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linear regression

Concrete mixture Thermal expansion coefficient [1076 °C™1] o
coefficient (R?)

Bl 6.98 0.984
B2 4.67 0.982
B3 3.16 0.943

DXNNA .NIANYNN 2 'NIYAYA 21W 2RV NIRIIN 7100 ,N'0N' 71T 11'0 172700 DD N0
B2 2% N1 71ann p 7vi 0a vaar X727 nanyn n1'n B1 nanynw nik1? [N 1 n7a0%
0VANAN ONA NwNN NNX NIYTam B3 -1 B2 nianynw Tiva anim 2man xin B3 -
MINN NIVYWONNN DTPN NXR'¥N7 NIP'TAY7 90a V7 DN 77NN P I 7T VAAR/02A
2w (A) nmann nmai (K) nmann ATI9TTA 0TzA NR'YNY? NIS0N NIp'Ta WY 1yxn
7'019 A'¥NY 12 "3 W 23 'k NAXIN 17X NIRFTAN NIRXIN NRIYA DIANYNN vy
D'7'91M9N N7 ,2w'nn X7 N (1) par nimgza 9 i (1) Pi7an X' nnivlsnon
N'TIOFTN DTZN 7 0N NIRXIN .8 1I'K7 DXNNA 9122 0"OIIR'TNIN DNIPYY7 D'M'RNNN

.5 N7202 niaxm  0IwN (102N A0 NYITY 7W N'MANN NIRYIMNEMINN

J1van 210 NYIYY Y N'MINN NR™MIMAL 'AINN ATI9TA DTN YW 0Dwa — 5 n'ao

_ Thermal diffusivity Thermal conductivity
Concrete mixture
[107 m?/sec] [W/m/K]
Bl 9.64 1.64
B2 8.39 1.53
B3 7.82 1.42

DIIWA 102N A0 |2 71T 7TaN 'R NIXKYYZ N MDD NIVYWONNN DT DN MY
D'DIWN .DIIWA (102N A0 7Y NMANA NRMIMAE MDA ATI9TA MTn 7w 0oyl
D'NTIP DPNNA IXAY 'O 102 7Y DIV NNV DI NRIYA NI 172NNy

.(Howlader, Rashid, Mallick, & Haque, 2012)
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mB3

Shear Stress [MPa]
= N w
= (6] N (6] w (6]

o
(9]
1

o -5

2 3
Normal Stress [MPa]

AN DTN D'NA NYIT awnYy 1nm-:m|'1|,1 ANN MY'Y' AN'TA NPT NIXRXIN 125X

.(om> yiam) B3 nanyni (0710 fiyn) B2 nmanyn,(71ind w7ivn) B1 nanyn Yv

.NANyna 1o 9% A'NN MTEN N'TAaN NIN'YR DY — 6 n7aL

Concrete  Shear stiffness Coefficient Friction R?
mixture [MPa/mm] of friction [-] angle [deg]
B1 0.54 28.37 0.99
B2 0.81 38.84 0.99
B3 0.45 24.36 0.95

nua n1'n B2 nanynw Tiva AN man Ama? nintgpn 1w nwa i B1 nanyn

NANYN AN AN'RNINN NN B3 naNyny nx1l N9 12D Nk nninan qP'NN NUIT )Y
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NIYXNXA NYXA 1T T2 (V) [loris on' (E) niruo7xn 7mn (o) M'x NN NX'N70 21N

NNYNNN NNX D 7y (2.1.2 niv'wn 7191 KIxN? [N 0N'9) MIRIOPRMIL NX'N7 wadn
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on' (E) niruoxn 71mm (o) MY TN NX'NTD PTIN QWIN 178 NIRXINA (26 11'K) NN

.7 07202 DX DN NRNYNN YITY 7w 1020 'MaTn 7Y (V) [IoRI9

.NANYNA 110 '9% PTINA M1 D — 7 aao

o _ Elastic .

