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A Study on the Long-Term Stability of Expressway Embankments Using Slaking Materials
ABSTRACT : Most of the expressways in the Tohoku region pass through the green tuff zone, which is
composed mainly of Neogene sedimentary soft rocks such as mudstone and tuff. Of the total expressway
embankments in the Tohoku region (16,934 slopes), slaking embankments account for 20.4%. As of 2021,
about 50% of the 1,487 km of expressways in the Tohoku region have been in service for more than 30
years, and the deterioration of slaking embankments will become a problem in the maintenance of
expressways. One way to extend the service life of slaking embankments is to implement
countermeasures to prevent the occurrence of slaking during the embankment construction phase
(hereinafter referred to as the construction phase), and another way is to perform preventive
maintenance during the post-service maintenance phase (hereinafter referred to as the management
phase) by assessing the soundness of the embankment slope and reinforcing it before it collapses.
However, there is a problem that the conventional slaking rate test cannot evaluate changes in
mechanical properties. In this paper, we propose and establish a maintenance method for slaking
embankments in consideration of deterioration.

First, a sample with a maximum particle size of 9.5 mm was classified into eight classes, and the initial
mass of each category (zero dry and wet history) was aligned to 100 g. A slaking test was conducted for
each category, and then each category was repeated seven times until the sample was reclassified by
sieving. In each classification, the soil particles became finer while retaining the maximum particle size,
and the number of soil particles smaller than 0.075 mm continued to increase as the dry and wet history
progressed. There was a difference in the ease of fining for each particle size.

Next, triaxial tests (CD) were conducted using samples with different dry and wet histories to clarify
the process of changes in the particle size distribution and soil properties of embankment materials due
to slaking. Drying and wetting histories were before slaking (0 cycles of dry and wet history) and after
slaking (3, 5 and 7 cycles of dry and wet history). From the initial condition up to 5 cycles, @a decreased
and c¢q increased. In the process of changing the structure of the specimen from coarse-grained to
fine-grained soil by slaking, @ decreases and cqincreases, and the change in the skeletal structure of the
embankment is considered to affect the change in the mechanical properties of the embankment.In
addition, to clarify the path of change in mechanical properties of the specimen in relation to the water
supply and drainage history, repeated water supply and drainage bender element tests were conducted
using the same specimen. The specimens were placed in the test machine and consolidated at 50 kPa.
The test specimens were placed in the test machine and compacted at 50 kPa. The specimens were then
supplied with water (suction 0 kPa) at the positional hydraulic head difference, and then drained with
suction 5 kPa and 50 kPa in stages. In the first cycle, Vs dropped to 123.5 m/s and recovered to 150.2 m/s
by draining but did not return to the initial condition (Vs = 172.2 m/s). The change in Vs after drainage
shows that Vs decreases with the progression of the water supply and drainage history. On the other
hand, the trend of monotonous decrease was not observed after the water supply. In this experiment, the
difference in Vs due to the change in saturation was not due to the direct effect of the presence of water,

but rather due to the change in the skeletal structure caused by the process of water supply and



drainage.

Finally, in-situ evaluation of the existing embankment was attempted using surface wave survey. Three
lines are in the longitudinal direction (J1: upper, J2: middle, J3: lower) and one line in the transverse
direction (O1). The peaks of each measurement line are 150-159 m/s for J1 and 140-149 m/s for J2 and J3.
The Vi slows down as it moves toward the edge of the embankment. The V; distribution of the
embankment in a plane shows that Vs is slower on the old stream topography and that V;is related to
the old stream topography. The location of the water seepage in the embankment slope and the range of
slow Vs generally coincides, suggesting that the more water is retained in the embankment, the slower
the Vi The range of Vi for the actual embankment was consistent with the results of the cyclic bender
element test. The results of the cyclic bender element test showed that the range of V5 of the actual
embankment was consistent with the results of the cyclic bender element test, suggesting that the cyclic
bender element test can be used to estimate the change of V;in the future.

From these results, it can be said that when the embankment is changed to fine-grained soil by slaking,
the skeletal structure of the embankment is changed, the water holding capacity is increased, the
mechanical properties are changed, and the degree of saturation is increased due to the increase in the
water content ratio, and the deterrent capacity is decreased. In this paper, we propose the following two
methods to evaluate the degradation of embankments in the construction phase and to evaluate the
health of embankments in the management phase.

(1) Construction phase (evaluation of embankment deterioration)

In the process of slaking, the embankment soil changes from coarse-grained soil to fine-grained soil,
resulting in changes in the skeletal structure of the embankment soil, increased water retention and
decreased S-wave velocity, which reduces the stability of the embankment soil. The mechanical
properties start to show characteristics of fine-grained soil when the percentage of fine-grained material
in the embankment exceeds 70%. The degradation of the embankment is evaluated by repeated bender
element tests. The following is a summary of the evaluation approach. In the case of a high-water table
(e.g., after rainfall), the S-wave velocity decreases to the velocity after water supply. In normal conditions
(low groundwater level), the S-wave velocity gradually decreases to the minimum value.

