED
Wintmple— 2 v bo¥mxt Th&, sl —
VORREBEENERLZEPBRENTWES, 2O
HTE, B2 L — v ORRERAABEIET S &,
EREAT EIL15~20% IR T AR EIREN TS, L
LS, 79N T—ORTHEIZEEINTB
59, WTFICX W ERHIRESGZ 6N L — Y OR
REEZFHNZHVAEVICIVBE L TWA. s T,
AR TORAEIERE SN TV RN,

FN S Z, o Rd»sBits L —
OB Z BTV, LHMEOEIC X 2k
BEBIET 520121, 77 MY H—8WES % BAR
FTHEHUTICRET DI EPLELR I E2ERTNWDS,
ZLCEBPIEEE LT, 7Y M)A —mED &
FORTERZVTVIALIEZY—FTHIEIZED,
WRORRLFH I EMEET 2 HEPREIN TS,
B ST BARFEIT 9 % #Ai T o Mo % b il i s
ML E#R LT, BE)RX 2 L — 0Bt 2R LT
W5, L2ALIOWETIE, 77 M) T—028%it
Tio Xk 28 RiEEEREICOVWTIEMLTE ST,
KIFH L AR EIN TV 5.

INER S 0L, B SEEER Y A T A LI N B %

BOREEIToTWVWES., TOYATARBHRA L —
YOABIHED LT M)A —OmERZFHIIL, Zh
BT AHIEICE ST, 7L — v OELERFE
TAHEBETHA., EOMENTY N —TCHENL
BRI D &, HEIIGEREHRL, BEZE0
By =B EERT L. EETOBHNO ) SIREE
BT 5720ICHFHGRYATLATHE., LLLEDNFD,
T M) =TT A2HERIUET R SINTES
3, KB AKCERFETH S Z EAHRE STy
5.

HARBRBEMALIG A <X, TBRBRXZ L—1, BT
LREOTHMEREE~Y =27 V] # %47, Bt
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a7V T, EERE (BARRS) BB
(ZHhEAERSE) 2SHUERAE L LTI NTw .
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L — Y OBEAL BN L RERICHER SN XS
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() HARZ U—ripSimERE A" 1, R
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RIS 28z Ko@) R L Tw 5.
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Vbkomy, BE#X s L —rorEmIcET 50
OMED%IE, 7L — Vv REOEMDIzbARPDOD
T OBFENEN L 2R L EBROMHICET 20T
HbH., TLTINLDOMETIE, FEMAY 2 IREDH] 12
LM RO FEIREN, BEMEOM FITKE 2 EHR
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X7 L — U A%kiE SN D L O S AV R B
HVEHAMAIMREENTWAS, itoT, IWFDFREI
3 B fE B E O FEAM X ARSI 2 B ETH 5.

DN ERoBHR L —Yid by FAY -4k
BICHDEL BT, ERT— A2 NAER T A IREEIC
Hb. Thbb, BENIIALERREICHS. &5
2, BARERIOBERILEEERELSBIESEL. i
5T, BEX I L—VOREMRIIETY V) -0
TR O CEERSIEE 2 5.

—7Ji, BERX 7 L— L idkkc B ICHRE I NS,
B O REE L LT RMIEBIBIC Lo TRELL RS
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H— AT EINCx L CRAET AR TR E LT EEL &
W9 b, WFRBOENHKEBEHXZ L — v OREEIC
52 2B RBH R ETH 5.

