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On the Formulation about the Allowable Compressive Stress
of the Specification for the Design of Highway Bridges

Hiroyuki SucimoTo

Abstract

The specification for the design of highway bridges was revised in 1980. In the former specification,
the allowable compressive stress was determined only by the global ultimate strength of columns. On the
other hand, the coupled effect of the local buckling and the global buckling is considered to determine the
allowable compressive stress in the current specification.

Anpo, Hasegawa and Nishino, in 1983, studied the optimum design of columns by their maximum load
design method and pointed out that the consideration for local buckling would not lead to the more
economical design.

This paper also studies the optimum design of the columns with square box, H and pipe sections.
Minimum weight design using Augmented Lagrange Multiplier Method is applied, so the limit on the
maximum value of slenderness ratio that was not considered in the former paper is included into the
constraints set.

Several conclusions on the optimum design of axial members are gained and a formulation about the
allowable compressive stress is proposed.
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ARETEIL, BOHFERET 220 2EEONTE 2, RERHGEEAVWTREL, Z0KE
RERTLILICLY, RNEREEE TS ZEOELFARDL L 2E—DHBE L, &K
MEFHETEER I N T ih - 72, MERKICET 2HMNEHENHEL EH TRFTL L
&Y, BIROREARFAT L2 LI RA TS, 5, #, HERFZIC & 2 &% s
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2. BB D EHK

AHETHW 5T, UTO®) Th b,

Oca . RFEFENT TAVEMEIG ST B,

Ocas - JERIESE % B R L 70 W FFAEh 7 R HE G TT B,
Ocar - JRERIEEIEIC XIET B BT B,

Geao . Ocag O _FFRAH,

o, EWHEEMETIC X B ERGTE,

L [ HBME.

P THE,

A ERMRTERE,
b L7 T PlR,

b I HEKTE O B2 HE (= (0— 1) /2),
h - HEK I O fEHE.

t, by by ARIE
fo © R ERIEE @%%ET%M%@&»%&
DIRIE, £—1 HBMWEDORNHE
D T A OMNE, steel | SS41 | SM50 | SM53 | SM58
s k
, W KR : 1400 | 1900 | 2100 | 2600
' ko 8.4 13 15 22
(L/r) max - %mﬁtba)_tlsﬁfﬁo k3 20 15 14 18
R EEKRUE (=L%A), ks 93 80 76 67
ke (i=1~10) : BT EIZEH 5 NT ks 6700 | 5000 | 4500 | 3500
ke 56 48 46 40
W5 K5E x-1),
Fe ( ) ke 39.6 | 34.0 | 32.4 | 29.1
RS R ks | 131 | 112 | 107 | 9.6
ks 50 40 35 25
ko 4.3 6.1 6.7 8.3
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3. FEWMARERCHECRET 2%, BERBRAENRE

Fr, BEEERFFICED SN TV 2R REMICHE, BLUOZNICEET REL
BT aHEL, UUTICHEICHAT 5,

A. |BRFE
1) FFEEh ARG
—EDREE RS DR MR TN, KR TEHEIND,
Oca= Ocag (1)
Z 2T, Ocagld,
L/r<ks ; Owg=h
k< L/v<ky ; Gcas=lki—k (L/7—kh) (2)
hetlr e LRI,
i) EHEN %2 2RO BAMRE
a) Mk FER
=t (3)
7
b) HHZEHR
= (4)
AB), WcBWT,VE 3XRATHEZ NS,
Vk=y0c [0 (5-1)
72721,
VE<1,2 (5-2)

BBV, by, B BLUSMB8IZXTT 2 ks, e B LU AsDfEIZ, ¥, IBERGER TR

LoTwd, - 1DINLNER, FRFTFICEDLNTWEETH B, ZNLDHE
HOTHEDT, FmXTE, HRAFCH ) REt0HEI K- 10fExHC 2, T, &

FWXOBWEFEL I\,
iii) P& R A RG]
P& DFFR B A REMEG I E L, KR TERSI LD,
Oca=MiN (Gcag, Ocar) (6)
ZZT Oeag 1ZR2)TH Y, O IFRKXNTEEEINS,
(7-1)

D/tékg N Ocat = kl

3



L2 S s

ko<D/t<200 ; Oew= ki—ki (D/t—ks) (7-2)
B. $imHE
1) FFECEh T ERE I
— R D REE S DS S ISR L, AR TCEBIND,

Oca= Ocag * Ocat/ Ocao (8)
ZITC, 0w l3RQR)THY, oca FRATELREING,
a) MikRR
b/l <t s oaw=h (9-1)
b/80<t<b/k;  Gcar=2,2000,000 (t/b) * (9-2)
b) HHZEHIK
b/ k<t s ow=h (10-1)
b'/16<t<b'/ks;  Gcar=240,000 (¢/b") 2 (10-2)

F72, Ocao i ki IZF L\,
i) FEMET 22T BARD B MR
a) MRS
t>b/ks (1D
b) BHEHZRHAR
t>6'/16 (12)
m) B ORFE 5 RIS 1 BE
BOREMTFERIGH R, RO)TERIND, 2771, 0 3RNTH 5,

Pl &Sz, HRAETE, RB), WTERINLFEEROE L 20 EFICHE % HIR
L, R TERS N2 LEKEREED LFEBNELZ KD T2, MERIZ )T HINVICH S
BE%, IWHHICRHNS D511, R (5-1) OVEZEE L TREHR*EH TV
72720, vk OBRB L %D LRE 1.2 OBBUIBERHE TR b - 72,

—7%, FoRHETIE, WEOHIR 2R, 100 L 51D T, PN EIRER %3,
REREEIRICAIET 2RI E, R9), 0ERQDETEER T Lok, SKER L 0
BTHBICHNEEZ KD T2, BIRAFEICHNT, EHEROWERERIIEREIC 2 - 7257, &%
FHEREILE T e - 72,

LTz, SMERRECEREZMZ, FoRAENL ) ICREERYEET S LOMELR
Y5,
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4. EFFFERMEE

X — 1SR & ) M RETCE FED, 2 EliNFRIE S
AT A % Rat L 72, l__ b
A. MMAB—FEDH &L TD o & t DEIR “[ _‘l

FONEERSGHEZAT ) BC, WEE—E0d X T, #H%F T_

T TVEREIG T BE & B DBIMR 2 AR L 7z, Wi, b & ¢ L b —
THRESI NS Y, WHHE—E (A) DEHEL2EETLE, b L It
Zt oL L TRRTELEN B,

A—4p? '
i (13) p

Te

b=

KBZHNT, o0k t DBRE, 6HHD AL TR R-1 ExEEENREE
BDIzNH, K— 2 (SM 50, L=10m) 3 & ’[X— 3 (SM 58,
L=10m) Ths, M, O»RIPER%EET 2 LEDL WFAOHE b it 5, KT
12, BWIZ b TRAFFENEIC L > Twd, 23, osE, MMETLRL TH- 72,
Kiz, RO)D 6eca 12K (9-2) ZRALZHAED, t=56I1CBIT 5 0ca D t IZBIT 2RSS
Kbz, 20Uz, RAnLHIcHFEI RSB,

O0¢a _ O0cag . Ocal Ocag . 90cas (14)
ot ot Ocao Ocao ot
Oca(kg/cmz) [ A =
2600} —-4—-—-- 000 cm
(kg/cm ) i )
1900 }—F4— - —4-- —- _]. = ) 1500
T o] 2000} —| ~ 1000
1000+
10004 —
—
0 i
0 1 2 3 4 5 | 0.8 |~ 100 t(cm)
0 / 4 1
0 1 2 3 4 5
M—2 IEHEAHEEMELED oa—t HIR H—3 EHEHEMERED oo I

(SM 50, L=10m) (SM 58, L=10m)



L S s

I
ca A
~a"—‘~2 200,000 - 55 (15)
L/r<k : ag;"gzo
. 00 kL or
b<L/r<k, ; FYRER s . (16)
ao'cag Ocag . 2 2{’_
kL7 at  k+(L/n° ot
F 72,
ar _ 162 —(A)* an
ot 4/6t*/(A4)*+16¢*

DEEFHBELLER 3XTHOr— 201050 TR EIZTE & 70 - 72,

NG, EHEHEEMERENORINC BT, BEER LT 2L <, BERitoTx 57
BN ZTWZ E2RL TS

B. R/EEHKE

BrhnECi-C, M- 10WiE%, SERHHC L VREL L, SEiE, UTo
IolcERIN S,

H BRI DR W T R ——— TR )
LIESESES:Y D &= 1= 0/0:2 0
&=1—k-t/b<( (18)
&=1—(L/7)max-7/L= 0
axatil# &R 0 £20.8 (cm) (19)
RETEHK Db, ot

Z DEGEALRIE % ARRF7E T¢I, Badfbic BEGS® # Fwv 2358 T 7T > SR T 72,
UTom@biE L RETH 5,

RRO—HE, -4 BEUPER—-2 (WFRY L=10m) IR L7720 (L/7) max 13120 Th 2,

Bl— 413, B S MENREREZRL 2K THL, WEIK 40t GREIC L D ETRL ) k
D DuCEETIE, & MRIOFIR) 27 ) THMCED, KEWERTIE, g (5HEDE]
KIGME) 2570 TAHNMC T > 72, RBIRE I, EHEDEIRIEEA 2 T 42Uz e bRED
PRI & &0, MEREOHIREEI 7 ) THNMC L 2BATY, BICHEER 2 ZET 50
BHOLWMEE k572, MOBMETY, FABEOREEIELATWE, ZNLE, F—2icBWn
TEIWHEICRZ Z L0 TE B,
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R—2 EFRHEEKNEEORIERBHFOKE (L=10m)

steel SS41 SM50 SM 53 SM58

P(t) 20 500 20 500 20 500 20 500
A (cm?) 65.27 | 401.21 65.27 | 332.27 65.27 | 313.83 65.27 | 275.24
b(cm) 19.60 62.25 19.60 52.40 19.60 49.62 19.60 43.99

t(cm) 0.80 1.57 0.80 1.54 0.80 1.53 0.80 1.51
b/t 24.5 39.6 24.5 34.0 24.5 32.4 24.5 29.1
& —0.856 0.000 | —1.019 | —0.000 | —1.072 0.001 | —1.188 0.002
82 —1.286 | —0.414 | —0.959 | —0.411 | —0.878 | —0.422 | —0.633 | —0.375
&3 —0.000 | —2.127 | —0.000 | —1.643 0.000 | —1.507 | —0.000 | —1.230
A(cm?) I I l 1.07 B
400 A
300 1
200 } 0.5
100
R(x10%)
0 + + + 0 ! + t
0 100 200 300 400 500 0 0.5 1.0 1.5 2.0
R—4 IEHRAETEEED A—P g M—5 IEHEMEEKIEREOFEEITH
(L=10m) MBI (SM 50, L=10m)

K213, p=20"B LU 500° DHENTBEEFORERE, ZMEEI R L 2L DTH B, p=
20 DFENL, &7 ) T AMZ, p=500" DA, & A7) T AHMIL 5T b, REIEE
Wo/tis, $XTUBTER*ZEET 2 LED L NMEIC K > T3,

Kiz, SM 50, L=10 mDFHAEIZDONT, Oca/ Ocao B & U Oear/ 0ca0 & R (=L?/A) DEE %
X —512/RL 72, Mg, MHRTLECEL TH 205, &t EifEL R O3~ CoH#FIC
BWTC, Oeat/Ocao 131 %> T3,

C. ErFEEEN: &t v

LiEX Y, IELERAEEMEREC BT, WEZRSHEEE2EET 2 UED L WiR/ME (18
THE RQB) HEVIIRAMRE B8mm) k), BEEREEET LT, L NEERL
Bl INDZ L3 %, RABOBENRRIL, SEINILER LI -2y T e
% h,
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5. I ERE R

Bl— 6 17§ & ) e BAA093600 2 550, MEWTER: % BaT p
L7z, H—T
FPEWTHARICBIL T3, IBRAFETLFWMERIIZEINT
BY, Fio, EEEEHLERMEEE ZRL20T, F—IcH
FTHILIITELN, 22TiE, BELLTETOEE N2 L
7z,

A. BEBE—FENH & TN 0ce & t DRI

IES ARG A & Rk, MaE—E (A) od LT
DFEFEE TEMEIG I E L EDBIR % 2 5, MEWTE DR P
Dz, WE t OB E L TR TEbEN S, B—6 MEMmEE

_ A
P=y 2 Zhe=1) (20)

RWZHNT, 0w & t DBIRE, 6RO AlCK L TRk 720%, K- 7 (SM 50, L=10
m) 5LV -8 (SM58, L=10m) Th2, X, O REEE%EET 2 LEN L,
INOWRIE b \SHIET 2, FERTER CIIIELAETMERE S 2R ), H-8icabhst
EMMTHAE O/ S LA, REER 2 EET 2 LEDH 2 REOHEB CHAIBERA
27> Twa,

Kiz, KON o iICR(7-2) ZRALLBAD, t=56I1CBF 5 00 D tICBT 2 8158 %

G

1

o (kg/cm?) | | - | 2600
ca =
1900 ¢ —- 1 — 2000 cm?
! 1500
1000
| - - 20004
10004 |
i‘,' 1
! I 100 1000
|0.69 | t (cm) l
0 an . :
o 1 2 3 4 5 |
; ‘L0.69 ! t(cm)
0 1 2 3 4 5
B=7 MEWEHED o1 H# M-8 [IEMER ot Hif

(SM 50, L=10m) (SM 58, L=10m)
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Keviz, KB L ORI, ZDHELEL TH 2,
O0ca /Ot BN Or/0t 1L, KDL HIFHEIND,

90ca by - A
gtz _ ko - (21)

nt

214 (A\2
R, @)%, K1), HRAL CHHELHER, A0/ L@ THIRED AIC 7 5 5k &
EHEDHASbEHH - 712,
B. ®/NEEHE
FrRFECH->T, M- 6 M2 R/NIER
Bt & D BREL 2. BELREEIIUTO L 5

i %eal%a0 | |

ICERREIND, 1.0 + : } - -

H B AR A ——— s ET“; 5 | T Ceat %ea0

il 3R 1 g&=1—0ca/0:20 0,100
&=1-200-t/D=<0 (23)

g3:1_(L/r)max'7’/L§0 0.5
Btk MR - D=40 (cm)

(24)
£1=0.69 (cm)
RETER :D, t .
ML RERIZER L, SM 50, L=10 mOE4 0 " ; '
0 0.5 1.0 1.5 2.0
7 Oca/ Ocao B & U 6car/ Ocao & R DR % X —
9IRL7e, BE Y, ROKELHEHET, oca/ B—9  FIEMTE R R
S (SM 58, L=1
Ocao 1 £ NN EL LT B, (L/?’)maxﬂi . ( 8 0 m)
120 TH %,

C. MEEENE &t &
PELD, HENEECS T, BEEEEEET 28T, & )RENL IO THIC
%5,

6. H 2 if @ &

=108 Y & ) L BMTEBGRETC £ R0, 2 SN RRHMIEAE % Read L 72, HIEWE R T,
BIEHE—ED b & TOFFILNE L REOBRIT KRS T, RAEBERH DL EITL - 72,
A. REEE

FORGEIHE - T, R—10 oW # i/ hE &S & Vg L 72, BolifbRIEIRU T L 5
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ICERIN D,
H 8B4
il Fe X

axat i smE

BE LR

o E

1%

x B 2z

L ERA TR —— i)

:gl: ]. "dca/dcg 0

&=1-16-t/0'=0
&=1—kstu/h= 0
&= 1-— (L/r)mﬂx'r/L§ 0

£ =20.8 (cm)

t=20.8 (cm)
2b, ty, h, t
HEMEE DR/ E &R O RIS, EH AN &
TR, MREOEREEL 7 ) 740 % 5 & T,
FOBNRE HAREREIE + BT 2 UWBEDH HE % - 12, #RO—%EF— 3ITRL 72, £,
L=10m, (L/T)max=120 DFATH 255, p=20" & 500° 123§ 2FERERL T2, p=20'D
5413, & MEROHIR) Lo e (77> DORERNHIR) H2wida (BHENHIK
F) D7) T AN, p=500"DEHAIR, & 27 ) T ANMIL >T\wb, 772 P DIRE
OISR ENTWE L 912, p=200DFA13, FHERL2EET 2 LENH bH (X (10—
2) BH) IKh->Tw3,

}

(25)

(26)

p
L
e,
t
L — =" n
il
| 1 f
P

=10 HEMEE

BERGOHRON, BMRTAL ZHBFENEE ROBFEEZRL 205, K-

B oaXn

11 (SM 50, L=10m) BXUX—12 (SM 58, L=10m) Th 5, E&H, (L/7) max=120,
HRRDY, (L/7) max=c0DF ) MIRILOHBRD % WFEDIERTH b,

£-3 HPEMEEORIEREXFOFER (L=10m)

steel SS41 SM50 SM 53 SM58
P(t) 20 500 20 500 20 500 20 500
A (cm?) 75.27 435.71 75.29 372.99 75.27 358.53 77.09 327.66
b(cm) 31.84 72.53 31.86 62.37 31.85 59.27 31.76 54.18
tlcm) 0.97 2.74 0.97 2.74 0.97 2.77 1.00 3.77
h(cm) 16.84 38.63 16.85 32.76 16.84 30.97 16.78 28.15
tw(cm) 0.80 0.97 0.80 0.96 0.80 0.96 0.80 0.98
b/t 16.0 13.1 16.0 11.2 16.0 10.5 15.5 9.6
h/ by 21.0 39.8 21.1 34.1 21.0 32.3 21.0 28.7
Ocal 938 1400 937 1900 940 2100 1006 2600
& —0.434 | —0.001 | —0.148 0.000 | —0.066 0.000 0.000 0.000
82 —0.000 | —0.227 0.000 | —0.426 0.000 | —0.522 | —0.036 | —0.666
&s —1.661 | —0.413 | —1.279 | —0.412 | —1.185 | —0.429 | —0.907 | —0.396
&4 0.000 | —1.402 | —0.000 | —1.066 0.000 | —0.965 0.000 | —0.796
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9cal® | 1
ca cao
1.0 1.0 7 {n w5 SRS  FERSPPON u RSO
cal/ocao
0.5 0.5
O,
S O,
0.,
‘ R(x10")
0 } t t 0 + } + }
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

®—11 HIWIE R FF58  EMRIG 1 R—12  HFWH RO 27  FEMES )
(SM 50, L=10m) (SM 58, L=10m)

WX & FEREDGEIZRL T 555, RAH10° & ) KREVE T, 0 /0o 771 &N A
B L T3, Zo®Eifliz, MREOHKIRED 7 ) T oM % > T b EEHIRIE L T
WBAH, FRFEOBENANCIERL T2 EH7TH 5, LrL, ROHMESEL LS
L, BRTRLIZE DI, ROBEICERLC 6ca/0wo 12 110 5 TWd, 2L, XHk4) O
MRE—BT D,

B. HEMEHEN ¢ ®

HIEMEADORFICB W T, FnFEICiE-> TL D BERNLEETP R D, MRIICE
T AHEGRMED 7)) THANMC L DEHADATH S, 21U, FERE2EET LI LR T
%<, RBEROGIRZEM L 220 Bbid, Lo T, BHEEEHEORFHIVLETY
<, HRAFFECBWT, RB)~KX (5-2) #HHBEAT I LIk, FonhEL ) HHE L FIE
TR—DHRFDRETH b L HESI LD,

b, LT3 sickadd3nsg,

7. REBEERK

ZZF T, EMERECRSE ML T&2ds, T2 TEHAMEICNT R/ ERRTD
MRE, EMEERECHET 22 Lok ), REZKEERKE KD 5,

SHEEDOMTE RO MTHAE L HEOBRE, FLHTURLDHH—13 (SS41, L=10
m), —14 (SM 50, L=10m) BLUH—15 (SM 53, L=10m) Th %, RENELIH S
%, EOBRLFEBEOFEREZRL TEBY, BEHH 200° & ) D7 #F TIIIE R TR EIE 27,
KEWEHATIAENE» RN EE2RL TE ), HEMEATEICHERICHES Z Lidkh -
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A(cm?) A(cm?) I ’ l
400 { — 400 1 T
|
1
300+ 300 + \ .
—~——pipe section
2004 200§ ———— _|___
\pipe section
tion |
1007 100 T2 [

square section

P(t) t | | P{t)
0 ' + + + } 0 + + + t
0 100 200 300 400 500 0 100 200 300 400 500

HM—-13 MrEFEROLE (SS41, L=10m) H—14 WrERROLEE (SM 50, L=10m)

A(em?) ' I
400 +
7z, I
H section |
SULORCBENT, FHENDLVRHICE o
BMTRLTH N2, HEMBER % IBRFEIC
o TR/INEREHG % L2BAORKRETHD, 2004

“~~pipe section

|

K—13 TIFFERE—FKL T35, 25, Hi
BOEZTLHIIL 225, FEODL i, 100 7= R
S0, WRILCHET 2H8EEDS ) T A0 T

2% BEETO, FRFEOENELRL T % 100 200 300 400 560
BLOTh . ®—15 Wik lbee (SM 53, L=10m)

P(t)
]

