LR

B\-IK- NN R BRI KL D5 LNG # T & 7 §4R D

BRI X D RIMEART O & O§ A1 K DT EMERERE

mOR OE E






BR- T PGB R IC L D LNG # R & 2 7 kAR o
RIS K DIV T OfFIH & O3 20 & D MERIERERR A

ool B 2

FUCxIGEE 95 LNG #i F & > 7 fijiki%, B CTdh 5 LNG 2T 25 H TH Y,
HIRFZ LNG OWMBUZ X 2 IEFICRERBEICADERA LTS & &b, FREmTE
PERER RO LN HEIEM TH 5.

LNG #i % > 7 OMRIZIREE IS D BMERT 5 &, BIRIZIZTOOEIN R4 L, RO
PEAME T2 2 L3RS TEY, BEEOHFIERERE DRIMEE 1/2 (2K L TSR E
EIToTWD. Z ORI T RIS AET DIG IR E AL KT L, MK TE
DV FERE S L AX L~ 1 HERFORFHZ RESLELT D, LLn s, BEof
T& U7 HIROEFRIL L~V 2 BB CREIN TR Y, IRERIC X DBrEE O T
22T ,ﬁm&@ﬁi%ménf ot

— 5T, BERY U DOitE Sl A FEE LT, LoVL 2 HUEBNCK LT, O
A%EﬁL%énT%D,H%&ﬁﬁ%ﬁ:%L%LL%?é & CHAR DBk & % HIR
THIEBBEIN TV, LM LAERD, HdtEmic O 2RBELEAT 5121, W
SOMDBENRDHH LD LEHITEZTND,

v LoOL 2 HERENCKR L COT R REL T 5 &, SIROSHENFRFS LT
~UL 1 HIFEEVE TIRET D ATEEMERH D b DD, ZDOERITHW ARSI X D]
PEAR T IXBUR ORI G IE2 225 72 6 D7)

v BERAEIEY) OMPEMEREFE CHWTW A FIETIE, mNE AW 2 FHlERE &
FRIMED RSN TV D b OO, A AW U CidWrim i -Wrmmt /12 K 5 &)
ELIVRENTELT, OT AT LD E#ENRFES LS TH RN

v OHIRC 2 DOMEE R L7 BT, S A KRIBICHIR L T S5 LNG HU R #
YU, EOLDE— NTHENERL, FOREMEICHTLIR/MDBH L0 %
FANZFHE L7224, el Lo BN MEM U 7o e fethnt 2 4 = 4]
BEMEL B ETET, b—H L& LTHhEE L EICHEIRERFNIR > T D000
B2



Z T, INODOBEEMRRT D120, ABFRIZEWTIE, BT oMHa 2177,

LEOME - BLA, HiEHE Tl LOEA - BESMO L & T, KRGO 6 FEH
LA L SHRE L IRE 25— 72 FIE TRHMET 2 72D O~ VT R 7 — Ui B kT %
VT, 100 FMNZ 7= 5 % B O — e 723l & 5 A 72

a7 Y — MTRRRCI LR 72 & OSRIAREGIRF DR RF (b, LNG £ A% 6 & HIRREIC
B 5 FE TORIFE, RHIMIRE ORI & RAREE 2 510 L7245 R, O0EIhEEIT
AR RSB FRERNCTEAE LTV AT T, HAENEICE TIFER L TN 2 & 23R
ENnte. ek, WIREREEHTRAE L TS O00EIIIE, RATHIIERIL LIk HREIC
ME-oTWND.

Fo, WEREORMBEOLZNPEH L TWAHIRIETOWIR ) ORFELZHER LI 2 A, R
FER G ACRIE D ZEAIZ L 5 (KRS L THIm A L L, 5~10 EfE CIRITE
WREE 72 o7z, I DIT, WKIZHAET HE), AW, #iFE— A 2 MIWmEAIPEK T
RKa 12 ELIEBREE—HLTEY, ERORHFIEOZLYMENHERSNT-. #Ek, Wrim
HIMEDIE FIXODEINDORAEIC I DD EBZEZLNTWER, TORELV L7V —TIC
LR TOINIERNTHDL Z LN BN ST,

LNG H#F % > 7 O Ffisk it B CHfg- & o 7 ik 3 oTBFERE AT 2 FVv T L
v 2 MEEMERERH 21T > 7. E 7z, MRITISEEOOT 7 2 EEAI RN 2 iR 2 &)
O BREEMREIZIE U CEUNCERE L Ml A St 22 L.

ZAVE CREEM ORGHT TWrai /1) LW O BEERDITIZ, £ DM Ot/ THRAES 2 Hik
MR Th o7z, —H5T, FTEAINOERIZMHE, FREHEBRE CEIRIERIEMIT 217 5 =
EDRRREE IR TETWVD

AlExtGg & Lz LNG #i N2 > 75 IRICB W TiE, #RE, BERES L L~r 1 HiESR)
THRIE LTI K LT, Loy 2 ERBI A EH S COTHRREZITo72. ZORE,
BT LR MEMEAWET A Z LN TE, RiELAGEILEZX S Z &3k,

IHIZ, LNG T 78R L~ 2 #ifESh 2k 2 2 X 5 7248 0L E o iR E) & /E
A ESET, BEERRSCRAMERICOWTHRFT L., ZORE, LNG T ¥ o 7 KT Y =
THOENEAWHERENCITTHZEBRRALNERY, BEOHMALE BT DR L -
7z. 72, LNG #1F ¥ > 7 AKORAMERRIZIEFICE <, L-Ub 2 HIFEICK L C 5 (SR
DI TERESCEERENR 5 Z & o 7.