BEHX s V- 3RICEERE SR, ZEtiET
7 M)A =BT S, KRB0 MK
GV BEEEIE A ) Tl A L EMERBED S LT R
N, BEHROBEVIZETRFICEEZEZL50L
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L — Y ORREMEZ, Bie LTSt LTlE s
NLULENH 5.
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FRHBEOA L EMC X DB OEREFEKNIZIE T
X BMEMNTH B, o T, HEREHRIEIZILT &M
EEBLIBRADPLETHL. AM -V L—rBX
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XI5-1813CT_2, CT 5&UCT 9Dk Z/RT. D
B % F v T HOE S D 3 W DSR2 5 2 B IO W
TEETLH., IhbD3r— 2, Y 7EDI60cm, ¢,
VETHY, 7L —YHOEHFIZFEETH %28, H
BEMFIENENEL S,

CT_ 2+ CT_5i3q.=600kPanFEE%# A L, BIEIXZ
NZFNH/D=05L1.005hTH5A. CT_9TIZ
qu=260kPa, H/D=18T& ), REDOMKVEKEIIE
WELTEBY, COMBOMBZFIZCT 5L 12IZH
LThb. 37F—ANRIZAWET 7 V) =D TH
Gl XN /72CT 5013044 TH 5. ZNICHBEL T
CT 2LCT 90#zBITIX, CT 5D bW e L7
TR EABI X, ZNEFNROLIF0.79L0.86D Kk X
RiEzRL7-.

D bofEiry, Lo Tt gHs L
—VOARREEICHL > LB HEBELGZLENTH D,
LiEZ77 M)A =D THEENKE L R BITH > T
VB ENbrol.

5.7 HFEEENE LD

HOFTIE, RO TIEOECHIREN S L

— Y OB 2 5 B m DR FEER IS X > CTHRAR

L7z RBBRRENTWD, RAEOKE, ko

W HEOHMIE- T, BHR 7 L —VIZENICAR

BEATHZEPHASL IR o7, LRI, KEOWM

HENT 5.

1. REE IR THBE O SR 28
b T, BIRBOT Y MY F =L TR
BEL RAENEAET A, LT EEOHMICHES
Wiz T AV F—DOWNE 7 L — ¥ ZBINICARE
1tses. #-T, BRI L - OREEWEE
MeTd % 7-0121F, B0 ZF:I Lk TRk
DENHPHRENZ G- 2 2B 2O 02T 5 LB
H5b.

2. FHBOBER TFTHEROENPBEH X L -
DOFREN J T B 2 R ORI BRI X - TR
L7z, BEICRO -#mimE M (0, LBl
Bl (0, BXOEBRMERICE 2REREA (6,)
LEBENEEEA (0) OREKICX )V AL ENE
BT, FOME, 0.8 0 3FNEFNRERR
OLRMEE FRMEZRL, 6,& 0432 ORICHE
TAHAI NN, T MY =T EED
BWEAIZ, 6,8 04313 F—FHTHrEEDHIT, 6,
TS AR SNz, —JF, T EEAK
XL BIESTHLE .0EIKREL D, L
T, 013005 0,280 T ebhote.

3. BRRERROLT BT 5 EE) -2 E R AR
DT RO EAZERE (1) LEFRL, WHEI
FFT BB L — v oBIRNEGE D) DT
— AV MNEBB I UHBETOREEZ G L 7.
ZORER, HBEMOBEVICL > TRETAHET
WEOZEIL, LEROEATHISENETHDZEHH
S22 7% Y, EEICKITTR T REOEET S L
—VORRWEHEDVITOE— X ¥ M EMIC
RTREWZ EDRDbhr oz,
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6. WRIEEBEATIC I ZB L I 2L —va >

6.1 BIE

W R SEE RN T, 77 NI T—DRRTFICE S
L— v OB 2 AT ISR L7z, RO
(&, ELOBIEEERC XD S 7R B BLG O AT AR
AEE T MY AORT ZEE)OEAEEC G 2 5
ZMRTHIETH 5.

KRNI BT 5 WBESCFE)) — TR T BIARICIE, AUh
WMEFNVENL) T EFT VRV, BEIX 7 L —
YOETFTNVICIE, R & R EREE— X U b
H 272 Thbb, VTRRAOKRDIZL ) T
— AV MEREZ, ZRIZXY, il M) A=
BUF2EBMENO¥MAHI L7, Z OB DB
ME7 7 M) FTORTEFESE, 7L —rE2HEFS
b, ThbLEARRELEHHT 5.