Concrete Uniaxial compressive Poisson's

" . th [Mpa] modulus tio 1]
mixture stren a ratio [-

g P [GPa]

Bl 45.83 15.49 0.19

B2 53.55 21.64 0.25

B3 61.85 24.49 0.25

1N (0,) 'Y TNN NX'N70 PTIN N7V 10 B3 nanynw 7apnn n'R'oprkLN Nzt Tann
[1" 3 7V ,2N1M DN NIFVOYRN 71TIN N7V NN AT NANYN, D IND .NIANYNN WIY 'an

ANM AN'YEAl npTRN NIAyvnNn N'n B3 nanynw i
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Bl B2
50 -+ 60 -
i ‘©
35 % 40 |
30 B el
25 g 30 -
20 1]
© 20 -
15 g
10 10
5 |
) 0 1 I T 0 T 1
-0.005 0 0.005 -2.E-02 -1.E-02 0.E+00 1.E-02
Strain Strain
‘©
o
=
a
]
=
(7]
©
%
<
-0.04 -0.03 -0.02 -0.01 0 0.01
Strain
= gxial strain = \/0lumetric strain
radial strain 1 = radial strain 2

NANYNA 210 '97 NYIX'OPNMVN NP TANN NIXXIN 126 I'N

NRNYyNN NN 27w v nikximn np'o 3.1.3

NNIYN NIRTANN NIRXIND 772 17210 NIANYNN YI7WA 11N1IY DN0NI9N 7 ARIYN NIXY?
['2 NINYN NNIYA NINYNN Y 7200w (o) 'Y TNN DX'N7D 2TIN DY NHo .8 n7a0a

oN' 1Y 72pnnn 0DIYN NIVY TIva .anknna B3 - 7 B1 'a MPa 61.85 w1 45.83
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[0 ' jIox1® on' B1 nanyn hayw Tiva B3 -1 B2 nianyn 1y ninwn X7 (v) [IORI9
NITAINNN DINNA NI NPT N1 B3 manynw Tiva (i 770,8 n7a0 nx1) "N
'7n ,8 N720) Nt DINN2 NI NPT NN B2 nanyn ,nainan nanynn 2N Nmaa
NANYNN 7¢ 0NN 7V NIY'DYN DT NP0 LPTIN 7w DMTPNn 71 X7 MR .('Wx¥nKx
NIKYYT [N NIRXINNNI 178 DMTPN DXR'NYNY NIZHT 1YY 0% 'K .0"NON 0'AT7N DA XX

70,8 n7a0) AN jupn (a) TXRIY7N TMOND NIVYWONNN DTN DX W' B3 nanynhw

(Imnn
JIRNYNA 210 97 NI'MANAI NINDNA NIZFTaN NIXRXIN DIdD'o -8 n'7av
Parameter Symbol Units Bl B2 B3
Uniaxial compressive
Strength Oc [MPa] 45.83 5355 61.85
strength
and )
o Elastic modulus E [GPa] 1549 21.64 24.49
Elasticity _ )
Poisson's ratio v [-] 0.19 0.25 0.25
sh Shear stiffness Kj [MPa/mm] 0.03 7.48 3.01
ear
_ Coefficient of friction K [] 0.54 0.81 0.45
resistance o
Friction angle ® [deg] 29.71 38.84 24.36
Thermal expansion
. a 1076°c?t 6.98 467 3.16
Thermal coefficient
parameters  Thermal diffusivity k [10" m?/sec] 9.64 839 7.82
Thermal conductivity A [Wim/K] 1.64 1.53 1.42

PTINN MUNI91 NI D' 0N Nwa N1 B3 nmanyne i |na ,ni'o?
NN ID'NN M0NIDAI D'NAINN DMVNIO NRT DI ((JI"7Y 770 ,8 N720 NRY) NIrvo7RNI
7TInN 21w'n NIRXINA L(INNN1 YR 270 ,8 0720 A1) NI 0DININ 0DIYN NA
N1 (9 n%2V) nnIwn nIaNynaN NNX 75 1y Pasten and Santamarina 7w '0'7axn
ANr-omnIrnn? n'n 0.27 9w anir nnikan Anthin n7apnn B3 nanyn invw nivag
NI 0NN DDA N7Ya NaNynn N B3 nanynw nTawnl It ARXINY oxXNNa
NTAYNI [NV '727'7T'ON 77N NIX 22707 NNN2IY NANYNN ,NIFVOYRAI PTINN NUNI9]

. B3 manyn n1n
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NIANYNA 210 '9%7 '0'7IRN 7TINN 2AIv'N NIRXIN - 9 N0