O X DI BRI W TEEM EOMBENBMER L7256 O ZHME L Tk < Z
L1E, LNGH#I N > 7 O - EEFICLE > T, mBHPI L%\ééﬁ“éf@ U R 7 5 & &
BIIATO 2 ERHRDL 2 Enn, FHEMkEHE (BCP) IZELTHZ ENAMRETH D &
EBIT, REARHIED X 5 IZ IR & e B AN F Sk L7256 O E M MR I 15 H
WARETH 5.

il



FAEEY) ~TEH Lo R A S LT, RS &0 BRBIA B R 2RI L7z, 2 DR
R, ERFHEE 100% & L, MELLO5E B (Loyr 2 HIERB O RAERIN) 217>
IC WG BT, D 9,12 5% 2 7 Tl LUl 2 BB O T HBE LT ANLD Z &
IZ & > TRIBZRSFEROHINN 2SN TEY, SHRIIMERTHD 55%LmoT-. Fi,
o A PR RIEICHITE TBY, 22 MIEREHEEZ 100% & LIZBE1C 64%F
TR T 7=,

EHI, SEOMT Y7 T, EWEHOAEISE 2K 572012, KR E K% (K
b AREERSE R L. ek, EUEaiE0SA1c LB B o SOk ks
RIEAKEEEZ AW TE, R TNAREEL T DI ENARTHDH. —F THIFEHO
BEAITEMEL 720, i TOMIBIEAMETH 7. RO —#HORBHEEN S, WIFEEN
LNG i F & > 7 MR DEEDR S L 72 5202 &R0, LoyL 2 HEBENCK L TH 507
BEMEA LTS Z EDNMR SN, HIFFEIZBWCIEE—Briml ik a2 Eh S
HTHBEDOMEREII TR L RIT S0 MWL, — i 2175 2 & CTKRigRe T
FREEXND Z LR FREE e o T,

iii



ELUCIDATION OF THE DECREASE IN RIGIDITY OF LNG
UNDERGROUND TANK USING THEERMO-HYGRO-DYNAMIC
ANALYSIS AND EVALUATE EARTHQUAKE PERFORMANCE BY
STRAIN MEASUREMENT

TAKAHASHI Tomohiko

ABSTRACT

Underground LNG tanks require extremely high aseismic performance not only because
it contains hazardous material but because it constantly incurs temperature stress from
the LNG cooling process.

When an underground LNG tank undergoes temperature stress, cracks will start to
appear on the body and the rigidity will decrease. From past research results, we design
the rigidity to halve in such cases. The lowering rigidity rate affects the stress that occurs
to the body, and the difference in the decrease rate will affect the reinforcement
arranging plan for regular and Level-1 earthquake conditions. However, since
reinforcement arranging plans for existing underground LNG tanks are defined by
Level-2 earthquake intensity, there is a lack of detailed analyses of rigidity decrease due
to temperature stress.

On the other hand, strain measurement is applied as a tool to evaluate earthquake
performance of existing tanks for the Level-2 earthquake. Similar evaluation methods
are applied to newly constructed tanks to decrease the amount of reinforcement in the
tank bodies. However, the author thinks that there are a few issues with applying strain

measurement to new structures.

* When you apply strain measurement method to Level-2 earthquakes,
there is a possibility that the amount of reinforcement for the structure is defined by the
regular or Level-1 earthquake conditions. Is the existing evaluation method effective to
evaluate the rigidity decrease due to temperature stress?

* While the method to evaluate the aseismic performance for existing
structures provides evaluation indicators for inter-cross section shear and its limitation,
evaluation methods for outer-cross section shear is limited to sectional force-sectional

capacity checking. Direct evaluation method by strain is not established.
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+ After solving these two problems, we need to evaluate how destruction
proceeds in underground LNG tanks that are built with the reduced amount of
reinforcements and the degree of remaining aseismic force as we cannot deny the
possibility of brittle destruction when a larger than expected seismic motion occurs. We

need to understand if the design is rational as a whole.

Therefore, the author conducted these analyses to solve these problems.

The author deployed multi-scale modeling methods to evaluate the capacity and
response from the beginning of the hydration reaction up to long term in-service period
with various materials and compositions, structural variables, curing conditions, and
various environmental conditions. This resulted in a unified evaluation of structural
movements over a 100-year period.

After evaluating the chronological change of the structural body during concrete
pouring and the hardening period, chronological change from LNG filling to steady
period, chronological change at long material age, and the damage of the body, the author
discovered that crack damage only occurs at limited surface areas of the body. Cracks
did not progress to the inside of the body. Cracking at the surface of the body was at the
level of tensile softening characteristics of concrete at maximum.

In addition, the author validated the chronological change of cross-section force at a
normal load and identified that the force changes through the change in temperature or
volume due to the difference in the hydrous state. It will reach the normal state in around
five to ten years. The axial force, shear force, and the bending moment that occurs on the
body match half of the section rigidity decreasing rate, which confirms the adequacy of
the existing designing method. Previously, the decrease in cross-section rigidity was
thought to come from the occurrence of cracking. However, the author discovered that

the decrease caused by creep is more dominant.

The author conducted a Level-2 aseismic evaluation using soil - tank three-dimensional
dynamic nonlinear analysis during the underground LNG tank designing phase.
Additionally, the author proposed an aseismic design which sets the shear response from
the numeric analysis as a direct indicator in response to the target capacity of the
structure.

In general, structural design was done by checking the yield strength of the components



of the structure. The development of analysis technology has enabled dynamic nonlinear
analysis during the design phase.

The author conducted strain checks to the underground LNG tank body by applying
level-2 earthquake motion to reinforcement arrangement that was decided by normal
and level-1 seismic force. As a result, the author was able to realize major streamlining
of design by satisfying the checking value without increasing the amount of
reinforcement.

Furthermore, the author analyzed destruction modes and characteristics when aseismic
force that exceeds level-2 aseismic motion was applied. The author found out that inter-
cross section shear damage at the web precedes for underground LNG tanks, which
matches finding from existing researches. The level of retention characteristics for
underground LNG tank bodies is very high. It holds five folds of load resistance and
deformation capability toward level-2 seismic activity.

By evaluating the seismic force that exceeds the expectations during the designing phase,
owners and operators of LNG tanks can evaluate seismic risks during its lifetime
operation. This will be useful for BCP planning and evaluating the soundness of

structures after a relatively large earthquake reoccurs.

The author organized the effect of streamlining the amount of reinforcement by various
factors by applying this method to actual structures. As a result, even though the load
level was increased (level-2 seismic motion was added), the amount of reinforcement in
the latest No.9 and No.12 tank was reduced to 55% of previous tanks. Construction costs
were reduced to 64% from previous tanks.