KN T, EFICRETS7 L —rOBERH %
EATRIC Y I 2 Lb— b L7z, EBHERICETY MY
H—%XRE L EHOETVES 2, ZOET
VORF VI X VIANF—DRNE 2D X HIGET)
T BB X )R 24T o 72, SIS E S B RESENE,
)RR 2 RT3 5 2 LI2X kD7, KRE
T, P EEZEHTAE LD, B YIS
MR o T2 FIEIZOWTIRR G,

6259777 1DEEHER

Wl EAEEB L2975 vV 20EHHERY %
X (6-1) 1TRT.

0

d|[oUw) | 20w) oD, w) _
N o (6-1)

dt ﬂi;

22T, UEBZANF—TH Y #HE (1) OB
THb. QIRF VI X VIZHINE—THY, M (v)
OB THAH. DSV IIHBOREICL S EGR AL F
—ThHY)HE (1) OBMETH 5.

TR LICERE SN BEH XS L — OBl
ERE R shs, 22T, R (61 2ERH (w)
T sRICHD, 7L —rOREER T AL F—
() =3 (62) TR,

o-4(2)

2 \dt (6-2)
2T, MENEXSEOT Y MY AICHET S 2 L —
CREROEREETH 5.

KTV VI ANVF— (Q) Xz EE) % ZE L
FfEI AV E— (W,) EIEEEDZ ZH L7
DOFTHIAINLE— (W) O (Q=W,+W,) THVH,
X 63) &KX (64) ITLoTESINA.

W, =-—mgnw

(6-3)
1 2
W, = Ekvrzw (6-4)

CZT, mdZL—CoEE, rlIhiEEEnsT
T MYHE T L= VELOKFEHEE, kT EERE
L72HiOT7 7 N T OKEHEE, kXHEO K%
B, vhbbEMEN (@ —ETHER (/D) 128
\T%q/ (/D) DIETH 5.

Hik— A V¥ — (Dy &, X (65) ITL->TERSNT
5.

1 dw
D, = Ecrz (dt] (6-5)

T, cliBEoy ¥y SR MTH .

X (6-2), (6-3), (6-4), (6-5) DEHETANF—%K
(6-1) AT B E, K (6-6) OEBHERXIE SN
5.

-
—

Mdzw dw

~+C—+Kw+R=0 (6-6)
dt dt
Z Z T,
C =cr, (6-7)
K :kvr2 (6'8)
R =—mgn, (6-9)



6.3 EFIEEHFEITE

WL BB FRAT IS X 2B OB I 2L —2a v
TiE, X (6-6) (R L7 EB) 2R 2 BEZRE (AT 9
BN D L. RIEHT T R & B 27 <
7o DIZE R S NIERERATEY O—D>Thb=a—
X—7 0D pHEEH.

631 Za1—v—7UDB*k
REZNHT BT 2B DB T, BERlt+ A0 BT 50
BY SR 70 B & FRAT S 5.
Za—3—7 O BPFIHIEMAEL ZIGH L 72T
ThY, Lwt+At) IRy LB HWT, ThE
i (6-100 & (6-11) DLHITEENS.

W(t + Af) = w(t) + At{(l ) w(e)+y e+ At)} (6-10)

Wit + Af) = w(t) + At w(7) + (At)z{(; - ﬂj w(t)+ Bw(i + At)}

(6-11)

ZT, y=1/2, B=1/6DGE X AEEIK/ At
2BV, EHRICHNT 52 E2EKT 5. y=1/2,
B=1/4D84%, MAERAHNIBNT, —ETdh
HIEEERT L. B, BAHHY ) HHEOHPHIZ=
L=<1/2THY, f=0,1/4, 172128 B8R w(t+At)
kEhERK (6-12), (6-13), (6-14) THEINS.