8. HAMAREMICHERMENREN—RE

IBRGE (S48) LHFRAE (S55) DIFrF#FAERIG I EICET 2 HEY T 2 &, &
RAEDFH, FEHEEZ L VBRI Ty 228 I ThH Y, BHMICIIHE I N HE
Thod, LrL, 4BETHML L), EFFEEMEREORICB YT, RHIBERZ %
By 2 HHICRBETIFEL L VWD T, BRFEICE 2R THFTH D,

HAZ MR T BRRDRERDF S 1T 2905, BISNBICIERORIEED 7 ) FH Mz 7%
B2HED B, FnETHA L 2 h MR IR A b 5 72, BBAI 55 FIC B B, REED
AR FEMEIC N EIC BT 2 MEOREN T & HHYDY, /IE A HENHP CORDEE %1%
BHICT DI Eichoehrb, ZHUL, WENDHBDERLNZZ L 2R T2,

Ly L%h s, MRIOBIKIEED 7)) THNMC K 5REBEOERICBWT, TRAFZICL 2
et E IR HFIC & 2 %a % FEMICRET L TA 2 &, Big L ) EMTER L wold, #F
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EBHER T EORFE E O REREIS I EEIC DT

SNBIRE RO LRI, FRAEDTHRE %4 . BFFEOEE L R
WZ kit s, IWRAETY, ERIGHEDTE SHEM MR B EH2E iR
BIESEIC N TA R WEAIT L, REB)~K (5 spec. | S5 S48 | S5 | S48

~ SS 41 | 56 47.5 16 15.7
“1) ek, EERE RV E LD DR P 408 6 134

s¢eng, Lok, R(5-2)1080, B3 gyss | 46 | 389 | 16 | 12.8
NAHMEE R FREE, £— 4108 T LIS, SM58 40 34.9 16 11.5

FRAEICHNTRE W,
-, BRHEOUBEEELT, R (5-2) 2RANEHTHI & 2RET D,
a) KSR (59
vk <ks/k:
b) HHZEHR
JE <16/ks (57)

HRAETIE, BEERICHT 2REHIIT e b vy, MREOHIKEE» 7 ) TNk
D, RBBHZVIFARWDICININELZEC LAWMETY, FornAZE0HFEIGIEOMK &M% i
BLTwaZri, UTok)IiciEHINS,

4, Wi RIS VHRESIN, WHHCRBIH-7120T, 77 REZRMNE Y
EDRZET D, ZOMDERIGNEY o, IBRFRIC L 2HFRNEL 0, Fnh&EicE s
FEWHEER 6.2 35, 770 PHE Hid, RRXZWMREL 2% 5% v,

b2 (27)
o<
% =a- ‘/%1‘ e (28)
ZZT,
az1 (29)
7z, oMIIRATHESI NS,
0ca” = Ocag (30)

e VX, I (10-2) &Y
2
oca::24o,000<—£;)

1 2
=240,000 <a/- == )

JF ks
_ . 240,000 1 1
—a X k (1)



¥ A B oz

ER2 BT, 240,000/42 13 0cao THY, F 72,

1
O'Ca( )

k= —O‘C— (32)

THDLENDT, Cea i%,

—_ 2
Ocat=&"* Ocao *

W) (33)

Eh b, £oT, 0?3, REYZREICILAL T,

O
9 cal
0ca®= Ocag * ———

o
=g azcao o % 1
= Grag -+ @ - 0O 1
ca, cao Gca(l) Gcao
= az . Oc
ROLY, ¥R,
6ea?=0, (34)

&z, @)D B VIIRWTHE LT 2R Y, ZOWEO G, HEWICHR &I
EH LTV 2 RHERZ ZET 2 AR NELNICZ 25, Lo, & (5-2) 28X (5) &
5wt (57) &L, BWEKD FREZHRFENMEERL (T 2201240, JR BRI 1 9
BINTEZBET L TY, FoRFELRL RV L %2 5,

B, HRHEB L UARLTREINLR (5) BLU (57) %, & (5-2) oz
WRIHRGFIZ & p i ERBG R %, £— 5 (SS41, L=10 m, P=30?), Fz— 6 (SM 50,
L=10m, P=20) 5X0U%~7 (SM53, L=10m, p=20) i2R L7, ZHbDEREDY.
R LDREDF LD FHHEIN T2 BbN b,

R—5 . BRFEBLIUBERINZRICE R—6 . ERAFEBLUBERERIRZRAICE

5 RANE R BEFTOKEFE SRANERHFTORER
(SS41, L=10m, P=30¢) (SM50, L=10m, P=20¢)
spec. S55 S48 S48* spec. S55 S48 S48*
A (cm?) 76.51 76.22 | 76.18 A (cm?) 75.29 84.49 | 75.23
b(cm) 31.79 31.81| 31.81 b(cm) 31.86 31.43| 31.85
te(cm) 0.99 0.99 0.99 t¢(cm) 0.97 1.14 0.97
2 (cm) 16.80 16.81 16.83 h(cm) 16.85 16.52 16.84
tw(cm) 0.80 0.80 0.80 ty(cm) 0.80 0.80 0.80
b/t 15.7 15.7 15.7 b/t 16.0 13.4 16.0
&1 —0.002 | —0.445 | —0.444(—0.000) g —0.148 | —1.620 | —1.326(—0.145)
& —0.018 0.000 | 0.000(—0.017) g 0.000 | —0.002 | 0.001( 0.001)
&3 —1.666 | —1.263 | —1.265(—1.663) g —1.279| —0.977 | —1.280(—1.280)
84 0.001 0.000 | —0.000(—0.000) g —0.000 | —0.000 | 0.000( 0.000)
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LR/ ERHR R

/BoNTRANAERRFTOEREZ, BirnhE (SM53, L=10m, P=20¢)
(§55) I2& » THREFTL 2 BAEDEHIF &M spec. S55 S48 S48*
DETH 2, ForhEIC L st rA—n&st Alm’)| 75.27| 87.61| 75.25

_ e bcm) | 31.85| 31.31| 31.84
5, SRS L DR TELNT

WR e L O e N
H hicm) | 16.84| 16.43| 16.83

R, BREFER, To—HERBETEIE ticm) 0.80 0.83] 0.80
SEY, BRhEAEslys—LTHY, & b/t | 160 | 12.8 | 16.0
&1 —0.066 | —1.781 | —1.387(—0.066)
BAEHS L CHEMBEROBEH BT, Rl g 0.000 | —0.000 | —0.000(—0.000)
FETRIG HENDRKE IR E V) T ko 572, gs ~1.185| —0.891 | —1.376(—1.186)

& 0.000| 0.000| 0.001( 0.001)

9. #& Bl

IEH SRR, MEMEES & CHEMBEO RSO R L, ErofEr» SR
FTHZEICLD, #, IHRFEOHFFMFMERICECHE T IHEEERL, —DONRE:
HAZ,

KL LD/ onickmsEaEHECTsE, DT )ik s,
)%m%m%ﬁﬁb;vﬂmﬁﬁﬁm FH2 BV, IR EOFA# T LGS 7B
B4 280N, FINIENREROELFRAFELFELMECTLZEICEY, FRS
EBLMHIC, FUBBNLEFTDREE & 5,

i) IEHHEEMEEORTIC BT, RBER2EET 5 LEDH bENHHIC, &
AT AL 2V,

i) MEMIEOHRHCBW T, BINER*EET 2 LENH 2IEOHFIC, ikt
PHETLZ E0H 5,

iv) HEMEFEORTICE W TS, MEEOTIEEDS 7 ) T AL DEBEITDL, JFER

JEIR % BFET 5 LD H HIED B BT AT 5, 72721, R CHIREIHE
9 &, JHERIEIR & OERUC L BFFEIGTEZFTEL 2 TH, BB LEFNITRTH 5,

v) HEMEAEDZIICBW T, MEIOTRFEL LT UT, REREE IR % %
BT B UEN L WMHEICK S,

vi) BHMEHEN A2 ET 2 &, MENDL WEE TR ELHEAENERED, K&
TIIFENMEA>REEN E 200, HENREED, WEICEBECES Z i3 hr -7,
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Optimum Identification of Dispersion Coefficients
in Porous Media

Satoshi ToHMA and Kazutaka BABA

Abstract

Recently, the problem of predicting the movement of pollutants in groundwater has gained attentions.
To solve such problems a number of numerical methods has been developed. But dispersion coefficients

are always assumed to be a known values, the result of such numerical approach then becomes question-
able.

In this paper, dispersion coefficients were investigated using laboratory column and sand aquifer
tracer tests.

Powell’s conjugate direction method was applied together with the error function type solution to
obtain the dispersion coefficients. Powell’s method is efficient technique for the parameter identification
of dispersion phenomena in porous media. Comparing the observed data and analytical solutions,
obtained dispersion coefficients were reasonable.

1. 2 2 » &

ZIKIC BT 20BAROMIIL, FTEFEL EITL T 2T ARBEROB N2 #T 2
FTEELRETH 5, BUELIERNDOBELRME OB O TR, F I BB 2668 L T&
MBS LN T2, LHL, INS5DTFRBEIITERE:H Hh LOBEMEE LT
BT 24T > T B 728, KBS TFRZAT ) 54, THREOG 2 Hh 8L CBED L v TFali
Thh#weEz Lhb,

STEURES B ALK E HEY B RLF AR, ZEBRAE, MEFICHE S N B 8T A — 2 T, ZDREIC
WL E R % CRATHERRIC & ) EBIICIRO TV 2 D0 FERTH 5,

AREFEIL, D EBEOREICRELTEN—DTH 5 Powell i Hmk 2 @A L, HER
CTBREEHEST 5 HBERL, TR E OMHBEBRE2RHAT LD TH 3,

* RIBFIR - ARE
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2. Powell m#1&H Mm%

AR BT L 72 Powell o 3645 7 113 Hil#) St 0> 7 i@ LB 0§ 2 — Rk
Thb, ZOHEIZENFBRBOREIL n RTEED S 7% 5 HBEE O R/IMUBEI ik
N5, IL08EERTHS 2 ERME L 8RR & 2581l & 0BENMEFEHF% HEY
B L, ZoOBER/INCT 20BRBERRT L Lick B,

ZnHEIIMORE L & R ) —BHRERBOEE LEE L, —HRICFHEREER S
LUV EART 5. Lo L, WS OHEEREIR SIS I RN S LR - 72 Bk
L, BNRISEET 20ICRBAET 2 L v ) BEMEN ) 2 TREZHET S, AETIRE
REDEFNIFEHIZERE L, TLT) X2DBERTABL, IR CHEAY 58513, a; @ Mz
2%, f(a) @ BB, j . KEREEERDOT LD ET 5,

(1) 7=0&L, WA a, WESW di% 52 5o BANDTREK T A TERZE I AT 2 BT~

7 MVEHGVS,
(2) W oaia 2 HEEHM d 1S BRIBIH S () DI a %KD B, KIC as o HEHE
L, HI dii IZDWTORNE ain KDL, LUTRMBOBRIEERE N IBZ T,

(3) KROBNBELICHAT 2HL WY P LM EBIRT 2720, 0=| f (an) —f (an)]

=max{f(ai1) —f(a;)} ZMETLEHmMEZ L \72F,

@ fi=fla), i=f(an), h=fQ2ar—a) 2EHT 2,

6) A= hddwiE, h—2hth) (h—£—0)28(h —£) /20 TR INS

ERDFETIRBEFEDTRR M2 20N FRET 5,
(6) EEMHWR S N IUL, HIl d=an — a0 l2 DWW TORNEE KD, ZDEERD
WMRERET 2, FLHFLWERFEME L Td 2RBIMHTMZ, don 2D K5,
(7) BIEBEORETHONTZRT bL a; EBEFEOX7 PV a; ¥ DBEFTHFMHEUNTH
WERHEEZHETL, 2o ThiTNEj=j+1 L TRKEKES,
FEHOTNTY) X2 ) LRIDENEDKD L, —IRE I oo = 8T H RIS % il L BE
Bl KD, ZH=ZmEHACT2REUEZERL, R/hSOMEIBEREICET 5% TH &
& 2 KM EATE ),

3. FBFRBORE

SEURE % Powell n3i fimped AW CTIRET 2 729113, TEERR 2 ERICER T L€
TINDRENBRE e B, KFFETHDETILKRDBHRG HRERP L) L3 DT 5,
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oY)

18



SN TR E DR EIZ D\ T

22, C WERE, x, v, 2 D JERE, ¢ R, a0 PEERESEO R ST A — 5 BoRT,
BL, a & (V), a @ #EHESEEE(KLD), aw: BHSEES (KD £ L, 22T,
RIEDEE L P TATHI LD ET 5,

ETNEC(x,y, 2, 1) 1ZORE Y- BREMEOT THEATEIC T 7213 BB & ) K> D
ZENTED, I TIRROBEHHEL 5,
MU —rE I & B — kot s R R 0

S A w o e wird ] 0

HL, ##%ME Cx, t=0)=0 x>0
BREME  Cx=0, )=C t>0, C(x—oo, t)=0 >
MU —YEERIBOEIC X B RGO B RREROR

Clx, v, 1= g ennl— 70 exa 57 Jerte( R4_Kﬁft>+

w5k Jertel i)

2z, R=Vx'+ Y2 Y=y/Ki/Kr, B=/V'—4K.y, v: L —HEEE, Co: #I1
R, Q: ik,

THRBOBREBROFIEIX, —MICERE c(x,v,2,8) 12T 5 Bk C(x,y,2,t) DR
Zrx BB E L, ZoBMNBEDRANNE L2 0RREE KDL ETH L, BENELLE
& LT, MEEREOM, HABEDEF MR N BENM L &Y %2 5 b, AEICE
WD — B R R O SR 2 BB E T 5,

Fla)=3(Ci—c:)? (4)

i=1

WX TERL 72 HUBEE OB/ ME A 1T % ) S8, Powell D648 5 i3 #l# b0 7o W iR
BEETHBNT, ADTHEIRBERL TR AL 5, ZOREEZHM I 12HKDF LT 4 B
B 2 EAT 5,

n P(af,-)=0 a; >0
]P:iglp(ai) {

Pa)=|a:] x10° <0 (5

BRI NT 4B EEATLZEICL), BHBEEEZRRAN L S ICHEET %,
J=f(a)+7J» (6)
4, 3 B £ B

4.1 —REHTLDHRER Z0FEBREEIFg 1LIRTLI1C, WMEé=10.6cm, &
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EL=100.0cm OFHT 7 ) VB T Lh LY, UKD

R FHALEE 80cm I EN TS, £IkE LTHA HEAD TANK
L 723k ahd (B2 0.075 cm, Z2fE5 0.376), &7 AEK ’J -
(CE¥££0.10 cm,  Z2B%320.383), R Y 2FL 28R (CEHE

0.15cm, ZefEa 0.367 R USEHIEE 0.13 cm, Z2F#ER 0.351) H
D IHE AR TH B, &

EBRIZ ZIRDEHRICHE L T TETRER Y TELKE B
THRT 27250, &7 AkWAREIC LT ER, b RE e TR
WrICTIEL, HERDZIKRETEET 5, ZHAKADTN

EHEKEIEL 2%, —EBEc=10.0g/lniEK%E I
V—i e L CGEBSE L, STUALEE S 5 26.0, 46.0, 66.0 w
cmDIBIZBNWTENRELZHET S, B BEIEERR
it GHUEAFS MK-106) #8L T4 F 5> A NVDT—F L
a—% (74778 R-61) ICEiskL, sV ar (T4 T 78
PS-80) 2k W F— s B %2477 - 72,

4.2 ZREATFEFEERER KRUFHEHSERERIE, S31.0m §§0.4m, £24.5mD
MEEHET 7 1) VIRD S8 " RICKERICH 7 2 EBREE—DEHZHEHL TEX 0.58m, 1§
0.4m, R 2.0mOPEHEKELZEL, EFRHRERET AL -7, PV —H3BE c=
20.0 g/ DHEKE BV, ZOWELELEHKE EFEA & 20.0, 60.0, 100.0, 140.0, 180.0 cm
IR - BBIFRICES 6 mm OB ERALEEL 2, BEHIZER 6 =20mm HFFLIE
CBANA T L A EEEAHTIIITER LICBREI N TS, Py —HIIBMBHE L, #
ARIZ20.0cm DALEICH 2 BHIH 2Bz, ZBHERRE Y 7 LEREFE—DEETH
5,

TRACER RESERVOIR
MARIOTTE VESSEL

HEAD TANK

Fig. 1 Experimental Setup.

5. BITERRUEER

5.1 —REZE AWML NHELNLHERO—IE Fig. 21077, FEXIEDZHW
CKEEEZ H % 6 BRIEICA{LS ¥ TREX 0 BRB A RBREL 23D TH 5, MEICBL

TIFERMEDHIRE c/0=0.5 DHEEHRE L FIE S N2 iEIZ—BL, FEEMBIINETH S
EEZLNS, —F, SEERBUCBIL TITME T 2L T 5, ERfEIRWTNY
AR ¢/¢0=0.9 L ETRER MBI ZME 2 HT 525 Z1Ud b L —HO—FrwRiT
DREZRAET 5720 & B b b, Powell i3 AIHMED IR E A T Wi d, HTllEE D
FNEPIEFIET T 2720, AFHICB W TUIRDOFHEIC L ) MEL 5 2 72, EBRTHEDS
N5 MEOBBIR T, —MICHREMBOMITZLET 5 2 & 2 FE L IREOWHIEIC (3AHX
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LA DGR B OB R EIZ DV T

Table—1 Values of the Iterations

1.0
g 0.9 COLUMNSAND) in the identification of
z T;soni-rf;L CURVE — V and K,
O 0.81 EXPERIMENTAL VALUE o
5 071 Iteration |4 K.
z oo Initial | 0.68200 | 0.09500
2 o 1 0.78200 | 0.09500
§ ' H=75cM| 70 6 2 0.58200 | 0.09500
5 o 3 0.66206 | 0.09500
£ 4 0.64212 | 0.09500
g 0.2 5 0.60225 | 0.09500
0.1 6 0.65145 | 0.09500
o5 s e o 230 a0 3o a0 7 0.66078 | 0.09500
TIME (sec) 8 0.65051 | 0.09500
§ . . 9 0.65051 | 0.19500
Fig.2 Comparison of measured concentration 10 0.65051 | 0.14500

histories with analytical solutions. 1 0.65051 | 0.04500

; . N ; 12 0.65051 | 0.10133
WIE0.5 DRBIRIES 52 5. —i, SHARKOMIII o | o oo | o tes
BOBHAROFNTREE 0.16 2 5 0.84 F TOXRM % 45 #0HF & 14 0.65051 | 0.07602

15 0.65051 | 0.09145
e R N 6) .
EET B ERATHFL NS, 16 0.63476 | 0.08967

Ki=((x— Vtoe)/(tois)? - 17 0.66625 | 0.09322
o 22 18 0.65066 | 0.09147

(= Vios) [(tos) "*)*/8 19 0.65044 | 0.09116

o N2 EAED 5 Powell iz L D 35 X — 9 HEE 20 0.65038 | 0.09081

¥ %#8f2% Table— 112787, ZOBHHIZKRY) 251 >~
BR CE¥£20.13em) 2 5 % 5 4RI B W T, BIES x=66.0cm TH S 72 b v —H %
90 W 5 134 B T 2 WED 23D T — & % v 72, AP Tld 20 Bl SR CholflEic E L
TBY, VHETH 2FEHE E OMMEZEIZ 5 BUNTDH 5,

[ X M7z T B O iR g 2 Q)RUSARA L TR 5 N 5 5H5E & S5l & % Table— 2 (2R
Yo MBHBDED LD & fH, THIREE DWHLIETH L Z LRBDHLNLD,

Table—2 Identification values by powell’s method

STYRENE HEAD=18.0CM TIME= 90.0 - 134.0SEC
INITIAL VALUE VELOCITY= 0.6820 DISPERSION COE.
IDENTI. VALUE VELOCITY= 0.650¢4 DISPERSION COE.

0.0950
0.0908

sxxxs CALCULATION VALUE TABLE xszxsx

-0009 0.0029 0.0079 0.0190 0.0405 0.0775 0.1343 0.2130 0.3113 0.64231
-5394 0.6504 0.7482 0.8280 0.8887 0.9316 0.9601 0.9779 0.9883 0.9941
<9972 0.9987 0.9994

[N~ Ne)

sxsxx EXPERIMENTAL DATA TABLE zsxxxx
0.0013 0.0031 0.0042 0.0144 0.0366 0.0789 0.1317 0.2106 0.3116 0.4307
0.5416 0.6506 0.7465 0.8208 0.8847 0.9354 0.9618 0.9749 0.9944 1.0000
1.0000 1.0000 1.0000

ERROR SQUARE SUM= 0.00031
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wel B g%

4.0r

S
3 CONFINED SAND AQUIFER
Q EXPERIMENTAL VALUE o
z 3.0} THEORETICAL CURVE —
=] X = 40.0 cm
: H = 480 c™m
E V = 0.0169 cMm/sec
z KL= 0.00317 cM¥sec
Y20 Kyz 0.000111¢M/sEC
z
9]
o o
-
<10
o U

oy =¥ v v v o0 by b e e b e )

o 40 50 60 70

TIME (MIN)

Fig.3 Comparison of measured concentration history with analytical solution.

