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Static centrifuge model tests

= 1/30-scaled model was placed in 30
g field.

= Four model culverts were buried in
three types of model sandy grounds
with H=9 cm and 18 cm.

= The surfaces of the model culverts
were smoothly finished to simulate
those of the prototype culverts.

= 0, 7, and & on the model culverts
were precisely measured during 10
cycles of simple ground shearing
with y,..= 3.2 %.

¥max Was determined from level-2
seismic motions.

= Totally, 16 tests were conducted.

= High accuracy in the earth pressure
measurement was confirmed
through good agreement between
the measured ¢ and the calculated &
under the measured earth pressure
conditions, as well as the fulfilment
of the external force equilibrium.

Circular-type

Prediction based on design standard

%o — .
l:_ spring ' %on £ § -
A k(&—4d . i
,_555“‘3%‘ oo ) L
g5 o =k(8,~8)+0,
"'b;,\ﬁ{?* ) 2 Pr
5GH v ’ ’ f:kﬁ(%ﬁ_ape) e
AEARARRRNRRNSLSY Due to relative Due to ground
displacement stress

O The standard specifies that cand = acting on culverts are calculated through
the equations by the sum of earth pressures due to relative horizontal
ground displacement &, and ground stress z; (no z; in RC-pipe).

O The design procedures of RC box-culvert, RC-pipe, and FRPM-pipe were
applied to Box-type, Rigid-pipe and Flexible-pipe, respectively. Prediction for
Arch-type was omitted, because the standard does not specify it.

o Spring coefficient k of the ground were determined in accordance with the
standard specification by using E, and v, measured in the K,-compression
test. ¢; were obtained through =, = Gy= E.¥/{2(1+w)} by using these E, and
v, aswell as y=3.2 %.

X-2.2 IBEREHENEET SEREHETIL
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Experiment vs. design o y=32%
(Rigid-pipe, Dense dry sand ground and H/D =1) -

Predictedo i | op:) Predicted

The predicted z is remarkably The predicted M is
- - greater than the measured z_ Also,| | two times greater
The predicted ois the predicted zexists even in the than the measured
tensile inthe 2@ and | | areas where the predicted ois M. This is caused
4 qguadrants. tensile. These indicate that the by the impossible
Separation must predicted zis impossible. predicted oand ¢
occur there.

| Poor agreement |
B-2.3 IBEEHEIC & 2 FAIKR & ERFER O LLE(Rigid-pipe, SOD-ground and H/D=1)

Experiments vs. design
(Two-types culverts, Dense dry sand ground and AH/D =1)

0.1 ==MFa) at F=32%

The : | The mode of
predicted o | | the predicted
istensile |}| ois differed
inthe2nd & by 90° from
quadrant. || that of the

i | measured o

The predicted 7 is
remarkably greater
than the measured z.

The predicted M The predicted
is greater than i | M=the
the measured M. | : | measured M

Flexible-
pipe

Poor agreement in any case

B-2. 4 [BEZEHEIC K 5 FRIFER & EERFE R O L (Box-type and Flexible-pipe,
S0D-ground and H/D=1)
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Uy = U DFRMEDBVETHY | ZOFRMONLZRITEE LT, XB2-0)Z EfEThH 25X 3B.2-dDfH Y I
HWHZENTED,

(2) EBAMBEEHERES
Fq}:F/ O)nXu ﬂqb\%héffff%jiﬁai@ﬁﬁ@n "*I ;U//L‘F@ DT&)%
BB < BB ] o3 RITHT T L2 (B2-c) TRESNLD EIRET 5.

ope=ke(we—Uupa) e f46(3.2-0)
BITET (1) Cali_72 & H1c, TR FOVIERRG O T & AR PIor ShizX@4-D~K(4.4-4)1%
K(3.2-0) T = DHRAFITB VTN T Do uppl s I321_TLKMMd®@%kLT*@%ﬂ
TVWLHDT, ZNEZDOEEHNULIRWEIT TH D,
AN, MEEOBATRFNE T, weZHWT . MADENN uwes . [E OB IRHE A AW
SO HANCEICAE U DN & TE D8 B IR 2 AW D RFICH FLALEIZAE T 58 AW
TEICE DN OMTHOLND EREL, WANHNT DD LT 5,

we=dt e (3.2-¢)