Wyt + AF) = W(t) + Atwi(e) + % w() (6-12)
Wa (0 + ALY = w(0) + Arw(r) + (Azt)z wo) + V;(’ A (613)
Wy, (t+A) = w(t) + At\:v(t) + (A7) ;;(t + At) (6-14)

A (6-11) ZIZoWTRL &, 3 (6-15) b 5.

e 1 . ) l B ..
w(t + At) = W{w(t + A1) —w(t) — Atw(?) — (Af) (2 ﬂJ W(Z)}

(6-15)

W+ A B3 % @B i # (6-6) 123X (6-15)
AT S, 512, K (6100 123X (6-15) ZLAL,
ZoOREREENX (6-6) ITRAT L. ZoMELEF AW
(t+At) 1IZOWTHEL &, X (6-16) 2 fHHN5.

NIIS-SD-NO.22 (2006)

{K+LC+ le}w(t+At):R(t+At)
pAL - B(AY)

N 7 ) 7o)

+ C{ﬂAt w(t) + (,H 1] w(t)+ At[ 25 1] w(t)}
1 1 . 1 ..

+ M{iﬂ(m)z w(t)+ E w(t)+ (ﬁ - 1] w(t)}

(6-16)

X (6-16) 23X (6-11) (TACA L ANIHEEE DWW T
Hepl, MEOSNL. 512, Bo5h7z%R (6-10)
WRAT 2L, AHEIK 617) O@EIHEONS.

ﬁAn:v(t +At) =

7@M+An—mn%%ﬁ—ﬁAde«mf(ﬁ—g}ko

(6-17)
FEOWMNIIROEY TH 5.
(1) DRSSl % s 2
=0, w0), w(0) (6.18)

(2) KEHAZBT 2 fAmEE %X (6-19) 12X > TH5.

w(t) = {R(t) —Cw(r) - Kw(t)} /M (6-19)

(3) =0I2HB\F ZMER A, MAEEE, MINHEEZX (6-16)
WARAL, BREIt+AHI BT B2 u (t+At) &K
5.

(4) =0I2B &M, HE, M#EE, XU 3) TH
bihizu (t+At) %, & (6-15) &3 (6-17) 12K
AL, EEglt+ AU B 5 FARE & AhEE % 515
5.

(5) BRIt % t+ AtOECTEDH T 5.

(6) (2) IR CRHMOFHEZHED K.

6.3.3 EZIEESHDOHRORTEM

2= —=IDBFENVEONLBORENLY %
Wi 3 5. BAETIEA (6-6) OWMEHZ 725K
(6-20) W Z/RT1IHHEROEE HRERIIOWT, BES
T

Mw+Kw=0 or w=—-Kw/M (6-20)

A (6-200 2 (6-10) &3 (6-11) AT B L,
X (6-21) ORI LNS.
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1 K, _4=pK
M {{v(z + At)} _ LM {v'v(t)}
0 1+ﬁ7K(A,)2 w(t + At) At I,M(A,y w(t)
M M

(6-21)

X (621) OFIFEHLZVSEMAE, X (622) IR
I EAHEHEOMIEI X > TRHT 5.

w(t+An | _ ) wo)

w(t + At) w(t)

X (6-22) 2 (6-21) WA THE, KX (623) (2
ARSI E O NS,

l-a ——{1—}/+a;f} g
o {M%=£}Gﬁ$
At (1—a)—ﬁ(m)2{(g—ﬂ)+aﬂ} w(r)
COREAE (CobbHMmiEd) OMxHEIE, 120

FTTRTNER S 2w, X (6-23) 2B L CEHS
5L, & (624) DHBIELNS.