5.2 ZREUFEDE AN CRLNLERO—BI% Fig. 3i12RY, RRIIHHKEIC
BWOKIEZ H=4.8cm OEHFICS WM L —H 2 8B0R L, BU&E» S 40.0cm iz b 2
B THEINLDTH B, OB TIITGE, B> EERE (FFKAR) RO
B EERE (ERICEAH) D3IED T X —F2FELTW5, 3HEZERICEET 22
DIIFR% D SHWEOBET — 2 7213 1 E TO SFULOBET — I W EE % 255,
ZTCRE—HED TAEDT— 3 2 L 72, FHEME & FERIE & o Heh & Rk & Ot - 1 5 1t
TEGREIE —RITER & FRRICHIREICRIES N TWB L EZ L b,

A O REBGAIBRIT E— 7 Sl CIENMEZ 2L Twb, —ic, ML — %8R
B L 72556 OGBS IR E AR T L & L ICBRL, ERMHHICE D2 Eo5sn
TWBh, AREBRTIE ML —F oA D SRR T4 <, $BBIRIBIR L 7005 5 Fl
T2LDEEZLND, QRICBWTIZNBELEE L THERy 2 8AL T3, Table
SIIKEEEZ A2 B TS NIz EIRE 2R L T B, #EH M BREUE TR o B
ELLWEDKRE L B0, BAMSEGREIZIZIT—EEL L 5 2 L RBH LN 5, KHAS
AR EU 2 FHEE AR S (NaCl 354 2.0 X 10 °cm?/sec) ” D#y 10 0% & 225, EBRCHEH
L 72K B RISRED 2O ERICEAH~OBEI AKX X200 L Bbh b,

Table—3 Identification of V,K; and Ky

K OH E | W | HEF SRR | B o EUR K/ K,
H(cm) Vicm,'s) Ki(cm?,/s) Kr(cm?,/s)
4.80 0.0169 0.00317 0.000111 0.0350
8.55 0.0357 0.00489 0.000188 0.0384
11.45 0.0404 0.00558 0.000230 0.0412
15.80 0.0538 0.00685 0.000187 0.0273
17.50 0.0627 0.00795 0.000196 0.0247
19.90 0.0693 0.00859 0.000180 0.0210
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LIRS ER B ORI RIEIC DT

KICETE S NTz—, RITHT O TR & 5 HbR g & OB 2 K B, HEAEHUL, BT
7, ZHERVREFICHES NG D, KTHEINC L) Z0BR 2 KD 5 & KOEKRTTCENTE
Hilb,

P.=Vd/K, (8)

22z, Pei7Vv¥, 4R, R y—"

AERIZBWTIZZ ORI VEDIIIF—FEE

(Pe=1.0) &%, G- TR o EbRE &
X & ZHBIRRAE T 5 Z L bbb, Fig

4 13— RITTEER 100 T— %, RIGHEE
B2 722 NF DL THL E>»
LN 2 FEAUC & ) ROBIfR 272,
K., =0.139 V"%
(0.01< V<1.0cm/sec) (9)
b3 & HE D7 4 BOR B33 I 1 ) .

L. SE#0.139 IBM L 28O P E "ot o0 T~ - o
EERL T3, ZOfEIRREID 22 # 2 Fig.4 Relation between velocity and
RS 3 R 4 0 IR CX 2, dispersion coefficient.

°

0.014

DISPERSION COEFFICIENT KL(cMZs)

® GLASS BEADS
A STYRENE BEADS (L)
A STYRENE BEADS(S)

6. f& B

AIFRIC BN TRLNLRREBENT L LRNDEBY) TH 5,
1) S HER L Powell 2 #lA G4 2 Z L2 L ) BUREIC O IREE 2 HEE TE 5,
2) HEH TS EAREL T & ORI KOBIRY LT 5,
K.=0.139 V' (0.01< V <1.0cm/sec)
3) BEH S EAREUIHE S A BURE D 1072 DA —Ficdh B,

7. » & H» &

UEZIZ¥)— 2 hEr2 BT 2882 AT, B8R 2IKIC BT 2 KRS B9 8RR %
Powell iz & W &BEET 5 HiEE R L 72, ZORER, —KIOR U RIGFESHEICE L TH
FEIZ D EAR S 2 SKDIF S 2 & AEREE L7z, #EH M BdRES, BRERES 1.0 cm/sec LI
HHIC B W TTTRERBUCIZITHEIT 5 Z & 20D S 1172, HEDT 1.0 cm/sec DIFAARERR
TIEVA NV ZE Re=1.0 124 T 5, ZOEIZEERIVERTH 5 2H0 FRMEICHLT 2
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Development and Application of Predictor Model for
Seasonal Variations in Skid Resistance (I)
—Mechanistic Model—

Kazuo SA1TO* and John J. HENRY™**

Abstract

This paper describes a part of the findings of a three-year research program to develop a basic
mechanistic model to predict the seasonal and short-term variations in skid resistance as a function of
environmental and traffic conditions. The model treats the seasonal and short-term variations separately.
Data were analyzed from 21 test surfaces in State College, Pennsylvania. For the seasonal trend, an
exponential curve was fitted to the skid number data for the asphalt pavements, while a linear relationship
best fit the data for portland cement concrete surfaces. The coefficients of the resulting seanonal
variation curves were fitted to pavement and traffic parameters to provide predictors for the long term
effects. Significant predictors were found to be British Pendulum Numbers (BPN) and average daily
traffic (ADT). Other predictors for pavement polishing are suggested in place of BPN to predict the rate
of decrease in skid resistance over an annual cycle. After the data for seasonal variations were adjusted,
the remaining short-term variations were regressed against rainfall, terperature, and macrotexture
parameter. The short- term variations can be predicted by dry spell factor (DSF) and pavement tempera-
ture (77 ), but the introduction of the measured percent normalized gradient (PNG) was found to improve
the regression.

The developed model wes applied for predicting the level of skid resistance at the end of the year
(SNsr ) and for predicting the skid resistance at any day from a measurement taken on a different day. It

is concluded that mechanistic model is effective predictor model for predicting those skid resistance.
1. INTRODUCTION

It is generally recognized that the skid resistance of pavement surfaces changes with
time. Two decades ago, Giles and Sabey” reported that investigations on some British
pavements revealed the existence of significant differences in skid resistance between
summer and winter. They also presented data which showed that a strong relationship
existed between seasonal variations in skid resistance and personal injury accidents.

During the past two decades, several transportation departments and other agencies in

* Dr. Eng., Associate professor of Civil Engineering, Muroran Institute of Technology, Muroan,
Hokkaido, JAPAN
* % Sc. D., Professor of Mechanical Engineering, and Acting Director of Pennsylvania Transportation
Institute, Pennsylvania State University, University Park, Pa. U.S.A.
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Figure. 1 Seasonal variation in skid resistance during five
years (Dense-graded asphalt surface)

the United States have conducted extensive skid-resistance surveys. Skid-resistance
measurements made on public highways in Pennsylvania and other states in accordance
with ASTM E 274 Method of Test? exhibit seasonal and short-term variations,®9 but
until last few years little attention was paid to seasonal variations in these measurements.

Until recently, the most comprehensivély documented studies involving both seasonal
and short-term skid-resistance variations were the ones undertaken by the Pennsylvania
DOT.*® The skid-resistance measurements made in these studies showed that, once a
pavement surface had stabilized after being exposed to weather and traffic for one or two
years, the surface exibited cyclic skid-resistance variations which tends to be higher in
winter through spring than in summer through fall (see Figure 1). Superimposed on these
annual cycles are short-term variations, seemingly the result of rainfall and other local
weather conditions. Several other states have reported to the Federal Highway Admini-
stration (FHWA) of U. S. DOT their observations related to seasonal skid-resistance
variations. Extreme seasonal variations as high as 30 skid numbers (SN) have been
observed, with more typical variations in the range of 5 to 15. These observations were
summarized by Rice.? Analyzing these large changes which occur rather systematically,
Hegmon” concluded that there are real skid-resistance changes related to changing condi-
tions.

The observed seasonal and short-term variations in skid resistance make it difficult to
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Seasonal Variations in Skid Resistance (1)
determine the skid resistance of pavement from a single measurements, to specify
minimum skid resistance value for a given road surface in a given time and also to compare
the skid resistance of different types of pavement. As a result, these variations make it
difficult to establish a rational maintenance program in which skid resistance in one of the
important factors. Thus, some analytical procedures are needed which provide a correc-
tion to the measured skid resistance for seasonal and short-term variations in test condi-
tions.

The FHWA recognized the need for analytical means of interpreting skid-resistance
data subjected to seasonal and short-term variations. In 1978, FHWA initiated a three-
year research program with the Pennsylvania State University to collect frequent skid-
resistance measurements of pavements in various areas of the United States and to develop
predictor models to describe seasonal variations in skid resistance of pavement surfaces.

This paper describes the finding of a portion of this research program : the develop-
ment of a basic mechanical model to predict the seasonal and short-term variations in skid
resistance as a function of environmental and traffic conditions, and some applications of
this developed model. The mechanistic model was based on the hypothesized mechanisms
of wear and polishing of the pavement texture and on the data of 21 test pavements in
Pennsylvania.

2. DATA BASE

The data base consisted of skid-resistance measurements taken at various speeds,
pavement related data, weather data recorded at weather stations located near the test
sites.

(1) Test Sites

Skid testing was performed on 21 test pavements in Pennsylvania between January and
December, 1980. The 21 test sites represented a variety of aggregates and mix designs and
included 16 asphalt pavements and 5 porotand cement concrete (PCC) pavements, which
were subjected to a wide range of ADT. The pavement and traffic parameters for each
site are listed in Table 1. The construction materials and locations ot the test sites have
been fully described by Henry and Dahir.?

(2) Skid-Resistance Test

For the 21 test sites, the daily skid-resistance tests were made in the transient slip
mode.? These tests provided SN, data at 64 km/h (40 mph) according to the ASTM E 274
Method of Test, and also brake slip numbers at 16, 32, and 48 km/h (10, 20, and 30 mph)
which can be used to approximate SN, SN, and SN,s respectively. Air, tire, and
pavement temperatures were recorded at the time of each test.

(3) Texture Measurements

Monthly texture measurements made at each site included British Pendulum Number

(BPN) according to ASTM E 303 Methood of Test,? and mean texture depth (MTD)
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Table 1. Pavement and fraffic parameters (1980)

Type of* Year of Type of Aggregate PNG(Ave.) MTD*™ Total

Site No. Pavement Construction Coarse/Fine SRL* h/km BPN*™ mm ADT
1 DG 1970 Limestone/NA L 0.83 58.5 0.368 6630
2 PCC 1960 Limestone/Natural Sand M 0.32 53.0 0.394 7700
3 PCC 1973 Limestone/Natural Sand M 0.71 70.0 0.330 3640
4 DG 1972 Limestone/NA M 0.84 62.5 0.330 3640
8 DG 1972 Limestone/Silica Sand M 0.61 55.0 0.864 1820
9 DG 1972 Limestone/Silica Sand M 0.69 69.5 0.622 1710
10 PCC 1973 Limestone/Silica Sand L 0.77 72.0 0.292 1710
11 DG 1963 Limestone/NA M 0.79 56.0 0.432 4490
12 DG 1970 Limestone/NA G 0.63 60.0 0.648 4490
13 oG 1969 Limestone/NA G 0.53 90.5 0.978 7920
14 PCC 1967 Limestone/NA M 0.83 62.0 0.368 8770
15 oG 1969 Limestone/NA E 0.53 86.5 1.194 7920
16 DG 1966 Limestone/Limestone L 0.88 50.0 0.394 6500
17 DG 1961 Limestone/Limestone - 0.67 53.5 0.775 800
18 PCC 1973 Limestone/NA L 0.66 77.0 0.470 1200
19 DG 1968 Limestone/Silica Sand L 0.81 54.0 0.508 7000
20 DG 1968 Limestone/Silica Sand L 0.82 65.0 0.508 7000
21 0G 1969 Limestone/Silica Sand M 0.68 64.0 1.029 2500
22 0G 1969 Gravel/Silica Sand G 0.58 84.5 1.384 2500
24 DG 1963 Limestone/NA M 0.83 54.0 0.432 4490
25 DG 1963 Gravel/NA G 0.68 81.0 0.521 7920

* DG=Dense Graded PCC = Portland Cement Concrete OG = Open Graded
** SRL = Skid Resistance Level in Pennsylvania: L = Low M = Moderate H = High E = Excellent
***Average value of April and May

according to the sand-patch method described by ACPA.1%
(4) Weather-Related Data
The weather data available in the daily data base were obtained from Weather Station
in University Park, Pennsylvania.
(5) Pavement Polishing Data
During July 1980 a series of tests was carried out on the 21 test sites using Penn State
Reciprocating Pavement Polisher.'® Each pavement was subjected to 2000 polishing
cycles using 0.05-mm silica abrasive, with measurements taken initially (BPN,), after 500
cycles (BPNso), and after 2000 cycles (BPNyg). The results are listed in Table 2.

3. DEVELOPMENT OF MECHANISTIC MODEL

The mechanistic model based on the detailed pavement studies on surface property
behavior over periods ranging three to five years, conducted at the Pennsylvania test sites.
The observed seasonal variations in skid resistance from spring to fall were similar in all
test sites, with a low skid number in the late fall that was brought to almost its original
levels as the skid resistance was rejuvenated over the winter season. Short-term varia-
tions, seemingly due to rainfall and local weather conditions, were superimposed on this
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annual cycle.”? These trends imply that it
may be possible to develop an equation or
model to predict the low skid numbers that
generally occur in the fall, from a skid-resis-
tance measurement taken at any time during
the year.
(1) Description of the Mechanistic Model

In this model, it is hypothesized that
seasonal variations are due to a reduction in
the microtexture as a result of polishing, and
a reduction in the macrotexture as a result of
the wear of the aggregate. The short term
effects are attributed to contaminants that
accumulate on the pavement,'® and in some
cases, to chemical reactions such as might
occur between limestone aggregate and acid
rain. The short-term effects, therefore, are
modeled as causing short-term modifications
to the microtexture.

The model utilizes the Penn State
Model,* in which SN, is related to microtex-
ture and PNG is related to macrotexture :

SNV:SNO e-(PNG/lOO)V (1)

where  SNy,=skid number at velocity V
(km/h)

SN, =skid number-speed intercept
PNG =percent normalized gradient defined as —

and has unit of (h/km).
Or, for the skid resistance at 64 km/h :

SNes=SNo e " PV¢

Table 2. Results of polishing tests with the
Penn State Reciprocating Pave-
ment Polisher

(July 1980)

Site No. BPNo BPN5s00 BPN2000
1 59 60 59
2 68 75 64
3 74 79 70
4 58 68 64
7 68 70 71
8 56 51 50
9 71 66 69

10 70 72 75
11 67 68 66
12 87 82 73
13 89 85 87
14 73 68 66
15 87 85 81
16 70 62 56
17* - - -
18 74 73 67
19 65 62 63
20 65 62 63
21 67 74 68
22 81 76 78
24 50 59 56
25 79 7 71

* This site has been resurfaced.

(100/SNo)
d(SN)/dv

(2)

The term SN, (microtexture) has both seasonal and short-term components ( SNo: and

SNuz), where the SNor is the residuals after curve-fitting a seasonal trend SNok .

value of SN, at any time can be expressed :

SNo = SNo. + SNox

Thus, the

(3)

The SN, deduced from data collected throughout the year typically exhibits seasonal
variations as shown in Figures 2 and 3. Figure 2 shows the trend for a typical asphalt
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Figure. 2 SN, versus time for asphalt Figure. 3 SN, versus time for PCC surface
surface (Pennsylvania site 8§, (Pennsylvania site 2, 1980)
1980)

concrete surface. The seasonal trends for these cases can be considered to be exponential
in nature, whereas the trends in the data for PCC surfaces (F igure 3) are linear.

For asphalt surfaces, the seasonal component is well described by an exponential
relationship at any time t when a measurement is made.

SNor = SNor+ 4 SNy, ¢ (4)

while for PCC surfaces, a linear relationship better fits the observations

4 SNy
T

SNo.= SNor+ (Z'_t) (5)

where
SNor = the level of SN, after the pavement is fully polished. SNor is independent of
both seasonal and short-term variations.
A SN, = the polish susceptibility of the aggregate (an aggregate property).
7= the polishing rate of the aggregate, a combination of aggregate property and
ADT.
At any time t when a measurement of SN, is made, equations (2), (3), and (4) combine
for asphalt pavement surfaces to yield

SNss= (SNor+ SNor+ ASNye ™ /7)o~ PG (6)

The level of skid resistance at the end of the season (SN. s4r)can be written, noting that the
mean of the residuals SN is zero :

SNesr=SNor e *4N¢ (7)

Substituting equation (7) into equation (6) to eliminate SNor, and rearranging, produces a
relationship that can be used to predict the level of skid resistance at the end of the year
(SNer) from a measurement taken at any time during the season (SN;,) :
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SNesr= SNss— (SNog + ASN, e~ 7%) e 064 ¢ (8)

For Pcc surfaces,

SNosr = SNos—( SN+ A3 ( 7)) goserve o

The short-term component SNo: in equation (3) can be described by variables related to
weather and texture in the form of the following linear model :

SNor =+ a X\ + @& X+ + @, X, (10)

where

a;= coefficient determined by multiple regression

X;= variables related to weather and texture

(2) Fitting of Seasonal Relationship
For each site, data were averaged for each month and these averaged SN, were

assigned at the middle of each month. Next, the seasonal variations of mothly averaged
SN, were fitted according to the shifted model instead of equation (4), since the highest
recorded values of SN, at all sites were observed in mid-March (£=74 Jullian days) :

SNov= SNor+ ASN, e~ ™" )

Figure 4 graphically shows the basic concept of this model. The procedure to fit the
data is to vary z which is treated as an independent variable and regress the data to
produce values of SNor and A SN, for each value of 7.

For PCC surfaces, the following linear model was applied to yield the average value
of SNor and the rate of decrease, ASN,/z, where 7 is fixed at 275 Jullian days (mid-

|
-(t-74/T
N SNoL=SNor ASNg e
4
!
4 |
o 7/
=z / |
(2] ’ |
/ /
/ | /
// : /
/
/ | /
/ | /
’ | !
B [ < SNor =
| | \\ 1
= | N [
' | AN 1
1 | No s
L.
November March T November

. (t=74!
Winter Period | (t-74)

(rejuvenation
will occur)

Figure. 4  The basic concept of mechanistic model
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920
Table 3. Parameters of model for seasonal
variations in skid resistance (1980) 80
Asphalt Surface: SNop= SNop+ 4 SNye~=(t-7/t
Site No. ¢ ASN,  SNor R? 0
1 190 22.8 44.2 0.765 i
4 160 26.5 47.9 0.848 5 89
8 80 28.6 43.1 0.919 _
9 40 28.0 64.9 0.672 50 gggrgéfeﬁé’; ;?::SB)PN
11 110 19.4 44.2 0.787
12 210 32.5 46.9 0.795 401
13 160 26.6 78.4 0.926
15 210 31.0 77.0 0.939 30 , .
40 50 60 70 80 90 100
16 170 14.8 34.3 0.656 BPN (Average value of April and May)
17 130 26.4 40.0 0.750 Figure. 5 Relationship between SN,z and
19 140 19.9 44.2 0.844 BPN for asphalt pavement
20 90 23.1 57.6 0.893 surface
21 150 26.2 40.4 0.767 40-
22 170 32.5 66.7 0.866 {ine of Equality
24 190 20.4 39.6 0.720
25 210 25.3 69.4 0.963 o A
ASN, & 30 st
PCC Surface: SNy = SNor+ r—t+74) < Pz 3
T 3 aaf
SiteNo. ¢ 4SNo  SNor R? L (a8
2 275 12.4 405 0.544 & 20 ‘ZA s
3 275 11.5 66.7 0.546 a4
10 275 8.2 77.8  0.512 ASN,, =669+0324 BPN-0.000852 ADT
14 275 9.6 60.6 0.597 10 'R2= 0848 (R=0921)
18 275 5.4 73.0 0.323 10 20 30 40
Measured ASNg
Figure. 6 Prediction of ASN, from BPN
and ADT for asphalt pavement
surface
December) :
SNow=SNor + A3 (4 474 1)

The results of the fitting of the seasonal relationship for all surfaces are summarized
in Table 3.
(3) Prediction of Seasonal Parameters
After the values of the parameters SNor, ASN,, and 7 were obtained from measured
data, methods for predicting these values were attempted.
1) Prediction of SNor
SNor is a measure of the microtexture of the pavement after removal of the seasonal
and short-term effects. Thus, it seemed likely that a microtexture parameter could be
used to predict SNor.  Monthly measurements of BPN were available for each of the test
pavements. A linear regression of SNor versus BPN, which is the average value of
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measurements early in the season (April and May), for asphalt surfaces (see Figure 5) yields
SNor=—16.32+1.068 BPN  (R=(.989) (13
A regression for PCC surfaces yields
SNor=—32.83+1.445 BPN  (R=0.938) (14)

Although the number of observations is not large, linear regression yields significantly
high correlations.

2) Prediction of ASN,

ASN, is a measure of the rejuvenation of skid resistance (see Figure 3) that occurs
during the winter months as a result of the depolishing effects of winter conditions® and
also a measure of the polishing susceptibility of the aggregate by traffic. Therefore, BPN
and ADT seemed likely parameter to be used as predictors. A linear regression of ASN,
versus BPN and ADT for asphalt surfaces (see Figure 6) yields

ASN,=6.69+0.324 BPN —0.000852ADT (R=0.921) (15)
For PCC surfaces :
ASN,=29.51—0.289 BPN —0.000171ADT (R=0.796) (16)

The results indicate that the dipolishing of the pavement as a result of winter deicing
chemicals is offset by the mechanical polishing that occurs with moderate traffic volumes
in case of Pennsylvania test sites. The mechanical aspects of pavement rejuvenation
become important when the winter use of studded tires is considered.