Concrete mixture Displacement per cycle [mm]
B1 0.11
B2 0.13
B3 0.27

APIAN 07X TN 7' T'oN 7TMN 7w 10N NIRXIN 3.2

[(CCR) 21an 07X 0TN7 01010 QWK 72'T'90 7TINN 210 ,0'I¥IN NANYNN N1 NKY
NN 7NN LYY 19 L 2.2.1 NIV'YN 7192 NANTN IRINN Y72'T'9N 7TIN N1dN )7nn
(2.2.3 n1v'wn 7192 NIV T 7Y NANIN) 7TMN NIRY NI0T9N0 T 7 1NYIN
W ITNnn AT qwn 121 a7nna .nivn 300 ' oA T2 NNIVIDNLA NI
7TmMn 72 NIR? TR DNIX2 NNUNRD NNI0TSNLY YANT NIN 7Y WNTN NIL1%NoN
(3 nxnwn) (Sd) NrTNN PRIy 7w 10N19N NYOWN DX 71017 210w NN 7Y NRTE Y790
DNIN TN, )2 1'D 10N 7NN uY7aRN 7Tmn 7w aiwna 21722 nn1vnonoun Y
NNNN NNVNN NIV 2V 2AX' NN DNNNA 21720 WK1 (35%) Nnnn NNVnD NIV9NLY
71720 "wXd L,(5%) npn nvnn NILTDNLY 1 TN NNIVIDNLA 197NN NT'NX NNIXa (359)
N1 1701 .(35°%) nnnn nunn NIBT9NVY TN NTIBIDNAVN N97NIN NIY NI PN
TNN NPY TIVA Y70 NIY DX X0 TNN DIN'NY ;1017 [N .0'AY9 1901 Inyy 7V 1tn
1010 17NN .NNK MY AX' JN'R-DIM'NIThNR )27 DXNNA 91NN NIV DX X'
NIILIONLVN NO7NIN NAXY'NNY YT T'NXK Y 220 NAX'NN DY 071722 NNIVI9N0N
MI¥2 MPNNE DANNN YTNAY NIKYZ N1 L(27 rK) 2Mwn D1onn N1Iv1%NLY? TN
DT '9%, AT NI7 D'RI7A%7w %W NIrox? oxNNQ NRT ,D'17a0Nn NN NN
TNN NNIVIS9NL |2 7TAN W'Y NIKYTZ NI .ATRN NIVIDNLV 7V AX"NNY ,NIVYONNN
7yn D'!MpmMmn YTNN DX D'MNNN DNITYAY DNNNY )21 YA At 7120 ,71720 NIv1onuy
D{7InN YWX (CR1000) 021N MAIXN 97 NTTNI 1TNN 7W NIIVIDNLVAY TIVA '77'T'ON 7TINN

2TNN NTNN2 Y7 7'on 7Timn 17

NIIVLI9N0YT7 DAY 01720 NYANTTNN 7W NP — DIR'NITRA 12'D 11010 1700 ,1INKD
NNIPN 190N ATITN TR NAIN ,AR'¥'N 170N 17NYINY 11019n0N TN 9ona AN
NIV'YN P92 ATITNN TN XYW NaNTN NIXYY? [N1) CCR - 7 1Imo1n nXY? 27190 7Tna
Vibrating ) VW .021w Q1iTn 2w'n 10 AW T 2V DITITNN 1T 100 17nn .(2.2.4

M1 (17 2x) D'wn ATIThn "™ Dip'n%? oknna .(Potentiometer) Yonirxavior (Wire
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NTITNN DX D'TTI DN 7TMN NNTR2 0'pinmn 1 190n wonirvavivnl VW aurnw nik?
192 oD .(sliding surface) n7nnin nown? ona (sliding block) *7nnn pi7an v
178 NN Nta.(18 A'x) N'vn NIwNINNN 770 071X 100 73 170na ,2.2.4 niv'wn
n'n "1 an%xn” mnn anThn T 2w NImTNY 07 pmn DMKRNNN D'PNINN 1YIN
A Dt wen? n7apn Y nTTRnYl Mmnn 7Y 99 NIRYINNND NWYIY Q1YNn
(2.2.4 7792 N7 N1 VD) NIMANN TIAY NIRXINA 7NNNAN 2win 219 k% on'nna
71720 7w Navynn ATITNN DX NIXYY N2 1 190N ATITNN T 79 AT TAN NIRXINN
D'"2'0NIR DI'NY (28 WI'R) AN'R-DIM'N NITNN NYI7YW INRYT NR7NNN NVWNY ona 7*7nnn

.0nv 3 7w \7nn?