Z 2T, o (T OB E ARHER O [ FLALEIZ 3T DIERR T MZENL, AFEAM HEIC KL > TAL L%
D B AR O LA E 23 1T DIERRGT BN Oy TH 5, ZO L 9 ICHEE OBITERINET wo
ZRWTIC(G.2-g9) & WD HERT, F8E T 5 ERFO AR ZE S Model DD X 9 2t AW Ciize

—IE— R(cosine W—NNThHdIaBRLI-I-HOEHEZND

K(3.2-2) 2 B2-NTRA L, ko ADVE OB H SRR O ¥ AW+ OB IT 058 06, (2% L B R
BT 5 &, KGB2-oXKRKB2-hD L HICET D, 7272 LEATHFHEIZHE S T tpa % 6 Opa% 0n ko%
k& ENENEZET,

Or :k@{(éGr+A)_§)r }
= ko(d6— ) T
- kr(é‘Gr_ é‘pr) + oGr s (32'h)

LLEOROFHE B TR L 2D DIZLLTORTH 5,

AR O X 51, BUTEFHEDS AW TOL 5 (B.2-0)F up = up SN T D5 IR - TH(3.2-d) TR L
TZIE LWL —E3 528, RGE2-gZMAILNTFEIET D Model O Tld7e < T\ MALBFIE L2V AR
MR DN DT u B2 HEE LT D DT, FFLOEN ug & 1E—F L7220,

KEB2-hD kg A= 06 [ TWETH Y . ZHURHLT D00 E 9 MAHTH S,

L7 o T, K(3.2-g) & XB2-h DU MEITRIET = v 7 BETH D,

Z T, BOEWEHKHENE AW EN S 5AIC OV TRBE I EICRBT 5 6 & o, 2 MG 2
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WTEEREL, 2o 2XGB2-h)ICY TIDTHE Lz & Efif Th D Model @D o G 5 Z 21T
LoT, XB2-9LXB2-hyOZUHEET = v 7 LTHT,

FHEIT, EORMPEEI N 0(r—Z 1) Lo (F—A 2)D2HEVI{ToTm, r—Z LIFEORIMNELS | [
AP P IAFET DR A (SR DAEEORE). 7 —2 2 IWEORIER RC F TS A (= Rt
BOLAEREL TS,

M7 —ADEREH AR L 6T &, & ERETMBBIE N o DETE

22 OO MEY N [ SR HAE D HERRIE BT U BE UG S ¢ = 0y 2MB) < BEA(R-3. 2.1 D Model DT, Z&d A3
B E IR T A E HAE r=a [ZBT Doa & ol B-3.2.1 L[ UEEAZ HWTELFD XD
kb5,

ogr=opa/Qu)ecos260 e (3.2-1)
Og:=o0opcos 260 s e e (3.24)

T—R 1(E/=0)DIFE

* Model @NT &2 613 & gD HEE LU M)

Tpe =0
Upe=2a (1—v)/u+ opcos 20
° %§+i}£0}:kr(5€}r_5pr)+obr®%ﬁ

k=ko=6u/{(5—6V)a}

Ocr= opa/(21L) * cos 260

Opr = Urpa = 2a (1 — W)/ * opcos 20
oGr— 0ypcos 26

INB LY, Rt Ea=(—4+6V/(5—6V) 0pcos 20 3 fF LD,

ko Tl aF o Thd, SHICHIALEICaG M Z L1222, HVERWVETH D,

T—R 2(El=) DBE

* Model @ONZ X 2D opa & upeDHEE(E LU MiE)

O~ 12(1 = W/(5—6V) * cypcos 20
U@ =0

* BEFHC X % 0=l Jor— &)+ 0 DI

k=ko=6u/{(5§—6V)a}
Ocr= opa/(24L) * cos 260
Opr = thrpe =0

oGr— 0ycos 26

INBH XY, =8—6W/(5—6V) " oycos 201355 5H,
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Lo T aFopaThD, ope/o DL, v 23 02~0.5 DA, 1.41~1.20 L7 D,

U EOBENG ., MBS ORGH o, & EfEToh 5 Model @D opeld—HE3, L72hi>TH(3.2-g)
EXB2-h) TN L7 2 & AR S T,

Q) ERARREEREHR

BUTRHAE DV Cid, MR OSE, BT MICIERTINE AR & 0 13 D& oI h A i
THI Lo TS, ERITRAEOEITIERIT R DOEICHE RTINS REEN TS HDO,
Z OBERITROREIC L > TUTOFENEL 5,