Data are available for five of the asphalt
Table 4. A4SN, for six asphalt pavement
site over three consecutive winters

ASNo
1977-1978 1978-1979 1979-1980 -

pavements in Pennsylvania, for a period of

three consecutive winters. In the winter of
the second year (1978-1979), the use of Site No.

studded tires was prohibited. Table 4 shows 16 28 0 14.0 14.8
that ASN, is consistently greater for the two 17 31.7 24.9 26.4
winters during which studded tires were used. 19 36.3 23.2 19.9
Specifically, ASN, is greatest for the first 20 27.3 22.4 23.1
winter, during which studded tires were used 21 30.3 21.5 26.2
by a large number of motorists. It is also 22 37.8 15.3 32.5

greater for the third winter, during which

studded tires were used by a relatively small number of motorists because it was uncertain
untill late November the use of studs would be permitted. These results seem to support
the theory that a significant factor in winter rejuvenation of the surface texture is the
mechanical interaction between tire and pavement.
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3) Prediction of =
The time constant z is associated with the rate of decrease in skid resistance over an
annual cycle and with the polishing rate of an aggregate. Again, BPN andADT appear
to be usefull parameters for prediction. A linear regression of the data, however, yields
a poor, though significant, correlation. The resulting relationship for asphalt pavement

sites is

7=56.34+0.972BPN +0.00721ADT (R=0.713) 17

The introduction of polishing parameter 2501

BPN,y instead of BPN is found to signifi- Line of Equality
cantly improve the prediction of 7, yielding .
for Pennsylvania sites (see Figure 7) : 2004

7=—22.6+0.00933ADT +2.120BPNyoy £ s * A a

(R=0.875) (19 E 1504 £ a “
where ~ BPNy is reasure of the polish g a
susceptibility of the aggregate, and is the
a

value of BPN after 2000 cycles of polishing 100
with 0.05mm (50-m) silica abrasive on the ;-z::-ég':g %%Z?Z’gciﬁz'lzoamzm
Penn State Reciprocating Pavement Polisher. 505 5o =5 235 520

MEASURED T

Figure. 7  Prediction of = from ADT and
BPN,y, for asphalt pavement
surface

(4) Prediction of Short-Term Residuals

The seasonal variation in skid resistance are assumed to be a function of pavement
aggregate properties and traffic density. The short-term residuals, however, are a result
of rainfall effects, temperature effects, and errors in skid-resistance reasurements. The
largest source of measurement errors is the variation in the lateral placement of the test
tire. Hill and Henry' discussed these three factors on the basis of the 1979 data from 21
test pavements in Pennsylvania. A multiple regression of SNy versus dry spell factor
(DSF) and pavement temperature ( 7,) was performed. The resulting regression equation
was

SNor=3.79—1.17 DSF—0.104 T; 19

where

DSF = In(tz+1), where # = the number of days since the last rainfall of 2.5 mm or more,
with an upper limit of 7 days. Hence, 0= 4£<7.
T,= pavement temperature at the time of test, measured continuously in the wheel

path not being tested.
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The coefficient of this regression was » = 0.35. The result thus not yield a good
prediction of short-term residuals.

To improve the model, the parameter PNG was introduced, which can be deduced from
skid-test data by using equation (1) or predicted from a macrotexture measurement.’® A
multiple regression was performed for the 1980 data. For asphalt pavement surfaces, the
regression equation is ;

SNor=—9.971—2.654 DSF+0.057 7T,+7.811 PNG (R=0.522) (20)
and for PCC surfaces, the regression equation is

SNor=—11.464—1.049DSF+0.00057»+10.934PNG (R=0.436) @)

4. APPLICATION OF MECHANISTIC MODEL

The application of the mechanistic model requires the measurement of skid number-
gradients. It may be possible to replace gradient measurement by a texture measure-
ment'” or surrogate texture measurements such as blank and ribbed tire data at a single
speed.” Also required are a measure of the the BPN of the aggregate early in the season
(April and May), before significant polishing take place, and a measure of the BPN of the
aggregate after polishing with the Penn State Reciprocating Pavement Polisher or a
similar device (BPNyo). Other data needed are ADT, dry spell factor (DSF), and pav-
ement temperature (7»), which are all easily measured.

(1) Prediction of the Adjusted Level of Skid Resistance

Equations 0) and 1) can be used with equations (8) and (9) to determine the value of
SNesr after adjustment for seasonal and short-term effects. The models that can be used
to predict the level of skid resistance at the end of the year (SNxy) for a measurement taken
at any time during the season (SN;,) are for asphalt pavement surfaces :

SNssr = SNsa— (ASMG_H‘M)/T_E). 971—2.654 DSF+0.05 Tp
+7.811PNG)e084me 22)

and for PCC surfaces :

M—ASTNO( T—

SNssr= SNes— ( t+74)—11.464—1.049 DSF+0.0005 T

+10.934 PNG) e~ @)
Figure 8 shows the adjusted SNesr values compared with the original data for asphalt
surface. Similar results were obtained for all of the other sites. Ideally, SNsr should be
constant with time after all the seasonal and short-term effects have been accounted for.
The comparatively low coefficients obviously limit the ability of regression equations (()
and (1) to smooth the data for short-term variations. Figure 9 shows the comparision of
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Figure. 8 Comparison of measured and Figure. 9 Comparison of observed SNgr
adjusted SN, for asphalt pave- and adjusted SN, obtained
ment surface (site 8, 1980) using the mechanistic model

observed SNeir values which are determined from the terminal values of SNor and the
average of the adjusted daily values of SNs«r. There is a good agreement between both
values.

It is concluded that the mechanistic model developed in this study is an effective
predictor model for estimating seasonally adjusted values of SNsr. Further improvement
in the correlation between the short-term residuals SNor and the weather-related para-
meters would improve the ability of the predictor model to smooth the data for short-term
variations.

(2) Estimation of Skid Resistance at Any Time from a Measurement Taken on
Another Day

The mechanistic model also can be used to estimate the skid number at any time from
the measurement made on another day. For asphalt pavement surfaces, the seasonally
adjusted level of skid resistance at day j(SNsr)can be predicted from equation (22) by using
the related data on day j :

SNsir;= SNes;— (SNoe "7 —9 971 —2. 654 DSF;
+0.057 Tp+7.811 PNG,) e %44 )

Similarly, the seasonally adjusted level of skid resistance at day %4 (SNssrz) can be predicted
from the following equation :

SNesrx = SN64, — (SNoe™* ™7 —9 971 —2.654 DSFy
+0.057 Tpe +7.811 PNG)e "5 ”

The value of SN, is theoretically equal. Taking the ratio of SNesr. to SNssr; and
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Table 5. Prediction of skid resistance (SN) on day % from a measurement taken on day j by
use of the mechanistic model (1980)

Date Site 4 Site 11 Site 16
Day;j Dayk PNG Measured Predicted Dif. PNG Measured Predicted Dif. PNG Measured Predicted Dif.
8/18/80 1.35 32.0 - - 1.29 27.6 - — 1.58 20.6 - -
5/02/80 37.0 35.9 1.1 - - - 25.2 23.2 2.0
5/05/80 39.2 35.9 3.3 32.6 31.4 1.2 22.7 23.4 —0.7
5/07/80 35.0 35.0 0.0 31.6 30.4 1.2 22.0 22.5 —0.5
5/08/80 35.6 34.6 1.0 30.8 29.9 0.9 21.4 22.1 -0.7
5/15/80 38.0 35.5 2.5 32.8 31.1 1.7 24.0 22.9 1.1
8/21/80 1.29 32.2 - - 1.23 30.2 - - 1.41 20.4 - -
5/02/80 37.0 36.8 0.2 - = = 25.2 23.9 1.3
5/05/80 39.2 36.9 2.3 32.6 34.8 —2.2 22.7 24.0 -1.3
5/07/80 35.0 35.9 —=0.9 31.6 33.7 -2.1 22.0 23.1 -1.1
5/08/80 35.6 35.5 0.1 30.8 33.2 —2.4 21.4 22.6 -1.2
5/15/80 38.0 36.4 1.6 32.8 34.5 —-1.7 24.0 23.5 —0.5
8/25/80 1.18 33.4 - - 1.19 26.4 - — 1.46 20.7 - =
5/02/80 37.0 38.7 -1.7 - - - 25.2 24.2 1.0
5/05/80 39.2 38.7 0.5 32.6 31.3 1.3 22.7 24.3 -1.6
5/07/80 35.0 37.7 2.7 31.6 30.2 1.4 22.0 23.5 -1.5
5/08/80 35.6 37.3 1.7 30.8 29.7 1.1 21.4 22.9 -1.5
5/15/80 38.0 38.2 0.2 32.8 31.0 1.8 24.0 23.8 0.2

assuming that PNG is the same on day j and % (which is reasonable given the traffic levels
on the Pennsylvania sites), produces a relationship that can be used to predict the level of
skid resistance on day %4 from a measurement taken on day j :
SNesr = SNes;— (SNee™ (e ¥"— ¢~ %) —2 . 654( DSF;— DSF})
+0. 057( ij“ Tpk )6_0'64PNG (26)

The equation for Pcc surfaces can be formed similarly by using equation(23)

SNesr = S]\[e«;j_észiﬂ( tL—t)—1.049(DSF;,— DSF;)
+0.0005( Tps— Tpe)e™ "™ @n

Some results of applying these equations are given in Table 5. In this case, Three
days () in August were used, and the skid resistance on five days (k) in May were estimated
for asphalt surfaces. The results show that there is a good agreement between measured
SNesr and predicted SNsx for each site. Therefore, it is concluded that the mechanistic
model can be used to predict the skid resistance at any day either in the future or in the
past on the basis of measurement taken at any other time.

5. CONCLUSIONS

The following conclusions can be drawn from the development of mechanistic model
and its applications :
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(1) Based on some observations about seasonal variations in skid resistance, an effec-
tive and simple mechanistic model that treats the seasonal and short-term variations
separately has been developed. In this model, it is hypothesized that seasonal variation is
due to a reduction in the microtexture and the macrotexture as a result of the polishing and
wear of the aggregate.

(2) It was found that the level of skid resistance at the beginning of the spring is a
function of surface microtexture as measred by BPN, average daily traffic volume (ADT),
and mechanical effects such as the roughening of the surface by studded tires in winter.

(3) The level of SN, after the long- and short-term effects have been removed, SNor, can
be predicted by the average BPN obtained over a number of tests made in April and May.

(4) The rate of decrease, 7, in skid resistance due to polishing of the aggregate can be
adequately predicted by ADT, and by BPN,y, data obtained using the Penn State Reci-
procating Pavement Polisher. Other polishing devices also may be usefull in providing
data to predict z, but suitable relationship would have to be developed.

(5) The short-term variations (SNor) can be predicted by the dry spell factor (DSF),
pavement temperature ( 7,) and macrotexture parameter PNG, but futher study is needed
to improve the prediction of SNox.

(6) Based on the result of an application of this model to the 1980 data, it is concluded
that the mechanistic model is effective predictor model for estimating seasonally adjusted
values of SN;,.

(7) Further application of this model have been made to predict the skid resistance at
any day from a measurement taken on a different day. Based on this result, it is
concluded that the mechanistic model can be used to predict the skid resistance at any day
either in the future or in the past on the basis of measurement taken at any other day.
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Relationships Between Skid-Resistance Measurements with
the Ribbed and Blank Test Tires, and Pavement Texture

Kazuo SArTo* and John J. HENRY**

Abstract

The prediction model for the ratio of skid numbers obtained with the ribbed E 501 test tire to those
obtained with the blank E 524 test tire at any speed has been developed using data from 22 pavement test
sites in Pennsylvania. The prediction is based on the Penn State Model for skid resistance-speed behavior.
The model was developed as a function of a macrotexture parameter defined by sand-patch mean texture
depth (MTD). An application of this model permits the prediction of the blank-tire skid number at any
speed from a measured ribbed-tire skid number and a macrotexture measurement. A simplified model for
the blank-tire skid number at 64 km/h (40 mph) test speed was also developed. Values calculated from
both models show good agreement with each other as well as with the actual data.

Another effort in this study was to relate skid resistance measured with both types of test tires to
pavement texture. The results show a strong relationship between skid numbers with both test tires and
pavement macrotexture and microtexture. Therefore, if a pavement skid-resistance survey is performed
with both the blank E 524 and the ribbed E 501 test tires, the levels of macrotexture and microtexture can
readily be estimated.

The seasonal and short-term variations in data with the two tires also were compared. It was found
that the short-term variations in the blank tire data do not pose at great a problem as those in the ribbed
tire data.

1. INTRODUCTION

Adequate tire-pavement friction on wet pavement surfaces is important for maintain-
ing safe vehicle operation. The wet-pavement friction of the primary highway systems of
most states in monitored in annual surveys according to the test procedure specified by
ASTM Method of Test E 274-79, “Skid Resistance of Paved Surfaces Using a Full-Scale
Tire”.? This method provedes the skid resistance of the wet pavement with a ribbed test
tire specified by ASTM Standard E 501-76, “Standard Tire for Pavement Skid-Resistance

*Dr. Eng., Associate Professor of Civil Engineering, Muroran Institute of Technology, Muroran,
Hokkaido, JAPAN
* % Sc. D., Professor of Mechanical Enginnering, and Acting Director of Pennsylvania Transportation
Institute, Pennsylvania State University, University Park, Pa. U. S. A.
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Figure. 1 Comparison of the geometry of the interface of
a ribbed tire and a typical grooved pavement
Tests”,” under fully specified test conditions. The E 501 test tire has seven smooth
longitudinal ribs separated by six grooves which provide for drainage of water from the
tire-pavement surfaces as the tire slides over the wetted pavement during the test. The
specification requires that the tire be discarded when the minimum depth of the grooves
reaches 4 mm.

Recently the use of the E 501 test tire for evaluating wet-pavement safety has been
questioned.®® Pavement grooving is widely accepted as an effective means of reducing
wet skidding accidents. It has been noted, however, that the skid number measured with
the ribbed tire is not significantly improved by grooving.®® In a Michigan study, skid
resistance measurements with both ribbed and blank tires were made at a site with a high
rate of wet-pavement accidents, before and after longitudinal grooving.® Wet-pavement
accidents decreased dramatically in the grooved areas, which showed only a slight increase
in skid resistance when measured with the ribbed tire, but a large increase when the blank
tire was used. Figure 1 shows a conceptualized ribbed test tire profile superimposed on a
typical grooving pattern. Since the presence or absence of the grooves does not affect the
skid number, it is apparent that sufficient drainage is provided by the tire grooves.
Therefore, if the skid number measured with the ribbed test tire were a true measure of
safety, pavement grooving could not be justified. Because of its adequate drainage, the
ribbed test tire is not sensitive to the drainage capability provided by the pavement
macrotexture. The skid resistance measured with the ribbed test tire on dense-graded
(fine textured) pavements would not predict the low friction potential that such a pavement
might have for a car with worn tires on a pavement with a thick water film.”

Several state agencies are investigating the use of the blank tire specified by ASTM
Standard E 524-76, “Smooth-Tread Standard Tire for Special-Purpose Pavement Skid-
Resistance Test”.? A study in Connecticut suggested that tests with the blank tire
correlate with wet-pavement accident frequency, especially hydroplaning accidents, re-
gardless of pavement type.? A study in Virginia on 31 test sites, both bituminous and
portland cement concrete pavements, compared the skid numbers measured with both
blank and ribbed tires by grouping the pavements by texture depth.? On some pavements
with high macrotexture the blank and ribbed skid numbers were almost identical, whereas
on the pavements with low levels of macrotexture they differed significantly. A study
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sponsored by the Federal Highway Administration was initiated at the Pennsylvania State
University to obtain additional data in Pennsylvania and to compare the results indicate
that the E 501 tire is a poor discriminator of macrotexture. Although its use may
adequately rank the safety of pavements with a narrow range of macrotexture, it cannot
compare, for example, dense-graded asphalt pavements with open-graded ones, or grooved
portland cement concrete pavements with ungrooved ones. Based on these results, it has
been concluded that the ribbed E 501 test tire provides a good evaluation of microtexture,
but is not sensitive to macrotexpure, which is a significant factor in wet-pavement safety.

Ideally, a pavement skid-resistance survey should be performed with both the ribbed
E 501 and the blank E 524 tires. By comparing the skid-resistance values from both tires,
one can readily estimate the levels of microtexture and macrotexture and thus assess the
cause of poor skid resistance and the choice and likelihood of success of corrective
measures.

In this paper, a prediction model is developed which can be used to estimate the skid-
resistance level with a blank tire from the actual measurements made with the ribbed tire
and from the pavement macrotexture. An attempt is made also to develop the relation-
ship between pavement texture and skid resistance with both tires.

2. DATA BASE

Data are avaiable from tests with both the blank and the ribbed test tires on the 22
pavement test sites of the skid-resistance program conducted by the Pennsylvania State
University. These sites represent a variety of aggregates and mix designs, and include
both asphalt and portland cement concrete. The pavements are subject to a wide range
of average daily traffic. The skid tests were made in the transient slip mode!® which not
only provides SN,, data according to the ASTM Method of Test E 274, but also yields
brake slip numbers at 16, 32, and 48 km/h, which can be used to approximate SN, SN;,,
and SN,s; for both blank and ribbed test tires. Texture measurements made at each site
included British pendulum number (BPN) according to ASTM Method of Test E 303", and
mean texture depth (MTD) by the sand-patch test according to the PCA method.!?

3. ROLE OF PAVEMENT TEXTURE IN SKID RESISTANCE

When skid testing is performed with a particular test tire, the pavement surface
properties are the main factors that influence the measurement. The pavement surface
characteristics that influence skid resistance can be divided into two scales : microtexture
and macrotexture. Microtexture, with a space frequency content greater than 2000 cycles
per meter, is a function of the asperities and surface roughness of individual aggregate
particles. Macrotexture, with a space frequency range from 25 to 2000 cycles per meter,
is a function of aggregate gradition.’? Microtexture penetrates the water film to provide
direct contact with the tire, while macrotexture provides channels for water to escape from
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the tire-pavement interface. Macrotexture thus plays an important role in the prevention

of wet-pavement accidemts.

Leu and Henry' have shown that skid number data decrease exponentially with speed

according to the Penn State Model :

SNy = SN, ¢ T8 "

SNv=sgkid number at velocity V (km/h)

SN, =skid number-speed intercept

(1)

100dSN

PNG =percent normalized gradient defined as : ——~——-——and has units of

km/h.

SN dVv

They also have found that, for the ribbed tire test data, SN, is highly correlated with
such microtexture parameters as height of the microtexture profile and BPN , and that the
rate at which the skid number decreases with speed, described by PNG, is correlated with

macrotexture parameters such as the height of macrotexture profiles and sand-patch mean
texture depth.” A significant advantage of this model is that it separates the effects
macrotexture and microtexture. Good skid resistance at traffic speeds such as 64 km/h
requires high levels of both macrotexture and microtexture.

4. THE BLANK TEST TIRE

The blank test tire is, except for the absense of the grooves, the same as the E 501

ribbed tire. Clearly, its contribution to the
tire-pavement interface drainage capability is
zero and one would therefore expect it to
produce data with a strong dependence upon
macrotexture for measurements at 64 km/h.
The blank tire is an extreme case, with
actual tires ranking between it and the ribbed
tire in drainage capability. However, an
intermediate test tire, for example, one with
shallower grooves, would be impractical as it
would have a very limited useful life. That
is, either the grooves must be sufficiently
deep that their depth does not affect the test,
or they must be absent.

It has been suggested that a dis-
advantage of the blank tire is that it also is
sensitive to the amount of water on the
pavement. ASTM Method of Test E 274V
specifies water flow rates which would
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produce a water film thichness of 0.5 mm (0.02 in.) if all the water were to lie uniformly on
the pavement in the tire path. Actual film thicknesses are undoutedly somewhat less.
The ribbed tire with its terminal mean effective tread depth of 0.97 mm (0.038 in.) can easily
permit the escape of this amount of water or more without a noticeable decrease in friction.
Tests were run with both tires over four pavements with water flow from 6.8 to 22.7 m?®/
h (30 to 100 gal/min) and the results are shown in Figure 2. Although the effect of the rate
of water delivery to the test tire is pronounced for the blank tire, there is no severe problem
if reasonable calibration of the water flow rate is maintained. At 64 km/h the ribbed tire
can accept as much as three times the normal water flow rate without affecting the data
by more than three skid numbers.? The fact that it is insensitive to water flow rate casts
doubt on the validity of the ribbed tires as a means of evaluating pavements for wet
weather safety.