W

[N
|
T

w
o
1

N
1%
|

]
o
1

Temperature [C]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [(day]

—T1—T2—T3—T4  Ts5—T6—T7—T room

19 0797110 DI 110N V7N 7' T1oN 7T NINT AN10IDNLVA NIAYONN : 27 IX

A7
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0.08 T T — 35

0.06

0.04

0.02

-0.02

Displacment [mm]
|
Temperature [C]

-0.06

-0.08 I | | | | | | | | |
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Time [day]

—cameral —VW1—Potentiometer1 —Troom‘

NLVYN TN P'7nNA 21720 nINTEna —1 an2¥ni 1 ATIThA "TAN AT TN NIXRNIN : 28 'K

TN 72 axIm VWAL INY 172 AXI'T 20N01'¥A0I9 ,7IND 172 X' An'7xn ,ag'7nnn

TINT NAIAN ,0TN2 NNIVI9NLVN 7Y '11'Y 701 DIYW'NN 7Y NT'NN NIAN NMY'Y NIRNYTZ N1
NIV'YN 191 NINXIY IND, NRNIN 7100 K7X 7TINa 0'717an 7w nTitn 7y aT'yn Nk
7¥ 2Iw'NaY 11T 2AIWN .NNI0I5NLA YT DTTAN NdWYN YW D' naian L(2.2.4)
NTITNN "TNAY TIVA 1NXY 1'WiNN 7w naian? [ip'n nwya VW aion atithn 1 "y anmmn
NYIYN1 21Y7 N2'0 NINT 717V DT 17N .77 NN1019N0 [17'N NWYI K7 10N11°¥1019 210N
75 7w 19100 Navx¥NN ATITNN ,NRT DY "wyn" 21wnl DRIYR DTITNN TTAn N7apnnn
NN M NITTN WYY wIn'y .anx¥nnl DRIYA ATITNN TN Y P2 AnT YNnd IThn
75 102 NNAVYNN DTITNN 7W DTN NIAID 7Y Y2XN NNT 0D NIV N2 N1IW2 NNN
ON"N1 DM'YONN 7¢ DTN NHOI NNIVI5NLVY DM'YINN 7¢ NAIANN NIAPYA TN
NN2VXNN NTITNN .DAXY DAITANN N2 X71 DNITAN 'O 7Y NNAVXNN ATITN? AT 7NN
VW) 0n'2'm 0.07 - 0.055 7w n1'n 1 anitnn “Tan N7apnnn N -Dim'n 1Irnn 3 1NKY
TN P'7nnn 21720 7w Anthn DR ITMY 1 Antnn ") qona .(NNXNN 10NINXILILI
N2IN ,TN'N NN DINAY 770N 7¢ NYA0NI NNMSN DX TIT7 NIn 7y, nZ7nnn hvwn
71727 (sliding block) @*2nnn 71720 12 (hvnirxavior VW) 10 75n TnX ,0'901 ATITN TN
1'N DT 270 .00 170N pToN 7w nianinnn NX 071N (17 2'x) (Block Mass) q'xn
N'NN 270N 7W NN'M9N NINDW 0'ox¥N 1IX 77N oxnna .(Wedge) Tn'n nnaim 1aw niznn
NMIY' DTITNN "TNY oI ,|'IXY 'O .7'7NNN 21720 7w NNavxnn NTITNN NiNdY7 N'0NIR

192 NIXT7 [N MIMNN TIA'Y NIRXINN 2IY'NN 79 019, 3 Nn7¥nn N72pnny Anm
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MITAN 3 INX? NN2LVYNAN ZTON NNMBY NIXTT [N NN7¥NANINTITNN *T NIRXINN .2.2.4
178 nIrxIN .(Anxnna wonirxavior VW) aon'rn 0.07 - 0.055 2w nrn e -nm'n
N7 1 von nn7xni nnitn *mn (sliding block) 7*7nnn 71720 NIt NIRYINYG NM'RNN