In addition, the author adopted a rigid-connecting structure of the deck slab and the
body to streamline the amount of reinforcement in the deck slab. This enabled the
omission of bearing structure and water stop structure in the sealed joint when we adopt
the pinned connection structure, which resulted in a very simple structure. On the other
hand, this made the reinforcement arrangement at the rigid-connecting area complex
and required simplification of construction. Through the series of analyses, the author
concluded that the rigid-connecting area will not become the starting point of destruction
of the underground LNG tank body and that concentrating the joints to the same cross-
section will not have negative effects on the capacity of the structure. Therefore, an
integrated construction method that enabled the shortening of the construction process

was implemented.

vi



Bk - SRS B R EMTIZ L D LNG BT % o 7 3K D
RIS N X BRI T O & O3 A2 L Dl ENERERA

H R

1.1.1. #FEO 5
1.1.2. WFEOHBY
1.1.3. WFEDFHH
1.1.4. WFEOE

AR W W W

1.2. LNG HiF# 7 O L EH
1.2.1. LNG# T4 > 7 O
1.2.2. LNGH#T# 7 DiEH

1.3. LNG #1 % > 7 AR OMIMEAR T & M EEMERE IR 2R 1 D Bl st
1.3.1. RIS X AR T IR 0 2 Hiftiamhst i
1.3.2. THEVEREREA (Z4R o 5 Bk atik ik

1.4. ARBFIEOHERL 12

1.4.1. MBETRISAEEY 12
1.4.2. ABFFEORERK 13

2. BK-TIFEEBAENT (DuCOM-COMS) 2 &% LNG #1F # v 7 SR ORPEET D

fiR A 15
2.1, fEHTBEEE 17
2.1.1. fEMT 1L 17
2.1.2. fRMTET IV 18
2.1.3. fEfr7mt=x 21
2.2, HEEEIED D 100 4 F T ORI BN 25
2.2.1. WRIAREGLRF ORRRF A 25

2.2.2. LNG EHAELND EFIRIEIZE D F TORIFE 27

vil



2.2.3. EHIMEEFOREFEL & KB E 29
2.2.4. Wi 71 DO REFZEb & Wi 32

2.3. & 35

3. 3 KILEBIRIFETE FEM f##HT (COMS3) (2 X% LNG #T ¥ 7 K DOMEMERE

37
3.1, fEbriisE 39
3.1.1. fRHT L 39
3.1.2. fEtre7 v 39
3.1.3. AJHE®) 40
3.14. T AT v 7 43
3.2, LoyL 2 HER/EHRE O MERERFAMFE AR & FRFUE DR E 44
3.2.1. FHEHEEE & BRFUE DR E 44
3.2.2. 227V — FOEMHOT 45
3.2.3. AU T LU OREH 45
3.2.4. AN A 45
3.3, Lb 2 MRS HRE Ot far MERER ARG R 47
3.3.1. HUF &7 Yk %) 47
3.3.2.  [MiHfar MEREFFAMAS S 48
3.3.3. TEROmEAE AW AT X 5 FEAlhE R 50
3.4. HEL EOHENDERT 256 ORA TR 51
3.4.1. ML 51
3.4.2. fRHTHREFR 52
3.4.3. LNG 1T > 7 MR OLRAPERE 54

35, F&® 56

viil



4. ERBEM~DOEH 57

4.1. SRFEOERBIE LT 59
4.1.1. BEHEOFEER R 59
4.1.2. WG ETHMTE X Y 62
4.1.3. LNG HF % > 7 5RO ZE R BIEFRAL 0 F 68
4.2. FABERE L EHK o X N OHER 69
4.3.  JERRC-ERARRIES S oo i T AL 71
4.3.1. W5 E O 71
4.3.2. i ToOEFL 71
44. F& 73
5. #& i 75
5.1. DuCOM-COMS3 THISH 2L 7o o7- LNG HI R & > 7 Hi{KD 100 4R oo 248 & I
N 77

5.2. OTHBAEICHWLHEERE LRAR L OFE L COMS 12 KL DMt EM Rk 5

77
5.3. FEREEW ~o i s R 79
5.4. BEALOFWME 79
5.5. AKWFEDEFE & R 80
BE R 81
W & 83
& 85
fHek A EﬂH%th:/7)~b®@H%%ﬁ 87
ek B LUV 2 MUEBIZBIT 28EF MO BEEARY KL 89
gk C bwvvzﬂﬁfﬁ®%wﬁtmﬁmm¥ﬁ 91
6 D g TR EE 95

1X






ARETHE, HRORHMHEE 2D FEHEE LD D.

RONZ, #Gm e L THFEOE 5, B, FEICOW TR L, EE OARNFZE~DEY
FMBZBER LT 5D (1.1 ).

F72, LNGHIFZ 271220 T, ZOME L BRI AT £ &, AR
CHMEL e D FH AT (1.2 ).

RNT, LNG HIF# o 7 AR ZXIRIC, ZIVE TITOILTE LIREIR I X DRI
KT I2AR D 2 e 2 55 L L bz, BT L-~UL 2 MBS 5
EVERRRA LA R S (1.3 #).

S5, MEtOxRE L- LNG HF & o 7 $/ED BRI e#E i Zomt & & big, K
TR ORERAZ DWW TRER T2 (1.4 ).






1.

1.

1.

1.

1.1

1.2.

TS
ity off

HEOES

LNG #i F% > 7 IZMEEOMIE L I A T 7 DR, R—2ROBR, 271
¥, R EINBRERR STV DL KA L JERIE RC BT, BRI CH 5.
ZOWMTZ NI, fERHTHS LNG BEFESNTEY, KiomEOMEMERE
NDROLNDHHEEY TH S, LNG 13-162COMMKIE DA TH Y, bt Z2 N LT
ARSI EE B 2, SRIRSMA (R ICRE SNzt —T 4 v 7B E T2y b
—LENRHRG, FKIE-30C~0 CIZZEMICHERF SN TS, 2D/, LNG H
T U7 IXFEREORESL L CREMELZZE L TRV, WimJOFHE I, IRER
HICER L2 OOEINBEEIZ LD IEORIMER T2 5B L T\ 5.