5. PREDICTION MODEL OF SKID NUMBER WITH BLANK TIRE

(1) Skid Number-Speed Relationship for Blank and Ribbed Tires
The skid number-speed relationship for blank and ribbed tires can be developed using
the Penn State Model, given as equation (1). A model for ribbed tire data can be expressed
in the from :

R
PNGT,,

SN#= SN¢& e 100 (2)

and for blank tire data :
SNE=SN& e oo 3)
where SN =skid number with the ribbed tire at velocity V (km/h)
SN & =skid number with the blank tire at velocity V (km/h)
SN & =skid number-speed intercept for the ribbed tire
SN 2 =skid number-speed intercept for the blank tire
PNG? =percent normalized gradient for the ribbed tire
PNG? =percent normalized gradient for the blank tire
The ratio of SN to SN¥ is then formed :

SN‘I’E: — SNli e(PNGR—PNGB) V/100 (4)
SNV SN¥
or  SN#=SNE Co e " (5)
where
Co= SN¢&/SN¢ 4 PNG= PNG"—PNG*

If it is possible to correlate C, and APNG with pavement texture, equation (4) or (5)
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Table 1. Skid Resistance and Texture Data

Type of Summer 1979° Co APNG Fall 1979¢
Site Pavement? Cy MTD (SN¢B/SNR) (h/km) Cyp MTD BPN
(mm) (mm)
1 DG 0.529 0.263 0.451 0.250 0.530 0.263 44.0
2 PCC 0.554 0.300 0.541 0.072 0.557 0.338 58.5
3 PCC 0.527 0.263 0.513 0.163 0.562 0.325 69.0
4 DG 0.642 0.225 0.589 0.078 0.611 0.200 56.5
7 PCC 0.551 0.225 0.512 0.191 0.575 0.250 69.0
8 DG 0.830 0.700 0.801 0.072 0.901 0.700 41.0
9 DG 0.724 0.588 0.722 0.109 0.766 0.575 47.5
10 PCC 0.430 0.225 0.456 0.445 0.527 0.213 65.5
11 DG 0.630 0.263 0.537 0.172 0.597 0.338 51.0
12 DG 0.741 0.438 0.681 0.200 0.769 0.375 57.5
13 oG 0.914 1.025 0.934 0.025 0.939 1.113 87.0
14 PCC 0.515 0.325 0.495 0.272 0.583 0.325 60.5
15 oG 0.996 1.388 0.936 0.034 0.973 1.263 78.0
16 oG 0.671 0.250 0.583 0.166 0.632 0.338 43.0
17 DG 0.878 0.925 0.862 0.044 0.842 0.825 52.5
18 PCC 0.667 0.463 0.674 0.100 0.696 0.400 68.5
19 DG 0.536 0.413 0.562 0.159 0.603 0.375 48.5
20 DG 0.657 0.413 0.610 0.141 0.646 0.375 58.0
21 oG 0.968 1.138 0.876 0.044 0.927 1.163 51.0
22 oG 0.969 1.250 1.001 0.001 0.985 1.488 81.0
24 DG 0.534 0.275 0.508 0.125 0.547 0.313 51.0
25 oG 0.717 0.765 0.681 0.097 0.742 0.575 75.5

2 PCC = portland cement concrete: DG = dense graded asphalt cocrete; OG = open graded asphalt concrete.
®Values are averaged for July and August, 1979.
¢Values are averaged for September and October, 1979.

can be used to predict blank-tire skid number from measured ribbed-tire skid number and
pavement texture at any speed. It has been shown in studies in Illinois*® and New York'®
that the difference between the ribbed-tire and blank-tire skid number is a function of
macrotexture, with larger differences at low macrotexture than at high macrotexture.
Therefore, it is assumed that both C, and APNG are the function of macrotexture.
(2) G, Versus Macrotexture
To test the hypothesis that a macrotexture parameter can be used to predict G, and
attempt was made to correlate C, with mean texture depth, MTD, for the data obtained in
the fall of 1979 (see Table 1). A high degree of correlation was found, as shown in Figure
3. A least squares regression analysis yields :
Go=0.87 (MTD)*3 (R=0.958) ©
where MTD is expressed in mm here and in subsequent equations.
(33  APNG Versus Macrotexture
Next, a correlation between APNG and MTD was attempted as means of testing the
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hypothesis that APNG can be predicted by macrotexture data. In Figure 4, A PNG is
plotted against MTD for the 20 test sites. The resulting relationship is

APNG=0.0238 (MTD)™ "™ (R=0.817) (7)

The result shows that the difference between the ribbed tire and blank tire values for
PNG decrease sharply as macrotexture increases and approaches zero at high macrotex-
ture.
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(4) Prediction of Skid Numbers with the Blank Tire from Ribbed Tire Measurements
and Macrotexture
By combining equations (5), (6), and (7), a relationship between skid number with the
blank tire(SN#), skid number with the ribbed tire( SN¥), sand-patch mean texture depth
(MTD), and speed (V') can be obtained :

SNE =0.87 SN{/?(MTD)O"‘B 000238 V(MTD)" 178 (8)

Skid number values at 32 km/h (SNs%) and at 64 km/h(SNg), calculated from the
ribbed tire data at the corresponding speed and macrotexture using equation (8), are
compared with measured skid numbers in Figures 5 and 6, respectively. Both figures show
excellent agreement between measured skid numbers and predicted ones.

(5) Simplified Model for Testing Speed, 64 km/h (40 mph)

The skid test is usually performed at 64 km/h (40mph). The model in equation (8) can
be used to predict the skid number with the blank tire at the test speed of 64 km/h, as
shown in Figure 6, but this model is somewhat complicated. Therefore, a simplified model
was developed.

The skid number measured with the blank tire at 64 km/h is designated as SN& and
with the ribbed tire as SN¢&. The ratio of SN¢i to SN&, defined as Ce,=SNE,/SNE, is
again correlated with macrotexture, MTD, for the data obtained from the 22 test sites in
the summer and fall of 1979 (listed in Table 1). In Figure 7, G, is plotted against MTD.
A least squares regression analysis yields

11 0 Summer 1979 90
: aFall 1979
X=Y
80
10 “‘23 MTD = 1.75 mm /
@ 70 /
«d W 1.50 mm /
Zz 099 F 60
> x 1.25 mm /
@O E
z
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& £ 40 075 mm
071 =
o
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Figure. 7 Relationship between (s, and Figure. 8 Relationship between SN&§,,
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Ces=0.887 (MTD)*% (R=0.969) (9)

or
SN¢ =0.887 SN& (MTD)**® (10)

Similarly, an expression for G, can be developed from equation (8) ; Figure 7 shows the
results of both equations (8) and (9). Agreement is seen to be very good, but equation (8)
must not be used for macrotexture levels below those used in the development of the model,
i. e., below 0.25 mm.

The relationship between skid numbers with both the blank and ribbed tires at 64 km/
h for various macrotexture levels is presented graphically in Figure 8. Conversely it could
be shown that one can predict the mean texture depth by using this relationship when the
skid resistance with both the ribbed and blank tires is known for the pavement.

6. RELATIONSHIP BETWEEN SKID RESISTANCE WITH BOTH TEST
TIRES AND PAVEMENT TEXTURE

(1) Ribbed Versus Blank-Tire Skid Test Concept

In an attempt to better define the skid-resistance values of pavements, Henry? has
compared the skid-resistance data measured with both the ribbed and blank test tires in the
fall of 1978. The data are plotted in Figure 9 with MTD and BPN. Examination of
Figure 9 shows that the ribbed tire ranks the pavements more strongly according to
microtexture (BPN) than does the blank tire. The blank tire, however, ranks both
according to microtexture (BPN) and macrotexture (M7D), while the ribbed tire is unable
to distinguish differences in macrotexture.

Linear regression equations were used to relate the test results for each tire to a
measure of microtexture, defined by BPN measurements, and a mearure of macrotexture,
defined by MTD as determined from sand-patch tests. The resulting regression equations
have shown that the ribbed-tire skid number is highly sensitive to surface microtexture,
while the blank-tire skid number is sensitive to both macrotexture and microtexture. The
expression for BPN and MTD were preliminary at that time and needed further validation.
However, the concept of using both types of skid test data shows promise as an indirect
macrotexture and microtexture measurement method.

(2) Correlation of Skid Numbers with Texture Data

Data are available from skid tests which were conducted with both tires during April
and October in 1979 and 1980 on 22 test sites in Pennsylvania. As in the previous study,
linear regression equations were used to correlate the test results for each tire with BPN
and MTD. The multiple regression analysis was performed on all data in the form :

SNaﬁ: a0+ aiMTD+ a: BPN (11)
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SN& = bo+ b1 MTD + b2 BPN (12)
where MTD is expressed in mm.
The resulting regression equations are
SN&E = —9.7+4.72 MTD+0.766 BPN (R=10.922) 19
SN& = —19.5+17.3 MTD + 0.628 BPN (R=10.917) (14)

The coefficients are very similar to the early results, and they confirm the conclusion
that skid measurements with the ribbed test tire are highly sensitive to pavement surface
microtexture and relatively insensitive to macrotexture, while skid measurements with the
blank test tire are sensitive to both macrotexture and microtexture.
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(3) Correlation of Texture Data to Skid Numbers
Equations (13) and (14) could be solved for BPN and MTD in terms of both SN& and
SN3,. However, in order to examine the validity of the correlation, linear regression of
the data was performed to relate BPN and MTD to skid numbers with both tires. The
multiple regression analysis was performed on all data in the form :

BPN = ¢, + Ci SNeﬁ‘i‘ C2 SN&% (15)
MTD = do + d1 SNeIi + dz SNeﬁ (16)

where MTD has units of mm.
The resulting regression equations are

BPN =20.0+0.405 SN¢ +0.039 SN (R=10.905) 1)
MTD = 0.49—0.0289SN¢ +0.0426 SN& (R=10.853) 19

As expected, the result for BPN shows that SN§ plays only a small role in the
prediction of the level of BPN, and it may be possible to predict BPN solely from SNE&.
To test this hypothesis, an attempt was made to correlate BPN with SN& for all data
avaiable. The least squares analysis yields

BPN=22.2+0.998 SN (R=10.894) (19

7. COMPARISON OF SEASONAL VARIATIONS IN SKID RESISTANCE
WITH THE RIBBED AND BLANK TIRES

Skid-resistance measurements with the ribbed tire on public highways in Pennsylvania
and other states have exhibited seasonal and short-term variations,'®!” Extreme seasonal
variations as high as 30 skid numbers have been observed, with more typical variations in
the range of 5to 15. These variations make it difficult to establish a rational maintenance
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program in which skid resistance is an important factor.

Data are available form tests with the ribbed and blank tires for 1980. Figures 10 and
11 compare seasonal variations in skid number, SN;,, with the ribbed and blank tires for a
dense-graded asphalt surface and for a portland cement concrete surface, respectively.
These figures show clearly that long-term (seasonal) variations for both tires exhibit
almost the same trend, whereas short-term (daily) variations for both tires are significantly
different. The short-term variations in skid resistance with the ribbed tire show fairly
large fluctuations which are the result of rainfall, pavement temperature, and short-term
changes of microtexture parameters and PNG.®® On the other hand, the short-term
fluctuations with the blank tire are small and probably negligible. The standard devia-
tions of the skid numbers with the ribbed tire are 1.83 for the asphalt surface and 2.05 for
the portland cement concrete surface, while those with the blank tire are 0.65 and 0.91,
respectively. It can be concluded from these results that the measurements with the blank
test tire are not sensitive to the short-term variations and that the blank tire, therefore, is
less of a problem with respect to shert-term variations in skid-resistance measurements.

8. CONCLUSIONS AND RECOMMENDATIONS

In this study, the prediction model for the ratio of skid resistance with the ribbed tire
to that with the blank tire at any speed has been developed using the Penn State Model for
skid resistance-speed behavior. The model was developed as a function only of a macro-
texture parameter, described by the sand-patch mean texture depth (M7TD). An applica-
tion of this model permits the prediction of skid-resistance levels with the blank tire at any
speed from a measured skid number with the ribbed tire at the same speed and a
macrotexture measurement. For the user’s convenience, a simplified model for the
prediction of skid number with the blank tire at a test speed of 64 km/h (40 mph) has been
developed. The values calculated from both models show good agreement.

This study also has shown that the ribbed E 501 tire provides a good evaluation of
microtexture, but is not sensitive to macrotexture, which is an important factor in wet-
pavement safety. The blank E 524 tire is sensitive to both macrotexture and microtex-
ture. If both macrotexture and microtexture measurements are made, one can readily
estimate the level of skid resistance. Conversely, if a pavement skid-resistance survey is
performed with both the ribbed and blank tires, one can estimate the level of pavement
microtexture and macrotexture. The fact that skid-test trailers are extensively used by
most states means that this indirect texture measurement concept can be easily and
relatively inexpensively implemented. If skid-resistance surveys are performed only with
one tire, the blank E 524 tire appears to be the stronger candidate, especially since it is
more sensitive to macrotexture and poses a lesser problem for short-term wariations in
skid resistance.
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Analytical Study on the Settlement Process of Structures
on Cohesive Soils

Tsutomu TsucHIYA and Kazuo OHTSUKI

Abstract

The purpose of this paper is to investigate the settlement process of structures which are supported
by the friction piles or spread foundations on cohesive soils.

Three-dimensional element is derived from the effective stress principle, and four structure-foundation
models are analyzed by the finite element method.

The results are summarized as follows : a large amount of differential settlements occuar at undrained
stage, although the total settlement of structures is made up of an undrained component and a consolida-
tion component. The total settlements and the differential ones are significantly affected by the rigidity

of piles and that of superstructures, respectively. And further, the friction piles are effective to reduce the
differential settlements of structures at drained stage.
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CF 1.25 1.16 1.13 1.06 1.05 | —0.20

AF 3.17 3.06 3.00 2.83 2.81 | —0.36

W A 21.64 26.43 30.31 33.28 33.65 12.01

B 19.24 23.73 27.55 30.53 30.92 11.68

C 11.11 14.96 18.58 21.66 22.07 10.96

D 17.12 21.31 25.08 28.09 28.48 11.36

FP E 9.66 13.32 16.85 19.91 20.33 10.67

F 4.71 7.97 11.42 14.48 14.93 10.22

SAC 10.53 11.47 11.73 11.62 11.58 1.05

CF 6.40 6.99 7.16 7.18 7.14 0.74

AF 16.93 18.46 18.89 18.80 18.72 1.79

W A 24.93 33.84 41.28 48.61 49.95 25.02

B 24.33 33.26 40.69 48.02 49.36 25.03

C 22.97 31.89 39.29 46.61 47.95 24.98

D 23.77 32.73 40.14 47.46 48.81 25.04

RS E 22.52 31.45 38.84 46.16 47.50 24.98

F 21.56 30.47 37.84 45.15 46.49 24.93

SAC 1.96 1.95 1.99 2.00 2.00 0.04

CF 1.41 1.42 1.45 1.46 1.46 0.05

AF 3.37 3.37 3.44 3.46 3.46 0.09

W A 45.26 60.08 70.28 78.07 79.42 34.16

B 41.95 55.45 65.07 72.79 74.14 32.19

C 20.63 29.53 37.71 45.24 46.58 25.95

D 39.39 51.75 60.86 68.50 69.85 30.46

FS E 18.58 26.82 34.63 42.08 43.43 24.85

F 6.81 12.76 19.62 26.90 28.24 21.43

SAC 24.63 30.55 32.57 32.83 32.84 8.21

CF 13.82 16.77 18.09 18.34 18.34 4.52

AF 38.45 47.32 50.66 51.17 51.18 12.73

71



TE - KREMK

t(day)
0 0 10 20 50 100 200 500 1000 2000 o
CEEEE Y i R e A A I
104 4
~3
~ 17
- 118
{19 !
e
- 40 —~
= 5
g 3
iz i
}L }L
ﬁ 45 by
= ®
k) Z
n i
® ©
@
A
@ o ~
bt s
X—19 #axHih T8 & OAENIL T 8ozt
140 RPEFIL
-—--— FEHEIKRRB
120 — HEKKRRE
X—21 BEEEEME (EHE) ozl
100
N c‘% [RP] CIL [RS]
~ '/_ [ 0 —
_ 80 p/bﬁ\_x j;///j/ (c-z"om) ///7/
£ 7
a Jé//i/ A!%/ﬁ/
e
lé 60 / // /] /
& §m@@ﬁ§[--$&mm@] f“/’L// —1
@ NB —  Hekikeg ! Yo W
fw 40 SRR F——#wmm@]
= Npo —  HEKIRRE
g B BNESIE T
B a4 1008 — BT
o 7 500 H
X 4 o
v -Sp=3cm
0 1 1 1 1
0 2 4 6 8
AT ~N0& Ws1 (cm) ' Ve 5E
R-20 EHEEMA S L UHREE LSS~ ) E—22 LSS L CHOmE— 2> b

=OBR

72



FETE AR 5 BERGE W O T TRRIC BT 2 R ATRIAT SR

AEAMTE Noo EHUERTN) & waDBRZ 70y F LD TH S, FHUCL D &, Wi
& 2@ TIRPEACKRIETL Noo 23T B DKL T, ®TIEPKZIZIZ—EDEETRL,
OTIFt=100 HUBETIZT—E L k> Twb, 2D JIC Ny OEEHZNFNEL L D3,
M —11 12" L 72 BB ~ ) BRIRDIERELTH 1), FRHS Wa? 0 1232 T 5B D BAEATE
TRLDIHDEEZLND, 2D, FEEL ML CEBEEEAAEDHRSH»IThi, X—
2LICTRL 72 £ 910 E 2 G IEL T WOALED N 33T 2 0lcxt L, 3T & 1L
72OBLUOHMED N (2P T 20 EBbNs, 72, OB L UOMED waDBEMIZ & -
TOMENUTEEOBIUOMEDILTREDELSFEL D, ZOKE RP ML T 6 255
Py nElbins, 72, FP Tk HEEORZBII DT o (TFET 5 BB Bk
FEDERER A A ERFIC R L D 2L 0RK—TOWTEHIC L -2 D EBbN b, #h
SIZH LT, RS TIE EEn & 9 e hitEreic b2 B LIZTE R EC 2O IEBEKEE O
THEMZR->72bDEEZLND,

C) LEHBE~DMAIIGS @ X—22 I3IEPKEF & BRRIC DWW T, FRILTIC & - THE- - #
CAmMENBHIFE—2> FE2RL7ZLDTH S, RP D 6 IZBEED T HIEHEAKEE £ 1) 3 /8
E B 728, WREEDE— X > MMIHMOMIE & Z DALEDFEBER 2 B Tw Ry IEgEK
ROEL ) LA L T b, ZHUSH LT, RS TRRHPRED 2 ~REDZELZ BT, KEEED
A IEHEKEENE L ) b T2l T b, 8B, ZNLDE—A> F b - BTG
NEZHET 2L a=150kg/cm* BREIC L2 2550, ZhbDMEDFTEICOWTIZS
BORETH 2,

4. % & 9]

Plb, =ZRIUTEHBRERZEE TR T 5 3, BEHT T Lo TaREomRKIz OV T
EBRELIY, TORRELNZEDDLERDEBD TH B,

(1) BREFR A v > 255803, RERREO/NS 2T % B8 2543 30KmmE %
Mo < § 2 LE DD 57, EBEEBELBIT 2HE5IC3LB2EF5E LT 2RIV,
2) ZONCTERMELFTET 256, ByBORT 2RI VEMIAZRET S 2 L ¢
ROERIED BRI TH 5,

(3) AEMEXMERIC BT AMEEMOWT # HET 5113, IEBKER (EIRFILT) & HkER

(EBLT) OMmEEE2 UGB D,

4) HEMOHIIETIZ R DIEHAKERICL 2L TH B,

(5) MEEMIOMIHET B L ML T 2184 28 21213, TN FERHE L o LibEn
WIVEL R B TH B,

(6) ALEMBDT ) BAHEDOBHIES & CHXE T OHERBIC K E CHET 5,

73



+E - KREMk

(7) PEMERUIIRER] & RICHIIE T 2 A S 2@EHH 5720, FELTHEE L THESL
FRIcZ L0 Bbns,
BltE, ARk 2 EEBEW CRAET 5 3k, BEYHORTBENERK 2 FICHMEICT 5
72DICTER DEMEIZ OV TRE 2D TV B,
NIz, AMEREATIICH) TBEAEH Y F L oAbl B3 - METFIEL, b e
HEMR & LTI CHHTE AR R PR - NHETHRICEHOBELEL T,
(RBfI59 45 17 H =H)

2 X X ®
1) HREE - IWARS  “WTHERBOEEIC L 2BERORRKL FIc oW1, BE¥LHTES L,
(1955)
2) KRR | “FEILTIC & 5 EMEE N OMRH S & CERTIW#LE", BEFERAFERSE No. 18,
(1956)

3) B W CEEMORE L EE L 2 FREG TOEMEFEE, BELLRTHEE 66, (1960)

4) FREXK TEARTIEB LI TRYOBMESORBC W $1H~$6 W, BEFLHCHEE
205 - 206 - 207 - 208 - 218 - 219 %, (1973~1974)

5) Fraser, R. A. and Wardle, L. J. : “Numerical Analysis of Rectangular Rafts on Layered Founda-
tions”, Geotechnique 26 (4), (1976)

6) Chamecki, S : “Soil-Structure Interaction in the Analysis of Raft Foundations”, Arch. Inz. Ladowej
25 (4), (1979)

7) HHEE—WES RS L S 2 BEEEMORTICET 2HANTE B 1H~5 25", B
FOWSURIEE 274~275 %, (1978~1979)

8) FRM A IIAFAT | RIS LS EREE T 2 HEMORRIL T IC B 2 MAT0ME", Byrs
S 3315, (1983)

9) Christian, J. T.: “Undrained Stress Distribution by Numerical Method”, Proc. A. S. C. E., SM6, (1968)

10) & BiksE M “EARFLEBMS B, Bl (1969)

1) AHE—- B K SRTEBEREICNT 2 IS — O T RBEROMA”, SR K RHE S
195 B, (1976)

12) H. C.=—F >3 - EHMMKRER o ) v 7 RBEIC L 2SS0, SR, (1967)

13) HEFME - IRED - FERZ “Ducl  ADBENOMRICET 2 25", HAREHRTE, 2 Z,

(1975)

14) RERZ - B M “BLHOBRYOL TEMNSERS L UL THECNT 2 B ERBREOBAR O

BRES”, WS e 35 5, (1982)

74



HEETEEAT B 2 20T 5 A BT B 5 A8

WO IE A SRA B &
oH OfE -3 /RN

A Research on Elastic-Plastic Waves of a Cylindrical Specimen

Subjected to Longitudinal Impact Loading

Masachika Na1ToH, Masashi DAIMARUYA, Kouhei HAMADA,
and Kaishin Liu

Abstract

In the present paper the elastic-plastic stress of the impact end of a cylindrical specimen subjected to
longitudinal compression impact with a stress bar which remains elastic during the test is investigated
experimentally and theoretically. The measured elastic response of the stress bar showed explicitly the
elevation of dynamic stress and its relaxation at the impact end of the specimen.