AR L7z X 902, T AN Z R B k1, AT 7 0 O B VB S o ML FR GG % C & 2 (3.2-2)
LLTEHEZENDDT, #ERIEREN L TEICEAMBE™MGL LIRETHZ L i3BEm E. FET
éo

FRRITEE N v OB 2 IR B RIS A ER T, B oo Ak HESERT 5 2
CIHBEECTERVA, E2ECIHAMEENRE 2ITEN ] &0 ) EBREENREHINTWVADT,
BT E L TREREAM HENE I LIRET D Z LITEBREEL FET S,

3.2.2 FRPM B D& X EH

FRPM % Tl KEUH FHEEM OMIERE « A R T4 L (RNTR SRR X 5 528847
EHEIC L D L0 b FICE > TRREBRAMOFRE 5 2 2561203, X Ez8H+Ts 2L T0E, 2
OFPRTIE, BFHEICIERGTE &R THER TR OIThEEE L., SR ERE2EmEET k- T
UTFDOFEICL>TROTWA,

T72bbH, B-3.2.11ZR L7z Model @IZH\ T, MEIGH(re=0)TlE72 < T, MALITIERTT mZAL
uy & ERRITIVENL ugZe SRIRNZENL & L CHE X 2 GA O EZ RO 5, £ LT, BmlZ#< EBEIG ok
H AW Tt FNEI up » upllia DB E L CERLEZET, RCEFEND u & ugDREE RNT B
ILREE & AT,

ZOFEF, FHERICEELES & HICEAM EERRSICE LT L, ERFEETH HIEWIBEIS
LT R DEEERSMZIEL TS EZAICHERS D, TOzd, F2E, BLXOWIE3 1T
RLTZE DT, PHISNAHERFOE O TE - BT, TAKLEDIZ) PEE ol D HRE
KBkl EMR, EEMICERSIIRESERDLDILR D,

3.2.3 RyyRANN— FOBFEFRESR
(1) EagAREE ST
BUTREHETIL, Ry 7 ZAA A= MIH LT, T b o ROVTERR RO S10 & HARRRE) D o p74 1

R ENT- Kurasudhi OBRMEFIZRME A B F TR ER E LTHWTWS, = @ Kurasudhi O HPEERE
1L, CPEMERR R ST HEE U O MR I I E DAL NE 2b DV B SRR & SR IEL S AR B S W7o R fig
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Th o,
Z OFPERERARIC X o TR D AVTZ AT BIRIE & ZBACIRIE O e 2 & AuE, $niE 5 T e # k, & L TR
PGB D,

ky=nmEJ/{4(1—v)2b}

RNy 7 AN N— NOEFETIE, DA R— NDIEE By, &S % H, & LT, JEROER T T 5%
By AR D ERR T N2 ky 22 TN ENIRATEH 2 TW D TEICIZER T E R 2 BlE L,

kv=7EJ{4(1—v) By }
k= 7EJ{4(1—v) H,, }

UED X ST, Ry 7 ZH N "— FDJER & RIIRICE B S 05T mIERE. IEE & REC,
BEE N SE RIS TROONTWEZ L, b NN EH Y EORENBE I N TWD Z EITHERET
EThD, BB, [ R UMERGO G E EARRE D ©p74 i3, BRI IEREROIEICY
720 T, MDA R—FE TRV Z &M TA U B RO ENEH SN TS Z EREER L
LCBRHENATN D,

(2) ERARREERER

Ry 7 A= FOBATRFHETIX, TERZ B ER & MBI HESR T X s i@ L, = O M
B DLEICEDLE T, IERFENZRMEED 13 L LTWD, ZOERFEIEZROREIL. HEE O
A & FRRIC, BERD TERIEENSRI TRD DN ER A ITREROWREHFIELE FE L, £LE2E TR
L7z D EBRTE O THRAR 7 A 3 — M@ EAMHEORIEREN < /hEhostz) &
IEBFFEL LA,

3.2.4 BEIZEITHRAODKNEA

BUTREHETIX, HUERT, HERFE b, FROBE LEcHFIEY Lo ThbIhaxErET, £
DEFFEHSESL 2 LITR->TVD, BT, HEFBIEY T2 bRV T, FE D3I
D LRSTFERTIIE L EABAL, olZEuic2sidFTh s,

2 B R L O BRI R 5 M 7 LT & 5 BMEBRARARAT &SP FEM ARFTIC S,
DA XL | FER SO CR 22 N R SN A A . IKWEECE R OB O NE L A 2 L 23R
NTN5, Lo T, BATREHEICET 5B 0 OEHRITEMTh .