(2) Management phase (evaluation of existing embankment ground)

In the conventional method, borehole investigations are carried out after the embankment collapses.
The proposed method is a "preventive maintenance" method that evaluates the integrity of
embankments based on the S-wave velocity obtained from periodic surveys (surface wave exploration)
and prevents embankment collapse by reinforcing the embankment before it occurs. Compared with the
conventional method, the proposed method can reduce the scale, period, cost, and environmental load
from the survey to the completion of construction. By using the proposed method, effective reinforcement
work can be carried out at an appropriate time to efficiently manage slaking expressway embankments,

ensure the long-term stability of embankments, and improve the efficiency of expressway projects.
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Kiyota 5 D I, ¢ L7 FERIC L 0 2010 42 9 HICHREE L7= 3% A ¥ > ( Hattian Bala )
DRIRZ EDOFABHEE OV TIRE L T D, TE 2-1 1%, #HERAENOGEA %D 2005 4 10
H 27 BIZHE S 7z QUICKBIRD OfF 2B TH 5. X 2-1 12, B KERBLIIE 2 (TRMM)
D HAF BT Karli NEKIEOREKEDFERE £ L 5. TV Y IHNTHAKIZZ2 -72 2007 4F 4 A
PBEDE v A= =X 2, 51 HH 720K 50~60mm DB 2R K& FLék ST
72. 2010 F 2 AEHOBERIZD R0, F L5308 L72 2010 422 A 9 BIZIEAI 30mm/ H OFEK
BEEBHIL WD, BUMGRA LR T — 2 B IE L2 KB OREKRT — 2005, 2005 4 10
A8 HIIAFAZ L TRAELCHE Mw 7.6 ) ICXVBRISNTZRRF LML, AL—F 7
PEATHHT Y THT, RRFX LD EAKBBIR LT Z LICR 0 RIRF LBELIZE L

TW5.

e Landslide source

Tang Lake
. A : (Small Jake) [
. e ¥ {c“ ¥ < Ay
T ooy : Approx. location of
Fysind AP Quickbird (Date 27/10/2005

BH 2-1 Quick Bird view (27 Oct. 2005) of Hattian Bala landslide dam
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Precipitation record by TRMM (mm/day)

0

8th Oct 2005 9th Feb. 2010
Kashimir E.Q. Breach of landslide dam

2-1  Precipitation record by TRMM between Oct. 2005 and Feb. 2010 D

Fio, TR X ANLEILZIEEZ AN T—mHEAWRREZIT>TnD. 2-2 1%, I8
G (MS1, MS2) ORAMEMORZIETHD. MS1 D6, 7V —7 " VWi ZENIEE
T3 BIC—E O Uiz, —J7, R MS2 ofafniafe (7 UV —7fwiEiAE 3 FEH)
TIE, CAMWEMORBEMA R 67z, M 2-3 1%, MS1, MS2 OFRBRAIZONT, &
BTG R EREAMIENL s B R OEICHE D A L (bbb, TEIMOZEN d) &
ORERZRLIEbDTHLS. fafiealigy (MS2) (X, #alisr (MS1) &Ik &E <82
DIC-BEAREZ R LTS, R E — 7 IS — 7 OIS IHIGIT R 6407, R-s
FRITREALEAR (MS1) & A U IRRBICHFICIR L T\ 5. ZOfER, ERRBIEER (£
TAIARTEZETG) DRAET DI L-v (TR BRRBIG £ 213G T)) 1, D250
BT CIER e o T D, i LB (MS2) 1E, HAMTOM & IHEZE8) & o~ Lt 7-.
ZD XD RISHENEEE, AL —F 7T ut AL o THRENROIREMEINREL, ©
DOFBAFFBICBE RN E LD Z 2R LTS, ZHHDRRN D, KRS AR ET
L TWEEE DA L —F% 0 7 2 T REZEIT DR P T2 ERE L TN D.
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30 pp— ™
s 3
g B ¥~ MS2: Saturated after 3hr 1
é 5 |. |Creep T 0.5| / : Saturated after 3hrs creep i
(72} X '
e I Z :‘
§ 20F ! -
E L . 1
1) : (
2 15l | ;' )
a :
o 5 1
§ 1.0 : .
= P 3 .
n 05+ Saturation point for MS2 | x
0.0 [ \s(' MS1: Dry condition ]
), e b R S e =
.) i 1 1 1 " 1 1 i 1 i L "
0 1 2 3 4 5 6 7

Creep time (hour)

2-2  Effect of slaking on creep deformation on mudstone with R=0.5 1

1.5 T T T T T v T . T T -8

L | Mudstone

MS2: Saturated condition

1O MS1, R-s (9,=42.9 deg) 14

Stress ratio , R
(wwr) p ‘uorssardwiod [BO1ISA

Shear displacement, s (mm)

2-3  Effect of slaking on stress-deformation characteristics on mudstone !

Chigira® 51X, 1999 FIZHETE THA L2 H%H (Tsaoling) HIF~= 0 (Z-DW\ T, 1862 725 1999
FETO6EOMTRVIFEIE ZD MY H—L o EBERCHEDBREZ R, 30 D3
ERKOHEE Z1T> T D, X 2-4 1%, 1999 4EIZHE CTHAE L7z Tsaoling Hid~~ 0 O[] T
& 2. Tsaoling 19V (%, FEJRHLD S FEVEITK 30km B2 ILFRTICALE T 5. 1862 005
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SENCDIz-> THELTRY, 9V X 1862 4F 6 A 6 H DERANDIAEN Sl > THRIEIZHE
LTW%. #£ 2-11{Z, Tsaoling #H19XV OFEL A F L 7. 1862 FEOHIT XY OFER LD -
TUVRW, 1941 & 1999 EDOMIS Y I THIEDHIK T, 1942 £ & 1979 FEOHT D (XA
JRKCThH o7z, ZHOHOHTXDIZL T, T~ X LARESTZ. Tsaoling Mg~ (Il
VTR D 2SETEEAL L7 & O TR <, RIS - THT LR keI LS LT
gD LR ARTUND . 1999 FEITTEA L7 HET <D O3~V i, HiE & a2 < 2RI
ATERE, BHVTEEBOPIZEREN TS E LTS, K 2-5 1, Ba & ESEDT T,
HAFALV—=F I Lo THELST V. T~ BEAEDOERFRDO—>L LT, 1941 £ &
1942 [ZFAE Lo =0 T EEMOBERIY R, BEEOAL—F 7B IE L7z L& 2 T

5.