AR DORIMEN LT D EHIRICF AT DWrE )IERE < Z{bT 5720, MK
Z EORERIAT T, WIROSKTHREICKE EEZ KITT. L LAad SIRE R
B X DMMWE FIE—fIZ1/2E g SNTHEY V, ZIUXREM 2658 L L7mEN
TR L ORHTHE RS 292 L LICRESNT- O TH Y, EMROEEHTED
FREE DRIPEAR T35 4AE L TV A 0IEH b0 &l » T,

72, LNG #iF % > 7 O EMEGERAIL 3 RTBFERIEMRNT 2 AV CiT5 =
EMBEZIEIN TS OO0 9, FERE 3t L U TERFHEME T L~ 2 HE Ol
EMHREREZIT - ERIT R, OTHOFBEREIIERITITEIH I TV,

EBIT, REBEETOTAHABELZITI Z LIIEFICAENTIEIH 50D, HiE
LA 3 L5 e METAMER L7=a1c, COREOHBEE CHRES K\, Yok
IMMBIEE— R RDDONEEBEL, WEDOREERZ FANICHEL T2 &
DIEFICEETHDH LERITEZEZTWD.

MROBEH

ABFFED HEJIE, LNG #iF 2 > 7 R 26502, AEEOME - BlG, WHEsE T,
BILOEE - BEEMOH & TKRMBUSDO B bR HIFIC 3 L SMERE &S
B o — R FE TR AN ATRE R~ L TF AT — VBT & AT L 9™ D% FIN T,
LNG OmETRAET DRSS L DHIPEHE T Z25Hi 42 & & big, OUEIhIEL
OB BRI DI & 2 DG 2EE) 2 3Pl 2 M EHERUIE AT o 2 7 L 979 % H
WT, LNG #i T % > 7 RO O HIZ X HIEIEREMRE 21TV, #E ORATERE
LB EIT) 2L THS.

~IVTF AT = VA BT W T, KRS -2 TR 3 BB o =%
DEFET )V Zdf ST = — F TDuCOM | &, O-UEIRVIEACER IR >
SRR & B DS 2 Rl 2 M EHERIEMRST = —  TCOMB3) 2 W55 &



1.

1.

1.3.

1.4.

FRRIERE A/ LN O FREBHT 5. 7o, ATV TXHERFORFIN
TEb D, LNGHITHX o7 OXFMEE2ZE LT 180° £T /L3 5.
F7z, MEMERRA R L OMRAMEREROFMIC IS W TIXATHED TCOM3) % HlT
AWTEHEZ TS 2 & & L, HEEhOZHmPEZEE 2 COKE 2 FHin+$hiE S mo
3 HmAEIRINIEABE TE 5 360° E7 /L& L.

5 AL EZE

LNG #1 % > 27 @ X 9 7 KREBERESEW 1L, FRHCE B HES T T, TE
M AE, LNG OWENZ X 2IREMER E, e omEMEALTRBY, 20Ok
THEASGEL R - TS, ZOX D REEMIZH T, S ORIERED X 51T
B2 Z 2 AL T ONEBHT 572012, BN LEHE TO—#HORIE
FE—BIZfENT CTX 5 DuCOM-COM3 % W TRl 5 & & 112, ZEOfENiT A7
Y T HERE L CGGEIZET /ML, BIMAR T ORRE(LEIREZ T D RBAFHEToH
5.

72, LNG #iF# 713 1-~UL 2 MEE) CHRIKOEHENSIRES N TWND H D

WEREEREZFF>TND D EEHITEZ TS, T L1 2 HifEH)
@io&ﬁ@f%&%% R LCh, Wi - 1 k2 A A i LT\ 5 2

LICEE L TWD., 207, FraxtEmickt LT COM3 2 W TOT A &%
TV, KIB7Z2 8 B OH Z R AT 5.

IHIC, LINGH#ITZ 7 O X5 7R ICEEoMEEMIL, HEL ER 2 HEE)H
TEF L72 & U CHOMEMER e iEIcE D Z LI 20 iER e, 22 CHiE L
NV ERZCEE B, BREICE S £ TOLECWIEET — FORHE 2 HAT i L
TRLZET, SHELZKIBICHIRLTY, +oRZeMiHRIn sl ts

BLTNDZEBARFRORERFFETHS.

HROME

FFETIE, LNG OMENVCA U 2 IR X 2 Wrm Rk oK T iz 2T, Kk
IS D BREED D BRI K SRR L IRE IR C X b~ L F R — )b
HAEFAT (DUCOM-COM3) % HW CRMd 5.

F72, OFTHRED T D OBGHEIE & RFUEZFT72ICRE L7z BT, 3 RocEii
JERTE FEM fEbT (COMS3) ZH W\ T, Ll 2 HIEBENC X L CLNG#HI T v 7 D
it BE A FR A L 72,

IBIZ, LoyL 2 HiEEh A BRI A MR NER L2 O 2 FEi L, £ DR
DEEHIREDO A 27 L, IR RATERRIC W TR 2.



RBIS, ZOXIICHRHSINTHT Y 7 OS8R L 2 X N OHERBIC OV THKE
L, SEWFROGEIITS T DRRICONTID £L 5.



1.2. LNG#T4% 29 OHEELER

1.2.1. LNG#T2 >0 OBE

LNG #8F# > 7 1% LNG (i{t. K854 A Liquefied Natural Gas:ii/E-162°C, %
FE 0.42~0.49kg/l) ZHITIZATRT 2 8% CTH Y, RC HOMK L EMN, sHORE
B, ATy, R ESICE ORI TS, B-1 1 ISR TR E T 5
& 7 OREIEME 2R

AR L JERRICI, ®RFICEE, TE, WE, TAE, BRAEZEOHES LNG O
AR L DIREMENER L, MERHCIT I B O 2L E K 5 faf 23 Y
OB L LTHERT . MR L EMIE, D OREICK LT I Bk 22 i & e
BT D7D DMRHREEZ AT L L L bIC, BROLOA VT L, REMAR 2R
TW5.

AT U ATRMEIRIC Tt 2 5 AT o L ABOHER T, FFROGIbT 212%t LTk
SRR L TN D,

PRSP IEBTBERE & R RE A FFOEAR ) YL X 74— LT, AT L
WARDOMIZALE L, LNG OKULZIHIT 2 & & big, RE, TAE, BEE K
IRET 5.