3.2.5 MAREFAVIZLBHKERE G,
BUTREFETIE, MBS OMERMMED —>L LT, —&KE— F(cosine H1—7)D/KFHAZLE T L

o TRETEEIEDRNICHIRIZEN AU BE T, 2T & » TREROKFAHTE O, NE I b o E LTWn5,
T 2T, ke BOKRES M R IRECTH D,
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Qh:khAU

E AN, fiHE Oy MM EIZITR RN EEZLUT, B LE D,
ERE~ =2 7L DITEE SN HH W 21T RC F D pa-1-48)IC LT, AU DIERR 6 & B )7
B DENL(AU, & AUNTIRATEEND,

AU,=AU sinf, A Us=AU cosf

ZLTCr OFMDIRREEZZTNEN ke kg & T Oy DIERR TR, BRI RIOK LS (g, & g D3R
ATHELNEELTNE,

¢:= kAU, =k, AU sinf, qs=kAU;=k,AU cos@
EIAD, L BB L TKELEp EEETDHERD LI/ D,
Pr=¢:sinf +gscosd@ =k, AU sin’@ +k, AU cos’ 0 = AU(k; sin’@ +k COSZH)

LTl o T, ke =k THNE ppo=0n & 7250, MIBEDGE. ks =13 kL EROLNTNDHDT, py
=0l ERNE L7V, BXEFDBRIC ¢ & g Z HWAUR BRLO RTINS, O Z 7K & RS Z & (R
i< OT, BATHFHET Op ZAKFEMEE LTOWARIAIT TR THIFRT RETH D, Z4HEITIX
Bl Z I FSGETREEHESE VD p.136-137, 72 HTNC &Jmﬁv%:7w3®p15®l12p16®l14
p.4-1-14, p.4-1-48, p.4-2-51 Th b, WiT&it~=2T7 L D —/L K7 A MTOWT b [AEICHIFR
TRERBDALOND,

3.2.6 XyARICHBIERERET 5HE

WEHRE Y = 2 7L P20 p1-28 1TIE, XY FICHRIE AR ET 2 HIEAE 1,13 & LT T
WAHR, TTIHEHLTWA L9512, ZoREFEITS, RONTEMDORY MLFIEiEE L TR
L9, DO T, HIBELZIED RV,

3.2.7 MEREEEAMANDIEITSL

INFTHERTEZL9C, BiZ@<EAW B E X I</hEL, EAMT I EZEE L THEL
K ZTIRNDHY, ﬁﬁﬁﬁ&fi#mf@ﬁ%; ZRWT, EmICHERE AN BB bo L L, &
DB RAEH A O AVWIRE 2 BRI 558120, AT AR )& L THEORABREZ 52 il
T3,

ZOREIT, HUERRCHARICA U 5 WIS ’ctoTﬁ‘%‘iif%%z“éz‘L“Cb\Zoﬁ%@iM%zﬁE&i%‘fZﬁ%
EIMNEMBEIZLEZLOTHY, BRI HARAE 2R & LT D DT, o< Akt
o & FBGRA Y, 512, BUTRFHETIL, ﬁﬁu@<ﬁhﬁir’i,HﬁﬁhMﬁKié%wk
BN LD L OO L > THEET HZ LR > TN DO T, Fli< AW LE DT HIC
JAHEAMINC L Db DODOREZET 2 DOIT5MTH D,

L7eo T, Ak b, MERCRIES NI EAWREZ B2 2 A E e NV EHICEH < LTS
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No55EEE, AN Er2BH CTRE SN O EAMMRE TEHITH T 5] LEETNETHD, SHIZ
ZOBKZIE, FH CRESNOEAWIREN IS /NEWZ L E2ZETOLEND D,

3.2.8 EROBKEICHITHERAR

BATRREHE T, B O HEDOBEEIC Y - T, R L+ 0 BAL AR F R & 81k ER5 Ko=0.5
ERWDZ LT TWAR, ZRLLEDZ SRR LN TE S, BERE O # O MR 530 R T
H5,