(6-22)

K (1 K (1
H(A’) (5‘*’7} H(At) (5—7’)

a*+ _2+7K a+41+ Z =0 (6-24)
1+H(At) p 1+H(At) g

CO2RFBRD oD E 0,k 0,k T 5.

y <1/2, a, % a,> 104, ABS (a,) > 15 LK
ZABS (a,) > 1&% 5. i, ZiiudEmE s
WZHMT 52 ERL, MEIAGETHDH I LE2EFKR
T5. 9y 21/2 a,Xa, < 1084, ABS (q,) =<1
MOABS (a,) < 1&7%5. 204, A whHR
BBAHCESTHML 2vd, HEWIE—ELRD,
TS RE e e D, TR, b LR 5 FEHH
b, Z2O—21 31XV KL %LLH9HABS(a) = 1
MOABS (a,) = 1&%5720121%, FHREAOHBIA0
RIFATRITINERS v, Lo TRESMLE LT
(6-25) DMHHNS.

k(At)z{[l+yj —4ﬂ}—4s0
m 2

RS E LG EICBWTY, EIEERE &
DICWAT 5., ZhiE, BERELIFIER TS, &
IR EE IR 2 AR D (S FFA 5 2 25, A 2 JE I & -
THRAT A EREIR 2 HE S, LY E

(6-25)

. y= 1200 H5DREFMIB=1/4E %5, Lo
THRICHER7Z B = 1/6DWE T IEMLETIT R V.
F72, RIS A GIEE W D1/6X ) /K
CRESNBULEDND 5.

6.3.4 FRITORN

KIFHTTIX, 77 MNP HBIETTLZ EICE
LB BT 572012, 2RITETFTNMICEBE Y I 2L
—arvaftol. ¥YIal— b L7-iEEEEIZEXE-1
DB TH 5.

@ 3 @ ®

OM, 7orusi—onT (3 STREMTIN
1=k piamEs < O H—EXALTBEE L)
< e

Xe-1 MEEICHR % A4 L EREEE

Y TRRADWIAE S THBlE— X ¥ MY
% (©). ZHICX VT Y N A O E B
L, (b FEIEMT 2 (@), Ik FORAICE DV AEE
fbL7z27 L=, BREICES ().

T M) FORTICISE L CRET 2887 L —
YOEBNL, BIBEOVITNIAOT T N RN ET
% I 8B 28 L7z, AR ORZ (2 B0 % iz sE
BRI (626 oY ERINE (K6-22H).

M, w(t)+C,w(t,) + K, w(t)+ R, =0 (6.96)

ZZT, wwwikERZENEB LSO Ty b)Y A
M3 2B AERH A, AEREBIOCANEETHY, M,
C, K, RIZFNZENI L — Y - #BOLSEKRIZBT
LEWER, ¥oE¥r 5 X (6-7), wEKII%
% X 68), zL—rvomfle—xr 1+ G (69)
Thhb.

Rl e+ AN BT 2 &) AL (6-27) TS
5. ZORIZ, BEHICKRz2—<—2 D [E%RHE
A2 Li2Xy, BARERA, MEES X OANE
FEDSHRERFI I IZFHE L 7.

M, w(t, + At)+ C, w(t, + At) + K, w(t, + Aty + R, = 0

(6-27)
7Y M) AORTEBBEOOTAT AT —%EHH
EED. ZOTANVF-FEREY &, KEHEHEA I8
DRI NLEBRNICEET 5.
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g ST

w, w, w: (AR AERIAERE,
{ERF INEE

M DIVEEECHRADERES

o WROFIELTEH

k: ERR S RH

R: &fEIE—AVE

0: EAENX A

6-2 FRTICHBITBEERTEE/NT A —4

OTAIRNVE -5 (AR) &, 77 M)A Dk
TG Aw(t+ A —w () THUEBE SO EK % e
5Lk oTHELN, KX (628 DLHITEKINE.