. (30 "rx)nIrox? oxnin2

0.25 | T T T T T T T T 35
0.2 \ 1
/‘\\\k‘ K 30
0.15 25
0.1 =20
0.05
0
-0.05— T
I I I L5

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [day]

15

Temperature [C]

Displacment (mm)]

- 10

—camera3—VW3—Potentiometer 3—Troom

an72xn, 101N 170N PTOoN NIANINA - 3 AN7¥NI 3 ATITA TN 7W AT TN NIRXIN : 29 WX

TN AXI' VW-111nw 1172 2XI'N 0NI'Y20I9 ,71nD 1172 Naxi'n

o
~
w
w
(%

7 6

30
E &)

5
£ g
H —_
% 2
E 20 ©
: ©
m Q.
: 15 £
m (V)
5 =

10

'\‘, WA S

0 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [day]

‘- -VW1—VW3-- Potentiometer1t —Potentiometer 3—Troom

210 '9% (¥ 1) 3 anitn ™Y (1PN 1) 1 ATITA ™ 2 AT TAA NIRXIN DXNYA : 30 'R

DTN DA aXI' VW Tiya pninw D' AXI'M A0NI'X1019 .ju'"nn
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NTT L,2'7nNN 21720 7w AN DN ITNNA NYI7WA NN20XNN NTITNN DX 1IRYAY NRY
DTIZ MK (31 2'R) 2 2900 ATITH TR T 7Y AR7Nnn NLYWNY? onxa Th'N DT oI
210N NTITNN TR TV TN 7w TR T¥n 1ain VW alon anithin ™ ,2.2.4 niv'wn o2 D7
VW a1on nTItThn ™ ,7Tina nipn 'XI7'K 2y ,9002 . TN 7w wn 1T¥2 121N [0N1Yaoio
Tiva (sliding surface) n7nnn nubwn? ona (Wedge) Tn'n 7NN DX TTIN XKINW )2 1aIn
1727 ona (Wedge) Tn'n 7nan DX TTIN XINY 7D 121N 20N1'YI019 10N ATITNN TAY
,TN' D'YAIZNAI DNAINA DR7NNN NOVWAI 9'X¥N 217201 il NRT 75 oy.(Block Mass) qxn
9722 .ATITN 27 INIK DX DTTIN DIY'NN QWY NINY [N P71 TARD DNIXK 2'wNn7 [N
2 DTITNN TAN ,NIDI9N NINANA X NAIT ATITN O'RIN ATITNN Ty NIkNY [N 31 rKa
7007 [N AT 77N DT TNY 7apnn 2 20n1'aoivny Tiva a7y TN axn VW
TTY IWN 12'D DIYUNN DM LP7 DT 1NN 2NN DAY NN DIZ'MA NAYNNN T 7Y
N'YONN K77 TN NTA IR KIXAYT 1O .00 NYXAN TNIW KIN 0IY9N 12000 271 Thi
DTN WI5N N'YNN NN N0N TR NTITNY D 0N IMIRXINY VIYD '0NNN QYN NYY)
AN — DN NITAN AYI7WA TN 79 NN20YNN NDIRN ATITN (32 Wk)pawnn |2

Aon™m 0.08-> man

o
r~
I

(=]
—
I

'

o

-
I

Temperature [C]

Displacment (mm]

'
o
[

S
'

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [day]

S
oW
—
[
w
B
Ut
o
~

—VW2 —potentiometer 2—Troom

TIVA TR 7W Ay arnl TNl 172 axXI'n VW .2 190n pnwtnn a1 a NIRXIN : 31 X

TN 7Y AT ARMININY 1172 2XI1'N 20NI'XY2019n

42 NIVI9NL "11'YUN YIINN Y70 NNINTAQ 0'RI72 YN 7¢ 121'0" NN



NIXXIN 370

0.14 - 7135

0.12 -

. - - -
0.1

0.08

0.06

0.04

e L

-0.02

-0.04 L/.//“‘J
I

130
= 25

20

15

Temperature [C]

Displacment [mm]

-0.06 110
-0.08

_01 | | | | | | 1 | 1 | 1 | | | | 1 | | 1 5
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Time [day]