L~ Scarp

... Thin landslide
- *-deposits

- Thick landslide

4 Deposits

2-4  Location and outline of the 1999 Tsaoling landslide ?
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# 2-1 Landslide history of the Tsaoling landslide area ?

Time Trigger Note

6 June 1862 Unknown

17 December 1941 Earthquake Slide volume:

100-150 million ms3.
Landslide dam (70-200 m high). Several scarps formed,
of which the highest was at an elevation of 950 m.
10 August 1942 Rain Slide volume:
150—200 million ms3.
Landslide dam (170 m high) formed, which failed on
18 May
1951, killing 147 people.

15 August 1979 Rain Slide volume: 5 million m3. Landslide dam formed, which
was overtopped on 24 August. Scarp of Chinshui shale was
made, and the rock mass downslope of this scarp slid.

21 September 1999 Chi-Chi Slide volume: 125 million m3. Landslide dam was made.

earthquake

Ms B&E

Ms B&

Ss ®=

.uﬂwi:—?h’ﬂé‘hiﬁmmhhhum

2-5 Slaking of the shale intercalated with sandstone of the middle member

of the Cholan Formation. 2=~ 1% 2)

MV EEBICAIE T 5T X F 2Ly « FAE, HRT4FRHICKREWI LA - a7 -my
774 LLT, 1986 4 12 AW D X LARBOEEZ D BMGE L, 348 » A Ol THIMZ# T
1990 4 8 HIZ58p L7z (Karaman® ).
DKM FF- LD D L 1992 45 AITIZZ LA NI > T FAE URBEE 72 -72. ™ 2-7

IZ, 19924E4 A1 B 5 199746 A 4 H £ TOW FIEDORER T, AEIVY 135 2.75m O IEH

X 261X, THFa/Lr « FLAOEETHD. IrKih
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2-7 Settlement measurements from 1 April 1992 to 4 June 1997 ¥
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F 2-2  Physical properties of three mudstones and typical mudstone in Japan '?

Mudstone A Mudstone B Mudstone C Mudstone in Japan
Range 6.9-32.1
Natural water content (%) 16.8 21.1 22.6
Av. 17
3 Range 2.46-2.87
Soil particle density (g/cm ) 2.70 2.70 2.62
Av. 2.67
Liquid limit (% 30.2 442 52.1 Range 3ol
iquid limit (%) . . . Av. 1
Range 7-32
Plasticity index 11.5 18.1 252
Av. 18
Slaking ratio (% 44 47 82 Range 55.6-100
aking ratio (%) Av. 9
Crushi tio (% 49 " 44 Range 19.5-61.5
ra
rushing ratio (%) Av. 46.0
Optimum water content (%) 17.9 24.0 253
Maximum dry density (g/cm’) 1.73 1.55 1.47

Mudstone A

Next cycle

— CD

Dry mudstone (24hour) Wet mudstone

(24 hour)  Dry mudstone ‘

destruction

Dry mudstone



2-14  Schematic view of test method '?

Cyclel Cycle2

Dry Wet Dry Wet Dry Wet Dry Wet Dry

llII-'\'_:_-IIIIIIIIOIIIIIIII'(_)_-IIIIIII.IIIIIII.IIIIIIIII’
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Measuring Measuring ME’QSW’ ing
(Cvcle 0) (Cyelel) (Cycle2)

2-15 Changes in degree of saturation and timing of measuring '?

2-16 12, Vi A, B, C OHE-RIEY A 7 ViBROFERZ R T. L OJes b Rk D ZEH)
RTINS, 3 ODYekE TIERZRLMBRPG O, MRALRE VA 7 VEOBRNRR D Z LR
Dot 3 OOYeE DML OMEATRILUTZENENEZR Y, MtEL DML Aoy,

—

OFERNG, AL —F LV VTEBNE CRETH AL —F 0 VHEITORMENRR D LHE LTV A.
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2-16  Results of drying-immersion cycle tests '»
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2-17 Results of unconfined compression tests '2!=~ "%
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2-18  Results of triaxial compression tests '?
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221 EMLTEEBERTDAL—FUJHMBORS 1Y

EH DA L —F o FVERPEL ORI 715 & LT, Slake durability index test (ASTM D 4644) 19 <>
Jar Slake Test "3 A< AWV BTN S.

2-22 1%, Slake durability index test DFRERIEDFH TH 5. Z OFRBRIT, I 40~60g DA
F108%, KIZRLIEA Y2 RT A (XAyvat A X 2mm) OFTI10 5MOVA 7 LTz
W &% 2 FEREET. 2 A VA ORI T LRI, KT ANICE - M B oEIG %,

AL =7 A EIE () & LTET.

2-22  The slake durability testing device '¢
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Jar Slake Test I%, fHSMIRRBR CTEADA L —F 0 7 MEF 5. HABRTFIEIL, 50g DR
BEz 6 R LA LI dz S 72412, =R T 30 pMmEIT 5. %o 72 2R R K E 7 I3UKEK
DA-STE—=I—ITREL, BREOE(LEZBERT D, BELEEREND, 2-23 TR T AT
Y —ZHFT 5. Santi (X, 30 oL 24 B OME CEBREIOBLEZBIERT 52 L 2R
FLTWS. Lo L, Mohamad » 1%, 1043, 1577, 3047, 60 pOE{EBIETH L, X
D IEMETH®H 5 & LT 5. Washington State Department of Transportation ' CiX, 4]0 30 43

(THEICBEE L, TORITIMBEZT T4 RMTI & LTS,

2.FLAKES - sample totally reduced to flakes.
original outline of sample not discernible.