FE
t=1, 500mm

I e

sgmee /N

t=1, 000m

BB
Bk R)

t=4,500mm |

H-1.1 —fMGELNG#H T2 o0 OBEHNE




LNG H#t F % > 7 OHIRNIZHL KRN LGRS 2 &, £ OKESLCIHEEIC X -
TA T LRI ORI SR 2 E 7772, MR & BRI IR P Re
EBITIEAKREREN TR XD 10, LNG Hi R4 o 7 ([ZER S o i iE e 2 &-1. 1
W2,

LNG #F % > 7 #RiE, b-b 2 HsgEEIo K 5 22 Bt 5 o ds e R 23 IE 5
(/N SO THRVHIERENIZ X L CH BRI R TN ERMERE A 2 FEBLT 5720, MKIC
13& D Stk OHPH TR OBHALLOCEFIN O PRSI TEB Y, MIKDR->
EIEREZ A NTIEHT 5 Z & vlg L 7o T 5.

x-1.1 FADEEERE 10

P RE HREMERE © A
i RE WA (KAL) (2xh U CRRRIREE LI T
HEFBIR IS, AR OREEVERE DS B B CHERFTX 5
17K PERE BWRIROOENDR <, WAKDFR LR IREE
B L REPERE - 4
M Ar L RE BT E (BAKNAL) 126 U CRRBREELL T
HEF IR, IR OREEMERED @ MEHEEE CHERFCTX 5
1EFKMERE WRZOVENDN 72 <, TWAKDFR E 2RV IREE
HuERRFIERE
B L~UL 1 HIEE) LU 2 HiEE)
MHAEVERE 1 : f4 MAEVERE 2 : BEREMER?
it far A RERBREELL T > HEZOMIME T2
17K PERE HWRERZIERAROOENAZ | > HERZIE I F KD~
<, JEDH R AKDOHRIEN~D DIZENDHDHERED - TH,
IESw Y R AN N i LNG D% EVCRIEE I 5 IR




1.2.2. LNG#TF4%2 >0 DEHR

LNG #i 4 > 7 OYIRICITR G 2 LT LNG OWMBBHRER L TR0, K

B L OMERICEE Lt —7 ¢ v 73 (RKZ m—X RfEER) T hr—
ENRNRG, HIKIZ-30°C~0COFPFH TLEEMICHERF SN TV D, 7238, MK B
(GL-156m £ E T) IARUROHBETEHEHHNRO ONDH B OO, FEHTIEE
BXFRD e,

F o, HUTKIZER F5ICHLE S iz Pkfem g TR S, BUESLHICERE S
NIRRT (2BHEK, 1EBEE) ICTHERIEFKEN TS, 2ok, HTFK
AT FHEICALE L TR, IS L OMRICII M T RESEH LT, L
DU D, & RT3 2 MEHOEREREZZEL T, BkARr 7 2 5D
RpE 2 A0E L, BERE S L CERES KOIRICKEZEH ST 5.

NT11 1
s i | NG Emes-s
15.0 2
10,0 |
5.0 ;

0.0 !
-162.0 £ i
o I
2 !
< I 34.712m
& i
: (B 1R)
i
|
|
z
A7 Step-
L nnnnnnnnnn ‘StenTime = 1.000
ZATEL NT11L

EREEE: #E RREEE RERE

X-1.2 LNGH#TE2 O REDEREST (FHRISZ2D)

. R=36212 _,_1000 , 1750  _
2500 ‘ ‘ ‘
ApLavsy—4 A
| EE
SL )%
Ry b /
s |
R #Lavyy—t =99
o~
/ 17-#4% |38
o w1300
=3 IATFERIAN 0
AP—24.238 12 — 4[’/
CERTE) E AP—24.383
g 5
wAP—25.138 Q| gl
GRfirm 2| T
3 . AP—25.567
) T\ =
AP—26.168 - e }
/ / st Wexn CFE>
YARERE t-700 wifEA L t=30
J4LE—B t=96 | 950 1100
BByt (=4 2060 2995
i C A S~
L / AP—27.930
Jidip i d
-~ —> HkAm

X-1.3 LNGH#T4% o DOt TKEEKEE (FRIS220)



1.3.

LNG #1TF% > 7 BIAORIEET LTRERREICHD SRR IERE

1. SRERAICZE SANEETIZHRD SR iMTiREHEE

1.3.2.

a7 U — FOREISINT X DMK NI oW T, FEIZ RC Z2o=ENRER
R DB LIOLE « 7 U =TT OFERINOED LN TN D,

RC 2y LiREME L B2 1256, )08 — & CIREMTE NS 5 6 Bk

2B DEM OFEFRIMERIE, FIROBAITHE LT 50%~60%TH v, LNG i
T&/y%mwﬂu BWTCREMEIMER T 256 OMIMEIL 2/3 &3 2 DA EY)
Thd LT onTVND

Bz, kmﬁﬂﬁ@wﬁmﬁ@ﬁ%wa«mﬁﬁE®A#¢%¢éFA 3,
FEAFHIMESR S 4T~66%, T/KED 5V LA EIC K 28T/, ﬁtﬂ—&%W\i%m
JEIZ X A0 NE— A B XONRERENEHT 255 I3 RAFRITER D 33~
38WITRD T ENRENT NS,

F7o, FAWMELZIEEMEOZTRAHM 10 FMIchiz2 27 U =7 z17-
TR, a7V —bo7 V=712 kb, REHIEEBIRIC D > TR fr i 2 K
T HEBHIFFCE, IREMERAR 2 £ L0 10 FRERORIMIZZ NI 64~
73%, 50~62%ITAEMIND Z EPRENTND

CHNOEBMRNTRS L O ) =TT ORE RS, WIMEZ1/2E]y &35 2 & 23 AlHE
THY, +RIZZEMOETHD EfFmOT b, REMEMEMT 25612132
ORIMEZ WD Z EN—EIZ/R > TN D,

MR MERERE (C R D RATREHER

LNG #i T % > 7 RO F1E, ftsk, TLNG T XErHfset) (A ARYHS
1979.3) VEIZHEILL TYTOIL TR Y, F-1.2 1R S5 FiE 1 YEBRIREMENT )
\Z L DFFRIGERRGHE Ll o Tz, 2Dk, 19954 6 AIZ, AN LNG HiF
B YR e e U BRIIRBE R G HAIC X 2 A EMLOFZE WE1ITV, Tk 2 [HEE)
FAMBIZRAT ) 12 K D BRACRIERR G HEZIREL TV 5.