The impact end stress of specimen was analyzed by using of the strain-rate dependent theory for
plastic wave propagation, taking into account a rise time of impact and impact conditions. The extreme
elevation of the dynamic stress was predicted in the case of a step impact, but it went down rapidly with
the increasing of the rise time of an impact velocity. Taking these stresses as an incident pulse to the
stress bar, the elastic response of the stress bar based on the Love theory for elastic waves almost agreed
quantitatively with the experimental results as well as qualitatively.

Moreover, the existence of the plateau of uniform strain adjacent to the impact end of the specimen
is confirmed theoretically and experimentally. Its appearance is governed by the strain-rate dependence
of materials and the impact velocity at the impact end.
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An Experimental Study on a Small Propeller Type of Wind Turbine,
2nd Report

K. OkupA and H. YAMAGISHI

Abstract

In succession to our first report with the same title, we describe the results of the investigations on the
flows around blades of the wind turbine mentioned in the above report.

The flows are analysed on the basis of the local blade element theory of H. J. Stewart (AIAA Journal,
14, 11 (1976), p. 1524), using the power coefficient of blade elements defined by Stewart, and introducing
“effective power conversion efficiency” defined by the authors for the whole blades.

From the results, it is confirmed how the trends and magnitudes of wind energy dissipation arise.
1. ¥ A »° &
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An Experimental Study on a Small Propeller Type of Wind Turbine,
3rd Report

K. OKupa and H. YAMAGISHI

Abstract

The authors present the results of the field test using the wind turbine mentioned in the author’s first
report.

The field test was carried out in the winds of Muroran district in the period from Nov. 1977 to Feb.
1978, and we obtained more data than those in the tests of our first report.

The behaviour of fluctuations in wind velocities and in the power output of the wind turbine is
illustrated in the figures and graphs in this paper.

The calculated power coefficients of the wind turbine are also shown in the figures.
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An Experimental Study on Shock Waves Propagating
through a Gas-Particle Mixture

Hiromu SuGiyaMA and Hideharu HATANAKA

Abstract

Shock waves in a gas-solid particle mixture were experimentally studied by means of a horizontal-
type shock tube. Air and micro glass particles (particle diameter dp<154m) were used for the gas-solid
particle mixture.

Pressures and particle concentrations of the shock waves and shock wave velocities were measured
under the condition that the particle loading ratio # and the shock Mach number Mm are 0.01< 7 <0.1 and
1.1=Mm< 1.6, respectively.
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A Calculation Method of Sound Diffraction around
an Enclosure and its Applying Conditions

Kohshi NISHIDA

Abstract

This paper deals with the diffracted sound field around a rectangular enclosure theoretically and
experimentally, which has one or two apertures and contains sound sources inside. The sound pressure
level distribution in the diffracted sound field has been computed based on Pierce’s approximate expres-
sions for sound diffraction over a single wedge or a three-sided semi-infinite barrier with two edges, and
actually measured by the photographical sound visualization method used as a trial. In the computation,
it is assumed that the sound radiation from an aperture can be expressed by a point source or distributed
ones accordsng to lower or higher frequencies. Based on these results, the applicability of the approximate
expressions is examined to the estimation of the diffracted sound field around actual enclosures.

The results may be summarized as follows : (1) When the distances from each edge to adjacent edge,
source and observation point are larger than one third wave length, the computed results by Pierce’s
approximate expressions are in good agreement with the experimental results. (2) The complicated
directional patterns of the diffracted sound field can be grasped sufficiently in detail by using the sound
visualization method.
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Measurement of Vibration Modes of a Bolted Rectangular
Plate by a Sound Visualization Method

Kohshi NisHIDA, Fuminari TAKANAKA and Akira MARUYAMA

Abstract

This paper deals with theoretically and experimentally the relation between the sound field radiated
from a rectangular plate with bolted support along all four edges and the mode of vibration of the plate.
The computation of the radiated sound field is based on the Huygens-Rayleigh integral and the assumption
that the deflection function of the bolted plate is expressed approximately by that of a plate with simple
or clamped support on all four edges. The measurement of the radiated sound is performed by the
photographical sound visualization method used as a trial, in which three colored light emitting diodes are
used, which go on and off according to the magnitude of sound pressure level.

The results may be summarized as follows : (1) The distribution of sound pressure level measured in
a scanning plane parallel to the rectangular plate vibrating in a mode shape shows a similar tendency to
that of deflection amplitude of the plate. (2) It was confirmed theoretically and experimentally that even
the higher modes of a rectangular plate could be measured, without touching the plate, by the sound
visualization method. (3) Only doubly symmetric modes can be excited by the exciting method using a loud
speaker.
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High Reynolds Number Flow in Capillary Tube
with Spiral/Bend Portion

(Experimental Results for Water)

Kazuo MAENO, Akihiro YAMAZAKI and Yutaka HANAOKA

Abstract

Experimental study on water flow in capillary tubes with straight, bent, or coiled portion is conducted.
Stainless tubes with nominal diameter of 0.5mm, 0.25mm, and 0.lmm are examined at several tempera-
tures. Reynolds number ranges from 30 to 16000, where maximum velocity becomes up to 30m/s.
Pressure loss of test piece and discharge flow rate are measured to be compared with the results from
previous studies. In spite of considerable roughnesses of capillary inner surface, measured data do not
indicate roughness effect explicitly. Laminar friction factors for coiled tubes show the clear dependence
on the number of turns in the coil, which cannot be explained by previous studies. Empirical equations
for examined capillary contours are obtained.

NOMENCLATURE

: Tube cross sectional area

: Tube inner radius

: Tube inner diameter

: Gravitational acceleration

: Total head loss

AH, : Head loss in entrance region

Tog O

AH’:Head loss in recovery region
Ah:Head loss in curved portion
K, :Dean number (= R.a/R)"?)
K, : Turbulent characteristic number (= R.(a/R)*)
ks : Roughness
L : Tube length
: Length of entrance region

h
Q

: Length of curved axis

: Number of turns in the coil

: Pressure difference between both sides of tube
: Weight flow rate

: Radius of curvature at curved tube axis

O 2 o

Re : Reynolds number
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T : Water temperature

<

: Average velocity

v, : Friction velocity

: Coefficient (Eq. 16)

: Relative roughness

: Loss coefficient in curved tube
: Turning angle of curved tube

: Friction factor

: Kinematic viscosity

iy © > ey m R

: Loss coefficient of entrance region
p : Density

Subscript and Superscript
a : Entrance [/ : Laminar
b : Bend tube ¢t : Turbulent
¢ : Coil
s : Straight tube

1 . INTRODUCTION

The behavior of flow in pipes and ducts has been the important objective of many fluid
dynamical reseraches.”? Especially for the flow in curved tubes, problems of friction
losses and flow pattern have been extensively investigated since the 1920’s.>*® In curved
tubes originated is the secondary circulating flow in the plane containing the line of
curvature center by centrifugal force difference between the inward flow and outer flow
region adjacent to the wall. With these secondary spiral pair flows, pipe frictional loss
shows the greater value than in the straight tube. According to the results of previous
studies, the friction factor 1. of curved tube can be specified by Dean number K,= R, (a/
R)"* in laminar flow region and by characteristic number K,= R, (¢, R)? when the flow is
turbulent.

These systematical investigations, however, have been restricted to relatively large
tube diameters (D =1mm). Except for the capillary tube flow of low Reynolds number in
viscosity measurement or in bioengineering study, neither experimental nor analytical
researches has been adequate for the flow in tubes with small diameter (D < 1mm).

In connection to the space technology, curved capillary tube is commonly utilized as
propellant feed tube® of hydrazine thruster” for attitude control equipped to spacecrafts,
satellites in geosynchronous orbit, and so forth. Propellant (liquid hydrazine) is fed
through this capillary tube to thermal and catalytic decomposition chamber by high-
pressurized N, gas. This tube is contrived to shield from high-temperature effect of
chamber, and to stabilize the feed conditions of N, blowdown in restricted room.

In this paper an experimental investigation on water flow in capillary tube is con-
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ducted, as the fluid dynamical properties of water resemble to those of hydrazine.
Stainless tubes (SUS 304) with nominal diamerer of 0.5mm, 0.25mm, and 0.lmm are
employed, and Reynolds number ranges from 30 to 16000. FEach tube is re-formed to
straight, bend, coil or combined shaped test piece for the measurement of pressure loss and
discharged flow rate. Measured data are compared with the results for tube of usual

diameter.””? The maximum water temperature of the measured data is 60°C.

2, MEASUREMENTS

2-1, Hydrazine and Water
For the thruster of gas jet type, which is utilized to control the attitude of station-
keeping satellite, hydrazine and its combinations are usually employed as propellant.

Table 1 shows the properties of hydrazine, its combinations, and water. In Tables 2 and

Table 1 Properties of Hydrazine and Water

: s Hydrazine Unsym.-Dimethyl Monomethyl

Fluids Hydrazine Hydrate Hydrazine Hydrazine Water
Foomal NaH, NH,HO (CHY.N-H, CHN;H, H,0
o 274.69 233.2 215.96 220.76 273.16
Doing | 386.66 391.7 336.26 360.66 373.16
Heat of
Vaporization 10.70 10 8.336 9.468 9.719
[kcal/mol]
Heat of
Fusion 3.02% 0000 === 2.407 2.491 1.436
[kcal/mol]
e ®) 1.gurass. 16) 1.03(294.16) 0.784(298.16) 0.874(298.16) | 0.998(293.16)
Heat of For- —57.798
mation (25°C) | +12.05 -10.3 +11.3 +13.1 (Vapor)
[kcal/mol]

Specific Heat 0.638(273.16) 0.998(293.16)

0.75(300.16)

[kcal/kg~C] | 0-75(300.16) —————-— 0.652(298.16) 0.699(293.16) | (" 997(300.16)
Viscosity 1.29(274.16) 3.5(273.16) 1.7(243.16) 1.792(273.16)
Coefficient 1.12(283.16) 5 0(293.16) 0.78(273.16) 0.893(298.16) | 1.002(293.16)
[cp) (K) 0.97(293.16) : : 0.51(298.16) 0.892(298.16)
Thermal 0.500(283.16)
Conductivity 0.18(300.16) ~ —————— 0.1785(298.16) ~ ————— 0.522(300.16)
[kcal/m.h.°C] 0.571(340.16)
Surface 72.61(294.16)
Tension 91.5(298.16) @ @—————— = ————=—  ————— 71.96(298.16)
[dyn/cm] (K) 71.15(300.16)
Vapor

Pressure 76(327.16)  __ _ _ _ _ 41(273.16) 49.6(298.16) | 17.5(293.16)

[mmHg] (K)

2280(422.16)

450(323.16)

17.1(323.16)

92.5(323.16)
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Table 2 Viscosi.ty and density of Table 4 Solubility of N, into water
hydrazine vs. temperature
Temp.[°C] | Viscosity [cp] | Density[g/cm?] Tem{)%fture P‘E:irsr‘:]r € [Sr:x)i)l;:i]iftr};ction]
0 1.314 1.0258(0°C) 1 0.0894(x10-%)
> 1.207 100 7.99(x1074)
10 1.118 515 200 | 14.54
15 1.044 300 20.17
20 0.974 1.0085(20°C) 1 0.0797(x10~%) [100°C]
25 0.905 101 7.77
37.8 0.743  |0.980 (50°C) 102.3 201 | 14.47
93.3 0.417 302 20.05

(1 atm = 760mmHg = 1.033kgf/cm?)

Table 3 Temperature and pressure dependence of H,0 properties

Temp. [°C] Pressure Specific Weight Viscosity Kinematic
[kef/cm?] [kgf /m?] [kgf. s/m?] Viscosity [m?/s]
1 999.9 182.9(x1079) 1.794(x1079)
0 500 1023.5 171.6 1.644
1000 1044.9 168.5 1.581
1 995.7 81.6(x107%) 0.8028(x1079)
30 500 1017.3 83.6 0.8059
. 1000 1036.3 85.9 0.8129
1 974.6 38.9(x1079) 0.3909(x107°)
75 500 996.0 40.2 0.3958
1000 1014.2 41.8 0.4042

3 presented are the temperature dependence of viscosity and other properties. It can be
noticed from these tables that the fluid dynamical properties of hydrazine are closely akin
to those of water, e.g. at 293K hydrazine density is almost 1% greater and its viscosity has
less value of about 3% than water. The experimental results for water, therefore, can be
applied to the presumption of characteristics of hydrazine tube flow, provided that hy-
drazine remains in single liquid phase. The solubility of nitrogen in water seems to be
negligible as indicated in Table 4, so, its influence is not taken into account.

2-2, Capillary Tube

The microscopic photographs of cross section of capillary tubes are shown in Fig. 1.
Being rasped off the outer surface, tube is snapped to be filed its edge cross section by
sandpapers of No. 600-1500. It can be seen from these photographs that capillary tubes
have considerable roughness on their inner surfaces. With measuring the size of these
cross sections, average diameters in Fig. 1 can be estimated, which have the coincidence
with equivalent hydraulic diameters obtained by straight tube experiments in laminar
region. Based on these average diameters, relative roughnesses of 0.55mm, 0.29mm, and

142



High Reynolds Number Flow in Capillary Tube with Spiral/Bend Portion

0.115mm tube can be determined to be about
2.5%, 4%, and 7.8%.

The influence of bending and coiling on
tube inner diameter is also examined by cross
sectional photographs of bent tube. In our
measurements, no appreciable deformation
of cross sectional shape is observed.

2-3. Experimental Apparatus

Schematic diagram of experimental

. . . . 1
setup is represented in Fig. 2. Water is D =0. ;1 ?mm
supplied from hydrant through a coarse filter (0.5mm Nominal)

into the pressure vessel. The vessel is
heated by band heater 1 for water preheating,
and N, gas from regulator pressurizes the
water to assigned range. Pressurized water
is further heated up to the adjusted tempera-
ture by heater 2. Then it passes from valve
3 through the portion of hot water heat insu-
lation, and filtrated by teflon filter (NRK
Uniflon Filter FZ-B, 3-54m) before going into

the test piece tube. Main piping before the | | |
test piece is nylon tube (Nitta-Moore Nylon 1mm
Tubing, Max. 70 kgf/cm?. The pressure in b = 0.29mm

. . 0.25 Nominal
the vessel is monitored by Bourdon’s gauge 1 ( i 01 )

(Nagano, 0-25 kgf/cm? 0.5 class), and water £
pressure upstream of test piece is also measu-

red by gauge 2 (0.5 class for high pressure
range and 1.5 class for low range), together
with the temperature measurement by C-A
thermocouple and digital multimeter. The
discharged water from test tube is received
by beaker to be weighed its flow rate by the
balance of scales (Murayama, VS-10, F.S.
2010g, 1/20000). L I j|

Tube test pieces are fabricated in the 0.2mm
D = 0.115mm

(0.1mm Nominal)

o Fig. 1 Microscopic photographs of capil-
papers from No. 600 to No. 1500. Then it is lary tube cross section

following process. Stainless capillary is cut
and adjusted its end surface by fine sand-
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Pressure Gauge 1

@

valve 1

X

Pressure

I Valve 2 Filter Hydrant

Regulat er, [
Pressure N Band
esse Heater 1(900W)
L———-—I Slide Regulater 1
Ny Gas

§ Band Heater 2(450w>av>

Slide Regulater 2
valve 3

Pressure Gauge 2[

.

Test Piece

Ice Box |

FBeaker

Teflon Filter

—
.
A

Digital
Multimeter

Fig. 2 Schematic diagram of experiment-

al apparatus

W

Balance of Scales

Hot Water Heat Insulation

equipped with Araldite to tube adapter and measured its length by vernier caliper or scale.

Inner surface of test piece is cleaned by usual stainless steel cleaner.

And the straight tube

is re-formed to have bent or coiled portion with the curvature measured by R-gauge.
Figure 3 shows the contour of bent/coiled tubes, and their photographs are presented in
Fig. 4. The specifications of typical tubes tested are indicated in Table 5.

2-4, Analysis of Tube Flow Data

In our analysis of measured data, well-known relations for pipe flow can be applied ;
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Q=pgAv, (1)

_uvD

14

L v
H= Aﬁz,
(Darcy-Weisbach’s Equation) (3)

64
Re’

(Hagen-Poiseuille) (4)
Turbulent ; 1¢=0.3164  Re'*,

(Blasius). (5)

Re

Laminar ; 1‘=

Table 5 Dimension of typical tubes tested
(a) Straight Tube

Straight T

L1

=»

N

]

.‘\R

s

ube

LT 1

St

raight Tube

1

45°Bend

=

90°Bend

L
59

1,

Coiled Tube
(N=1,3,6)

Fig. 3 Capillary tube contours

D L D L

0.55 52.2 0.29 50.3 (b) 45°Bend

0.55 100.4 0.29 99.8 D L R A L
0.55 150.1 0.29 149.0 0.55 | 299.0 | 5.0 146.0 | 149.0
0.55 199.5 0.29 201.2 0.29 | 302.3 5.0 142.0 | 156.4
0.55 249.8 0.29 250.1

0.55 299.0 0.29 302.3 (c) 90°Bend

0.55 507.0 0.29 498.3 D L R b L
0.115 49.2 0.55 | 299.0 | 5.0 144.0 | 147.0
0.115 82.1 0.29 | 302.3 | 5.0 139.5 | 155.0
0.115 204.8 0.29 | 302.3 | 9.5 151.5 | 135.9
(d) Coiled Tube

D L R L A N 6 P

0.55 507.0 10.5 79.0 362.0 1 360 3.4
0.55 507.0 10.5 79.0 230.0 3 1080 3.4
0.55 507.0 10.5 79.0 32.2 6 2160 3.4
0.29 498.3 9.9 63.1 373.0 1 360 4.2
0.29 498.3 9.9 63.1 248.6 3 1080 4.2
0.29 498.3 9.9 63.1 62.0 6 2160 4.2
0.29 498.3 6.2 93.1 366.2 1 360 2.6
0.29 498.3 6.2 93.1 288.3 3 1080 2.6
0.29 498.3 6.2 93.1 171.5 6 2160 2.6
0.115 82.1 5.9 38.3 6.7 1 360 1.3

D:Inner Diameter [mm] N:Number of Windings ¢ : Turning Angle [deg.]
P: Coil Pitch
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Fig. 4 Photographs of capillary tubes

In capillary experiments direct measurement of velocity distribution is almost impossi-
ble without visualization by transparent tube materials. So the results of measurement
also require us to have consideration of the length and loss of developing flow in entrance
region.

For entrance length L, of straight capillary, equation from McComas® in laminar
range as ;
LL=0.0260 - R, - D, (entrance loss coefficient ; £=1.33) (6)
and analytical relation by Bowlus and Brighton® for turbulent flow as ;

L5=(14.25 log Re—46.0)D (7)

are taken. In addition to these relations, velocity distribution is roughly assumed to be the
same as those in laminar Hagen-Poiseuille flow or turbulent 1/7 power law.
The hydraulic head can be expressed in the following manner ;
L—L, v?
D g (8)

and head loss in the entrance region is given by

H=AH,+2;

146



High Reynolds Number Flow in Capillary Tube with Spiral/Bend Portion

L, v?

AH,=(A D +1+8) o (9)
From these equations friction factor for straight tube can be obtained as follows ;
(Laminar)

D 2gH
1 (. — —1—
Ai= I=00260 Be D 12 64x0.0260—1— &), (10)
£=1.33,
{(Turbulent)
D 20H 0.3164
t — —

M L M5 Tog Re—460) D | 02 Rew (1420 log Re—46.0)} 0

£=0.06.

As regards the curved tube with straight portion, along with the same procedure above
applied, recovery length and loss must be considered. Though exact estimation is impossi-
ble, because of the lack of velocity distribution data, it may be roughly approximated that
the length is equal to entrance length L, and recovery loss AH’ is the friction loss of
developed flow (almost no effect). To our regret, the effects of velocity distribution
change are neglected.