SR

3.CHIPS - chips of material fall from the sides of
the sample. Sample may also be fractured.
Original outline of sample is barely
discernible.

S AFa Y

4. FRACTURES — sample fractures throughout,
creating a chunky appearance.

—

5.SLABS —sample parts along a few planar surfaces.

=

6.NO REACTION - no discernible effect.

B 2-23 Jar slake classification proposed ¥
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BAFD m, 1 IntA 7 EIOETE, my dn A 7 VEZEOEETHDH. ZNHDORNG, £
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CD &l (Z@haliR) ICXrS4vsd. UU RBRIZIEES - IEHERSM FToORBR T, B TAESLE %
OB 722 EMEZ T 2B B D, CU BBRIL, LA O IRFR A RGE L+
JEEEDSHEAT L72IRBEC, BIM7ZRKNE A k72 & C— i L OTREEAR T3 A U 72356 D& E M
Ml HERICHW OIS, CD &RBRIE, I DRFMZRGE L, oI ER & HEKBTT
bivokie (REIWZREFRE) OLE®REZFMT 275 —ATHOLNS.

AWFFETIL, IR RICENNRA L —% 0 VTR ORESMN L LT SGEITED
L HEEROZEREZARLT 52 L 2B E L, ZilBrz1T o7, S E O =fhialiRig,
AL —% 7R (FLRERE 0 [B]) &AL —% 7% (FLiRfERE 3 [, 508, 7[8) OFFsE

DALz EEHET 5 7201, EFEPK =ik (CD) % %M L 7<.

(2) FRERBBLOVERLTFNE

ARFZETHW D REHE, 5 3 B CTHEAI O 2 L EE Lo &R CEE O Lo v & (Fi
DR 4-1 ZZ2M) NOERIRLIZI IV MEREITH D, SREL 728G UB 2 i U, I ORI fE
Dmax & 2-475mm & U, FALLTFORIEESARIL, BT TREORIEE A D EFEIIC 2 D K
O RLEEFAE U7z, RIS NS K 22 i /18 < 7= 60°C T 24 PRI L, ZhailBro
WIS (RIRERE 0 Bl) L EE L7z, ZOREHIX LT, 24 R ORKIEEEEE & 24 R
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DO IF Rz FE % 3 [B], 5 [\], 7 [FIFOR URRER S8 7- 4 oK L2 HE L. Z0oFIEIZXK 5-2

R TEBYThHD. 5-112, Yzt ol TREORIE 54 &, SRIHE L 4 FEOFE

DRIESAZRT. MPOFEL, B LZABORN TH 5.

BBEERSTE (%)

—o— Kt i T —e—0[a]

(7
//

—o—3[a] 5[] —o—7[0]

I
40 /e/e/(
({e,

0 BIBIBOHENH

0 i L ALAALA? i i 111;11; " 3 14;;;1;
0.01 0.1 1 10

FIE (mm)

BB OMES T

5-1 BIHEIFRFORESfERE

SAH DR - R R
\
60°C T24R5 KPRz IE
&-300g x 3§
&R EREsE §7;E B 5[l g2 B E
| I |
2485 REIK 2 2485 REIIK 24B%EK 2

245 PR IR 245 PR IR 245 IREL IR

SEEYIRY SEIfEYIRY TEI#EY RS
HE R ER

(&KEE37% |, ZE R REIRR 3R 15%)

5-2 FRREREERTEMOERFIE
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=HhERER H O MEERAOERB LI OE &1, FRFN 50mm BL 100mm THoH. Y
ROl THEKE (w=37% ) IZ&DLED XA EL, ZOREE2E—/L RIZEA
Ui THEDOZERMIBRER Vo ERIT 15 % 722 X923 BIoyl), Ak 7o ~—T%Ex

[Eed, BEkEZER L7z, SR OZKHEBR RS OB KILIEE 51187880 TH L.

(3) =dilakBr ik
ARER T JGS 05242009 2 AHER L7z, {ERLL 7= REafn ok %z, R E e = 50
kPa , 100 kPa , 150 kPa CJE# L7=. HAWNBREOFE A OT HEHEIL 0.1 %/min & L7z, R

B —AD—ExFk 5117

x 51 Z@ERHABROT—X—%

3 BEER — — WA | SRR
#B& No. fElpg s . ERMEEE | &Ki
(kPa) EIE-

(%) (%) w (%)
1 50 13.0% 37.3%
2 100 0 14.4% 37.1%
3 150 15.2% 37.0%
4 50 15.3% 37.1%
5 100 3 14.3% 37.0%
6 15 150 15.5% 35.9%
7 50 14.6% 37.2%
8 100 5 17.6% 37.4%
9 150 15.3% 37.2%
10 50 15.2% 37.2%
11 100 7 15.3% 37.4%
12 150 15.6% 37.9%
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(4) FRERASH L BEE
a) AL—F 7T KD AMIMEDZA

REBRTIIELEMIC L 2 EEBIT D0 b 0 LRIl L, DUT TIRHEERIED 5 OHK &2 (R
T EE RAR L TSHEMEL TWA. K 54~ 5-6 I Ei /17 q L O g ORERZ TR
T BWHED 3 VA 7L TE=IRENDD, TRLIMNIEOT 7 6=15% FTICE—2
FHBL L2V, BE 52 1%, RBREOMREORN T, 3 Y1 7 TIEBIHEICE AW 2 &
CTWDA, THA 7 A TIEZVRICENLDBEVEZ R L TS,

