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concrete track, ballast track, frost depth, insulation material,

thawing settlement
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Summary

I. Title
Development of anti—freeze method, design, construction and maintenance

manual for railway structure

II. Objective and need of the study

In line with commencement of Wonju-Gangreung high speed rail in preparation
for 2018 Pyeongchang Winter Olympic, need of developing anti—freeze measure is
emphasized, and given the increasing frost damage to traditional railway,
comprehensive study on safe operation and enhancing durability are required as
well.

This study is intended to come up with the equation to calculate the frost
penetration depth in ballast track of traditional railway and concrete track for KTX,
frost penetration depth reduction effect when using PE aggregate-mixed asphalt
under ballast track and frost heaving in ballast track depending on content of mud
and frost heaving in frozen reinforced trackbed. Moreover, the program for
estimating frost penetration depth in railway and the behavior analysis program
when thawing settlement occurred under the track were developed, and trackbed

stability evaluation to enhance the durability of railway facilities was also conducted

M. Contents and scope of the study

O Analysis of the domestic cases of damages by freezing and thawing

O Analysis of thermal conductivity of soil at frost heaving site and test of
unfrozen water and basic properties

O Lab. test of the effect on frost penetration depth when using insulation
material such as XPS or PE aggregate

O Analysis of the frost heaving test by content of mud in ballast.

O Test & analysis of frost heaving of reinforced trackbed material

O Development of equation to calculate frost penetration depth in ballast track



O Development of equation to calculate frost penetration depth in concrete
track

O Development of program to calculate railway frost penetration depth and
thawing consolidation analysis program

O Evaluation of frost heaving resistance of concrete trackbed

IV. Outcome of the study

O Under same freezing index, frost penetration depth of concrete track was
deeper than ballast track.

O Frost penetration depth was significantly reduced when wusing insulation
material such as XPS or PE aggregate.

O When mud was 5% or more in weight of ballast, possibility of frost
heaving was increased and the measure to remove mud 1S required.

O When moisture content in reinforced roadbed material was 21% or more, it
may cause frost heaving and it's necessary to provide drainage system.

O The equation to estimate frost penetration depth in concrete track and
ballast track was proposed

O The program to be used for estimating railway frost penetration depth and

thawing consolidation analysis was developed.

V. Plan to use the outcome of the study
O Use for preventing traditional railway from frost heaving
O Use for designing railway at northern region such as Wonju-Gangreung
high speed railway
O Use for planning or designing potential projects including railway projects

in North Korea or trans-siberian railway.
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)=]
]
o 4 Soil dHEs FHo] ARETY] A 27 2HORE vsd AHI 25 T 2 ¢4

ol
o

_O‘L
X
Sh
¥
2
A/
=
off
i
>

<

123} TAle] AFEH L5 T oA T2 ZA7] dojxa A%

(6]

off

H 2 4o Y= ¢ T2 dASA #A dv 7Pt sdo] g

[e)
g} 2% (Freezing Front)< AFoz Wit webd A xHEE sZ2H712 2] Frozen

Ho| = Soil el 7+ A oA mAE A3t (Phase Change)ol 223k oy

A1 34 (Latent Heat)o] 7% o] A w42 thaa 2k

ki-=— =L-— + k, — (3.4.2)

a8 =49 olel e Unfrozen Zonedl Ao dAdEAL th&a 7o)

=c, = (3.4.3)
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1714

k : Thermal Conductivity (W / m - K)

C : Volumetric Heat Capacity (J / m?*® - K)
L : Volumetric Latent Heat (J / m?)

Note @ k; and C; refer to frozen material

k, and C, refer to unfrozen material

71 7Fe] digk 4 =29 Exact Neumann Solutione thS3F 7t}

exp(—77) ,exp(—=n®-72%) V7w

erf (2) C Terfc(nZ) 1

1714
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(3.4.4)

(3.4.5)

(3.4.6)

(3.4.7)

(3.4.8)

(3.4.9)

(3.4.10)

(3.4.11)

(3.4.12)



Az X' 4 344004 B upel o] AIZE to] Aol Hl#ste] AFor A
3l Parameter Z+= Transcendental 2] 3455 WH&E-wH oy Newton HO 2 EojA +& 4 3
t}.

TAZo] AAA 344% th#t 22 Stefan FormS = YERE 4 Q)

n
(L /k¢) (3.4.13)

T4 2 3449 AN t= ARW FAAT (n-F)S AFEH A% (T

f Tg)i 1’]‘
ElgiA
n-F
o] 7] A
n (AxA FZ2AF / 7] 54A5)Z n Factorgl $h
F 7] FAA S
21 34107 2] 34.14=F¥E
Ci'n'F
U L (3.4.15)
poL

21 34.87 2] 34155 2 34.4°l "yt
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X () = 2-z-\/((1§ff)-(c;'.nL'F)

_ 5. ]2 [2nF
_, VC: Pt (3.4.16)

A 3449t A 34160258 EAAG A= vt 2] yEkd 5 Sl

2l 3413914 N = 13 k; = kE HASH Stefano] A<k th53 2o 7B HFAR] &

Azol HAAL 18 5 vk

o)

2k TF
X)) =4/ —1 (3.4.18)

tEAve] FAo] 44

o)

A F7FA] Neumann Solutione A|Fo] 43 ddZF oz FAE S 4ot tF A

Hko] Neumann Solution 2] 3.4.132 t23 o] F=AHsle] ALgd 4 gt}

2'nF

X =2 7w (3.4.19)

2] 34.199] Effective (L / k)= Aldrich and Paynter (1966)° 2|a|A t}S3} o] Fojx
o},

(3.4.20)
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t}S© 2 Transcendental 2] 3.4.5¢ ## ¥ Parameter C, L, k, = t33 2o

FAE 7beste Hde g €, L, k& AHESTh

_ 1 n
C, = X o Cgdy
L = 1 zn] L. -d
X A i i
— X
BEEY
i=1 kfi
- k;
O[f Ef
G (T Ty
: L
o
n a,
Aldrich and Paynter (1966)2] 7% Berggren®i< Neumann Solution®]

Trascendental 2] 3.4.5%5 T3 o] LAFstsle] ALE-3FST)

(62N = « ¢
Oé/ ~ (TO B Tf)
(Tf o Ts)

7 A%

o

o] ¢} o] ZALEtE G ¥l FAzlol= Neumann® Exact Solution #tell H] gt uf

+ 10%2] & R 4 v+ (V.]. Lunardini, 1980).

a9 3432 Aldrich and Paynter (1966)¢] 47 Berggren' & th3 A wbol] A&

FTAZol A =¥ (FDDP) A4t 35 %0|t},
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o

(3.4.21)

(3.4.22)

(3.4.23)

(3.4.24)

(3.4.25)

(3.4.26)

(3.4.27)

(3.4.28)

(3.4.29)

Ho=



Fusion Temperature (T

0

© O——— > Temperature, T
Below Freezing Above Freezing
P Ts L To \l
- ” ’I
TR , TREAN.
|
dT
Froze P 0T et ~ = | Frost
f 2 f ~ d |
n X ot < [ 4X | Depth
Zone Freezing Front S | X =X (t)
|
0Ty dx o] !
X dt X |
|
: T =T (x,t)
2
Unfroze Kk, o°T _ C. aT) |
n 8X2 Bt I
Zone :
|
k Thermal Conductivity (W / m - K) |
C Volumetric Heat Capacity (J / m® - K) :
L Volumetric Latent Heat (J / m?)
Note k; and C; refer to frozen material
k, and C, refer to unfrozen material Y
Depth, X
a9 342 w470 A dxYd A% JEFE (Stefan Problem)
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48 Data
71%4=2 v
FAzol X 714 <
nF (T -day) @ SAAF
t  (day) D EAYST
T, (O) ARG 7= — A —
=3 gk == e AN | A NeE |
5:‘%'_]_'9] Z]-%— Zé‘/[\“ 7]"6‘ oiLeo ] Cﬂ' 7]'75‘ o"'}T)" H%E L7:ﬂ}€_
_ — 1 & - 1 &
d; (cm) L C < 2 Cid; L = 2Lid
3 - i=1 i=1
. =z -
Pd.i (g/cm ) Zj__‘l—E_L_ (1’1 X]fo-;_/'\_)
k. (cal/cm -sec- C) @ @HA=AF
C, (cal/em®-C) =R v
L; (cal/em®) Bl ex=H] o9 §3HFS AR
T0 EI’IF
“ 7 nF /i H Lt
l BAAAF N AL
(L/ k)eff 7‘-”}1\_]_— A= Z\/ 2//1,
. —72 -7
(L) _ _2 (i L;d;’ n i 121 Lid;d; egi(z)) B e)e(ff(c (Z)) \/jz
kjett X2\ 2k i=2j=1 k; ,
erf (7) = —= J. exp (—2?%)dz
Vo doyg
v
> EAAG X A
, 172800
X =M g 7hy— voF
Vg7 KJert
. - No
X =X
Yes
sdzZe] X A4
v
( END
1% 343 B4Z0] AA Z=19 (FDDP) A4t 8%




TAzlol AA ZEa¥ GUIE 19 3449 o] ZRAE 8 agal H74Z 0]

(Wermion 110} =101 x|
Eull g INE LF- U b
[TTT] 1 BT 1 waan
NoE safhdn
i - z A =
AT
9 344 TEAE
% TRAE
Z2AE 3W-L '"Working Directory’ 2 'Open Existing File’ ®HE3} |9 Ae] ZFx4dk
25 XS

Working Directory
3pA ek FYo] $9X3% 'Working Directory! W ES 83t 19 3459 7ol
Working Directory o] veElUH, 314 A3Ee o] 7|4 %43 Folderol A %% ch
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(& Working Direclory R =] }.1]
Select Warking I‘.\Im:wrp_lu Sava Output Files
Fildis i this Dila chasy

Bergmen. exe Igc: =8 Dﬁalj
DEBUG. out

ggﬁ [oublectics Desied Direchary
Wnnym

Moti: Betore clicking OF. make sure that Siles are shown in your
waorking directon

19 3.45 Working Directory

Open Existing File

sl st 9= $1A38 '‘Open Existing File’ MES 83t 18 3463 Zo] d7]
ol YelYH 7] ALE-3 Input Files £81& 4 3Uth

NS 2ixl
= E (O [T =] +~BrerE-
|2 Ternp
B FODP, dot
1] | Ll
W OiEN): [OaeER i I P
I ATy {4l Files 0+, 1 =l e
&7 2822 BE

1% 346 71 File €7] %

LCEL

S HZo] G A ME Frubs

o List7} ven Hdeld 19 714 Da

i
it

=
2]

ol

P 2" 3473 2ol st 8 A

AT 5 Ak

il

—

a
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L2220k
[ Hrr 24

9 347 A AE Fuuks

Hoxg g WadE 7]A4AE Database= ©F2# Update A &< U.S. Army Cold
Regions Research and Engineering Laboratory®] WorldIndex Version 99.1 X & 13]0]

A& #Agolt) (% 341 F=).