According to these considerations, total head loss A% in purely curved region is given

as ;
, L—2L,—1 v*
Ah=H—-AH,—AH'— A, D o
L, v? L, v* L—-2L,—1 v?
=H—( D +1+g)@—1 D 2 As———D 2 (12)
RO
[ == 3
180 13
Loss coefficient & and friction factor A, (1,) are ;
_ _Ah
&= ( 0 > ; i
2g
[ v?
A= Aqw D 2z (15)

Measured data are analyzed by off-line computer (SORD M-23).
With respect to the turbulent flow in bend tubes of smooth inner surface and circular
cross section, empirical equations of total loss coefficient by Ito® are reported ;

for R, (%)Z <91,

§=0.00873aA.6 I: ,
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and for Re (%)2 >91,

£=0.00241 afRe™"" (%)“‘ an
where the coefficient « is given as follows ;
(45° bend) a=1+14.2 (%-)“'47,
(90° bend) a=095+17.2 (%)“'96, [§< 19.7)
a=1, [—E— >19.7)
a

(% >2, 2X10*< Re <4 x10%).

As regarding the curved tube, systematical researches by Ito'®'»1? have offered the
following equations ;
For laminar range,'®-'?

A 21.5 K,

T Useilegky  (135<Ki<2x107 a9
or

t:o.wous'z (1+3.945K;: "% +7.782 Ki* +--), (K, >30) . 19
For turbulent range,'?

1 (%)W =0.029+0.304 {Re ()} (0.034<Re (£5)°<300) . 0o

Taking account of Equations (16)-(20), our arrangement of measured data is con-
centrated to find linear relations in logarithmic coordinates between A. (R/a)"? and Dean
number for laminar flow, or characteristic number Re (a/R)? for turbulent flow.

3. RESULTS AND DISCUSSION

3-1, Straight Capillary Tube

As preliminary experiments, straight capillaries of different length were examined at
room temperature. Figure 5 - (a), (b), (c) show the discharged characteristics. With these
results, calculated frictional resistance factors are indicated in Fig. 6 - (a), (b), (c), (d), (e).
Friction factors for tubes with 0.55mm diameter indicated in Fig. 6 - (a), (b) show good
agreement in laminar region with theory, while somewhat smaller distributions than
Blasius’ relation in turbulent flow are obtained, which can not be explained enough.
Reynolds number ranges up to 16000 where average velocity in capillary becomes about
30m/s and passage duration of water in tube is the order of millisecond. For 0.29mm tubes
in Fig. 6 - (c), (d) the transition point from laminar to turbulence shifts to higher Reynolds
number range as the tube length becomes shorter. This tendency may concern with the
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s H x107 -
entrance length estimation. As regards 0. - b osemm T 1 P /OJ,I/
115mm tubes, only laminar data are obtained 7 o tfo?o 24 mm B ° |
as shown in Fig. 6 - (¢). It can be seen from ée o L=150.1 mm — 27 ]

x : L=199.5 O
Fig. 6 that the hydraulic diameters obtained s [ ?/%I I /A/%/! DL i
from microscopic photographs correspond , /of/"%L IA/ ! /!E,/“:f/x'/_
approximately with the results in laminar 3 /of_/ ?7; _c;i L
region. & A0
2 ——Oo’z—éa;
In connection with temperature depen- ; %;‘9/ |
I L
dency of flow characteristics, measured dis- i ‘ L
0
tributions of friction factor for 0.55mm tube © 2 4 6 8 10 12 14 16 18 2g[kgmm2]
are indicated with diverse temperatures in (@)
Fig. 7 - (a), (b). From these figures it is
recognized that temperature increment re-
. . X107
sults in the extension of Reynolds number to _ D= 0.29 mm | |
higher range, as kinematic viscosity de- :3» g . t gg :g ::
creases. Sok L0 . -
It is well known that in turbulent region o | | _'O/O—IO“”O/
e L o0
roughness of tube surface affects the friction - oo ;
factor. From the measurements described 1.0 o AJA/A'A—?]"?—:{g: B
in section 2-2, considerably large relative A !DAj ig:gfiw TR
roughness of 2.5% is observed even in 0.55mm ?f;: //Ai%‘f/ ’ i
. 7 . . . . ) . . . N
tube, where the strong influence can be sur- o 2 4 & &8 10 12 14 16 18 20
. . cm? ]
mized as in the Moody plot. In general, for b) Pita
fluid dynamically smooth pipe following rela-
tion is given ;
x1074
a ksv ) T
7"210g<k—s>:210g<—i1‘>+0.705, % i D:=0.115 mm { /O/IO/
o g - 01 L :49.2 mm ®/°°
[%éS] (21) Lok a: L :2048mm [~
, L l/&,
i ©
and fluid dynamically rough tube shows ; i /Oo/ ‘
05 1
a ¢ :
——210g<—>=1.74 i S T i ‘ -
/ k ’ - o pm—t—"
A s [ O/o/! LD A\/A 1
ksZ}* L ! Tl ‘ L | I L . n
[ v 270 ) (22) 00 2 4 6 8 10 12 14 16 18 20
P (kgf/cm?]
In the transient range, Colebrook’s relation is (c)
formed ;
= 9og(E 4 2.51 Fig.5 Discharged fl
JT g\ 37 Fovi ) g. ischarged flow rate versus gauge
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[5§i*uﬁg7ol 23)

It is impossible to obtain the velocity
distribution in our capillary, so friction velo-

city of the measurement is calculated by

s _ [A
v V8,

where directly measured friction factor 1 is

@)

utilized.
) D:0.55mm
107
107
10° 10°  Re
(b)
A D:0.29mm
o: L=149.0 mm
o L=201.2mm
, A L=250.1 mm
10~
107

10™

D =0.55mm

Al

L =52.2 mm

L =100.4 mm

0.3164
Re0-25

(a)

D=0.29 mm

o

Al

L =50.3 mm
L =99.8 mm

107

10°

(c)

I I
D=0.115mm

L=49.2 mm |

mm

(e)

Fig. 6 Frictional resistance factor for
straight tube (water of room tem-

perature)
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- T T T T T T T
- Straight Tube,D=0.55mm,L=295.0mm s StrcnghT Tube,D=0.55mm, L=507.0mm
As | 0:7:207 ‘ " i 0:T2(r |
B . 272407 ‘ ., AT ‘
0F a:T=60c 1 0 b == o7 oTs0c T ]
o () r -
e S N
OAQO\%E‘% \q?%ﬁﬁ“%% !
) T - P Ty
As=64/Re .03 5% As=64/Re 03164
10— Mre® | ek
= 10° l 10 10° 10° - 10 “105
Re Re
(a) (b)
Fig. 7 Frictional resistance factor for 0.
55mm tube (with varying water
temperature)
Figure 8 indicates the effect of fluid
dynamical roughness for 0.55mm tubes in Fig. = ! '/ Straight Tube |
. D=0. ‘
7. Different from usual tubes, measured Ec,ﬂ 35 - Aﬁ/r—o L zes%immr 20
" . / A mmn
results present no transition to fluid dyna- (73 & jﬂ D.{j:jﬁm I‘;ﬁﬁ
mical rough curve even in the region where <30 -.A;""" ©:L:507.0mm T-20°C
; A L:507.0mm T:-40°C
@:L=507.0mm T:60°C
log(#2= )= 1.4, 25 —
. . . Fluid Dynamically Rough
It can be remarked from this figure that in 50 >~ 1/& —2loglask)=1.74
capillary tube the roughness effect of inner J
furface does not appear explicitly, and fric- ¢ e F:iLog(a/ k::fslog(: ks/v)+0.705
N : Flu: Dynamica Moo
. . - 1
tional factor indicates the trend of smooth 05 1. O T8 2_0 55 30
pipe. The data for tubes in Fig. 6 - (a), (b) loglveka/y)
also show the similar results. Unknown Fig. 8 Fluid dynamical roughness and
effects in turbulent capillary flow are con- friction factor in 0.55mm tube in

. . turbulent region
sidered to exist to damp the roughness effect. &

As the Knudsen number (molecular mean free path),/(representative scale) seems to be
small enough, molecular kinetic effect is hardly considered. Absolute scale (or time) effect
may possibly exist not to develope the flow disturbance from roughness in such a fast
capillary flow.

As regards the 0.29mm and 0.11mm tubes, flow characteristics are presented in Fig. 9 -
(@), (b), (). Remarkable features appear in Fig. 9 - (a), where temperature increase in
water causes the transition point in pressure to shift to lower values, because of the change
in kinematic viscosity. Owing to this shift, low temperature water of 20°C presents
higher laminar flow rate than 60°C water in almost turbulence above 600kPa. Figure 9 -
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(c) indicates the flow rates of 0.115mm straight and coiled tubes. As expected, secondary
flow effect in coil yields lower discharged rate. From Fig. 9 friction factors are obtained
as in Fig. 10-(a), (b), (c), which correspond well to normal tube results.

<0 Straight Tube,D=0.29mm, L=3023mm
6 IO:T=20:<: _1 }
w a:T=40c __a
LT e
X i D‘
5 | o’ a7
4 | ] éé’
l A//e
3 7D —t
N /
A
1 /g&
ol
0 2 4 6 8 10 12 14 Plkgt/crr?)
0 5 10 15 «10°(Pa)
(a)
107 T T T T T T T
s Et%quﬂgibe,v D=0.29mm, 1:498.3mm
v : | 0:7=20°C
3 5 A:T:40°C
2 0:7:60°C i
o o~
...____'_‘_‘ L~ -
4 . e’/&f*m
=
3 /()? i
2 o °/.
/ i -
R
1 ’_/R//o/o ‘
18 i
o | |
0 2 ¢ 8 10 12 14 Plkgt/em |
0 5 10 15 x10°[Pq]
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. . ———
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i - B
© P o o e 1ot
5‘10 A Turn (Resomm a0t |
= |
= |~
8 -WL /ﬁ/&—
Pt 0/3,
6 &/ /®/
/ &
%/ &
4 /m/«:
/o/
2,
L
0 2 4 6 10 12 14 Pligt/em?)
0 5 10 15 x0°(Pg

(©

Fig. 9 Flow rates for 0.29mm and 0.115
mm tubes
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Fig. 10 Friction factor for 0.29mm and
0.115mm tubes
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3-2, Bend Tube

Figures 11 - (a), (b) show the flow characteristics for tubes with 45° bend, and Fig. 12 -
(a), (b), (c) for tubes with 90° bend portion. From these figures the influence of secondary
flow in bend is observed mainly in laminar and transient ranges. The difference of flow
rates with water temperature originates from the variation of friction factor with increa-
sed Reynolds number.

Since the Reynolds number range of 0.55mm bend is almost turbulent, total loss
coefficient can be illustrated with respect to turbulent characteristic number discussed in
section 2-4, as indicated in Fig. 13 - (a), (b). Dashed line represents Eq. (16) by It6® and
dotted marks are regarded as in transient region. Solid line shows our empirical relation
obtained by least square method.

In the case of 0.29mm tube bend, both laminar and turbulent flows are realized. Then
as shown in Fig. 14 - (a), (b), (c), (d), loss coefficients in laminar region can be arranged
against Dean number Re(a/R)"? and in turbulent flow they are placed in order by charac-
teristic number Re(a/R)%. The distributions of loss coefficient for laminar bend flow can
be expressed in a single line as indicated in Fig. 14- (a), (c), which have the same trend as
usual curved laminar flows. In turbulent graphs the reduced inclination of our empirical
equations may be considered to be an appearance of roughness effect, but the difference
from Ito’s results for smooth bend are so small that we can state roughness effect in these
capillaries is negligible. This peculiar result coincides with the data for straight tubes.

3-3. Coiled Capillary

As example of coiled tube, discharged flow rates for 0.29mm pipe are represented
in Fig. 15 - (a), (b), (c). It is noticed that the data for straight tube clearly show the transient
effect of saturation to turbulent as water temperature goes up, while the data for coiled
tube still remain in laminar (or semi-laminar) keeping high flow rates. With these
discharged characteristics, estimated friction factors for coiled tube of 1, 3, 6 turns are
indicated in Fig. 16 - (a), (b). From these figures the range of coiled effect seems to be
restricted in mainly within laminar and transient flows.?

According to the procedure in section 2-4, friction factors for coiled capillary are
arranged.  Figure 17 - (a), (b), and Fig. 18 indicate these factors multiplied by (R/a)"2
versus Dean number in laminar region. It can be remarked that secondary flow effect
prevails over the temperature influence, and that arranged data present linear trends in
logarithmic coordinates. And especially our data clearly indicate a dependence on turning
angle (coiling number) as in Fig. 17 - (a), (b). As the number of coiling increases, absolute
value of inclination of group data becomes smaller.

In the discussion in section 2-4, Equation (18) or (19) includes no effect of turning angle,
which offers no explanation for the peculiar tendency. In our measurement, for example,
the flow in 0.55mm coil of one turn with Dean number 6 x 10? has the high Reynolds number
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of about 3.7x10° (transition region). Since the kinematic viscosity at 20°C is about 1.0 X
10-°m?/s, the mean flow velocity in this coil becomes up to 6.7m/s, and the value of
acceleration by centrifugal force is 4.3 x 10 m/s? (4.4 x10? gal). This strong acceleration
seems to cause not secondary, but also the dominant circulating flow field. As the
flowing duration in this coiled tube is about 70ms (at 6.7m/s), it is uncertain to establish
fully developed secondary (but dominant) flow in the coil, which is considered to be one of
the reasons of the trend in Fig. 17.

From the discussion above mentioned, the linear relation between A. (R/a@)"? and Dean
number in logarithmic coordinates are assumed in Figs. 17 and 18. Solid lines in these
figures indicate empirical equations obtained by least square method.

Figure 19 - (a), (b) show friction factor of 0.55mm coiled capillary versus turbulent
characteristic number. In the graphs dotted marks are seemed to be laminar or transient.
In turbulent region, measured data indicate less dependence on coiling number than in
laminar and transient flow, and they do not deviate largely from Blasius’ relation, as was
presented in the data for bend capillary. Solid line indicates experimental equation by the
method mentioned above. The measured turbulent data in these coil also do not exhibit
roughness effect.

4. CONCLUSION

From the study mentioned above, following points are concluded. By the microscopic
photograph of tube cross sections, equivalent diameters are measured and relatively high
roughnesses are observed, where relative roughnesses of 0.55mm, 0.29mm, and 0.115mm
tube are 2.5%, 4%, and 7.8%, respectively. In spite of these considerable roughnesses,
measured data for straight, bent, and coiled capillaries do not indicate roughness effect
explicitly. Measured flow rates show temperature dependency originated fron transition
to turbulent flow with decreased kinematic viscosity.

Frictional loss of capillary bend in laminar and turbulent regions presents presumed
tendency for curved pipe. Empirical equations for loss coefficient can be obtained to
compare with previous investigations (turblent bend).” Coefficients obtained are summariz-
ed in Table 6.

Friction factors for coiled capillary in laminar range show secondary flow effect as
expected. The trends obtained, however, indicate the dependence on coiling number,
which cannot be explained by previous studies. Empirical equations for coiled capillary
are found and compared with Itd’s results, as shown in Table 7.
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Table 6 Empirical equations for loss coefficient in capillary bend

(1) Laminar Flow
¢/[0(R/a)\'2] = A- Re(a/R)"*)

Experimental
D L R 0 " B
0.29 302.3 45 0.902 —1.12
0.29 302.3 90 0.946 —1.11
0.29 302.3 9.5 90 0.671 —1.03
(2) Turbulent Flow
¢/10(R/a)V'?] = A-[Re(a/R)*)"
D I R P Experimental 1to’s Equation
A B A B
0.55 299.0 5 45 0.196 —0.134 0.331
0.55 299.0 5 90 0.216 —0.189 0.279
0.29 302.3 5 45 0.253 —0.153 0.298 —0.25
0.29 302.3 5 90 0.247 —0.134 0.276
0.29 302.3 9.5 90 0.289 —0.150 0.276
Table 7 Empirical equations for friction factor in coiled capillary
(1) Laminar Flow
Ac(R/a)!'? = A-[Re(a/R)'2]2
D I R N 0 Experimental Darcy
A B A B
0.55 507.0 10.5 1 360 31.6 —0.861
0.55 507.0 10.5 3 1080 21.5 —0.745
0.55 507.0 10.5 6 2160 18.7 —0.672
0.29 498.3 6.2 1 360 61.6 —0.964
0.29 498.3 6.2 3 1080 45.8 —0.878 64 _q
0.29 498.3 6.2 6 2160 37.4 —0.806
0.29 498.3 9.9 1 360 55.1 —0.917
0.29 498.3 9.9 3 1080 49.9 —0.863
0.29 498.3 9.9 6 2160 44.7 —0.807
0.115 82.1 5.9 1 360 39.6 —0.847
(2) Turbulent Flow
Ac(R/a)!'? = A-[Re(a/R)?1?
D I R N p Experimental Darcy
A B A B
0.55 507.0 10.5 1 360 0.282 —0.229
0.55 507.0 10.5 3 1080 0.270 —0.191 0.3164 —0.25
0.55 507.0 10.5 2160 0.306 —0.199
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One Method for Search of Maximum Value
in Multimodal Function

Yuzuru KuBoTA

Abstract

Recently, the requirements of optimization in the synthesis and the system have become stronger, and
the optimization problems have become more important. This report proposes one method for search of
the maximum value in the multimodal object function. This describes the search algorithm and the
effectiveness of this method is examined by some example functions.

Better results were obtained by this methed than by other mothods.
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0.7500000  0.7500000  0.7500000 3 | 0.5000000  0.5000000  0.5000000

0.2500000  0.2500000  0.2500000 5 | 0.5000000  0.7500000  0.7500000

0.8750000  0.8750000  0.8750000 7 | 0.5000000  0.2500000  0.5000000

0.1250000  0.1250000  0.1250000 9 | 0.5000000  0.5000000  0.8750000
11 | 0.7500000  0.7500000  0.7500000 11 | 0.5000000  0.1250000  0.1250000
13 | 0.8125000  0.8125000  0.6250000 13 | 0.5000000  0.5000000  0.6250000
15 | 0.8750000  0.8750000  0.5000000 15 | 0.7500000  0.8750000  0.7500000
17 | 0.1875000  0.8750000  0.8750000 17 | 0.8750000  0.1250000  0.8750000
19 | 0.8437500  0.6250000  0.1250000 19 | 0.8750000  0.9375000  0.1250000
21 | 0.1250000  0.8437500  0.7500000 21 | 0.9062500  0.9062500  0.9375000
23 | 0.8281250  0.7500000  0.9375000 23 | 0.8962500  0.5000000  0.5625000
25 | 0.8750000  0.2500000  0.6875000 25 | 0.9375000  0.6250000  0.8125000
27 | 0.1562500  0.1562500  0.8437500 27 | 0.8984375  0.8750000  0.9062500
29 | 0.8359375  0.1875000  0.8125000 29 | 0.8750000  0.0937500  0.5000000
31 | 0.8281250  0.8281250  0.1562500 31 | 0.8984375  0.7500000  0.8750000
33 | 0.8437500  0.9375000  0.1875000 33 | 0.8906250  0.1250000  0.0937500
35 | 0.8203125  0.8125000  0.1250000 35 | 0.8945313  0.5625000  0.5312500
37 | 0.3359375  0.1250000  0.9062500 37 | 0.9003906  0.4687500  0.9375000
39 | 0.8515625  0.3359375  0.3750000 39 | 0.8984375  0.9375000  0.3750000
41 | 0,8281250  0.8437500  0.8281250 41 | 0.8964844  0.8984375  0.9062500
43 | 0.8242188  0.8203125  0.0937500 43 | 0.9013672  0.9218750  0.8906250
45 | 0.8339844  0.7968750  0.8125000 45 | 0.8994141  0.8906250  0.9218750
47 | 0.8320313  0.1718750  0.2500000 47 | 0.8983375  0.4843750  0.8437500
49 | 0.8300781  0.1562500  0.1718750 49 | 0.8974609  0.9023438  0.4843750
51 | 0.8281250  0.0625000  0.8750000 51 | 0.9003906  0.8984375  0.0937500
53 | 0.8417969  0.8359375  0.1875000 53 | 0.8999023  0.8750000  0.7500000
55 | 0.8339844  0.8398438  0.8359375 55 | 0.9013672  0.0937500  0.2500000
57 | 0.8349069  0.8593750  0.8281250 57 | 0.8989258  0.1093750  0.8984375
59 | 0.8359375  0.8242188  0.2031250 59 | 0.8945313  0.9003906  0.1562500

ED Ymin BB SN FHB D E» T b D, FRH2" B EEING, LoTInE &
BOBEHEL TWDBIEIChY), ZITRONVTEERT LI I 2, Thobb, BhsE
FHLTDELT2h, B2 L EDLAII LB 5 RS TTL 5, EBREITII,
2" C=4TH2HNDT, n=7, 9NL %, =2 TIIERBBI L % >7RTH2, #>TD
REZEE LT, HESNDIBEHENMBET 2L, XRDLEHIC . 2EDLHEDZ LD,

N
q>3% (10
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(c) f(x)=sin(77x)+0.1x