EAROHIZE A HIZHE ST, tPAFEz XL —HAZES [LNGHIT# 7
wREtGE b N ERE S (ZER WA ) 1, 19994F 11 Hicar 27V —o 47
7 U —98 - [LNG H1F & o 7 SR OREIEVERBRA TR S 102 5T L 7.

fREECIX, BHTOMAEZKM LIzt 2 RS 0T 572 DRFUREERFHEZTE A L
TeMEREIRAE T AT LA RA L, MEMEMEOS Y FICARELF-E 5729, BEfF
DT FIEE D, TR DT T WAL 70 5 T4 O TR L CE DO FiE
2l LR EERE L WD, 20T, MERIZRI 2k L ¥ 2 7 HiKD
FAEAEAR LNG HUF & o 7 AR OFFOETENERE & % OHGIRRICE TEHB AT



BITEICEEET 5 Z LN TX 5 FEE LT, FiE 4 T BIEERIAENT) DM %
BEL WD, 12120, 9477V —0FFFE, v Ea—2—0rHEENR

FRAT F1E O Y

FEAA 4 TR <

WCEBTEDHDEAESITHENTND.

%£-1.2 BHEEDHE 0

DT Fik 2 A T RN RE A Rk

FiE1 Fik 2 Tk 3 Tk 4
FIEDOLAH HEENHY HEENHY LUl LUl
MIEARHT SEAMhAR AR FERIARAT FERIARAT
BEN T 1 Bef e
HiE D & R IR JE IR TR I

FEFTIZ VD AE

MRS A AT TR U 72 [R50 AR

AT RARIZ AT

A - BIRORAT DX 5y

INEBNLIE (FAIARRT)

REZIRIS A ARAT  (BhAOAEAT)

g & AEI Al & EE D
BB - AR O K5y _ B
1 AT — G GEBARAT)
FERRIE FERE
. AR HiiIT A - PR E 7L IR AFET JRIE AT
if:
Hr £V ESNAVE TNV
£
:{‘ FERRIE TR
J
T N 7 AV VBIEK | APEH ORI &
MR FAE S ff~ 7 nE7 L R L TR
IREEIST) 1/2E1 IR O, ke | OO, SRR
R 2 W15 R AR EESIE
RO iR
ftr S % .
Wi /) = - O 7, KRG %
ERISEE L
Wit /) ELBRHRER
HROOT 2,
Vit 77 Vit 77 SN
ko A H ) W TH /)
FIRIG I ERRA | PRFVIRARA LN
(S A7)

7o, LS P, MEERIEMAT 2 T LNG #R & 2 7 SR O R R AT

F D AR 2 5K D,

ZihE LoyL 2 MERFOMIEMERERAICH W AL 21T > T

WL HO0, HEDCIEMZ XD ERIEWE TERE L, Sl 2K FEd 5 LNG i

T2 7 IR OB GRE EERCALTE B

HEERAET S L9 2 FRIEZIE R o TuZen.

2T, 2012 A 11 AR H DI3AE/IMERISEER I KX 5 LNG H#iF & > 7 SRR O it
TSRS DREAA 3 L O 8 oeh BHERE FEM gt (COM3) O3 HtEat 217 9 &

10



&I, MEAMERIERR OFE RS T 4 128 2RO OT A L HRFVEZ % E
L, BERO LNG M F ¥ > 7 Zxtge & UTombEMN R M 21T > T\ 5.

ZIT, FE4AICRTIRAERR LRAEIZOWTIE, fifT & RO NS =2
Y7V — bOFEEMOTHORRNICEELZREEA L L, TORMEZ=a 27—
N DEMEIREEIZET 2 OF e poqpe @ 2 &5 2 & TROKIMN ) IR D 2L % [ELHERE
MTEBLZEEWALMILTND. 2L, Z 2 TR mIME AW 5%
e FHMlEER SN TR BT, M AW LIS WIRREH OOl ) FREE A3 F E
ncTnb

7%, BUKTITTE 4 ICL o TREFS NI O LNG #iF & > 7 1 3I(FEE T,
EARNIT L~ 2 MBS 2 BT L ~UL 1 BB (542 35 & RS
Wrial /)3 L OWrE 2 & > TIThiv T 5.

11



1.4 KFROHEL

1.4.1.

RETRREEY

WFEDxG &3 2 DOITHILE D F s dqx 425 12.56 77 kL @ LNG Hi R % >~
7 (9, 125) Thsn. MEMELR-1.4 8T, FIRTERE S 4.5m, H7E ([
BE) E X 1.5m T, W& 69.0m, Hmififm S 33.56m Thob.

KD LNG HIF & o7 L U, R & MRS GG 23 H L TR e
—T 4 TR ERIER EFICEE LT\ 92 b llER e —T o > i % e
tEE (LT, #EELFRT5) WICEE L TS D2 L, IREOUENICEE LS5
JERICITEEa 7 ) — hEBRALTWD 102 L, Iy —r oA & Lk
EECIE D L AR TR HE AR L TV D 102 LENRHTH 5.

PRAECEE, WRE (EOKND), BERE (BKAD), LoL 1 HIERENIC R 2 RS
RICESWTHRELTEBY, HWIEOEEFHIIAFST 2R, S/NHHRE L 2o
TWB. 28, RO - [ & J7 8651213 SD490 4%, ¥ AJMrish#k 1213 SD345
EERALTWD.

1000 EHIE #72424 1pg0

50 EERNE(VENTABR) ¢63424 150p
138 HMNE (71> AEAEE) 469148 138
HWRE (> 7L AEFFE) 63000
q
——— ER (AR
= ‘ == e
= S
|
/// T
g |
| L
E AP +13.800 | AP +13000
< i ; 900 _
‘ |
‘le v T - INRR (RERED ‘ |
wAP + 4600 b o0l | 24P+ 4600
2P + 3000 éﬁf / * 1]
z , ! . |
IE o .
L C_T % | EEIR
] /i
amesm /) e t=1500 ‘ H |
( o —_— |
47U AR GAREE) W '
, | |
A .,\(d ‘ EF 1=4500
k .\ I
1 | Fl
I T, 8 ‘ ....................................
A _' ’
9iP 04238 BETH) NN / ] / | v
o Ege—sE ‘ @:L ': E\b
- BLavsy -t ) ! AP 27930
o=t b -
| __EARGE -
N\ 71JL9—E
AR 1=1000 ‘ =t
L L
Vi—gdzn/ || g P 36000 AP —64.400~-66.700
U e

X-1.4 BEHMEX

12



1.4.2. KFEDHER

AT ORER & NEOHING 7 0 —%2R-1.5\TRxT. £/, RHFFEOE 2 HLED
RO 2 R T ELLTFO X 27 5.