R A 27 L OEEANTAE S MIMEDZEAIZ OV T, FRFIEICBNT, T AL T LI
FIBRINE 2 5RO CTREM L7z, X 5-7 12, FLREEIT & 2 FIHRAPE O Z b2 7~ 3. Mt X e
B LB Z R L TR Y, 0T H0% L~ (6=5,10,15%, ©— 27 MBER) (2805
TSI L JRRE R SEIRRAINE B 2R, T Z2RIREEL 0 B0 & & OKEIRRRIPE E'c0 T
FRLUCIEMELETH D, ZOBBHOKER, fREE 3 Bl & (ICEIBREMEIH O 1.0~
20f5L 720, 2O®RBAT LM AR LT

HZIRJEIE 3 A1 7 Vv H OMEEOE AMIRINVED e b RE < e o728 & LTI, #E O O
FRIZBW TR S e ERFO0nAEGOERE, Whowd A v Z—nm X FRNRER LT
DTHD LB D. REEAAUTIN 2 TR LIRFE TO ERFTRIROZ 2 EIC b EE LA D
WEPERRIB IS, 72, BE 511280\, 1A 7 VvHE 53 A 7 )VHOMRALDOERT
ERDLENTATZNVETEIVART TR FRZNZ ERRTEND. DL EORIZE L T
FEREBCCRABI ORI DN 2 LD, #E O A 722, A% EICHE LWRE S LE R E

HTHD.
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FZITHER LA MR L 1 ER FZIHHR L 5 |k

(HifE 19.5~37.5 mm)

BH 51 &9 5 LEOREKR

=

— G EEREE (=30kPa) —— BREEE (o=100kPa)

— GBERE3E (=150kPa)

b

HEKR (em3)
» o B O

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
BMOFH o O

B 5-3 BKE-MOTAHEHROH FZEEK 3 EOHE)

104



EHE qKPa)

EWHE qKPa)

EWWNE qKPa)

—— 7[E]_50kPa —5[@_50kPa
3@ _50kPa ——0[E 50kPa

600
500
400
300
200
100

0 3 6 9 12 15
WMOTH ¢, (%)

54 ERHNAEqQLEMUVTHe . DFERFR (0=50kPa)

——7[E_100kPa 5[E 100kPa
3@ 100kPa —— 0@ _100kPa

0 3 6 9 2 15
WMUOTH ¢ (%)

55 ERANEqQLEBMUVTHe . DOBEFR (0=100kPa)

—— 7@ _150kPa ——5[E_150kPa
3E_150kPa ——0E_150kPa

0 3 6 9 12 15
MOTH ¢, (%)

56 FIHEHEqELEUVTH e, DEARE (0=150kPa)
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ILUEINGS

“_

b____

VI R 3 [l

LR IE 7 1]

RERR DMK DRI (HIRE : 50kPa)

FEHE 52
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O (g5%)50kPa A (e5%)100kPa © (e5%)150kPa @ (£10%)50kPa
A(£10%)100kPa  # (£10%)150kPa @ (e15%)50kPa A (£15%)100kPa

& (€15%)150kPa @ (Peak)50kPa A (Peak)100kPa ¢ (Peak)150kPa

2.0 o
1.8
e}
16
§1A f
i
Sl 2 3
* .
10 @
<o O
0.8
0.6 ©
0.4
0 1 2 3 4 5 6 7
R @ (E)

X 5-7 FLEEHEEAMRBIMEDEE

b) AL —F Nk BMEEE DL

B 5-8 |C, WIRJEIE & & — L OIS I OBRE £ & iz, T — /DI ICHET 2 @i,
HZIBJERE CZE LT D, XM 5-9 12, WREHROMIE 3 LI 2> b NEREEEA ¢q X5 T) e
R LI A E L D7, HIHREEND 5 1 7 MSh T TiE, NERBEEA MR T L, ks
IR LTz, Zhug, Bk 23 kifk L, MR N Eld 2R~ BT Lz B
oD, BRLHEWERE 5 VA 7 N—>T7 A7 )0) TiE, BEEEOEMITNEL, Z0
BEREIC 0 AR AWIREE I B A RIS R IeoTc b S22 5. ek, 547 e 74
A I NVTHBENNORIK T LIz, ZOFRKRE LT, OFTHFEL 0.1%/min & L THA 21T
ey, HERICE R MR I L Tl 0, RBRFRFRIN CTHIKR B+ Thh Tz o

TZWREMED B X DD,

107



59 RLTBEENEERE - HEHOEIE
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— 0@ 3@ — 3@ — 7
500
g 30.3°
=
R
o] o
& 19.8
2
B
127°
1 119°
0 P : i
0 100 200 300 400 500 600
HFBEENov(kPa)
K 5-8 EZZEREELEE—IDOILHEDER
— $4(°) —o— cq(kN/m?)
40
= 30 4
s |
% 20 |
5 A
g ¢
E 10 "
O T ) T T T T T
0 1 2 3 4 5 6 7 8
BZIRFERE ([])

80

D
(=]

i-g
[}

[\
(==}

#4535 H1cd (KN/m2)



(5) HEKSAFS BT 2 =iilis B o ik

ks> 5%, AEOFEBR TR L7 aalkh & [ — ok 2 -V CfER L7231k, B s
FatEKIBIE 2 5 2, AFEHEK G C =B 2 Ehi L T 5. EIRERIRE O g1 &K H
(X, M TRFE KA DOET 3T%ICHRE L, EEEDIC & D#iEOIETH SK 100 mm, [EE
# 50 mm OUFAE AR LT 5. S EMGEKER CIX, #REL 50, 100kPa O 2 fifH, 4
PRV 7% 0, 2, 4FD 3FHE, Hk&M% CD (&K, CU (E#EIEHA)  Fff
O 2 A ARG DECEML, 7 12 ¥ —r 0B (& 52) #1T\V, Z0#%, i

ZNOMRAEEZ VTS LW Z1T> T 5.