AR = K, x (w(t, + Aty = w(1,)) (6-28)

VTRRAOBAIIKERBIRELEETFTIVICE 2
. TNTMAT, 79 M) ATORTFIZZ L— VI
BEG 2R EILZETVICE AL, ThHOHA
ZALIXRITIC BT, KEBHMEY OZRELEL S
5.

KEW % ZRE LI 2 93 5729012, M, C, K,
ROBARBIIETE AT v 7T L ICHHE L TEREH
L7.

AT v P TENIICHWEM, C, K, RO,
RDAT Y FIZBNT, My, Cup K RoAZFERNE
L, Bl Zhug, AtNICEE L7 BEER 2 0
/35 x— % DEALE, ROFEAT v T OB
MEEB720THo7.

HEAT Yy TR, RAT Y TOFKEFH+UIEH LIE
gifERIERX (629 TERIND. B, X (628 I
IRL72OFTAIANVF—5IE, COHEIREICRRKS
HCTERET 5.

Mi+1 W(li+1) + Ci+1 W(’Hl) + Ki+lw(ti+1) = _Ri+l (6-29)
22T

liy =1+ AL (6-30)

R, =R, +AR (6-31)

BHBOFHHRIIBWT, FEKIIH 2 9HEIZD
WTHRR5, BERERAw() 1, FETHEAT Y 7I2B
JABMZE DRI L. wit) ofBEIZEaTh 5.
FRPE w (6, OAEIE, SEB) O W% Z 8 L TR
WO fiw(t+ A # HHWTW 5,

W(tHl) =0 (6-32)

w(t,,) = w(t;, + At) (6-33)

72720, AIEEw(t,,) DTN ONWTIEEEE
T5. ZOMHIE, K (6-27) LK (6-29) I2BWT, HE)
HRROBREDM, C, K, RD»*SM.;, Cipn K Rl
WHENLIEWXERDED 5. Thabb, BRI
N EE R (3 (6-29) 12, BIAT Yy T biEsn:
FAMEwW(t+ A Ew(t,)=wit+ A ELTIRAL, &5
W REE A IS E w (t+ At & w(t,)=w(t+ At & LTI
BREICARAT 2L, FRRAD Y 72 e WIREE % J8 4 & ¢
5. $bb, X(6-27) &KX (6-29) LT LEF IR
LRV ENEETL. 1EoT, X (6-29)ITBVTw
(tw) #W(t+ AD E R BIEZ R T 572012, wity) &
X (6-34) XIVFHE L. oz, BIEAIEEw () ma
EL, EHkoER R W7

_ Ri+l — Ci+1 W(ti+l) - Ki+lw(ti+l)

M, (6-34)

W(ti+1 ) mod —

FOWER, FHEAT Yy FHUIBT 5 EE AR,
x (6-35) &4 5.

M., ‘.’;’(tm)mod +C ‘:V(tm) + K, () =-R

i+l i+1

(6-35)

W RSB B RAT ClE, 27 L — v 2SR E) e e R
HHCIFNRERREZMET S E T, YKL
ML 7.

6.4 MRITSEM

6.41 BEIRXI/L—-—DETFIL
KRIFATCTlE, BOBEBEBRTEBLZ7 L— Dl
BZFEICL o THI L. Z0BMIE, FEB LT
ORERZRIT B LX), RTRBOEVDIBE)
K7 V=V OREEANNG 2 BB il T 5720T
HbH. BITETIVICIE, 2KTCEGES5 272, BT VI
B2 EMFE RO TH 5.
1) N 7V D EBRICH W B 7 L — o &Rk
L3 5.
2) Mo Y 7 RRAITERIEE W UMEICEET 5. £
7z, EHMBEEZ BN SETEF IV OERZHNX
5.
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3) HIIMAE % I E O F THABRICHINS ¢ 5.

4) VTRRAEZRLSSETEBEIE— 2 Y MEHEIXE
b, 7 L— rONEEIFIR R B B VIZE IR E
FRACENE LR TR 2R T ¢ 5.