¥ 3.4.1 WorldIndex Version 99.1°14 #l-g¥ 7] Data (South Korea)
No A < B AHF7] = 7l FA2AF | 2L F
1 AR Kangnung 13.1 112 57
2 Z Kwangju 13.8 96 49
3 a4k Kunsan 13.3 122 57
4 o] 7+ Taegu 139 109 54
5 o Taejon 12.7 252 83
6 o] Masan 15.7 24 6
7 =X Mokpo 14.8 31 15
3 Ak Pusan 15.1 25 15
9 X E Seogipo 16.7 2 2
10 A4k Seosan 125 218 76
11 A& Seoul 11.2 463 92
12 &z Sogcho 125 112 56
13 T4 Suwon 12.1 362 92
14 ok Andong 12.4 232 33
15 24k Osan 11.9 414 98
16 4= Wando 14.8 11 4
17 e Ullungdo 129 46 26
18 =4k Ulsan 14.1 50 30
19 <% Uljin 12.8 60 39
20 a5 Wonju 12.1 284 90
21 Q1 Inchon 12 309 85
22 A5 Chunju 13.7 144 58
23 A Cheju 154 6 5
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24 s Jinju 13.7 82 46
25 =p Cholwon 10.8 470 87
26 F59 Chupungyong 12.2 226 82
27 =3 Chuncheon 11.6 439 92
28 T Chungju 12.7 307 88
29 9 Chungmu 14.9 17 11
30 X3 Pohang 14.5 45 22
(North Korea)
No A < FER A T = 7] sAAF | $EY F
1 A Kanggye 79 1075 130
2 7N Kaesong 114 425 91
3 T4 Kusong 9.8 698 114
4 A Sariwon 11.1 510 100
5 A A Samjiyon 0.6 2118 190
6 Sl Songjin 94 388 100
7 T Supung 95 762 118
8 ALA Singye 10.6 591 94
9 e Sinpo 10 342 93
10 44 Yangdok 3.6 347 120
11 &< Ryongyon 10.9 356 102
12 il Changjon 12.3 142 64
13 A Chunggangjin 6.2 1456 138
14 DA Pyonggang 9.1 726 110
15 =k Pungsan 2.9 1636 162
16 & Ak Hesan 4.6 1604 150
17 5] %1 Huichon 9.1 832 118
AAA o= 5714 % Web Site2F-H sl@dA 9o FH* 30d3 $AAFTE Al 9]
F BANGI A D, BAZ 2 aen AAR 2 302 AHT #E A8k B,
e
48 e 17 3487 Zo] A, 7| Data, AHE ALY, AW 1Ela ARE &
A= FEEn
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= i

g | He M BRI NS
LERE I LH 1 L
an
| [Framals Trotlem 1 |
g Ointm
I N2 [T Y BERs T - C-Days L - F Days
e T neaene DR SRASN Bes G SERE 0
S E I - HE
| T WOSE REN S ARNd  Diiginal Medfed Baragen & Impetresd Modted Bersaren |

(E1

THE i 3 L] ] 7 e
cn o i o l.*-.‘m] L S SN |.| Insylstian
[ 4 fdl? ] 0 T | BEEAEN) | 334EN A BIEAE [T 2K

Baew Mhl

A&
g ZRAE Ady A5S JHIT (27 349 Fx).
He
| Example Problem 1
19 349 99 oA
7]%% Data
FAzZlo] Ao ALEEE= 7|4 Data® AHH7]L, 7] FEAAS, FAYS 18 n

410 #=x).
T A9 714 Data’t Default #ho 2 el 47 1o
A& 4 QT

~71& Data
ABAIN=[ qa°C O SBR[ 1427 "C-Days E88 [ 130 Days

n Factor | | nPactor: AIE® SRS Ba2 07 S2AS Y

19 3410 949 : 714 Data

il
b7
e
N
s
_>;
ofo
)
o

als

7] sZA 5] n Factor

.

sAzlo] AMA AxW sEAF

3 342

o
Ll
i
BN
e

=A% n Factor #°] 1S 74

_79_



¥ 3.4.2 n Factor for freeze and thaw (ratio of surface index to air index)

(U.S. Army Corps of Engineers, Reference 7)

Type of surface’

For freezing

For thawing

conditions conditions
Snow surface 1.0 -
Portland-cement concrete 0.75 15
Bituminous pavement 0.7 1.6 to 2%
Bare soil 0.7 14 to 2%
Shaded surface 0.9 1.0
Turf 05 0.8
Tree-covered 03" 0.4

. Surface exposed directly to sun or air without any overlying dust, soil, snow

or ice, except as noted otherwise, and with no building heat Involved.

t : Use lowest value except in extremely high latitudes or at high elevations

where a major portion of summer heating is from solar radiation.

*k

accumulate naturally

A& A A

ARE AL A A7 A AE o] glow A5 ol

o] AHFAL dr (¥ 3411 F=).

we o

’, A= H &

[T 20L& 2EE o2 ASAHY

% 3411 ¥4 - AE

2 A k; = 0.0833 -

EA F K, = 0.0833- 0.076 - 10"

AE 4 HE

4 d k, = 00833-[09logw — 0.2] - 10

[0.7logw + 04] - 10

0.017

+ 0.032 -

0.01v4
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Al

10

A

-

5ol wel Kersten (1949)0] #|otsh t}he-

0.0146 74
w

: Data from Fairbanks, Alaska, for single season with snow cover permitted to

4 Agetel A%

(3.4.30)

(3.4.31)

(3.4.32)




0.022 v,

ofr

(i
o

i
I

0.0833 - [0.01 - 10 + 0.085 - 10" 4 (3.4.33)

AHLEF O vhe 4 AHE3te] A5 A

A A C, = 4y - [0.17 + %] (3.4.34)
- 0.5 -
EAF C, = 4y, {0.17 + wow] (3.4.35)
AL (L) U545 A5t #s Ak
_ RV NI
L o= 144 - o, (100) (3.4.36)
o] 7] A
Y4 AzGH 5= [1b/ £tP]
o sk=H] (%]
k dHd%=8 [Btu/hr- ft - °F]
C : AX¥LLF [Btu/ft® - °F]
L A A7 [Btu/ft?]

English &91&2 Z349 2 3430 ~ 4 3436 the A& Ag3ste] SIvg= shakd o

AFH S 0 11b/1t? = 16.0185kg/ m®

dHA =& 1Btu/hr- ft - °F = 1.7265 W/m - K
AANLDLLE  1Btu/ft® - °F = 66,900]/m? - K
A A7 S 1Btu/ft? = 37,167J/m’®

A wH

= Original Modified Berggren 2] T+ Improved Modified Berggren 22
AeE ¢ 9lty (¥ 34.12 #F*). Original Modified Berggren & =2 Ay 4 &
o A& AAIEFY WA Fes AHEst] sZZolE  AAFstH, Improved
Modified Berggren 42 52 -39 A& AHEE&EFS F &5t 5244olE

At webA Bl A 3kelk Improved Modified Berggren 22 #%3kc},
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HFEH
=

off & 2
’7 {~ Original Modified Berggren f+ |mproved Modified Berggren

9 3412 dF oA Ay

ARE A JdHAG o R Zh Aol ko] A SR, ASFA, AL, g, F
24 44 =g, o244 A48, 245 AHEed, A4zd 14

w meze | TESN] U] U] BGSP | OGP | URY [ V%] % | meos
I [ <UL A ATA 1,895 19713300 1?39-1’11 2, 7E3HE <07 Graval

I
2| ci=Em I:I1I]IE~. 28 63 EI IJIJ'EI-iBEI 0 (3453 017 50175 0 Insulation
| ME 4 1&41,7 1] 0, 7932 0. 7/69 1665400 1364600 4, 6106e+0r Silt

a9 3413 48 AN =44

A% FRe 2AYE, ofiBE, A, B, HE, AE, 9d4 120 AER AR

Foey (19 3414 Fx).

AEAA AZmact Aade] gow AFTRel A, we, A= deu gEe
Soil 79 A% AxUEe} 50 E Inpute=2 2 3430 ~ 2 3436 AH&3ste] 44
&, YL EF 10 ALFLol A5 A

As& F7F B Al staak & s, F7F B AAstaat sk A5 oM <
5 ThA HES YA (2™ 3415 Fx).
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o] Ro7w | ’“&‘F‘I ?E'fzma?l 45| EaY I‘sﬁ"*“’l E5% | Yoy DE|7ﬁE naois

oA [ 24171 1973300] 17394 7 Gravel
i REEL Jﬂ-ﬂﬂ 2&53 0 00353 0 03453 Bl 5017S 0 Insulation
EEEIS IS4 14d1,7 10 (1, 7342 IR 1 BESSO0 1334300 4, B1GIE-O7 Sit

28 3415 98 Auk BAR — A= =7}/ 2HA)

A% 32 ARG % F ol vher] d/olo s A

El_

ré'ﬂ

.