SRR 1R

Fa kK
2YA T, AYA TV

,______________
=
i,
-},

H B

5 BNy kR

5-10 EERFIE >
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® 52 HIEEEL=#EWRHARS—X-8

fER A HA
e N fHRHEKERE HERE =
E% No. &KLt E% (kPa) HEk&H
w (%)
1 50
0
2 100
3 50
2 CD
4 100
5 50
4
6 100
37
7 50
0
8 100
9 50
2 CU
10 100
11 50
4
12 100

5-11 I HJEA 50 kPa T, #HkTA 730, 2, 400 L X OREOELER LT
7T 7 BT, faPEKIEE N 2 5 L, R 250 pm LA E, 106-250, 75-106 pm D EIA 23
DL, 75um OEIEEMLTWD Z N0 5. #HEKA 7 V3 0 05 2[5 ORTHIRL Y

(7T5um BAF) OBIERHML, 2005 4 BORTIE, MRy OBMESIEISEL s 2 L
Moy D, PUEHERIRE L IGHEAKY A 70 0 [EOBT 250 pm DL EORIENKE <L,
106-250, 75-106, 75um LA FORIBENZNEIIEML TWD Z EN005. Tk, etk
AERS 2 & AT O REE O, R, HIREAIC XK T, 250 pm PLEORI DM L T,

250 pm LA FORBRIZ R Te B L HH LB HD.
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BAE (%)

]

"

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

44.2

AFERES

5-11

0250umEl E

B 106~250um

B75~106um

B75pmBLF

0

2 4

WKLo

faBKEI# & HES TR °
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# 5-3 IZHIIRIE 50 kPa OfaHKY A 7 LRiE TOE a2 — Ly MaiE, £ 5-4 [ZHHE
100 kPa OfGHEARY A 7 A FiIiE TOE 2 — L v baidMEZ R, #IRED 50, 100 kPa & %
(2, FaHEKYA 70030 205 2 BIOR TORKEDELRKRE <, 2005 4 [BIORTIE, Rk
PEDOEALIT/ NS NZ ER G0 5.

AL —=F% W AT L0 MERROERIKICEIEPKIERZ 525 &, YA 7L 0056
2 [ O TRy OFIEFHTHIN L, ZHUTfE-> T, rAkMEbEmE D Z MR I, #)
W 50 kPa TIX, ¥4 Z7h 2005 4 BIORTHRAMED & E -722%, #IHE 100 kPa T,
RAKMED R X 708 k1T 72 o7, LA B 9%, AL —F 2 ZITLE D BRAKMEDIRIE, Mk k)
HRET DL DEREHEOER EFEICEART LI ZLamML TS, ¥ 511 kv, %
L—F% U TR SN L TV D Z &b, REFESER LT Z & ThkMEREmE 72 &

FEZADBND.

& 53 KA ILBIEOEL—L Yy FDEA (50kPa) Y

BHOKATDZEAE EHKEROSRAE  BHKETROE

WK1 oL
(mQ) (mQ) (mg)
0 45.0 45.0 0.0
2 50.0 75.2 25.2
4 49.8 82.0 322

= 5-4 #HBHKYAUILEEROELI—LYy FD3EA (100kPa) ¥

BHOKATDZEAE EHKEROSRAE  BHKETROZE

ot S R
(mQ) (mQ) (mQ)
0 48.5 48.5 0.0
2 49.8 73.0 23.2
4 50.0 70.8 20.8
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FE 50 kPa TORERTIE, CD, CU &MF& bIZ, FatkKIA 71230 225 2 BIOMHIZ
AW LSO AT DR T 23 fERE S 4v7z. CD SR_IU4ETIE, A 708 2 005 4 [BIODfH]
TH AR AWRIEITI R E < Zeo7228, CUERMHETIE, VA 78206 4 FEIOfH

T b AMITRECE AWHITE RO HEE S vz,

120
__o~o~""~ --------- CD%{#, ﬁ@%kﬂ«)@
100
CD&A, #aHE e
~ 80
g
2 CD&AF, faHEkalEl
5 60 ] AR
e oo TTTT T e CU%tE, #HM0E
B2y
< 40 ,
_-‘ZJ —————— P Em o AP, P Pl ammum ,a”Y \ s
----- CUZM, #aHEeE
20
----- CUM, fadkkalaEl
0
0 5 10 15 20
BAKOT 2 (%)

® 5-12 CD, CUEHTTORA-VTHBEFR FEE : 50kPa) 3 = Hm®

1.2

——CD

——CU

0.8

0.6

0.4

AL L 7= A BTRIE =

0.2

0 2 4
faBEKEE

K 5-13 HAMRBIEEREBHKEIEOREE (FFEE : 50kPa)
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T 100 kPa TORERTIE, CD, CUKMEE LT, MK A 7003005 2 [BOfR
V28 AR EE o AVMTIRIE DR T3 B 7=, CD, CUSEE b, A 7 A8 2006 4
[A] & ORI TH AWHRECE AMIRIEIIRE < 2ot £, BAWOT AN 5%RFDE A