SHEBIB DR AMERE O —F ik

(d) f(x)=sin(97x)+0.1x

Ymax=1.0928 x°=0.9287 Ymax=1.0944 x°=0.9445
N G 2.0 4.0 8.0 N G 2.0 4.0 8.0
3 1 0.7500000  0.7500000  0.7500000 3 | 0.5000000  0.5000000  0.5000000
5 | 0.6250000  0.2500000  0.2500000 5 | 0.7500000  0.7500000  0.7500000
7 | 0.6250000  0.5000000  0.5000000 7 | 0.2500000  0.2500000  0.2500000
9 | 0.2500000  0.3750000  0.3750000 9 | 0.7500000  0.7500000  0.7500000
11 | 0.3750000  0.8750000  0.8750000 11 | 0.5000000  0.2500000  0.2500000
13 | 0.3750000  0.1250000  0.1250000 13 | 0.2500000  0.5000000  0.6250000
15 | 0.6565250  0.9375000  0.7500000 15 | 0.5000000  0.8750000  0.9375000
17 | 0.6406250  0.1250000  0.0625000 17 | 0.5000000  0.9375000  0.5000000
19 | 0.3437500  0.6250000  0.6250000 19 | 0.5000000  0.1250000  0.0625000
21 | 0.6250000  0.3750000  0.3750000 21 | 0.5000000  0.0625000  0.7500000
23 | 0.3593750  0.9375000  0.6875000 23 | 0.5000000  0.9375000  0.2500000
25 | 0.6484375  0.6562500  0.1250000 25 | 0.5039063  0.7187500  0.6875000
27 | 0.6454313  0.7500000  0.9375000 27 | 0.5019531  0.2500000  0.9375000
29 | 0.6406250  0.3437500  0.6562500 29 | 0.4980469  0.5000000  0.7187500
31 | 0.6425781  0.6250000  0.3437500 31 | 0.5009766  0.2812500  0.5000000
33 | 0.6445313  0.2500000  0.0625000 33 | 0.4995117  0.0625000  0.2812500
35 | 0.6406250  0.3750000  0.6250000 35 | 0.5004883  0.9375000  0.0625000
37 | 0.6425781  0.6406250  0.3750000 37 | 0.4995117  0.7187500  0.5625000
39 | 0.6435547  0.6875000  0.4375000 39 | 0.4995117  0.6875000  0.9687500
41 | 0.6445313  0.3593750  0.9218750 41 | 0.5002441  0.5000000  0.1250000
43 | 0.6406250  0.9218750  0.9375000 43 | 0.5000000  0.9453125  0.9375000
45 | 0.6430664  0.3125000  0.6406250 45 | 0.5004883  0.2812500  0.0312500
47 | 0.6425781  0.9375000  0.3593750 47 | 0.5007324  0.3125000  0.9531250
49 | 0.6420898  0.9296875  0.6562500 49 | 0.5007324  0.9453125  0.5000000
51 | 0.6386719  0.0937500  0.0781250 51 | 0.4985352  0.7187500  0.2500000
53 | 0.6445313  0.6406250  0.3437500 53 | 0.5001121  0.9414063  0.7343750
55 | 0.6430664  0.6484375  0.6250000 55 | 0.5000000  0.7343750  0.5312500
57 | 0.6433105  0.9218750  0.9296875 57 | 0.4998779  0.9492188  0.0625000
59 | 0.6435547  0.9277344  0.9062500 59 | 0.4997559  0.9453125  0.9453125
S5, EBHELT
—5x (x—0.5) 0<x=<0.5
f(x)= —100 (x—0.625) (x—0.75) 0.625=x=0.75 (11)
0 else
—5x (x—0.5) 0=x=0.5
f(x)= —100 (x—0.635) (x—0.76) 0.635<Xx=0.76 12)

0

else



APREH B

0.4 0.4
0.2 0.2
0.0 X

n L L " " n X

10

10 A

20 4 20 A

x-observing point

30 4 30 A

31

OMP

x-observing point N
40 4
43

OMP
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) & @QDBEBENHE K — 3, W— 4D EHIRT, BIaRT &, BOKRLIFEL T,
EWIIRAEA0.01 72 RS EL > TWwaE 2T Tho, TNLICH L Te=4 2 L CTHER
AT NEFEIRDENETNDOTHTH S, NIFEREBTH S, Lok~ <, K—3
EBWTRLFIRIEFEL ( 84EIINREN D 55, x=20.5 TOEB TR X 1.7 BKE
DINTYmn=0THY, ZOEBETHAIEZE E5260T, FRLZ LS ICERBICKS
T3, KICK— 4 Tid, B LB THRED T Z D53 DOBIFIED Ynin T\ 726, Tkl
BELZBIL TS, INLDERIBEDHRNIEL W EE2RL TS,

5. BIFEIC & 2 B MHEOKRET

A. 1RTOHHIE
FIE L.
f(x)=0.85exp {—50 (x—0.2)%}+0.95exp {—40 (x—0.48)%}
+exp {—70 (x—0.81)%} 13

0=x=<1



S MBIR O BAMERR O —Fik

f

30

10

2b 1

<
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P2

I

ﬁ—-::::::::::::::? 7 0
T

32"

x-observing point

37 OMP N x-observing point

H-5 #lE1 H—-6 fFIE?2

PBIzE 2.
f(x)=0.9exp {—46 (x—0.15)2}+exp {—120 (x—0.41)2}
+0.89exp {—85 (x—0.6)%}+0.98exp {—70 (x—0.85)2} 14)

0=x=<1

=4 LT, BEMRERLIZODPHE—5, R—6Thb,

B. 2RTOHE
BlE 3.
f(x, x2)= 25exp {—20 (x,—0.3)2—18(x.—0.7)%}+23
exp {—17(x;—0.65)2—19(x.—0.25)2} (15
0=x,=1 0=<x,<1
BlE 4.
f(xy, x2)= 18exp {—15 (x,—0.5)2—20 (x,—0.7)2+19
exp {—22 (x,—0.27)°—20 (x.—0.25)%}+17
exp {—20 (x;—0.75)*—16 (x:—0.3)%} (16)

0=x:=1 0=x,=1
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o ooo o o ooo o | 0 O:sﬁ‘ﬁgmo :°° :
I — xl — 1 0.0 ' xll 1.0
1
®—7 BIE3 R—8 fiE4
flE 5.
f(x1, x2)= 15exp {—20(x,—0.3)?—22(x.—0.3)%} +17
exp {—19(x,—0.75)°—15(x>—0.25)*+14
exp {—23(x1—0.25)°—18(x.—0.75)°+16
exp {—20(x,—0.7)2—20(x.—0.8)2} an
0=x=1 0=x,=1
IR 6.
f(x;, x2)=  {1—-100(x,—0.15) (x,—0.35) (x,—0.5)

(x:—0.95)} {1—100(x2—0.1) (x2—0.3) (x2—0.6)
(x2—0.95) } 19
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|
. X 1.0
0.0 1 0.0 X, 1.0

XM—-9 #HIES X—-10 #iE6
0=x:=1 0<x,=1
BIE3~6%c=16 L LT, KI—7, M-8, M—9, K—10Iic % DB & ERKIRE =
LTHh5,
K—21CBEL1 LY 6 T TOELVEEHERICEZRAMELIBESLZRLTHY), FRLFN
BWREREL - Twd, $oK—3ICKFTEE 72 7 A L 2R ERAHO HEE 2R L T
Hb, WITNL TV T AEITHNRT, B EL >TW3,

6. » & » &

ZBERBORKBERR L R LR 2 EAT 22 LI0L -, BRIEFZ2HEL TRR
T 52 &R, KAFHENENIL ¢ MEE WPICABEICHIET 20 TH), 2D 1-O0H
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ARH #

R—2 PIE1~ 6 nEfl & ERIE

Test fun. Ex.1 Ex.2 Ex.3 Ex. 4 Ex.5 Ex.6
X 0.8064 0.4111 0.3007 0.2758 0.7416 0.8066

Searched
data X, 0.6992 0.2543 0.2524 0.8222
f 1.0125 1.0817 25.0619 19.3210 17.3035 4.8007
True X, 0.808 0.411 0.301 0.2750 0.742 0.807
data X, 0.699 0.2540 0.253 0.822
f 1.01257 1.0817 25.062 19.321 17.303 4.800

R—3 PIEICHT 2 AREL 7> 7y aik

L D eig
Test fun. Ex.1|Ex.2 |Ex.3 |Ex.4 |Ex.5|Ex.6
This method 37 32 | 110 | 126 | 121 | 113

Random search 42 72 | 590 | 906 | 764 | 305

TELTOREE527230THs, LALLM 4B22200%07T, BT 2 MEC
ML TRBRICL) TEL LEREB LTI Lch N FE L A,

B~ T, EBEMBICHET 5 2 LA HRIUE, AETOREDRWRITI T b D & &
Zoid, BEERD L HEPREINTWEY, AEICEFNL2EHATLZ L IZRETH 2,
$ o THRRICHE L 2N HEZENBRIZ L ) AFEORN2EHLZLIChbDT, BRI
RETH 5. FILFHEDREICHEREII LV, 2 LICTHEENRIOESL EEET S &,
SHLIPRE LSO DR H 2 L BbN b,

(BEFI59 45 A 19 H <28

2 £ X ®

1) FOBSEER - AGRER | SUMBIBIC 51 2 RAMEERO—F8: | 8 10 EFHRHEIC BT 2 bimam sk
2 (B 53)
2) AGRHM . SEMBEOBEREIC OV T | HABMY 2 LS H#RS#cE (No, 832— 2)
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An Experimental Study on the Control for a
Liquid-Level System with Dead Time

Tadao NARITA, Mitsuhisa YAMASHITA and Yuzuru KuBoTa

Abstract

In the process control field, process is very often represented by including dead time in the system
model.

We selected a liquid-level system with dead time as such a system and controled the system using the
following control laws :
(1) PI control
(2) Smith predictor and PI control
(3) Modified Smith predictor and PI control

Results are discussed from the standpoint of a response for the reference input and a disturbance
rejection.

1.@& € ®» £

74— Fo3y ZHIERIL, GIERERORENLL DL LUESERENTWS, 74— F
Xy Z7HIERIC B W CHIBENRNEIC R UGBS E T A TW 2354101, —HRIZY 2T A
TR e o 72, RELEEENNLHICEBME T 2HM 2177575 = L REC 7% 31T
PO, EEICRARELHEICLDZ EhH B,

LR Z ZUROHEICEL €, Br0BE» 5 S OMRS LI NTETWS,

T ThH, GIEROMEEICBIY 2 Smith » K313, MK s E#ELe Z &, FHEENDETH
AREOBDAZIER L T2 5FNEIPLHEZHTH Y, EL AT LNDEHL 0,2 85
‘2, SmithIEZNJAIC L 5> THEL 5, W ODDORBEAICK L TLRE, MESLINTETW
%,

AR T, WEHEWOLRMZ &0 5 > 7HER 2 EBRICERL, HIME e L,

(i) P I##
(ii) P I8+ Smith 3

173



BCHUEHE - INTRA - ARE 3%

(iti) P I ##0+ Smith 3+ S ELAIE 2
RV 2a0 BIEEZL, AEUSINICHT 2682 KD, 2 s & BRET L 72,
T, flEd~fr7nara—3% (FM—8) #HWwWiDDCY AT AL L > TiTh bh,
TN RNERDIERILE RIS A L TR FH BN CRIZRIME 2 RS T2 > T 3,

2. Smith % & S ELFHE

Smith #i3, K— 1IZRT LI, 72 2ETIL {Ge(s)—Gp(s) Ge(s) exo (—LS)} % 34
TR GDEDLNITRHAT 4 — KNy 2 L2 DTH B,

r=HiEfE y =il &
d=4# &L e={f =
L ={l#%t 5 ot 7285 R Go(s) =l %2 &5 L2 BE 2 B 72 L

Ge(s)= LAl 2%

M—1Dr—y MD%Ffi 7w 7 Z88IIR— 2 & % 5 .06 T, GBI %23 F % Ge(s)ioxt
FT274—FNy 7ROFEEACTT LR - 22 G(9)%21825 2 L5k, ok
&, filf s y 3HUC § AR L 2152587230 Th B, 2 & ) ic Smith g3 B il —
HIE R OIRERE 2135 20 3B TH 2%, SMEL—HIBERICIZ RO & 5 HRIESH S

ia

r u ¥+ v
—>L—>II} s8s{crw <

Gp(s)-Gp(s) e 'S |e—

X—1 Smith #:

o T —{Tw A

B—2 B 7 BT 2 %4 R

u+d ¥
S| >

Gris)-H(s)6p(s)re ™ |

K—3 SELFES He # V725
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LR 2 S UM RIC B 2 EBRAEE

5, M—10RkicHELdS) b -7z &35, 20 & 2AELUTHT 5 B IR eds)it
Gop(s) Ge(s) Gpl(s)
@)= 160 6o T 116.0 GO
LR D585 TRAD LD L 5 ICHIEN A TR SO IS Z 5 T B & Gs)mERIC»
b b T RIEHENEUCH T E2REIERL Z LI NEFE L v,

HEE —fE &M OEERE L 2 2 372, SELCH T 252 deET 2 ke LT, HEi%
DONEAEED D 29, ZHUIB— 3R T & ) I ELRIER HEe) 2 74 — Fovy 2 0—7012
FATLLNTH B, HEIAELCHT 25 ENTRE & Gos)DHFEIC & > TEDH LN B,

% 72 Smith NH KL, 7w ZETIVEFHL T3 2HHIEINROFREDEHS 2 L8 &
T2,

{Go(s)—Gp(s)e ™}d(s) (1)

3. KNEREKE & R LAE

3-1 REREBOEK

AERFEEIL, 7 7REGELZBOE L2 EET VTR — 4 Ic 20K A RT, 7> 7
TR IZAE 150 mm, K5 200 mm, & E 300mm DL D Th b, Lp77EEREREIZ L=16.7 (sec)D {
nE, L=393 (sec) 2 2D b D& HE L 72, BWALIHWABRHLETHE L 20ES 518K
AT LIZE)FET VT Z 225> TREE N0, REREFSANOBRERE L THY
N, MEHEABIIBALED LT 2> 7ORBIER I —EIC 0 b & 5 ICEES ¥ 5 8-
T, P 7REOMIcZ IR 2 L TE, KAEREEIZI1IANIBIO 74 —F3y 7R
%h,

- - FHE
bﬁ%ﬁ"ﬁ:r Y RF A
) \r=
b i (FM—28)
2 s
1 A
R 7
¥

-4 SEBREE
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BTN A—E— (mA)

E 6 ~17.03 6 T
= EER X 7 16.04
- HB £ =
5 | mEX — A — | up % B
Hb r = 5
15.00 =
4 4
Vi ~13.
: y 139 z
3 K 3
N }{:;:f S 4] 3.03 5
L/ ~12.07 =
7 -
11,30 ]
1 7 10.05
Hb
i1 [ N S B
Al AT
0 5 10 15 20 25 0 5 10 15 20 25
. 2 (cm) " fiz (cm)
-5 5 BORE—BAEE K—6 REMEZOHIEA BT

3-2 HENROGERE
M—4b56, WAEE AN, WALEHT, /R 2687 B2 SO REER, A% 7> 78
EHE L, 7> 7DADMEEREEY —KBNREALT., 20 & XU % &b 7 5ER K

G(s)iz

G‘S’Z% e (@)

ZZTC, R:7atkzxs 4>, T=AR: 7’0t 2BEH
LB L) BALEZIT-> T 5,

3-3 #Etwag
HIE T~z & 512, Smith HF BT 7 0L 2T EFHER L T 3 72002 SR 5% ok

WRECENMT S EHME T2 %2152 2 LMk v, AEBRTIIZOMEL LT, kic
WAL BRIALHIE % 1770 > T B,

3-3-1 REHEAEBICLZZCIR0BRAL

2 (2)Mc BT 2 RHIEN /R 2 [ #H T—EE L 5720, B, 7> 7ktkE
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up * - '
11 LSTOKe Gown . 1k w e
. Stroke d o
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6 F— — — 1. 6
R '
S o g °r o
= -h:‘ | L}
I ¥ 4
»
P BE A —
I el e Tl 3 fa
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T/ il
1 ' el | 1+
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-"".n i 1 N Ll 1 J 1 1 1 1 1 1 1 ]
4 8 12 16 20 4 8 12 16 20
& o (mA) g it (ma)
X—7 Hl#ESADRE A X—8 MIZMEZOHIER A DR

& WAL LBIBIR A Ff 72 2 72DICAT R 5 2 b D TH B, M — 5 DIk E — BAEERI- B
5 EMRABIZRHES1/R%3.0(1/min/cm) 12 3%%E L 23BA4THY, Ziucxtd 2515 B
DEEBROFIER TN — 5 DOZAFHEIR & BRABOZED 582 2 L o5k 5, ME#D
WE—WAREZ X — 6 1I2RT,

3-3-2 &R ADBRRAL

RAMBNE A ADWEFEZ K — 71RT, HERAP»LEECE > CTEFEE LD LS IC/H
ERZED D, ZORREH— 8I1TR T, ANEH 16 mA LLENERIC B\ CRITERE & 2
FELICERDPBDOLNDLY, TNEAEEOLZT )L 210k 230 ThH B, AEBRTILEH
W ADEEEIPAL 4 ~16 (MA) TH 72D TN LOMIEIIAT A b - 72,

4. B H &

MR EROREN RO EEH LR — 11T T, FEGH2Z KD IMEHE L

(i)
(ii)

PT il
PI i + Smith #:
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x—1 7urzEK

L 7RI B R I II
177 R RY L (sec) 16.7 | 39.3
7a+xZ2454 > R(cm/sec) 5.9 | 4.41
7ok ZREH T (sec) 112.7 | 118.3
x—2 Pl#IfEHK [20%4T & § & Ui BRI ]
B i i st &L
72 e TR I II I II
72K L (sec) 16.7 39.3 16.7 39.3
454 > Kp 0.685 0.410 0.799 0.479
T o Ti (sec) 112.5 118.8 38.4 90.4

[Chien, Hrones, Reswick O 512 & % ol i £ 4iH)

(iii)  PI %8 + Smith 3+ S ELAE1E
&2 DFEG RIS 5
(@) HEMEZICHNT 6%
(b) HELICHT B %
RND, EHIEERICBIT BHIEESRIZR - 1 2FEIRORICED 5,

(1) Pl#If9%E803 [Chien, Hrones, Reswick OE-@FflE | 2 HWTED L, 2D
BRHIENSEHOR, T, LEAVWLZHT, (i) (Gi) ML TE, LES52508%
b, REBRTIZ, - 1B 2LE0MME L T2z, Lizh > TPl
MEHIIR -2 L% b,

@2 7N 7REE DT) 37t z2niEgs2EEB L C0.2ME L,

(3) HhELFEMERRIE, AELAT v TATL, GuS)—KEBNRTHDBZ &5

— a
H@—m+;;; (3)
zzT
to=a [a—(a—1) e ()
a=1—a, (5)

Eht, 2, HE ST A—F a il Ial—Lavh b a=3 LRELR,
VL b Tl G S R i e L ¢, AEBRTHWADDC Y AT AIC#lARAE
n, FoRE7T LT ZaeFER—-1, M—2, K- 31257,
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5. RBRBRCEER

KEHRERTR -9 ~H—181c BT, —MRIIs 21— a v OB TH D,

5-1 BREZNTIEE

=92 5X—12 1R, ©RERKHMOR S ICHh 2 b 6§, BERERIE P+ Smith o
IR, FRA N 2= RBALTWD, TS I 2L —3 3> L E LEM AT
LTw3, b BN KRG PLHIBO B AR5, Z g PLEE +Smithiko PGB E
LRI E SRUZRRIC L2 %2 5N b, Smithioks %2 2 X, LidM
KOR E R SN AR A BR 72, BRENFORMT b LA ERM L N/ (s 2
ELFEZLNDD, TORETIILENDELS LB EH, A—"Pa— L REC LB L
WIRING,

I ZICEBERIZOE T v PLEE + Smith 3o & &, S 5IcHEEE L N2 725
BEEIZFRUAERERL T B,

5-2 HELIcHT B E

B—13 26X —18 12§, TR R X IZHhH b 5T, PLEIRE+ Smith #:i3 PII#E L v
HEDHEIRCDZ > T d, ZOMBARSEREZIT) 2 8ok > TR, 25 Pl
HlE L D b ROAERZ 72, Smith B AHEREIEZ G5 L 2254810 b, Seicib~7z & 91z, PI
HIHERNEEDEZ L b,

ZORHIIBI 7 A AR E L Y, XL ICHIBIR RS e B Bt o CRERRT I S
nazynLfbnsg,
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- Stress Behavior of the Bolt on the Bolted Joint Received
Eccentric Force
— A Case of Tee Flange —

Minoru TANAKA

Abstract

The Analysis by finite element method on the model which is constructed by spring-beam element
has been performed to obtain stress behavior of the bolt on tee flange. Some experiments are simulta-
neously carried out under the same condition of the above model.

The following results are obtained :

(1) On the axial stress of the bolt on the flange recived external force the
calculated stress are consistent with the experimental results.

(2) The bending stress parallel to the bolt axis decrease with the increase of distance from its under-
head.

(3) When external force are acting on the flange, the rate of increase for axial stress and bending stress
of the bolt become lower in the following case ;

i) the flange is applied with large tightening force and

ii) the flange thickness become larger and

iii) the distance from the application point of external force on the flange to the nutral axis of bolt is
shorter.
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