FDDP x]
3= MHEAIZIELITE

il ErE

19 3416 A= AHAl A 2ol

=

A% 30] A F A% Table ofzle} 2t}

Ne| nace | METW FERG] ) BaR | 4D | B3 WM 2018
I S L T X 4 24 I 33541? Graual
28.83 0

£ ';FE E 0, 1016 003453 003453 50175 50175

0 Insulation

% 3417 A F AHAl § A S Table

MEE AFS 7
o},

£ A% 72 thgel 7% A9 Bl Fol vom djoles Auw

—_A-=

FDDP x|
ME2E FIZES FIZ 200 SIBHAZELIIR

I3 3418 A= F7F A & FH

R o

AS 2 vl MEE AFe] F7Hd § A5 Table ofg ol 2t

= A [
No| meve | NETY| Goms | | BEE |9 | B3R |WRW| JRy | meos
1| 0,605 A6, 4 [l 2411 LEWZ 19300 1739400 2 TEeE 0T Gravel
e | EHEA 0.101& 2B 83 0 003453 0.03453 50175 51175 0 Insulation
| §E 4 1441,7 i 0.7342 07769 1E85900 1384600 4,8166E+07 Sik
ElNE [ 1441, 7 10 1, /442 0779 T68R300 1364600 4, 616EE+0T Silk

a9 3419 A% F7F & A5 Table
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AMEe Ao A% 2 thgd 9t 7F AF 39 @gEo] BAHH, olE &S F4

st 3 W= A E 39 AEFR ZHEAE do] E FHE AU, (E 54
2 22 a3 WAL A+ Default =X = % 3HE Tt
FoAS  Default 24X AFAIN JElE Uetd & glong dFxAZEE #3

24AE Qs ol ma s,

No| mavw | M | Eﬁmﬁ | ¥ | ﬁ%‘ I "HQ‘%J_EE YDA nE0IE
1| A 191 1735400 2. 07 Gravel
2| e | umm 2&33|_ﬁ uueuaa 003453 =ITS E0ITS 0 Insulation
3] 2y _ 4 M2 np ZH 286 1BTIA00  1B7300 SIIME-DT Sand

i | u= 4 a7 10 07342 07763 1685900 1334800 4 BIGSE-07 Sit

99 F Tabel whz $lo] 9@ HF e p—

ANEAFLE T DS ERRS s T b FEE = THDe

FAZo] W sAZo] HE gofow A& AW X &ZAA 4 n Factor, &
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-BEU0 WE 2%
Mm:*ruym-ﬁm

BIT0 = 10753 Cm

%‘@QE 1%'2 Lanmple Problem 1

TEEXE L' (3D BB - WU D Dey BEES 100

%é%‘lo] ﬁ]ﬂ'o] %‘riﬂtﬂ ?:}a Tab MO0y 2L b e o 4% Lo 2 THRET
3 K a2l + Cs ik

B} S

2 9o 'sAAE gz W Eo] e 81y M kwie we <13 Lad i

R -
= K A

a9 3423 EAAE g x
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(1) A=A
FA7lo] AA =279 (Frost Depth Design Program)S #A537] Ysle] & 3.4.39|
A% Fa Fd dAE skl Hlustth ® 3445 HH FaEd Y] dAe] A

€1 24, GEA 2Ea ARte] Aw S A olv. dAle] English ©¢= SI @9 = ¢

Homogeneous3d @& AHF2 Neumann®] Exact Solution®] ZA]3}tA| 5k t}& X uko] =

Exact Solution®] &x3}#] &=t}

¥ 343 ASdA FHaEd
Verification References

W. Alan Braley John P. Zarling, Dec. 1990, "MUT1D Multilayer
VP-1 User-Friendly Thermal Model in 1 Dimension, Univ. of Alaska
Fairbanks, Alaska 99775_0660.

Johanna Sipola, July 19, 2011, "Tjdlintrdngning 1
VP-2 fyllningsdammars tdtkdrna i anslutning till betongkonstruktioner”,

Lulea Tekniska University, Sweden.

Frank Kreith & Mark S. Bohn, 2001, "Principles of Heat Transfer”,

VP-3 )
6" Edition.

Takaki Matsumaru, etal, Dec. 2006, "Calculation Method of Frost
VP-4 Penetration Depth for Railway Subgrade Considering Thermal
Characteristics of Multilayer Materials”, RTRI Report, v20, No 12.

George W. Aitken & Richard L. Berg, Oct 1968, "Digital Solution of
VP-5 Modified Berggren Equation to Calculate Depths of Freeze or Thaw
In Multilayered Systems, CRREL Special Report 122.

Edel Corteez, etal, 2006, Modberg Version 99.2.0, Software from
US CRREL.

VP-6
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3 344 AFdA A5 53X
e : Yd w |Btu/hr- ft - °F W/m - K Btu/ft?® - °F J/m® - K L
Verification | No. | Material
b/ ft?| kg/m? | (%) k, K k, k¢ Cy Cy Cy C; Btu/ft? J/m?
1 Gravel 130 2082.4 4 14 1.1 24171 1.8992 28.6 26 1.9133x10° | 1.7394x10° 749 2.7838x107
VP-1 2 | Insulation 1.8 28.83 0 0.02 0.02 0.03453 | 0.03453 | 0.75 | 0.75 50175 5.175 0 0
3 Silt 90 | 14417 | 10 0.46 0.45 0.7942 | 0.7769 | 25.2 | 20.7 | 1.6859x10° | 1.3848x10° | 1296 | 4.8168x107
VP-2 4 Sand 1748 | 16.66 2.2588 3.6892 2.5895%10% | 1.9606x10° 9.725x107
VP-3 5 Soil 2050 0 0.52 0.52 3.772x10° 3.772x108 0
6 Concrete 2350 0 2.556 2.556 2.51x10° 2.51x10° 0
7 Az 1980 6.2 0.5146 0.5146 1.8x10° 1.8x10° 4.109x107
8 Loam 1090 52 0.456 0.456 2.531x108 2.531x108 1.9x108®
9 HE 1 820 82 0.6694 0.6694 2.69x10° 2.69x108 2.25x108
VP-4 10 HE 2 1400 50 2.276 2.276 3.192x10° 3.192x10° 2.34x108
11 A 2 1500 2 0.548 0.548 1.163x10° 1.163x10° 1.004x107
12 = 1600 15 2.0585 2.0585 1.891x10° 1.891x10° 8.03x107
13 | &¢<€EA A 40 0 0.03485 | 0.03485 21000 21000 0
14 | @4<€A4 B 36 0 0.02674 | 0.02674 25300 25300 0
15 | o}=ZE 138 2210 0.86 0.86 1.4848 1.4848 28 28 1.873x10° 1.873x10° 0 0
16 s 156 2499 | 21 1.85 1.85 3.194 3.194 29 29 1.940x10% | 1.940x10° 470 1.478%107
VP-5 17 P ay 151 2419 2.8 2.0 2.0 3.453 3.453 29 29 1.940x10° 1.940x10° 610 2.267x107
18 =23 130 2082 6.5 1.65 1.65 2.849 2.849 28 28 1.873x10° 1.873x10° 1220 4.534x107
19 HE 122 1954 | 46 0.64 0.64 1.105 1.105 25 25 1.673x10% | 1.673x10° 808 3.00x107
VP-6 20 | £3a9E 140 2243 0 1.0 1.0 1.7265 1.7265 30 30 2.007x108 2.007x108 0 0
21 A7k 140 2243 10 2.3 3.4 3.971 5.870 38 31 2.542x108 2.074x108 2016 7.493
¥ 11b/ft* = 16.0185 kg/m?® 1Btu/hr- ft « °F = 1.7265 W/m - K 1Btu/ft® «+ °F = 66,900J/m?® - K
1Btu/ft* = 37,167J/m’
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(@ BZelA 1 (VP-1)
B ooAl= # 3439 Faid VP-1 dA=Z 1% 3455 34 A8¥ 714 Datast 57}
2| A% 74 Caseol 3to] BATA] 4 Asts} wwg o]k,

g

F 345 ATdA 1 23 s2ze] (Cm)

A4 =z
Case A &=TA
FDDP BERG2 Neumann
A Homogeneous 302.57 302.36 302.36
Gravel
B Homogeneous 166.68 166.42 167.33
Silt
61 Cm Gravel
C 10 Cm Insulation 114.99 117.65
Gravel Subgrade
61 Cm Gravel
D 10 Cm Insulation 107.73 109.12
Silt Subgrade
61 Cm Silt
E 10 Cm Insulation 104.14 104.53
Silt Subgrade
FDDP : Frost Depth Design Program (Improved Modified Berggren 2

AF-E).
BERG2 : Computer Program from VP-1 Reference.

Neumann @ Neumann Exact Solution.

71’¢ Data

AF 7l =444 C

7] SAA S = 14444 C - Days
24 & = 130 Days

n Factor = 1.0

Case A

Al Zo] Homogeneous Gravel®Z TAH A%z ¥ FDDP 2za% M A3+=

Neumann®] Exact Solution®} A2 Fd3 kS HoFu 19 3424 ¥ 34 A&
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g 19 Dataolil 19 34.25% HMAH FAHE 2@z olrh

&1 = sassoaz| swun |
GEuE T ] | U0

P
| [T o BT

g Datn
‘BREAE [T q'C ﬂ:mmflﬁ‘ﬁlﬂﬁ' BRE = W Dave
nFar [T ae gRAsn 2es 07 §EAS S

T waea aavamaeng | [ o diedsean @ iomed died oo

o

saw | swess |

9 3424 A5dA 1, Case A 99 Data

WP-1_Gane-A [Unitorm Gl det
ERENE AT FIED BRSO BB 1B

% 3425 HAZFdA 1, Case A FAAE 1z
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Case B
e A9z X FDDP 2213 423 %= Neumann9

43 4= Dataol

A& o] Homogeneous Silt® -
Exact Solution®] AFSF kS RolFErh 19 34265 E 3]Ao) A}

1) 34278 A A} =AANE T8 Zo|t),

ELLLE '[ ETH '[_ [IFE]
| WP Casa B 15550 dat |
BRE IR e 09| BRAS] T C-Dae  BER A TH Das
PP [T sk nBS wans Bes 0 200

[E] sws |

a7 3426 HAEdA 1, Case B Y& Data

VP-1_Casif [5-5-5) da
SEFNE 't DESNERTN& 1644 Clmn  BEES 1000

a9 3427 AZdA 1, Case B 524 % 18 =
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AHEZ5E 61 Cm Gravel, 10 Cm Insulation ZZ2]31 Gravel Subgrade®

AnEH e BERG2 Aubst 2AMe b RolZrh 19 34288 2 &4

Program {Yeraien [0}

' [T Caze- (G007 dan

712 Dty
EmENE [ Taie 001 BERG [ TD C-Duws  SERE[ 7% Daw
dzes ) 0 Fector (ES BARSEBRL 0N EFUEY

] ~—_.HIH

 EREE 8. OE NeRy © Diignal Mofied Begien = Wmaroved Moed Beragren

T ¥ Bravel
00353 TS & Insdaton
4 AT LT 230 E MHE 0T Gravel

Save | CSawss |

9 3428 A5HA 1, Case C 98 Data

WP Came[GG) dat

_BINE AT RER GRS 1M C O B 1B0ae
B —

T o MG A by e = A% L & MEEAT

= g BRI £ LT Wemek C» 91300 vk,

ol TR B3 & o LW C o I TR

mzx-mawn- we = 3% La DLt

g * BIMSE W € < 0% L+

= LR W+, Lo I?B'[III +.