—vertical movement of wedge —Troom

VW 2 "2 2T Tnn waonn 2IYNN INNYT TN YW NDINA ATITRA NIRXIN : 32 X

.2 20NI'Y2VI9"Y

TN X797 77190 TN v 1onn nnithin nIRxM 3.3

D'YON TN K77 77'7'oN TN YW 101 nwyl IMmwAa 2 ron 7Timn v o7 qona
NIpYAY XTH7 210w N 2y nwyl At 101 .33 I'RA NIKYY [N TN K77 nownn v
100 7Y 1D 21I'TA D'NIN DNIRD DWW 110N .7TINa '7nnn 21720 7w anith nnv'p T
NIYN 071722 [N TN [N ,NNI0I9A0N NIANINNY NIXTYT? N1 34 1'kn (36 'R) DTIpn

TN DY 10N NNv? nnanwn X7

palemblaleiyial

= Tiniraiutal

77T onipmi DYTNA 90N , TN X7 7Tmn wn 33 K
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [day]

—T1—T2—T3 T4 T5—T7—Troom

DI .'0"N 170N Tha X727 77190 7Tmn INT AN1019NLVA NIAYONN 34 X

.33 'x 197 n'79pIMNLVAN

A'R) 1 ATITNN TAN NIRXIN 271 DTIRN 100 1IYN2 1N XYW ATITNN T DI'A 1INKd
sliding ) nj'7nnin nown? on (sliding block) p*7nnn 21720 YW ntitnn IR TTINY (35
N10P NI'N ATITNN NIND X NP'7NNN VYN TN DTPNN DINIXR 21720 NIKN L, (surface
7w NNaLVYNN ATITNNY 72NN NIRXINAN . TN DY 102 NTTMIY ATITNA NiNdn N1YN

Aitnn 3.5 WnKY (sliding surface) nz7nnn nown'? ona (sliding block) p*7nnn pi7an
Aoun'r'n 0.027-> 10 N'z-nimn

™ .(36 2'R) 3 0nirxavd T 7 100 170N 7ToN NNINN TN, 1 ATITh TN qona
.(Block Mass) qx1n 71727 ona (sliding block) 7*2nnn jpi7an 2w anthn NX 7T 071
,IX2 D2 .aon'7' 0.033-> na'n N Dm'n NIthn 3.5 ANK7 NNav¥NN 7ToN NNMS NIND
71720 72U NN2VXNAN DTITNN NIND |2 NIV NARNN NIY'Y NIXYYT [N, TN DY NN Ind
IR 7NN 21720 TN RY7 102 DA .PTOoN YW AN'MSN NN A7 N7Nnn NLVYN TN
TN OV 1072 721720 7¢ ATITRN NIMdN NN MV AT 102 21720 7¢ ATITNN NiNd
TN X7 77N nniv? I oy 7Timn YW ATIThn NIRXIN 2 ARIwN DIk (N1 10 n7aoa
3 ' N7IT AN ATITRN TN 0V 77TMN 7w Npnaw NIXMY [N, TRR NZ-0im'N ITnnY

ith wedge 0.019
o ER0F = 2.714) Tn'n X797 7TIMn 9w npna YwKRn
without wedge 0.0077

X7 NXT nianann
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Displacment (mm]

-0.02

NIRXIN

370

7w ATitn Nt T X477 Daw axn Gunzburger ,X1Iann 2192 12D XY 1) .17 YN

Displacment [mm]

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

.(Gunzburger et al., 2005) .n11VY9NL "1'W 2PV NN 7172

o
w

Temperature [C]

2 3 4 5 & 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time [day]

—Potentiometer 1 —Troom‘

TN X7 101 — 1 20n1'Yavion AT NN NIRXIN : 35X

0.14 —

0.12

0.1

0.08 1

0.06

0.04

0.02

-0.06 [~

-0.08 [

-0.04 -

0.1

45

3 4 5 6 7 8 9 10 11 12 13 14
Time [day]