WrRIPEI, X ToOfEHEKY A 7 v T CU &fF28 CD i % ERl- 72

160
CDZA4, #aBE/kom
140
120 CDZf, #aBEkem
£ 100
g CD&t, #aBEI4E
=80
12
T Y /- g L CUZfF, #afloE
< 60
+
0\ & | eeaa. CUZM, faBEkem
20
----- CUZAMF, #aBEikam
0
0 5 10 15 20
BAKOT 2 (%)

X 5-14 CD, CUEHTTORA-UFTHEFE FERE : 100kPa) » = #Hn#

1.4

1.2

0.8

0.6

04 ——(CD

B L =8 ABTRIMER

0.2 —e—CU

0 2 4
A EIE

X 5-15 BAMRAIMESEEBHKEZRORE®R (JAFEE : 100kPa) ¥
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FTRTORPARY A 7 0T, & AWRECW ABIRINE L, #3E 100 kPa 235+ 50 kPa
Z kA>T D Z LR ST,

CU &M FCOHMEIREETIE, KA 740 0 Bl L &k, BRIDICHLND
EORIEDHEA LA X —IZ K DA OREMBHERTE L. —H, fadkt A 71
2 AL EOHERETIE, BBV - EFIEBLICADND LX) RADKE A LA X —IZ &
DR NS DWW A LT

IB &Y, b bal kOB TR OB PKIEIEIC L0 2 b —F o 73 1T

L, BAWHRE LML (BPBERRE) & bIIRT 52 Lavmahi.

200

180 Py [— s 4kom

160
50 V== B #ABEK2E
120
.......... #aHEKaEl

100
80

60

AW A (kN/m?2)

40 |

20

0 50 100 150 200 250

FEBE A (KN/m?)

K 5-16 CU&HET TOERGHRED
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6 F£&o

AWFFETIT o7z CD B TIE, WIHRIEL D & A L —F% VLT L7z 3 A1 27 L H CHIME
DR RDBRPA Uz, 2k, #EOOBERIZE W TR I R0 A4 2 —a v ¥
VIONRPERLR DO THL LR DD, EOKIE, HIREEROEINTHIMEIZERT L.

F70, R OTREE ER O R ITER T A 2 L D TR DB HLRL T D RS
JIINBEBA IR T E L, B DB 2R LTV 5. 2R A 7 LV OBEIT T, BB
Al g DIRTBELRET] ca OEMNAECTZ. ZONHMEBEEM g4 ERETT ca DEALIT
AL —F U TIE DR ERE OB DR VW2 5.

AENE, [ CEREHI R R D AV —F o VR Z b %, RLEE /340 ORI 722 538 2 £
IR D 72 BEEE A O T SERRRBR 21TV, A L—3% 0 ZIT K D RE TR ORLEE 45 A D2 LA
PRI D SR IC 5 2 DAL T2, £, IR S YORBRGE R T, fAPEKERE TRk
DAL—F 2 FREIT L, KRR O ZEAL TORAKMED SN, & AWRE - & A KEIMEOAR T 23
U, AIISHRBORML B L EBmE L TWD. 5%, F—HERRICHE LIGK - B

KIEM % G2, #6/K EHEKOMERE & TR DAL DL 2 AN DN T D NER B 5.

5.2 #8IK - HIAKDEER LIC & 5 ABEIERERE (SEEE) OEIL

52.1 HHIKIBR LAV A —T LAY FRER
(1) o B

AL —F 2 I MR OWAT O %, KRR CIT o Z L ITIXRAR S 5720, FEfk
HERBRCTh L — LA b (LUF, BE & 9) BBRETo7. ZORBRO BN
BB X o THEER OB EEE ISR ST ABGEE vV, o0&kl L TEnibnd
AEEMER S D EE R TH D, Thbh, BE B CIEE R RITHRPEK 2 MR U2
5, fEEORET S WHEAZHETE 5. £7/7, S WHEE, SANHIERE ¢ & Lol
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T o, OBET, HEMHETRSHH SN T LIEEDO -S> TH S NEHE bEZRERD
FFoTW5 Y ZLnmmbiLTiy, HARMERMROBURIEHE, PERRE L o@EMERN Y, A%

b O L ENERHN © ORI ER ShTns D,

(2) REI7IE
a) RO IER

AEAWZFUEHT, SRR 2 IR LI KRS Dnax & 2 - 475 mm , ZAULL T ORI A 1,
R TR ORLEE 3 AT LA 72 2 K ORI EEFREE L7z, 7ok, KO ERL LGS
TENEH 50mm BLEO 100mm THDH. £z, L Lol TREKE (w=37% ) IZ
BOEDLLIITKETIML, TOREEE—/L FIZEA UG TROZEKRRE V, EFHLT 15%
ERDEDITIEITHT, ANk T o~—T%R&ED, KL ER L
b) PrRAKEER (R HEKEER)

PR (7 v a VR OfFEIE, JGS 01512009 2 IZHET, INEECHEME Lz, MELE
i, BB ORI KUE 2 RREICR B OO IEDZERE p ZAMm LT, Ko P
LR T3 2 £ THHllZMkE T 2 HiEThH 5. F7o, MEETRSNEIZETEWT 2
TarE5RZLHZENTELRLY, —DOOERIKTEREOY 7 23 v LEKEDRKREFG LN,
ZRIENEHTEL Z EHFLEDOVEDSTHD.