19 3429 HAZEA 1, Case C TAAE 18
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b= Adto g AHZHE 51 Cm Gravel, 10 Cm Insulation 28] 3 Silt Subgrade®
e AR FaEde] BERG2 Aot A s Kotk 17 34302 2 EA
=)

Data©lil 19 34312 si2dx gd4%= 2gzeln

e | smssaas spaoin |
o

! ZERE 1 LT 1
=L ' '
[T Cana T (G-151 8 J
-~ 0m
A3 NE [ TIC O EEME[—TET SC-layx  SRE S 79 Dmm

PR T e A S Be a7 SRR U

e e
Tamsasswumnens | |7 ogmiwanomssn ¢ imoswosnonemn |

a7 3430 AE4dA 1, Case D 948 Data

WP-1_Caso-O (G-H5] et
TEINE 440 NIE BETS - [ Dge BEEL ) Dl

N@iy - AR bl we = 2% L-ETRET |
- mET G BF 0K - 2417 Wk - 19130 L
S fand B HF - | BT W D (TR L
i SR S THT T e e
A 3 BE DK LR Wk T S0 ek
F &K 1083 Wk © I de

TI&E v = LT e o o 108 L= d HEDETT
T

9 3431 A5dA 1, Case D 5244 E 82X
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b= Auko g AR ZHE 61 Cm Silt, 10 Cm Insulation 28] 3l Silt Subgrade® T4
B

ERG2 At 2ALE @& molEth 19 3432% 2 4o 4

Dataolil 719 34332 siddx #d4= 2 zent.

HE

[ [T Case-Eia--araat |
Mgz Datn
MWINE [ LT A SRA=[ (4L TC-Days ERE S5 Dws

BRI [T i B SHASH Bas 00 S5AS b

T R L - e
| redsegesEENERN | C O VoadBuen inamved Modted eren

[ iR [ T
0 10l o 01 5453 5 il insulation
LI L TTo 1l 0,794 0798 RSN MK & HIGEE LT Sik

a9 3432 A5 A 1, Case E 9498 Data

WEL Case-E (SRS dal
MR E s RIFSENS 1M C D BRES - 1008
E o

| Dy e o e v 10N L - A SIEE SO
B 0 0 L7002 Wik, C - IEEER00 Lok,
BT LD c

i ol I bt W LiiF.

Al

La Al
LN Womek, L e |EBSIN) Limt o
L 778 Wiim+, C = | 3630 LiniF.

I

a9 3433 A5A 1, Case E 544 E 17
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(b) ASdA 2 (VP-2)
B ooAdl+= 3% 3439 FHuid VP-2 A2 ©=°] Homogeneous Saturated Sand=
TAE A F 346& Al AFEE 7] Data®t @ o] siA A et vlagk A

ol o},

F 346 AFdA 2 A F44e] (Cm)

- A L=y
AE T4
FDDP Neumann
Homogeneous
Saturated Sand 3.329 3.4
FDDP : Frost Depth Design Program (Improved Modified Berggren 2] AF-&).

Neumann : Neumann Exact Solution from VP-2 Reference.

7]1’¢ Data

AR 71 =10 T

7] 5Z2A 4 = 2730 C - Days
FAYd = 182 Days

n Factor = 1.0

M

FDDP 3423+ VP-2 Reference®] Neumann Exact Solution® AFgE ZES H.of

I

oh 2% 3434% 2 el AREE 9¥ Dataolil ¥ 3435+ A AN FHAAE

efj 2ol o}
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TSl dat

Dt
PwzlE [——TC O ERAS T TG BRMA[ 1% D
MR [T e AR SRR6E 204 00§70

| I~ #2E8 WEE BRASAG || ' Original Modtiod Bersaren: % mgrovad Modfied Bemaren

N

% 3434 AFA 2 4 Data

WE-Z (Sand) dat
HEFARZ0°C RED FAAL - Coms FlE o 00w

W@y = INBb3m we e IGEE S L= 8 TRET

9 3435 ASdA 2 AAE Y=

_95_



(c) A5oAl 3 (VP-3)
B A= % 343 #FaE3 VP-3 dAE ©F9 Homogeneous Dry Soil& -4 % ¢

R

AL #3472 Aol AHEE 71 Datast ##EE39] A A et vwlagk Folth

% 347 AFdA 3 AT A7l (Cm)

_ A 2
A ST
FDDP VP-3 Reference
Homogeneous 67798 68
Dry Soil '
FDDP : Frost Depth Design Program (Improved Modified Berggren 2] A}F-&).
717 Data
A 7= =20 C

7] 5AA4 = 900 C - Days
% 2~

2d = 60 Days

FDDP 314 23+ VP-3 Reference Solution®l] £A}gE 3HS HojFEth 19 34368 2
19 Data©l 3 19 34372 S|4 A3 FANE TexEolt)

Frosl Depth Design Program  {Yersian 10} — =100

= EFEE O EF20 AL

%
1%
=

>
>
oo
rok
EO

LLEL]

£
I
g

Hw
s |

714 Data
EaNE [ mC 0 WEAS[ W CoDavs R AT @ Days

SRR n Factor - MER BRASY NEL 00 FRAE W

I WOC8 WEE. 38 AsHY (™ Original Modiied Berggren & Improved Modifed Bergaren

nee | TR S| S WA | S| B |G| | enn

g Sall

[?IIHE - M e |

SMI Save' Az

a9 3436 HA5eA 3 949 Data
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V-3 OrySnif g
DAUAAE ;0T FEY RENS W0 0 Con  WRES -8 Dae

Py HED b we = 0N L=
BEAE =12 Win-K C = 0005
EE =052 Wi -k = ST e

29 3437 ATAA 3 $2AE 2=

(d) AZdA 4 (VP-4)

2 oAl E 343 FaEd VP4 o AE % % Data®} 3714

>~
oo
rlo
2
1%
K3
S
>,
oo
it
N
O:

25 Cm ZaAYE =4
10 Cm =)

A 25 Cm ©<€4 B 46.175 48

5Cm 2

HE

25 Cm Z3YE T4
B 60 Cm =2} 99.289 83 (%)
HE =4
25 Cm ZaAFE =4
25 Cm $¥4 B
15 Cm E 3

HE

35.978 60 ()

FDDP : Frost Depth Design Program (Improved Modified Berggren 2] A}-&).
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(#) 1 VP-4 Referenced =4 A5 S X7} WA A o} 2AZE B0
7HA 3 =
(¥%) : VP-4 Referenceol =4 9@ X2 ul2 o}l AR EA X7} WA H A

oo} ElE =4 ©dAl BE MU

71’¢ Data

AGT 7l =67 T

7] FAA4 = 5634 C - Days
TAY F = 114 Days

n Factor = 1.0

Case A

tzog ARgRE 25 Cm Z2YE =4 10 Cm 2, 25 Cm @94 B, 5 Cm
7

LR
om AnEA Avst 2AF g wolEth 1

azEs 1 L] 1 FRR0
I uq. - - = -
| [V - Case-A linsulation) dat |
e Dsa
BEINE [ ET'D 07 WRES [ GI{ *C= Doy U 1T et 1T

Byt T nrschr: ARR FERSE Bas 07 §afs o

KHEmL LR
M EOES 68T 38 DRl | | 1 Oeigineal Woadifiisd Bengaren & Imorved Madifiel Berggres |

i l”:‘-i l% i) !ﬁ’ Te | BER [ f.?.%'aal nea
I 2a0= 3 Conciete Ealas?
B8 1600 15 ZI6% I’BGII[II‘ IEﬁIlllI ﬂ.CSE-l]J Sand

$ =i 1| IJ.'IS A0 1 e e 100 E100 & sulaban 8
5]

ks | LG 1500 15 LI6% i I’Eﬂllil]} 151000 06T Sand
g5 | 1400 5 i L U0 FIEI00 2 WE 08 Clay ©

Sy Saw A

9 3438 AZdA 4, Case A 92 Data
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WP-A_Cosa- finsulation). dal
OREZNE 670 REDEEESELCOes  BERS D

. RRl e Sl e 0% LBl
Bl D E = 256 Wl C = 2510000 /e 4
o A ontrels Sellasl - T L TR
N2 o= W e w2 6% L2 LEE e
Wl = L W 3 I e
. Sl B PO WK O I e
Alim aESES RS | BES o R L e r Bl MG K A B Bt
1 v ikl Wi D% L=Dli
| R T D5 Wkl w2108 i
= w0 D35 Wi <k, C o= 21000 e o

LR g = 0 me w15 % Lo REELLw
Wl 2 WK D e
: = |

-
8 i1l
TRS w= 1N biv'ed e « 505 Lo L3E-M Jimd

Bl T0E e 2 EE W T e 31000 L £
S§ & E =236 WL C e JED0E L -

_99_



| ' [P A Case-0 Moksulaten] dat |
L = BASENA[ i cC-las  BEE AT ODus
TR T g s e o s

W maee
B T T R P T E———r——

T Concrae B
B0 Sand
£ ME I Chay 2

e | smess |

19 3440 A5 A 4, Case B 948 Data

WP-4_Caria#l [Molesulatan).dal
BFEALETC NEDRBES IO Dpd WER « 1llam
e

2 et we TX Lo di
SEE MR O e ZELO0B0 Lier

o6 b we s 1S5 L e 8 EE AT L
;Eow 2SR W, Cow 1IN0 L -F
&

1w
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[ ¥ersion 1,00

Program

ek | smsedas R0 Nz

D Y [Tl I GED
LS - -
[ : [ VP-4 Caze-C tnzulaton). dat ] |
e
L ARO[ T CCOws  BERST T O

n Factar T et AER SRR ARE OF §EREH

R e
| reasswsw EEASNE || C OdpnbodfatBuomen @ Imgrowd Modtied Brsgren

0 Corcreta Ballast
| [ Iresulaban B
& ELT Sand
002 MEE Clay {

swe | swers |

9 3442 A5 oA 4, Case C 943 Data

EEETENTEEST T i
W A_CaaweC (insulstioe) dal
ERPANE LT NEE BRS04 T 0 BEED -1WDRs

R
EIBL g - SRk wT s DN L0l

BE 1K o 2555 W C o SO i
i THN: Canten b balugt Bl &K £ 5 Wk oSS0

UMknin &z 2B L s EMEEL
0 Wyt = 00 e

1% 3443 AT A 4, Case C 524 %E 2=
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(e) AZlAl 5 (VP-5)

& A= FTsEAA §izelE ek EAE FDAP s Z23= FDDP &4 23}
L

T #e BojEd (& 349 F=x).