—Potentiometer 3—Troom

TN X7 101 = 3 20n1'YavIon ATTNAN NIRXIN : 36 VX

.DIIYN D'10"AN ATITAA NIXXIN |2 axnwn- 10 n7av

with wedge  without wedge

Displacement per cycle [mm/cycle] 0.018-0.02 0.0077-0.0094
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Temperature [C)



|||-|' 4 |T19

T .4
NIMN T2 2172 7w Ndwn 7w "92'1' 7T 7y N1101I9NLN 11'Y NYOWN NIN1) DT 17NN2
NTITN DX [IN27 NN 2y (4 2I'R) 1DINA TN' QY 7T0 NIYXAXRA 1NN NoNN T9InI hvwn 7y
D'7PX TNY 7'7'9N 77N 01010 NNIVIDNLA "11'Y7 NAIAND NP7NNN NVWYN TN 71720
NN'RNNN N2NYNN NN NIX? 102N 012 Wnnn X7 piny 71mn ((CCR) Ypian
(1 "920) NnIY NnaNyN vy 2w D"DNNE 0'NONN 0DN0NI9N ITTAY 7TMn Nt
Pasten and T %y yxInw '0'72a8N 7TIMN MY 0TI DMIRONNE DYANNN DN0NION
B3 nanynn NN (8-9 nixbav) nniwn niprTan NIRYIN N1*Na WNK7 .Santamarina

J77mon 7Tmin Nk anInY

7120 07K TN 7' T'oN 7Tinn 4.1
170N NMILYBNL T 17NWIN D'RI7AN N2 10N 17NN NIVISNLVN NX TITNY? Nan 7y
AI'R) TN NIRY NINENn 150N ATITH CT NAIN NNI019NLVN *TN7 qona .7TIn NE'y
NIX7 (18 2'R) MY NIYNINNN TR DR NN7'Y WK NN7¥Nn win'y nwya 3 nd (17
NIN YXIAW 1010 17010 .ATITNN "TAN NIRXINN NIN'R IX71 NI90N ATITN NIXXIN 172
.N0NN NIVIBNVYT Y*an 1712 PI72NY N7RD 0NN 7'90N ITNN "INTA MN'P-DIN'N NITNN
7T 7w nixnwna (Sd) NrTRn iy NYSWN DX 771017 [N 0DINKRD TN T DTV
MITNA LI7X NITN 11T WIN'Y nwyl 1010 17nna .Pasten and Santamarina 7w '0'*7axn
TN 70w NN, nizyn 352 2w NN1v19n0Y Dnin TR XA [9IXA D'YXIAN YNR-DIRN
NI¥2 PN 7Tmn 22w k7 ,nikvn 52 2w niviono? 7N Mg nnv NNixa onnnn
177 .nityn 300 NI PT2IW NNI019ALA NN P OX N7y 359 AW YTNN DNIN DY
NIVIBN0T7 ITNN NIVIBN0 |2 7TaN 0" 17X N'P-DIN'A NITAA 190N 11D 10N
DNNNY PN van At 7Tan ,(Thnn N o'mn 0f1I7an NIvN%noun X'wa) 217an
TNN 7Y MI05nLVNY TIVA 7' T'ON 7TMN 7yn 0Mpimn 2TNN DX 0NN DNTYaY

ATNN N'MNNA 7' 790 TN T Dpimn Ywx (CR1000) DRINI MAIRN '97 NTTN)
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10 Low normal pressures ¢

(o]

@ high normal pressures

Kj [MPa/mm]
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on [MPa] 0.007 0.014 0.022 0.057 0.072 0.287
Kj [Mpa/mm] 0.065  0.143 0.351  0.400 0.481 1.151
Trendline Kj=4.2419 on R?=0.81
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ANZ-0mn IThA YA (12 n%2a0) 'o'Marnn L Ton 0 Tmn NIRYIN 2 axiwnn (8

S22 7o 7TM7 '0'7IRN 77NN NIRXIN 2 NNRNN MY NIRTYT [N, TR

22pnna TNX MNP-DINN TN ATITRA DIRIYA - 12 Ao
NTAYN ITTMVY NIXRXINY '0'7IXN 7TINAn

Type of model Displacement per cycle [mm]
Analytical model 0.0635
Physical model 0.018-0.02
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TEST CERTIFICATE

Customer Geofope, Israel

P.O.no. Email dated June 27, 2014

Instrument V.W. Crack Meter

Serial number 094168 Date : 27.06.2014

Range 15 mm Temperature : 34°C

Cable Length 2 meter
Input Observed value Average End Point Poly

Displacement Up1 Down Up2 Fit Fit
(mm) (Digit) {Digit) {Digit) (Digit) {mm} (mm)
0.00 3844.7 3860.9 3860.9 3852.8 0.00 0.00
3.00 4636.7 4645.1 4631.4 4634.0 3.00 299
6.00 5431.2 5432 .4 5418.3 5424.7 6.03 8.01
9.00 6205.4 62123 6203.3 6204.4 8.02 9.00
12.00 6984.2 6992.9 6981.8 6983.0 12.01 11.98
15.00 7763.8 7763.8 7763.5 7763.6 15.00 16.00
Error (%FS) 0.12 0.09