PR O MR EE T HEAR M 2 RE S LTERIE L, =B LOEE~oMEIZ LY 7
a v EAW L. RBESOMEAX 517 1ORT. RXFTAZVEE T I v I T4 AY, |k
XYy FIUIFR— T ARA M=V BRREINTEY, ThZhOoHLICE—* o=y €27 3
v I WBHEDIAENTWD, BT I v 7T 4 A7 Z/KTRHMSES Z LT, ZB50LE S 7R

KoOBZ@mSED. o, EfHF¥Y v 70oiE, ZRELIFEHSEL2 LR TES.
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B NTET D

o—ktL

R—5AZ—>
X{EFBE

EIIVITARY =2 FBE
Xla

BIEE
Ea—LvbA~

fElfg K E 5

5-17 BEFHERZEML-=Z&8BEOHE

c) BE ik

NF2L N L EEF vy TICHRE SN AAR 330 mm , 0E 122 mm , JEZ 1.50 mm %
bOE YT Iy 7RO EHWT, HMEBPIEED S A I TBERREITH) 2 LN T
5. BV I IvsE, EEAZMRADEEBRL, BRIELLEELELCLIME LR - T
W5 RRBHIE, 777 varYaRx b —XIZL0 XY v 7 O%EN BE ICEEEE
PAEEOELE, HEOREH AL, v Aa—7%HWT%IEH BE [Z8E L-Z(EE
JEZFHN, HAT oML o T D, EZFERIIRFFELEED 7 7 7 TR, RHILIZE
JER TG HAniERe ] 2 [FE L7z, SMEEEIX 2V THBIT 1 o IEZE & L.

R OFE 19 1% Time Domain %% fV /2.  Time Domain {£TIE, #OREH & B
RefM 2% X 5-18  BE BRI B GESERD D Z LT, AW EE DR
e At DRE 24T 5 . W OEH B L ORGERFZNZ OV TEN 5-19 ITRTEZEROE — 7 A
DRFEZEN B R 5 Ik ( peak topeak ) IZX>T At ZRHTWD. £z, JGS 0544 - 20111
T, FMEBIRITAEEE & ZE W OB O EEENZEFE LR, OREEIEONE )
OEAZWIEDOHEYE TN DM ARG O 2 LU L ERDVENH D LED TN D.

AEORBETIX, 1, 2, 5,10, 15, 20, 50kHz DEEEOWERE L. 2D
PCHRMIEERD BT DI S5kHz T, AGBRITEEEIE 5kHz ORERE O TRiERE
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MIOHEEZIT->72 (K 5-18). SPHE v, 1%, X (2) Kvkdi-.

Vs = L/At (2)
22T, LB, At (TR CH D, mEREE L 1 I —x L A v M
ToHEE Lz, 3R oEmEN b, BEFFAEN x ThH L X, [l L=h-2x &

05,

- — ikfEE —RMEE (| O
e f = 50kHz <
20kHz R T
O\
V 15kHz v ,\V A‘J/\'_A
s A "
I 10kHz A A A Dl:ll
o V 5
M SkiHe N B
A /\
N /\ S
2kHz \_]\/ \/ Ny
0 05 1 15
B¥fft(ms)

5-18 BE HERIZ & %1% - S{ERT

Peak-to-Peak — R 15

— E{EEE
At

5-19 time do main ;&2 kK BIGIEREMDIREHE
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d) BRI

5-20 |2, HRETICHT Dzl U BE slBROFIEZ BB L7, 74D, FRL
TR 2 SRR I ZER 1 L, S0kPa CTHET 5. EEMNE T L7-BRE T, BE R4 F2hi L 7-.
WIZ, PLEKEAZE CHERIR~EK ZAT o 721, 2 2 3 > 5kPa, , 50 kPa & BRI A Lk
KEATo T, BKBERE T, HRURARRID 2 (ERE OBK DR TR R, 7 2 a VAL
BETIIY 7 a v aAML, —EICRSTIRET 1 HAGE L 72K C BE 3R & 50 L 7.
D%, Y varEREL, EK, V7 vaAMERDIEL, TOHME, BE REREITo

7.

HEAERL
Frrmnnennnns HHKEBRLIS AL =
E#= #4332 B 0kPa—5kPa :
1B 1B :
BERER | : BEAER :
K YL av E i 5kPa—50kPa
1BIRE :
BE:A 5% BEERE& :
#4232 B # : 50kPa—0kPa

520 HMERETIZHITHEIEEE L BE HBROFIR
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522 ABKRLEE
(1) FBRAE R

¥ 5-21 12, ARy A 7 ve SERHE Vv, OZEfbaxF LTz, 2B, 5 A 7 1O
RIXHRAE L, RIERBREITZ R0 -T2, 72 a v OENNIERT D L, JEBERIZV,=172.2
m/s ThoTeh, 1HA 7 ADFAKT Ve i, REETL V=1235m/s L7 o7. EOHIE
BN THT 7 v a 50kPa DEY 7 > a vy TIHEY 27 v ay (73 0kPa, H7
v a5 kPaAfifth) LHBLT ¥V PAMEICKRERE L o7z, ZThbDZ &nk, ik

DEKRENEAWREE I EL G A TR, fAMERSWIEEEAWEERE I/ NS /LD L

k

EBZHND. Tk, fKEERAKREE (S5kPa) O V, IXRARETH 7. FGME T CERL
Te G IR 2 D TIRAKERBR 21T o 1o B, EXURAMEIX TkPa Th o7z, ZD72®), SEIOR
BRCATo 7= SkPa FREDY 7 v 3 VAR T, BBRNICELKBNEAET, k&N Tt
FEICRERBEDEC RN oI EEZ DR D.

BEWNT, A 7 NVEOEWCERT D E, 7 2 a v 50kPa #lifiith DOFERTIL, Y1 7 ¥
DEEMT VAT NS o TS, ZHUE, A 7 AVEOEEINT, AR ELTEEZ bR
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