ZEIEAY T
PR — P+ T

Muroran Institute of Technology Academic Resources Archive

7

F R LR RSl B T 25345 211

EE&: Japanese
HERE: EEIEKRE
~EHH: 2014-03-04

F—7—K:

ER A
A—=ILT7 KL R:
FilE:

http://hdl.handle.net/10258/2774




bt

=W L% Kk
x ¥

B I

# = + N 5

WAL I

MEMOIRS

OF

(ISSN 0580-2415)
(CODEN : MKDKBC)

THE MURORAN INSTITUTE OF TECHNOLOGY

Science and Engineering

NO. 34
Nov., 1984

MURORAN HOKKAIDO

JAPAN



X P EEER < E<® 23z R g

Editing Committee

Kobayashi President Chairman of the Committee
Origasa Prof. Electrical Engineering

Kanoh Prof. Industrial Chemistry

Satoh Prof. Mineral Resources Engineering
Nitta Prof. Ciwil Engineering

Hoshino Prof. Mechanical Enginecring

Tanaka Prof. Metallurgical Enginecving
Watanabe Prof. Chemical Engineeving

Hanaoka Prof. Industrial Mechanical Engineerving
Izumi Prof. Architecture and Building Engineering
Tazawa Prof. Electronic Engineering

Fujiwara Prof. Applied Material Science
Sakanishi Prof. Literature

Matsumoto Asst. Prof. Science

Ueda Asst. Prof. Electrical Engineering

(Fvening Session)

. Murozumi Prof. Chief Librarian

All communications regarding the memoirs should be addressed to
the chairman of the committee.
These publications are issued at irregular intervals. They consist

of two parts, Science and Engineering and Cultural Science.



B W

B R
BB ST DT BT HE IS T EEIZ OV Teverveeeeerreereesseeneeeneanns oA m oz 1
BIURD S BT D BT SEIT D\ Covererreeveeresesessesssesessaraeseneseenns g g B g 17

Development and Application of Predictor Model
for Seasonal Variations in Skid Resistance (1)

_Mechanistic Model_ ............................................................ KaZuO Salto

John J. Henry 25
Relationships Between Skid-Resistance Measurements

with the Ribbed and BlankTest Tires, and Pavement Texture --- 41
John ]J. Henry

ML ML 0 2 B M T T AR B 2 MR E e oerveene i § " ﬁ‘jg 55
WO E W
- = b e 3 - B aRE B &
HEEPAERTR & 51T B HUROBIBHE Y= BT B T wveeeerreeessorenensns e RT
T
ANEVEELZ B 2 EBRITTIE 25 2 Wevverveeoveeoeeeneneeneenienrenseennnns ﬁ ; ?% g 93
ANEUREIC BT B EBRBUMIZE 8 3 Hheeveoveereeeeeeeerereeeeneenneeeenenns ﬁ ’E; ﬁ gg 99
O TR % (RS 2 BB 1 BT 2 SEBR o eeveeveeveeeereeeeneeneans E; $ - Z; 105
27— 3 o O ETES O & 7 O A fereeeeeererennne oM & %15
Womoa =
FROTREH I & 5 KL F A BB T — F OB B 8 % o 129
om M



High Reynolds Number Flow in Capillary Tube Kazuo Maeno

with Spiral/Bend Portion Akihiro
(Experimental Results for Water) et ecesssstrteatescstensnseecsettestrtacsenen Yamazaki 139
Yutaka
Hanaoka
MR DI KA TR ) — T+ e veverernneeeeeeiiieer e e e eeetttie e aaaeas SR %161
B OB OB #
LB 2 2 O I A RIC B 2 R B e W F % & 173
AR H i
RN % 52T B 4o URERSAR D R OL b s 1268
—TRIT 5 U D et m 185
B & IE #*
hBHOE OE
N =
A HEARERR H IV 72 KO TR IIIGE v eeveemeeemeereeerreenieenuennens Atk 7 % 195
Mok E
B A b7
=3 # —
R 7 A = ) T2 TS & DL wweeeeeerrrrrrrrrereeeeeeensanniinnnes T 5 203

FRFFERE TS, (BED8. 4. 1~59. 3. 31):+eerererrmmrserrrrrmmuinneeeieiiiiie e eereeanaaaess 209



B AR 5 3 ) R A 5 TELFEAE G 71 BE S D\ T
oA o

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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&Y, BIROREARFAT L2 LI RA TS, 5, #, HERFZIC & 2 &% s
L, IBRAFEL, ZO—REUETLIEiCLY), FRAEL2E0CI LM, FEMY
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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
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3. FEWMARERCHECRET 2%, BERBRAENRE
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BT aHEL, UUTICHEICHAT 5,
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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)
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b) HHZEHR
= (4)
AB), WcBWT,VE 3XRATHEZ NS,
Vk=y0c [0 (5-1)
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VE<1,2 (5-2)
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ZZT Oeag 1ZR2)TH Y, O IFRKXNTEEEINS,
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D/tékg N Ocat = kl
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b/80<t<b/k;  Gcar=2,2000,000 (t/b) * (9-2)
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b'/16<t<b'/ks;  Gcar=240,000 (¢/b") 2 (10-2)
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i) FEMET 22T BARD B MR
a) MRS
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t>6'/16 (12)
m) B ORFE 5 RIS 1 BE
BOREMTFERIGH R, RO)TERIND, 2771, 0 3RNTH 5,
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—7%, FoRHETIE, WEOHIR 2R, 100 L 51D T, PN EIRER %3,
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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)
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ar _ 162 —(A)* an
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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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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 &, &
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JE <16/ks (57)

HRAETIE, BEERICHT 2REHIIT e b vy, MREOHIKEE» 7 ) TNk
D, RBBHZVIFARWDICININELZEC LAWMETY, FornAZE0HFEIGIEOMK &M% i
BLTwaZri, UTok)IiciEHINS,
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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
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b/t 15.7 15.7 15.7 b/t 16.0 13.4 16.0
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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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N5, IL08EERTHS 2 ERME L 8RR & 2581l & 0BENMEFEHF% HEY
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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,
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BEETHBNT, ADTHEIRBERL TR AL 5, ZOREEZHM I 12HKDF LT 4 B
B 2 EAT 5,
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4, 3 B £ B
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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

20



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

21



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
b, FEROHBIBIRIIERB TR LoD EFEZ Hb,
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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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(65x.65 mm grooves on 25 mm spacing)

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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