Digit f2 /1000

Linear gage factor (G} 3.8355E-03 mm/digit

Thermal factor(K) -0.003 mm/ deg C

Polynomial constants

A= 5.7492E-08 B= 3.7680E-03 C= -1.4598E+01

Displacement "D" is calculated with the following equation:

Linear
Polynomial

D(mm) =G{R1-R0) - K(T1-T0)

D(mm) = A(R1)? + B(R1) + C . K(T1-T0) -DO
R1 =current reading & RO is initial reading in digit.

DO = Initial reading in mm

Zero reference (initial position) in the field must be established by recording the initial reading RO (digit) along with
temperature TO (°C) just after installation.

Note

Pin configration/wiring code:

Red & bl

Checked by

signal

Green & white:

Zero displacement reading given in above calibration chart is taken at around 3 mm
from mechanical zero, i.e. slider fully in .

thermistor

i
Tesfed by
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ratcheting mechanism in rock slopes
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Abstract

Various environmentally controlled mechanisms have been suggested to explain
rock slope failures, including seismically driven vibrations, pore pressure buildup
in rock joints, and freezing and thawing of water in joints. We investigate here a
new model for thermally-induced block displacement in discontinuous rock slopes.
The suggested mechanism consists of a discrete block, separated from the rock
mass by a tension crack, and resting on an inclined plane. The tension crack is
filled with a wedge block, or with rock fragments. According to the suggested
mechanism, plastic displacement of the sliding block is driven by heating and
cooling cycles. In the cooling cycle the rock block shrinks and the wedge is pushed
further into the crack; in the heating stage, the block expands and due to the
reaction from the wedge is driven to slide downwards along the inclined plane.
Deep understanding of this new geomorphological failure mechanism will enable
us to estimate the rate of erosion in rock slopes that are prone to this type of failure

mode.

An analytical expression describing the amount of plastic displacement per single
heating and cooling cycle has been proposed by Pasten and Santamarina in 2013.
The applicability of the analytical model has been examined in the lab using very
small scale tests of several centimeters length. In this study we test the applicability
of the analytical model using a physical model constructed at the field scale with a
block length of 1.5 meter. The physical model is situated in a Climate-Controlled
Room (CCR) where the block temperature and displacement are continuously

monitored during cycles of changing temperature.



In order to select the optimal concrete mixture for the model, the mechanical and
thermo-physical properties of three concrete mixture were determined in a lab
including shear stiffness of the sliding plane (K]), friction coefficient of the sliding
plane (u), uniaxial compressive strength (o,), linear thermal expansion coefficient
(a), thermal conductivity (A) and thermal diffusivity (k) of the block material. After
all the concrete mixtures were tested, the most effective mixture for our experiment
was found and the physical model was built from this mixture. During casting
thermocouples were embedded inside the physical model. A series of digital
displacement sensors (Vibrating Wire (VW) and Potentiometer) that were mounted
on the physical model and a high resolution camera that was positioned near the
physical model measured the obtained block displacements continuously. The
temperature change that was examined was 30° [°C] (5° -35°), representing the

seasonal change of temperature in Southern Israel and in the Judean Desert.

The results of the physical model show that the displacement of the sliding block
is between 0.018 to 0.02 mm per one heating-cooling cycle, which is equal to the
amount of opening observed in the tension crack. Another experiment without the
wedge was performed under the same conditions to assess the relative
significance of the wedge. The results show a sliding block displacement of 0.0077
mm / cycle when no wedge block in the tension crack is involved, a third of the

total plastic displacement obtained with the wedge.

The validity of the analytical model suggested by Pasten and Santamarina was
examined in light of our experimental results. The experimental results basically
validate the analytical expression, but a very high sensitivity of the results to the
linear thermal expansion coefficient (a) is observed. Other factors that affect the
discrepancies between the analytical and physical models are the one dimensional
assumption in the analytical model which is completely relaxed here, and the

differences in the geometry of the intruding wedge.
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