BERYE = r OMERFRICE L CIE, B TA0 TREREB L OEA LB X 1 0 /)58 L 3o
T HEMTEENER)) 2o, UTFOEZFBFRESR TN,

DEEOEE L OFRME T T, AN TIEC L - CIREIE 2 8E L, 8% £ 2% L%, i
Bl 2 MRS 5 A G MR S D, & 2 ARBAZBIE L TH D 30 FAlA 5 L5 REEA &%
FBEEAE X 1 DB, FEREIT D B Do TR EIE N O L 13 EAEIC b7z B R AT CURMSE L 72
EOMERIC L o TR o T, JE/IREED ML & #—{b T 5720, & & X EBIC ER & B8 Y ST C e
B E AT AR E FROBEE OIS IRIBIGE S LHEShD, Lo CHREX 0¥
B OHE LR AT N TIL, B X OB EHRL LT, HdiolmasE i, KL
RRE T XENRBETIONRBNWEEZLND, |

LMo T, B & x ORI OB HEDREIC S 725 T, R L+ & 8 P HZ O 55 /IR IE Y
— L RO THARAT 200N RS L EZHND,

3.2.9 MTKEDHKWNS

BUTEREHETIX, W, MR L SR TFKEZ B L7235 HT e > T B,

HIEE R 3 DR Tl RIBHAR OIS E AN & O E I AWMEEGHE 2 W2 0T R0
[ AW ) DFEFT S OHE Z BN T U T KED BT AW R I B £ D L AR SN D DT,
INEERT S Z L ICRIBEITEN,

ZHUCK LT, WERIC W TIR, FIER KR TS L o TTFA o 7 i FAKAT I b i py A I R CalE 4
HOT, HEHEYIR AR LR E & X 2RERE T 2556, BRFORGFCKELEH T 501X
BEM TR, LoT, MHEX XOWKORIMTESL L TKEEZBE TR TH S,
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FE x> Theory of elasticity, Third Edition,
p.92-93&Y. aZZERDER. uEZRDERHRE
eI hIE, P DAEITEEER Ho. BAW
I N o SERRARELLUITIRK ERD,

o =op(1+3a* 1t —4a%r)cos26

5= —ov(1—3a"Ir* +2a°/r)sin26

u=op2u{(1—2Vr—(1—2v)a*r+

4(1—v)a?/r}=cos28

r=alzfL\T

o0»=0, 5e»=0

Urgy =2a(1—v)oo/u =cos28

&> T, Model DD IEXHTE Fhkq T RK E% D,
ky = o/t =0

Model @ (R ZEERICr=cMMBIEE)

<>

r6’
00

o

ZRmEICE Ly, =Acos20 LEHE G HoEx 525, I
REDOEAMIEN5=0 (BBIEH)ZEZ-RDE
FEETILOREY ., r=alzB 2B EIS Ho s &
AAERu IR ELED,

Cio=—6 Aot (5—6v)+a'cos26

Urp =AoC0S26
&2 T, Model @M IF4aTE#kyld . MuirlZ & [ER=
AT

ke = — oiplUip=6p4(5—6V) a}

=3E/{(1+v)(5—6v)a}

iE) ky ERODATIAFTRAHDNTNSDIL, BE M
KREDREHBIFESDEEEEHLE-OTH5.

Model @ (AAISIAHEMNESZHER)

-3.2.1 AAMNBEARICERT 58 DHMERE & (TREH
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% EEr=aDBREMELLT, LAMEA50=0 (&
FHEH). BEUHMBOEBAREMNU=EDER
AREGuE5Z S,
HHAIZEDEHBARETILOMREY ., r=alcB+5E
Bt holEZBARMERulIRRTRENS, EIIZFE
/Go B H54 OE ORI THE,
oo={12(1—valy} K2/3 -a*IEI+(5—6v)alu} -

0,C0S26
U ={4/3-a°(1—V/EI}{2/3-a* WEI+(5—6v)a} -
0pC0Ss26
— &2 T, Model QD IFRTE HkslERHELD,
% ks = 0ig/Uy=9EI la*

Model Q(ERRERIZr=0p HVEIKIHEE)

=0

EIZRHIE fLup=Acos20F 5% . EMr=alZH It
DEREHELT. BAME D=0 (BEIEH).
0 BoWICHIBOERAREMU=EDERARE

fLup,x5 %%,
ERAETILTINLDEHEBRE T HRRITE,
&2 T. Model @D IF1TE HikalEFELELY,

Model @ (HEITERIENEZEZSIHE)

B-3.2.2 AEMEAKICERT 255 DHEME & (FTREHK
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