SPA] = 20
X 2= afA T2
FDDP VP-5 Reference FDAP
12 Cm 239E ¥%
49 Cm A&
91 Cm A& 190.97 195.07 239.06
30 Cm =3
HE x4

FDDP : Frost Depth Design Program (Original Modified Berggren 2] A}-&).
FDAP : Frost Depth Analysis Program (SMAP-T2 Solver A}-§).

7174 Data

AFT 71 = -1111 C

7] Fa A = 43333 C - Days
salld = 105 Days

n Factor =20

FDDP &4 43+ VP-5 Reference Solution®] TA}SH S =

2
N
)
q
o
u
juit]
w
=~
N

2 ae] A% A Datac] T ¥ 34455 443 FANE gzold,
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7% 3444 A5A 5 99 Data

WP-6 [OMB).det - With Detta_D = 20 m
HRIANZ-NNC DEDEAUS 066 C-Dan Bl -1000

o o— -
O i Tl I we 0% Laldiw
- [l —— B 7K = |40 Wmk = m?um.lm-ec

&iE | SHEWmE =
i TR W\Ml\-‘l‘n"—"ﬂ'ﬁﬁt ﬁ'ﬁ.‘?&"‘l’“_"lll

: B BRZw s MBbasw we v 21 % L= LATRESTT A |
. % BE DK - 31 Wk C s 00 o |

3154 Wim-F. © - [ I, |
R |
10w e = ZB

'Hi"'l-mm-"n' M-ES" L-{BE‘WJH
= 2845 Wom-k C o= PETIOED S

% 3445 AFCA 5 FEAAE a2z
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(f) A5 A 6 (VP-6)
FDAP 34 23+ FDDP 824 3}ol B uL3}o]

Case A (Homogeneous Gravel)®] 4% 3% 2Z+& 3,
Case B (15 Cm 238 E X% A2 =AH)9] 4% 47% 2 #,
Case C (10 Cm 238 E ¥4 24 =49 49 28% & 4,

Case D (Homogeneous Concrete)®] % 02% A% 2 #S HoFt (F 24 3I3).

#3410 AFA 6 A sAZ ] (Cm)

C A Z=TA N =3
ase o T8 FDDP ModBerg FDAP
A Homogeneous 56.75 56.64 55.30
Gravel
15 Cm Z3IYE ¥£%
B A7 v 17.176 26.67 25.33
10 Cm 34 E ¥%
C A7 v 26.294 34.04 33.59
D Homogeneous 39.12 (*) 39.21
Concrete
FDDP : Frost Depth Design Program (Improved Modified Berggren 2] A}-&).
ModBerg : &4AZo] 3|4 =273 (VP-6 Reference Fx).
() : Homogeneous Concrete AF-&A] aj2jo] 4=3) <tHg.
FDAP . Frost Depth Analysis Program (SMAP-T2 Solver A}-&).
714 Data
AHY 71 =131 T

7] 5225 = 112 C - Days

FAY F = 57 Days
n Factor = 0.8
Case A

A Zo] Homogeneous Gravel® T4 ¥ 4$-= X FDDP =213 34 43}+= Modberg
A A} Ao FUS FHS RHogFu 19 34462 E s AFESH 948 Datacl il
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Frost Dapth Desian Progtam

e |  sgasas BE0 N
SENE o L] i EEET
a8 2 =
[ RS i
e Data
EEINE[ TiC O ERAS [ CCoOas BERST o Days

AR [T nER BINSH B4 0% §INS 6

[ I WEEE RRY R AEAL | Ol Mo Bergren. g M Brsgren

a7 34.46 HAFdA 6, Case A 949 Data

Wh-k_Cang-A [Uinilom]. dat
TESAELHI'C AT RENS-ME Tl BERS W Daw

Ty = T b Wi w 0% Loe TASEESDD W
LiwF

B WK AR Wm¥ Ce

1% 3447 HAZdA 6, Case A FAANE 18
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°F 36% ztolE HojEth 1% 34482 £ el A&

AN AT FANE g Lolt

A= Dataol il

AR [T e RER SERSH B U0 ST B

EEmE T ﬁ 1 @
e - 1
mqﬁ.@_ﬁ?ﬂh.‘dm_ |
-l s !
e L S

9 3448 A5 A 6, Case B 9438 Data

WP-B_Case-I (§_lschionc-Gravol).dal
DEFAN 1110 NEHD ERT =5 Do l'lﬂ#‘--':'u‘[lm
e e

a7 3449 HAZEdA 6, Case B 544 % 1z
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Case C

B3 AWoE PV

10
°F 23% AfolE HojFErh 19 34502 B Aol Abgd o

S EEE R R R ES

== Frosil Depih Deskgn Piogrem [ Version 1.0

B | aas eguo ne |
Ezme I 1 D
s 1
| I '.IP_-E_ E.IH-F l:L.h:h.l: u.n I:.-‘.—'II" ﬂdu |
s
mEAETTIC  mAEERSTUoCOme  EERS—TT 0w

wfam | 'fi_i: = n Pactor: AR SRR Baw 07 SRR H

RHEAL M
| saEs.SsmEEAERY | ¢ OfanwMosmsdBumgen & Impmved Modied Bersren

T Concele Favement
<17 Graved

29 3450 A5dA 6, Case C 948 Data

WP-b_Case-C (4_lchConn-Grayvel).dal

DEFAX 110 AEDERTS «FE Clem  BERS 5l
~arEs 7 = o

R m e

R
TR EE R R R

9 3451 A5dA 6, Case C 52N E 2=
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Case D
A]Z©] Homogeneous ConcreteZ Td%¥ 742 ModBerg 3142 G5 x o}
FDDP &jAnt astdrt. 19 34525 & 3|4 283k 8 Dataolil 19 3453

A4 A% FANE e molnt,

|' [T T Tl Corel
71k Data
amEAE—TiTe NSRS [T "C-bas EEWA—T D

MR [T ke RB® S9RSH 202 0% 2K H

_sew | _seei |

a9 3452 A5 dA 6, Case D ¥¥ Data

WP-E_CawirD {Undesm Casc) dat
HEEAE 1 QAP EATS -\ET O BHE S -T0es
-] -ZE-I?Ml'n' we 1% LDl

Bl LT WeE O o 0 e
- B SN el T e L

1% 3453 HF A 6, Case D s AAE 1z
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g FAZo] A Zz

(o] &

- Sectionel A= HEFxE9 FZ2zZlo] A Al Solver®= AHEHE MY dHdd Z=
131 SMAP -T2 digh o] &4 wjAE& AWt SMAP-T2v 2 AWsd, 159
A7 ERREH dAY, J15E, Heat Sink 53} #Hd FAldA 849 )& +3}
= AFg3ste] $ith SMAP-T2& 53] 23 #d¥E Aol (Phase Change) iAol A
Zdol o3 FZA3 dolx W3S Enthalpy o8l 71%5 & i dE&FHS A&

st g84 o= ALkeit

(a) €4

Transient €=+ F3249 PAITE o] &3t v o] A vEwAgroez

H

x3dg 4 vk (Zienkiewicz, 1971)

[CHTH+[KI{T}={Q} (3.4.37)
o] 7] A
[C] : Heat capacity matrix
[K] : Conductivity matrix

{Q} : Heat flux input vector
{T} : Temperature vector

{T} . Temperature rate vector

]_

a, AIRE ot oAt oA eluA FEAA S Aed ge3 22 Two-time level

ot

L9l 958 (Heat flux)o] A7t t 9 t +At AlojolA Aoz wWstsitta 7}A
recurrence 21 4S5 & Jth

1
A_t[c]_(1—¢9)[K]){Tt} (3.4.38)

+(1-0){Q. }+0{Qsar}

1
(s [CT+01K]) {Tini) = (

o] 7] A
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0 = 0 Euler scheme

= 1/2 Crank—Nicolson scheme
= 2/3 Galerkin scheme
= 1 Backward difference scheme

o Froll wE zF Wi o] ok W AIA L Zienkiewicz (1971)¢F Donea (1974)¢] & -+=

=
& Fxs7] vhdnn

Mo

Lees (1966)= 2] 3.4.39¢} #ro] Three-time level recurrence 2= A|<Fs}$d i, Comini,
et al. (1974)9} Hsu, et al. (1981)= ©] W& Jxe] (Phase change) €3 % fF3ta s

Ho A gate] ME2A B Fahglth

(g [Cl+ 2 [KD{T o a} = - 2 [KI{T) (3.4.39)

Three-time level recurrence 2} 3.4.399] FHd2 A7t t -At 9F t +AtY TS ¢t
o Al HPWAAS M2 vAE dd% FA A Iterations & HQ7F §glom AL
Akel A wf FrbE FHad 2x9E {T,}= 4 34389 Two-time level

recurrence 2= Ab&3ste] +& & At}

+——/—) (3.4.40)

o] 7], Enthalpy H= @895 2= 8] A&3 Aot
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4 34400 A AHE PP AN Time stepe] F Aol wE

=2 6]’

h 84

u}

2

1

1%

4

ol

o

o

it

Bg F387] o}tk Kim (19942 2% Walo] tjd Enthalpy W&le] o]

@ 4 34413 2e wvh westa BEHQ A% BEH PHS A

oft

o

ol

Ht - Ht— At
(pC ) = (3.4.41)
P Tt_thAt

o714, H, ¢ T, A3t t ol Enthalpy$t %ol H,_ ., ¢ T, ., At -At
| A Enthalpy$} =%=% el

o
e
2
H
)
~
>

M2l 0 2 Johansen (1975), Kersten (1949), Z1#] 31 DeVries (1952) 5 ©]
Aerat =74 Aol 9o Farouki (1981)e olshH, o] & &2 oA Johansen©] A<t
sk 718k 2] (Geometric mean equation)®] &2 % WEd ¥ IE ETFAA AFHY

ZH dx]gtt), wetbA o 7] A= Johansend] @H%E A& AW

MEd E£HES] GAEAF k,, = e 2ok

(1—n)

ke =k, k2 (3.4.42)
1714
k, = Effecitive solid thermal conductivity
k, = Thermal conductivity of water

n = Soil porosity

T ¥R REAT k= Gt 2
koo = ko kiKY (34.43)
o] 7] 4]
k. = Thermal conductivity of ice

w, = Unfrozen water content as a fraction of unit soil volume.
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ke = kik, ¢ (3.4.44)

o] 714
k, = Thermal conductivity of quartz.
k, = Thermal conductivity of solids other than quartz.
q = Quartz content as a fraction of the total solids content
AHAEASG (Thermal conductivity)©= FFeFs| Wl do|UXA|7F Foix 24& dv}

T =

EHst=AE FAHSE #oE d9E Wm-T7F F2 AHgEn. d& 59 &

=

v A
=H] 50%2] AE F=H] 35%9 R 28]al F=H] 15%2] Sandstone? & A=A

#rol £ 3411 YUy A A9 (Quartz)®] S 50% = 7HEskdt ol & e

Johansen®] A3 2]& AF&3le] A4S Johansen (1975), Kersten (1949), So] A9

h= S |
ol A FA%t gzt & dA s}
¥ 34110 AAE AAHEL % (Volumetric heat capacity)® A2 2<E  (Volumetric
latent heat) o}&] 2oz AAksr},

nEd ¥3E AHEEHF C, = = 2ok

c, = 1454 ye, (3.4.45)

ST S G o ﬁ)cw (3.4.46)

1714
v¢ = Dry bulk density (g/cm)
vy = Density of water (g/cm)
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c.., = Specific heat of solid grains (cal/g-T)

sg

c Specific heat of water (cal/g-TC)

uw

ctw = Specific heat of ice (cal/g-TC)
G, = Specific gravity of ice

W = Water content

Volumetric heat capacity of water (cal/cm—TC)

L = Latent heat of water (cal/g)

¥ 34119 Dry sandstone @54 #2 Somerton (1958) S = F-E -3} t}.