5) FENTICBT 2O REEZTIEBE T b AL
5.

6) %77 M)A OB ELE TITE L 2RET,
MR 2w 77 M) AICBEHIES. 727251,
TEBEAIEAE LA, EE RO SR
FHERE TS, ZOR, BARERAICOWTIEE
BT OE % S BB RO ICB T A MM E L
THz2 5. MEE, MANHEEICO W T ER)RRF
H% b LI RBHROMELEEL, Thonfiz
THBEHROMPEE LTEH5 25 (K6-2281).

6.42 77 MNUAHEESEXLTHEFROET IV

T M) TWRMEN (@ LT (/D) BfROE
XMz oe T v E W, X (6-36) 1IZRTM
HRRE 7V 1%, BT —20—fl (CT_1), 28
Wiz (CT_9) OEMIZH W, CT 9DH#EIZ, T
Wl O BREE I3 5 g MUl O TR EE I DS EE &K < e
D, ZTOREDT T MY ALK LT LR
BEEREUTHL. BIEOg— s/DEKRIZE (6-37)
WX oTHRHEL.

WA — A TlE, TR I P R I A S
B, qDWAMMINCIZ, S/ DOBESIHT B qDHE5HS
ElBNG, LAL, ZoMEIds/DoEnE & i
BRI THEMTH D, T, q- /D
O HAIERI6-31Z R T RHARE T VI L 22K TH
5.

1
7= 1 1
(s/D)yn K, n,q,.

(Virgin loading ) (6-36)

q=nK,(s/D) (Unloading and reloading) (6-37)

ZZT, SDIRTYMNIFOWLTR (5) 277 Y
AH7u—+E (D) CTEHILLZETRTHY, K, &
q& S/ DOBMRIZ BT 2 M OEHARLTH 5. quatdq
DRKETH Y, ménIMEEORMTH 5.

X (6-38), (6-39), (6-40) IZRINA V=T ET I
&, REBEBE (CT 225CT_8) AN 2g-
S/DEAR & EBIC AL T 5 72D I W7,

q
lm[ da j
D>\ d(s/ D)
quX _____________
|
|
I
an ) F B B
dgq _ "x”zzqnm.Ko :l dq dq
d(s/D) (1, Gy +(5/ D)1, K, )| m?mo(d(s/l
liDTo d d;]D)):ano 'I :CIKO
(s ' s/D
(s/D),
X 6-3 MEIRETIVOBIE
wosl J [T T [ ]
CLT | RAU=FEFN:n=10, n=10
K,789376(kPa), K =49(kPa), g,=1551(kPa)
__ 1600
© |
o o ]
< (’>E\
- 1200 ; CT 9
_R -
tH “/ﬁf!
= 800
b
400 M- W RET )L:n=10, n,=10
K,=24500(kPa), g =1862(kPa)
0 l l l l
0.00 0.05 0.10 0.15 0.20 0.25 0.30

s/D

6-4 7 MUAOBBEEA—ILTILERICET S
EBREREELIL AT IVOEER

FIBEE AR, BN RBECE2 7Y M) TO
AWML THENZRL, BBz —RHiIc T,
EWHEEOLTARONT, XL =ZTEFLY L, 2
DOEMII L > THMEN (@) — L THBELR (s/D)
P TELDTH 5.

qg=nK, (s/D) , where q < gq, (Virgin loading)

(6-38)

q=nK, {(S/D)—(S/D)y}+ q, , whereq>q, (Virgin loading)
(6-39)
(Unloading and reloading)
(6-40)
ZZT, (/D) ZRERIFFNICBIHUETRHTH Y,
K3 BRI S N % PE T HAS 6§ 2 $iAi 1)) D H2 it
HEETHD. nEnlIfTEEORBTH 5.
R6-413CT_7ECT_9OTHM EN/=zT7 7 MY T OLT
EEpL, Mr—A2ZhZhoNg ) =7 E7 N E R
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