Brax D LNG HiF & > 7 IKIZOWTE, @, Lo 2 Mg x L CH i
Sk LOWrE e /1 2 W2 D BENSH WL TR Y, EREE L TLUL 2 HiEH)
PIRET—A Lo TERHPIRE > TEY, SHEOHIBRIAEZINTHNDE LD
EEZEZTWND., £ THRO LNG #i F % 7 O L)L 2 HEEE)NZ 64 2 AL IS
THRA (£-1.2 DFE4IZ5%Y) AL, ﬁ%i@éﬁm%ﬁﬁ.—ﬁf,;
DEIICEHFFEND LNG T X7 1%, ERIERT 2REMREIC XL VEHSK
ELELAEND DI, WEMBEOFMZIERE Y b ICE T 2LERH D.

Z ZTARMIZEIC W TUE, BRI E AT 23 T REZ:. DuCOM-COM3 %
N, KFISOGE D BREARD B R IR & SMERE & IRZ 23l L, 100 4EREIC
1= %28 D — TR 24TV, LNG OBEWC > TRAETHREISHICE - T
Witk ORIPED & ORREAR T L, {EEIS IR & ORERET 200 % RitT 5
&L BT, WEROMIMER T DB 2SO 4 RFET 5.

£72, LNG N X o 7 IZO0FTAREZEHN T 5 kL LT, ::fisﬁﬁ%%
FEREARIT 23 P HE72 COM3 29 5. 2 2 C, EEHFCEIMANT 2 A\ 735
DA AWk 2 BEFEEE & BRFYEIZ OV T ,ﬁ%fiﬁ@ﬁ&ﬁﬁmﬁ_
EOMELIVRINTELT, OTAHREFEN RSN T RN &b, a7
U — MEMERFEFEEZBEBIZAERTICRE LI BT, Loyl 2 RN 2 O
TR A G L CEF RO A E L AR AR D

ZDOXIICERE SN LNG # R4 > 7 WIRIT A CTh 5 im, BEE kRS
BRIk U CHMEtER 2 BB B D AletE b SE TE V. 22T, L L 2L kD

MENEZFEMISET, 2027 ) — FOEMBIENEL D E T v a4 —S— i
ZEM L, BEREOZLEZFHME L7z, 2 Xk v ERFHERICB VT, BEM Lo

HEEDMER L7256 OMEREZ EEIICHEET 2 Z LN AlgE L 720, LNG Hi T 4 >
7 DFFORMENHERTE D,

BRI HORFTFE G S, LNG HUF & > 7 Ok & ik o A b OHER % &
L, 2NETICHE L CE BN EZRY LD 5.

13



Yarard /AL

F1E P

HREOE R, HE, R
W% s OB, EH
BEAE DB A
WEFEDRERL & R

<~

vV V V V

28 RIS K DEMPEET

» DuCOM-COMS3 DfFATHEEL
> 100 £ £ TORHIZEEEE
> WARORIER T

<{:]7 WA AT 5 0D S gk

F3E OTAIZK DHMEEERE

>  COMS3 D&
> MR & IRAME O E
> M ETEREREARS R
> PR PEREREAm RS R

H4E EEEM~OmEH

> B EOEBIAEERIR
> PARNBAZE L= A P OHER
> MEMERERA 2 E 2 o ToAE L

®-1.5 ABEDEREABTOMEE T O—

14



K- HEEEEREHT (DuCOM-COM3) [Z&LBLNG #4245

SRR D RITEIE T DA% EA

KRBT, [LEOME - BA, #EGEnk X O#EA - BESMFO L & T, KGO
BA~ & R HWIHLH IR K SRR & IRB A2 — R FECHHMET 2 720 O~ L F 2 7
— AR AT 2 T, 100 4ERC 72 B 288 0 — e 723l 2 7k A 5 .

F72, LNG OBETRAET HIREISHIC X > T, KDL & ORREEF T 5 H
ZRETL, TEROMIMAR T D& 2 DY MEZMFET 5.

AT, DuCOM-COMS3 DM HIERLET MZHOW TR T2 (2.1 #).

WNT, FIEHEFERE, LNG BA%, REIMEREOIRE, WA, JEMETREORREEL
EARDBERIUT O W THEET 5. £ 72, HIRICIE A3 5 iR /) O b ) & gk
DOWFERIEDAR FIZ DWW TEET 5 (2.2 ).

%12 DuCOM-COMS (Z & 2 Wi E DRk A2 B £ &2 (2.3 81).

15



16



2.1.

2.1.

A

Disjl:)inin:e,r Pressure
Skeleton
Force £,

i Digjoining

FRITIEER

1. BAE

EAT T RIE, BEx b TICE

JHar ) — MEEYOEMER B 25—

FETIMT A2 2 BIICER SN TWA Y ILT Ay — U AN AT N %5

M3 5. B-2. 1 2T 4~

BAREIZIL, AFOBG-2

Z O AT LTI, D LoULOBEN S
S L~V OB E ThEA 72 A7 — L OB G KRR 238 U GRS TV 5
7SR E T - K BB O = F O BT T L A HgE X E T

Bl fl gl o 27 & (DuCOM) &, DUEINIE AR MR DI~ E B D
TG 2 W) 2 AT 9 2 AP EHERUE ARG IS E T~ 2 7 & (COM3) W 5IES) S 4,
BRIGEMELA LB O EREBH 5200 THS.