¥ 3411 ¥3t9 EAF 2 t}gA oulo] dEA

Material Frozen Unfrozen Latent
atett K C K C Heat (A)
Ice-Water 2.40 1.81x10° 0.606 4.19x10° 3.34x10°8
Silt p 6 <

(n = 50%) 3.08 1.88x10 1.54 3.07x10 1.67x10
Sand p p g

(n = 35%) 3.30 1.90x10 2.04 2.73%x10 1.17x10
Saturated Sandstone p 6 ;

(n = 15%) 3.65 1.93x10 2.93 2.28x 10 5.02x10

Dry Sandstone 6 6
(n = 20%) 0.88 1.60x10 0.88 1.60x10 0
Note : n = Porosity

k = Thermal conductivity (W/m - C)
C = Volumetric heat capacity (J/m*- TC)

A = Volumetric latent heat (J/m?)

sAzZol A ZraY GUIx oA A¥d w24zl dA Zzadl GUISH &4t

Aol = 19 34549 2ol 99 FHeo] 4 W o2 'Finite Element Analysis' &

1
ol
S
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Fronl [ppih Dlecign & Anabpsis Program (Versisn 1.0 - s

Exit FEJaE RN HY
BERE T un 1 T
EL
[T Cane T iG-S dat
- e Datn
HRd A= urC BN W@E = Oy O Daye L

i Pachie TIEE FERSH BA 0% §AAS A

SRR o g
r ERcE. 'HH “HIE' | l' umumdmaummn 1" wmmmw I'? FEMM.HHﬁ

DETED H%' ‘5“| 4

T ) A
EE =li.4 ulms nfaE:  00Hs =0l & Wesautalian
$ lul.J n L 077 ] namam A BIGIE T Sl

-EEIE IJ.5 ] |13 |73 0 Conciake Slab

olgd Alglo] E¥ T A= ayzZ B E9) - 2E A0
A WES Zg i~ A EH EZF| = (Default
CAES 2E A2 0

@ NESDHISS 25 A2 0/

CAAA ShE e E + ATk i

FEERTRTE U S P ES

9 3455 &% A7 o)y XA A
' xH FAAST (Dafault)’ A €A
Modified Berggren WA ¢} o] QJgo| A A As 7] sAAF, s4d5 1E il n

Factor2 %€ AAte A EH 257} AR}

_{
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P Top_Temperature,dat - H2 S ] Py [=] .5
DUE) BEE A0 20V ES2(H)

VP-1_Case-F (G-1-5).dat =
Boundary Temperature History

Time Top Surface

(Day) (Degree C)

0, -11.11077

130.0, -11.11077

End of Data

&

a9 3456 A RH =% AI7F o]l¥ XA File

34573 #o] dx~E HF 7] wEAo]| 'TopBottom_Temperature.dat’ Fileo] &2 %W

o 7)o = Default gt F4T & Asto] ALE-se)

[P TopBottom_Temperature.dat - 25 =10| x|
oE) mEE) M) BN S=SEH)
| ¥P-1_Case-F (G-1-5-C).dat =]
Boundary Temperature History

Time Top Surface Bottom Surface

{ Day) (Degres [ (Degrea C)

0. -11.1107%7, -5.56535

130.0, -11.1107%7, -5.55535

End of Data

1% 3457 A FEWA v 2% AZF o] A A File

1% 3458 FEM 314 35 #

SMAP-T2 FEM SolverE Alg&3le] Az o7l AXtEER s 2 %HE

28 5= AR A

zo] ool AFH AFGel me} thEe gRE Pas 1~68 Aol

L o =
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Front Dopth Design & Ansdysin Program (Yersion 1.0 I

R ELE T

I nyuE i [ T saan

Exil BEHE O

WP _Cose-F (G--5-C)odm

EZu0 SE A

#1% @ ! Finite Elomant Metod (SMAP-TH
HERD HISE TS AT T Flat
TopBahem. Tamporaiue, dat

ERE = 15 Oays

HRE NE ndda T

BRI = 12916 Cm

TEpEES

3459 A F A7l &

SAZo] AE Q°F9 sl gy LRI wES FYsd 1Y 34603 2
o] 'PLTXY Plotting List’ Zo] Y}, ItemS A#H3 T 'OK' HES ZFYstd, 19

34617 2 2% &3 Profileo] &9 ¥t

[ morme all=f

Sibact Faorm L nplofted] List

T Timagti shars o ST THE 1122006 o085

Sebact Frorn, Ploked List

K | Coel |
% 3460 PLTXY Plotting List % 9 3461 &% X Profile

FAANE O =
sAzZo] Alte] dE=EW Y Tab vtZ o] 'sAAE 1z

"B Eo] AAEM o]
2

H
HES Y6t 11 34.629 #2o] A ZF Profile Aol 2 E7 & =

=

i}
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WPl _Cose-F [G-1-5-0) ded

q!E‘]E dams L RNEDI HIEF" EE J.iEI:H’I Fis: rdu—_r—“ﬂ EEE‘P =13 I:Iqu ﬂl‘-l
PR re
EIE: @ 2 e W s 45‘ L ZTIE"{I'I' I
W_ B D E =247 Wen-E C » FII300J5
= EE N bt

D30 WK O e ST L
K. = L1353 Wim ¥, C = 50175 1A

Tlti'l 1880, T brewt we = 1035 L= L E0SAET
BBk D EE WK 2 R L
= W E s DTN Woe-E O s TR

gy o DB kpfe e ek Lo 00w
iiﬂ Ez1HWmE L= HWIIW-K
1Koz L WA L = AR

4) ASAA
FZ27l0] s Z21¥ (Frost Depth Analysis Program)S #537] 935te] A 279
% 3439 €A FaEd AAE Festo] v astSth

(a) AZelA 1 (VP-1)

FDAP 34 A¥= BE CasedllAd #3 2HEWHS AFES MUTID A2 aol]l LAFgH
e HolEd (3 34.12%%).

Modified Berggren 2]S 7|wto 2 3} FDDP, BERG2 s A x}¢}t vlus] ww, o
°] Homogeneous$t x|Hke] 79 Aol LA gh& Ho|X|uk GEAE X3 t3 At
o A% w3y FDAP)# #F3AEy (MUTID) <Asi4 A7k Modified
Berggren 2 7|Rto g st S| AR 3725% B A2 s HoFETh

ofji
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3 3412 AFA 1 A A

&42%°] (Cm)

. A =2
Case A STA
FDDP BERG2 | Neumann FDAP MUT1D
A Homogeneous 30257 | 302.36 30236 | 30248 | 30114
Gravel

B Homosgﬂet“eous 166.68 166.42 167.33 165.65 167.34

61 Cm Gravel
C 10 Cm Insulation 114.99 117.65 91.58 90.22

Gravel Subgrade

61 Cm Gravel
D 10 Cm Insulation 107.73 109.12 103.78 102.72

Silt Subgrade

61 Cm Silt

E 10 Cm Insulation 104.14 104.53 94.05 94.14

Silt Subgrade

61 Cm Gravel

10 Cm Insulation
F 300 Cm Silt Subgrade 121.16
50 Cm Concrete Slab

FDDP © Frost Depth Design Program (Improved Modified Berggren?] AF-£).
BERG2 : Computer Program from VP-1 Reference.
Neumann : Neumann Exact Solution.
FDAP . Frost Depth Analysis Program (SMAP-T2 Solver A}-&).
MUTI1D : Finite Difference Program from VP-1 Reference.

Case Fi= Case D9] x=ndbo] 50Cm 749 B E A Slab 9o JEH 25
055 71435te] AXrS 38t

ProfileS H]1L3dF A o2 Case Do Hlusle] S AAEE oF 149% AE

AYE Slab %W n Factor
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719 3463 &% B X Profile (Case F vs Case D)

(b) AZdA 2 (VP-2)
B dAdE @E9 Homogeneous Saturated Sand® 4%
FDDP Aol Ael dAgtt (£ 3413 F=).

o
o

Z FDAP &M A=

3 3413 AFoA 2 A A% w4% ] (Cm)

: a4 g1
AFT4
FDDP Neumann FDAP
Homogeneous
Saturated Sand 3.329 3.4 3.335
FDDP . Frost Depth Design Program (Improved Modified Berggren?] A}-&-).

Neumann @ Neumann Exact Solution from VP-2 Reference.

FDAP : Frost Depth Analysis Program (SMAP-T2 Solver A}-&).

(c) As<Al 3 (VP-3)

B o A= @9 Homogeneous Dry Soil® 74 4$%2 FDAP &4 Z23+= FDDP
Azpel A dAsh (3 34.14 FHx).
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#3414 HASAA 3 23 s2Z] (Cm)

A

I\

Ay Z=a

FDDP VP-3 Reference FDAP

3

Homogeneous
Dry Soil

67.798 68 67.664

FDDP
FDAP

. Frost Depth Design Program (Improved Modified Berggren?] A}-&
. Frost Depth Analysis Program (SMAP-T2 Solver A}-&).

(d) A5l 4 (VP-4)

FDAP s A= ddaE AH88# &= Case Be 7

FDDP ZA¥e} Aol dX

o]
o
AR GEANE AFEg Case A9 Case Co 74§ FDDP Ao Hlasle] 7H7F 10%
2% = 22 s HolFEr (& 3415 #F=).

i 3415 ASA 4 23 2] (Cm)

).

3
o}

A T2+
Case A ZF T4
FDDP VP-4 Reference FDAP
25 Cm Z3YE &4
10 Cm =3
A 25 Cm 9<€ 4 B 46.175 48 42.25
5Cm =
AE =4
25 Cm Z3aYE =4
B 60 Cm =) 99.289 83 (%) 100.44
HE =4
25 Cm Z3YE =4
25 Cm @< A4 B .
C 15 Cm 5.7 35.978 60 (k%) 28.84
AE =4
FDDP Frost Depth Design Program (Improved Modified Berggren 2] A}-&).
() VP-4 Referenced] =4 A5 EA X7 WA &R go} ZA8E
Lo R A A S
(sx) VP-4 Referencedl] =A4F % T4 vlZ olg] A8 EA X7} HA A
ol FATE =4 G BE 7HH3 A &
FDAP Frost Depth Analysis Program (SMAP-T2 Solver A}-&).

- 120 -



(e) #AZdAl 5 (VP-5)
B oA TrEENAN Fado)E 3= EA4 2 FDAP 4243 FDDP &4 43}
Oﬂ H] 5—}_04 r,HEF 895 * 75],’% ey E‘ﬂ%ﬂr (3£ 3.4.16 7@,‘}‘)

3 3416 AFA 5 M A gzl (Cm)

A4 =2
2274
FDDP VP-5 Reference FDAP
12 Cm 2329 E X%
49 Cm A2
91 Cm A& 190.97 195.07 176.15
30 Cm X&)
HE w4

FDDP : Frost Depth Design Program (Original Modified Berggren?] A}-&).
FDAP : Frost Depth Analysis Program (SMAP-T2 Solver AF&).

(f) A=Al 6 (VP-6)

FDAP #1423} FDDP 84 A 3}lol H] 33}
Case A (Homogeneous Gravel)9] 4% 12%,
Case B (15 Cm ZAYE X4 A4 =4 5
Case C (10 Cm 238 E ¥4 A4 =49 49 41%,

Case D (Homogeneous Concrete)®] 7% 19% A= 2 #FS HFvH(E 3417 3%).

lo,
o
o

#3417 ASA 6 i Ed 2] (Cm)

: N Zz=aY
Case A EFT4
FDDP ModBerg FDAP
A Homogeneous 56.75 56.64 64.92
Gravel
15 Cm 238 E %
B A7 v 17.176 26.67 34.38
= e I P
C 10 Cm ELFH_ - 26.294 34.04 43.56
A2 w3
D Homogeneous 39.12 () 47.80
Concrete
FDDP : Frost Depth Design Program (Improved Modified Berggren?] A}-&).
ModBerg : SZAzlo] 314 ZZ 1% (VP-6 Reference Z*).
() : Homogeneous Concrete AF-&A] 3s|4 o] =8 <k,
FDAP : Frost Depth Analysis Program (SMAP-T2 Solver A& ).
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=
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Temperature { °C)

Atmospheric Temperature at Test Site

25

20

= Jecheon

15 +

—— Taeback

——  Yeoncheon

AV

-10

-15

-20
2011-11-01

2011-12-01 2012-01-01 2012-02-01 2012-03-01

2012-04-01

19 3.4.64 Atmospheric temperature at test site (2011.11.1 ~ 2012.3.31) from KMA
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Accurmulated °C- Day

100.0

a0

-100.0

-200.0

-300.0

-400.0

-500.0

Accumulated °C - Day (2011.12.1 ~ 2012.2.29)

"N

= Jecheon

= Taeback

(Day)

~ e  Yeoncheon

oo \_/\
i
—
—
—
[a)
(]
¥
m
o ——]
+ w
m
A

20 40 a0

100
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29 3.4.65 Accumulated C - Day (2011.12.1 ~ 2012.2.29) from KMA




3 3.4.18 Material properties used for numerical analysis of concrete slab and gravel ballast.

Yd w W/m - K J/m? - K L
No Material Remark
kg/m3 (%) Ku Kf Cu Cf J/l’l’l3
1 Concrete 2243 0 1.7264 1.7264 | 2.007E+06 | 2.007E+06 0
2 Gravel 1500 5 1.1051 0.7165 1.378E+06 1.222E+06 | 2.506E+07
3 Gravel () 1900 5 1.9639 1.622 1.746E+06 | 1.547E+06 | 3.174E+07 | X2 (Ci== 22| ZE) oA
4 Sand (SW) 1400 10 1.184 1.0188 | 1.579E+06 | 1.286E+06 | 4.678E+07 Jecheon
5 Silty Clay (CL-ML) 1400 12 0.8301 0.8545 | 1.696E+06 | 1.345E+06 | 5.613E+07 Taeback
6 Silty Clay (CL-ML) 1250 12 0.6691 0.6927 1.514E+06 1.201E+06 | 5.012E+07 Yeoncheon
v4 - Dry Density w @ Water Content K : Thermal Conductivity C : Volumetric Heat Capacity L : Volumetric Latent Heat

u

and C, refer to Unfrozen Material

K and C; refer to Frozen Material
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g2 Frost Depth Design & Analysis Program (Version 1.0)

Exit Az dH= =20 A

ZEHE i ua 1 £20
-HE
‘ [ICTdat ‘
I 4 Data
mERE [ g@tC W7l SZX4 [ @7 “C-Days SFU 4[5 Days
SRR T nFactor: NAE SEA 0 st (7 STAL Y
FHEH & a4 B
’7 v ETGE EET TE ASHL ’7 ¢ Original Modified Bergaren ¢ Improved Modfied Beragren & FEM #nalysis.
| z=a FEEM| AZ2E| #4H| BREE | ( =2 i Tz
MNo| RZ3 (M | (kg/m3) | (%) SH ‘ gl : ; | 0 NE0E
1] =3a u3 2243 D L7kd 174 2007000 00700 0 Concrete
7| 2 4 1400 : ; 579000 1286000 4 678E+07 Sand

‘Save §a Ve A5

19 3466 Input data for concrete slab at Jecheon

J_C_1.dat

19 3.4.67 Computed frost depth for concrete slab at Jecheon
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=
]

Frost Depth Design & Analysis Program (Version 1.0)

Az dH=

S0 Lt

ZEHE i ua £20
He
‘ [J6.1.dat ‘
|4 Data
mERE [ g@tC W7l SZX4 [ @7 “C-Days SFU 4[5 Days
Sy T nFactor: HED SEASY #2217 S2A% U

THEH & ol B
( Vv 2ALEE HET TE ASAY ( (g

=13=i

Original Modifled Beragren

 Improved Modified Berggren

& FEM #nalysis.

e FIECH | AEZE| mou EhkE | Wik | 22 |d P E—
Mo| HEZE ) |c4<gfmap | E5F | 'S | EZ7 | 22 Wima \ Aenl
S 03 1500 5 110 ) 1222000 250607 Groel
2 | 2 i 1400 10 1. 184 121 0 | 8a

‘Save §a Ve A5

19 3.4.68 Input data for

gravel ballast at Jecheon

J_G_1.dat

% L= 2 505E+07 e |
- = 1378000 J/me K.
1222000 /o K.

19 3469 Computed frost depth for gravel ballast at Jecheon
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g2 Frost Depth Design & Analysis Program (Version 1.0)

Exit Az dH= =20 A

ZEHE i ua 1 £20
HE
‘ [TC_Tdat ‘
|4t Data
EEaAR [ g@ct 7| S2M4 [ g274 “C-Days 24 5 Days
7 Facter T nFactor: RIED SR 824 )] 5274 b
THEH & e e
’7 W ETUGE 28T TE ASHM ’7 © Oviginal Modified Berggren ¢ Impraved Modified Berggren & [FER
AEEH| AZRE gaH| BRES | ( =2  mEm —
! ) BgsF U . v | BB ns0E
3

i
0,

(ka/m3) i
243 [T 17264 007000 Ao 0 Concrete
4 1400 12 i 08545 1696000 1345000 § 017 Silty Clay

No| 7
EEE
=

‘Save §a Ve A5

19 34770 Input data for concrete slab at Taeback

T_C_1.dat

19 3471 Computed frost depth for concrete slab at Taeback
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g2 Frost Depth Design & Analysis Program (Version 1.0)

Exit Az dH= =20 A

ZEHE i ua 1 £20
n=
‘ [F&T dat ‘
7|4 Data
BERIE [ gl 7 SBR[ g27d “C-Days S22 4| a1 Days

nRastor [T T eacior: AlEE SZAA0 BEs (] SEAS b

=13=i

TEHH g
’7 v ETGE EET TE ASHL ’7 ¢ Original Modified Bergaren ¢ Improved Modfied Beragren & FEM #nalysis.

T rzam | AEoH| f2Es| B2H| BoE | Wik | Eox |4 —EE T o
no| msze | AEPM| GIRS| oM BRSF | WAL | E8Y [WE0| B | meus
ERE [T 500 5 LIE 0 1222000 2506E-07 Gravel
1 AR 1B PN Y- 1 13450005 613607 Sily C

‘Save §a Ve A5

29 3472 Input data for gravel ballast at Taeback

T_G_1.dat

% L= 2 505E+07 e |
- = 1378000 J/me K.
1222000 /o K.

19 3.4.73 Computed frost depth for gravel ballast at Taeback
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g2 Frost Depth Design & Analysis Program (Version 1.0)

Exit Az dH= =20 A

ZEHE i ua 1 £20
=
‘ [¥C_Tdat ‘
I 4 Data
HERIE [ 7o C 7l S2M4 [ 38 cC-Days SFA L[ 5 Das
SRR T nFactor: NAE SEA 0 st (7 STAL Y
THEH & e e
’7|'-_7 BUEE BHEY TE ASHL ’7(' Original Modifled Beragren ¢ Imptoved Modified Berggren & FEM énalysis
FEEN[ AZRE| 2LH| gfcs K) | 222 |G — me 1=
Na| 2 AET Goas| HiY| B3F | M4 | BEY |‘wY| JA NEDIE
B 03 213 o T 17264 2007000, 20070000 O/ Concrete
7 4 1250 ‘ 06327 154000 1201000 5012E+07 Silty Clay

‘Save §a Ve A5

19 3.4.74 Input data for concrete slab at Yeoncheon

Y_C_1.dat

TEH BT 4 =236° C- Days

HERHEEEE

19 3475 Computed frost depth for concrete slab at Yeoncheon
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g2 Frost Depth Design & Analysis Program (Version 1.0)

Exit Az dH= =20 A

ZEHE i ua 1 £20
HE
‘ %52 dat ‘
J| 4 Data
HERIE [ 7o C 7l S2A4 [ F "C-Days s2g & @ Days
B T nFactor: NAE SEA 0 st (7 STAL Y
FHEH & a2
( v ETGE EET TE ASHL ( ¢ Original Modified Berggren ¢ Improved Modified Berggren & {7
=0 HESH| AZZE| Z=dl| ZRZE | (Wmd | 222 | PoAe =
No| ME22 | "R | lgmd | % | EF ‘ = EE7 | 24 (7 ‘ Az0g
1] A u3 1900 = TvakQuo; THAM00 3 1MELY Gravel
7 | HE 4 1250 | 6RA1 514000 1201000 .01 !