Shrinkage Driving Force Model
dVid(Laog r)

Logr :
Capillary Tension
Atmospheric pressure
Il Surface
éq V tension
L .
Megative 2= - Megative
pressure G ' Py Pressure

! 10nm

pressure [,
4 3

Cement particle

24 CgSi:i:i 21,5 10%m
e Interdaver waler
' I 10 '%m

stucture of  TiMe-dependent mechanics
hardened cement — ( Splidification model)

Capillary water
104-104m

Hydration

E Eﬁ

lee)

ﬂ

(Taigg)

Gel wate \
3% 10%m <r J_|-—0'

.||:|

Gel water {<m;JIl

Concr

; Cement
| Paste Aggregate |

ete

1
Interlayer MICI“O
pore (2.8A) Capillary pore

Drying Shrinkage
Crack Test

-Fracture Mode!

| | ; — T >
10-1° 10’“ \ 1{1‘a l 10‘7 1D‘° 10" 10“‘ J 101 l 100 107 {m)
D
i i Crack  Local stress of concrete
Micro crack —#ﬂ ) e \\
o 2% |
! 5 =

| Localstress UM Flux] e N )ioad

:. of concrete “I E> X I { ; i \ 1 Rebari "

| Micro-Crack " :,‘ lf } !

-
i
i
Cement Aggregate
paste

]

Micro-Fracture Model

Element Size

| Smeared Crack Model

Mean stress of concrete: o

X-2. 1

17

RIVFRT— VRGBT OBE 19




2.1.2.

BETIL

AT E T TR Z B RE L7Z 180° T /v & L, T /UALO®FFHIL, A FEHHEIC
10D F2EE (D:R{RAME) & L, $RIEH TR D B8RS KT IV o#uE & L C,
AP+13.9m~A.P.-140.0m Z %% L3 5%.

LNG #t & > 713, BESGHSCHESME, ©—T7 « o VRAE0LE, BRT A7
MEICHEE LT, RCO/MEGH =27 ) — MBI OMBOIEREHEELZELZY Y v R
BRICTET /MET 5. AR EOZERIEIL 160mm FREE L, 7 A7 hH3H
JT1LI0LLFERD L IITHELTND.

PR IS = VERICL VET UL, AT L URoREBMITET ML
20,

FTo, M LHEEY L OFFUCITEGERZRE LT, MEYIZHIAE )G Ok
BRI DAL 9, N2 R0 CREEAZIET 5. B EROMEIX
H-2.2 0@ ThH Y, MRIK L MRS RIS K OB AR AWREIPEZ 0 & L
TN EARE L7V, JRR & aBER O — BRI, B2l ﬁhﬁﬁﬁ_ﬂLT@%
=#5% 0.3 & L, HAMF—EUEIL, WO DEEE T L CEniE Bl & 72 5
EEDORMIE D X OICERET S, 22T, WAL EBEMOBEERKIT= Y —
NAEOBEBREZ R ET RETHH OO, BRI TIIMAR RN &, /&
DICRRE Lo N LEEMOFHIIC 725 2 L %42 E 2 C, &RBRTOEhEEERRK &
LCHELE.

728, HEED R OMBEIIACTERE L RE LTS,

HR R — s ) PRI — S EE ] (— ) HIR A — HLRE ] (8 A o — e (& T)
AR ARSI LUK TR TARE
o | B ik B ik mEe X L.
31 E 31354 31368 31354
= (380 (F8) (FE) (i)
¥
A S| e O | mmm e %
| ) (1) (1) (1)
| JEBE Hhig T Tﬂ!ﬁ BR1A EEE T RS SR{K R T SRk :
A ]§ ™ l' Iu I'i
K
| — | BEe K siaes K K,
T Y Y Yo
7 i S AN F—
I p=0.3 N
1N
H-2.2 EAEROME <
B
—dIN_ i
18 SN
Bk | e




a7 U— bOWMEE, AL MEIREGSRMEEZ ATME S L, BRERM - R
SR UT, Bia R 2800 2 Lt A 2 R OKFISD B fEHTHIZ FEAT S 407258
FERHIMER B AL D . PG & Ol I 2R & IR E L et o a7 U —
NELE B L OB ER A R-2. 1 1T T, 7B, FHHM IR OBIZERE ORIFEL
IZER LR 9 MESNTWED, T2 T —EE LTS, £, 40
WGl LIZRiEa > 7 ) — NMIHBEMICAIRA B E W52, @FEoay
27V — MR U CAIZRR TN S < e o T .

7235, HREIZOUNT I, EEERE S (R HE A R HI L TV 2 TFRIE G B E 2,
KIS K D LIEFE OBIRNIFIZE L, B8ORS OBE), FRKAFEILEE L
e kT, a2 U — b OREERMEIIE R ORGHEZ AT 5.

SR OWNEX, BREHEEZ AT 5.

O HEERT, R-2.2 7T TH D, MBEOEBIIEEL G/IGo—y B
G55 v—y BRO BRI A ATMEE T 5. £72, #0iK LZH)E Masing HI
WZRbobob L.

UL E 2 1T E 7 VA2 R-2. 31277 . Fi2, ~ATF AT — LB fRAT I
Z, VERTFIE L DA ARIC, HEMRITHER (COM3) 8~ X2 (BLF, 1€
RFIEEHT) bEDLETEMT D, BETr —R &7 /LOBZEER-2. 3 1TRT.

CL

Ds2

3
Ds3

I =Es

() =T VRIK (b) HiRfA (o) Jaiz s

X-2.3 fHfrETIL

19

Bs3

Ds4



£-2.1 avy)—rE&E
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4.60 9.30 Bs Bt 15 17.6 10.5 200 71.8 0.390
W.L.=3.00 1.60 0.390
Fs g+ 13 18.6 9.1 170 54.9
-5.420 8.42 0.485
-6.740 1.32 Fc R+ 8 15.7 12.3 155 38.5 0.488
-9.50 2.83 Asl g+ 17 18.6 11.9 249 117.7 0.467
-13.67 4.10 Ds1 g+ 51 18.6 35.7 305 176.6 0.449
-15.56 1.89 Dcl HhEPE 28 15.2 92.1 285 126.0 0.456
-19.02 3.46 Ds2 WE+ | 104 17.6 72.8 359 231.5 0.475
-20.54 1.52 Dc2 HhvE+ 53 15.2 92.1 285 126.0 0.456
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Ds4 | WEL | 201 18.1 140.7 449 372.3 0.462
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