‘Save §a Ve A5

19 3476 Input data for gravel ballast at Yeoncheon

Y_G_2.dat

W2 =107°C MNEN STA|ZS=336"C-Days 4 Days (Firite Element Arialysis)

FIZ1: Grave] v =190 kasnt owe =5 % L= 3 1T0EAT i |
S F:K = 19639 Wm-K C = 1748000 J/me K
; 1,622 W/m-K C = 1547000 J/mi—K

1514000 .14

19 3.4.77 Computed frost depth for gravel ballast at Yeoncheon
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3% 3.4.19 Summary of computed frost depths compared to measured values.

Frost Depth (Cm)
Location Profile Computed Remark
Measured
FODP FDAP
Concrete Slab (30Cm)
91.4 95.3 (10.9%) 107
Sand (SW)
Jecheon
Gravel Ballast (30Cm)
71.4 70.9 (19.4%) 88
Sand (SW)
Concrete Slab (30Cm)
] 88.4 91.4 (24.5%) 121
Silty Clay (CL-ML)
Taeback
Gravel Ballast (30Cm)
i 71.4 70.6 (30.1%) 101
Silty Clay (CL-ML)
Concrete Slab (30Cm)
) 72.9 76.2 (30.7%) 110
Silty Clay (CL-ML)
Gravel Ballast (30Cm)
Yeoncheon ) 59.5 59.2
Silty Clay (CL-ML)
. AH2
Grayel Ballast (30Cm) 5.4 73.5 (37.0%) 117 e
Silty Clay (CL-ML) (Ctx= 22l Z&

FDDP : Frost Depth Design Program (Improved Modified Berggren)

FDAP : Frost Depth Analysis Program (FEM Solver)

« )

: Percent error compared to measured values
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% 351 PEEAE EqaA @e 4 ofad AzA 24 QER

Control(A)
24 Abo] =(mm) &%) 25 %Hg) AFE(%)
26.5 97.5 30 os
19 825 180 =
13.2 55 330 975
4775 425 0 e
2.6 24 222 185
06 155 102 35
0.3 1 — =
0.15 6 0 -
0.075 0 o -
PE ##](19mm) 0
¥ 352 PEZAIS 259% &8s 24 ol ~3 2| 2A] ZAl YERE
Control(A)
=4 AFo] 2 (mm) & (%) 7 (g) 2H5-8(%)
26.5 97.5 30 5
19 825 150 5
13.2 55 330 275
4775 125 50 7
2.36 24 222 185
0.6 155 102 35
0.3 1 ” "
0.15 6 -~ -
0.075 0 o -
PE# A (19mm) 0
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# 353 PEZA| 5%E5 @& of=Fe] AXA TA] YEE
PE=A] 5%(B)
& &(%) T (g) TH& (%)
Z A Aol &(mm)
26.5 97.5 30 2.5
19 82.5 120 10
13.2 55 330 275
475 42.5 150 12.5
2.36 24 222 185
0.6 155 102 85
0.3 11 54 4.5
0.15 6 60 5
0.075 0 72 6
PE= A (19mm) 60 5
3 354 PEZA 10%E &3 of=3F9 AxA =4 i x
PEZ A110%(C)
& 7&(%) T (g) (%)
A Abe] Z(mm)
26.5 975 30 25
19 82.5 60 5
13.2 55 330 275
4.75 42.5 150 12.5
2.36 24 222 185
0.6 155 102 8.5
0.3 11 54 4.5
0.15 6 60 5
0.075 0 72 6
PE =A1(19mm) 120 10
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% 355 PEZA 15%2 £33 of~F A XA 34 dE&EF
PEZA15%(D)
FE(%) 5+ (g) i &(%)
A A}o] Z(mm)
2.5 975 30 25
19 82.5 0 0
132 55 330 275
475 425 150 12.5
2.36 24 222 185
0.6 155 102 85
0.3 11 54 45
0.15 6 60 5
0.075 0 72 6
PE# A} (19mm) 180 15
120
103 "
o i
WA r
40 v
20
4
0.01 0.1 1 10 100
a9 352 FA YdERESA
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% 356 PEEA & ofxFo] Wi 259A Y 38 4%
ol ~TE FAA-1 A A -2 A A-3 A
EW | el | A | ARE | S || ARE | S | R | RE | S| SR
=9 ) | @ | ) |(m) | @) | (s | (o) | @) | (i) | SC
olATE
(1505|6656 17.10 302406576 | 17.30 | 30116 {66.18 | 17.70 | 37RIB | 3810.85
44
3
100% | *T55 (6557 | 17.00 | 35706 | 6450 | 16.80 | 33929 65.96 | 17.80 | 310662 | 3800.65
ofrZE
(5505 6499|1670 | 30162 |65.71| 17.60 | 373352 65.72 | 17.30 | 37884 | 3807.99
ofrZE
A4 | (150s [69.03] 19.60 362194 (69.16| 21.00 | 29833 |68.84 | 18.80 | 36170 | 3492.32
959+
of~TE
PE | (5or) |6867|19.80 | 346318 | 69.58 | 20.40 | 3410.78 | 68.30| 20.10 | 33R01 | 3425.66
=7
BVH otodE
6 | 550 |68.15]21.00 | 24524 |67.72| 19.80 | 342020 |67.81 | 20.20 | 3H69 | 3340.79
ofrZE
A4 | (1500 |71:90] 2270 | 316740 |68.29| 19.80 | 34899 68.24 | 20.00 | 31200 | 3342.80
909+
olrTE
PE | (5or) 6858 19.60 | 319898 | 68.68| 2040 | 33667 |67.93| 1850 | 36718 | 3366.67
=4
10% | °H2RE
(5505|6698 1880 36277 | 6895 | 28.80 | 20410{67.55 | 19.10 | 353665 | 3164.50
ofBE
A4 | (150 |77:83]26.00 | 200346 |78.08| 26.70 | 292434 | 78.00 | 27.40 | 234672 2921.51
85%+
olrZE
PE | “Tson | 79.30| 28.00 | 288214 7871 | 27.70 | 84152 | 77.95 | 26.30 | 206388 | 2879.18
=4
15% | °kRE
(5ovg) | 79342640 [30630|79.32 | 2550 | 311050 | 78.16 | 24.40 | 3AB2B | 3106.39
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30

W Binder 4.5%
" Binder 5.0%
E 25 m Binder 5.5%
)
e
S20 -
15 S

0 25 5 10
Wasted vinyl aggregate content, %

7Y 359 wheld $% % PEZA A@Ee] mE vh¥F g A3

a
=]

M Binder 4.5%
i Binder 5.0%
m Binder 5.5%

o
=]

Flow, 1/10mm
w oA
o ©

(8] 2.5 5 10
Wasted vinyl aggregate content, %

7%l 3510 wIY e 2 PEE Al A $H&o] ©E FlowXA]

6 - [ mBinder4.5% = Binder 5.0% m Binder 5.5%])

(8] 2.5 5 10
Wasted vinyl aggregate content, %%

1% 3511 HiIY g 2 PE=A] A &&d WE ¥5E
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% 35.12 Marshal A5

- 150 -



3* 357 PEZA| 0% =]

FAA o;f; = =g/ o;;%; THE F3E Sk flow gk
No. (%) JAE o] = (%) (%) (%) (kg) (1/100cm)
A B G 1 I J K L M
O}é@;gi] = 100—100% %]
01-01 olAnZE 2.397 2.527 10.58 5.13 67.321 18455.2 33.1
01-02 4.5 2.394 2.527 10.56 5.27 66.731 19474.3 31.2
01-03 (54g) 2.395 2.527 10.57 5.21 66.969 17585.6 32.0
02-01 o}rBE 2.390 2.512 11.72 4.85 70.706 18241.2 32.7
02-02 5 2.393 2.512 11.73 4.73 71.281 18024.2 32.2
02-03 (60g) 2.396 2.512 11.75 4.62 71.763 17235.4 34.4
03-01 ofrTE 2.407 2.485 12.98 3.14 80.533 18135.5 34.6
03-02 5.5 2.404 2.485 12.96 3.25 79.949 17621.5 35.4
03-03 (662) 2.410 2.485 12.99 3.03 81.114 17176.5 31.7
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3 358 PEZ A 25% A

A O};f; B le/) OE‘;%E THE B = flow #k
No. (%) AT o] & (%) (%) (%) (kg) (1/100cm)
A B G H [ J K L M
O}éli;gi]% 1007100% F]J
01-01 oI E 2.316 2.426 10.22 4.52 69.316 19371.1 43.5
01-02 4.5 2.299 2.426 10.14 5.25 65.903 19105.5 42.8
01-03 (54g) 2.305 2.426 10.17 5.00 67.029 19453.2 40.4
02—-01 ofA~TE 2.298 2.407 11.27 4.52 71.353 19341.9 41.3
02-02 S 2.294 2.407 11.25 4.69 70.577 19193.1 42.4
02-03 (60g) 2.308 2.407 11.31 4.13 73.239 19121.7 40.9
03—-01 o)~ T E 2.309 2.384 12.45 3.14 79.848 19144.5 41.6
03-02 0.5 2.303 2.384 12.42 3.39 78.569 18628.1 41.3
03—-03 (66g) 2.301 2.384 12.41 3.90 77.996 18485.3 40.1
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# 359 PEZA| 5% A&

A O};f; B le/) 0;2%5 THE Z3e = flow gk
No. (%) PAET o] & (%) (%) (%) (kg) (1/100cm)
A B G H [ J K L M
o}iéxgi] = | 100~ 100% ?[J
01-01 OfATE 2.226 2.339 9.82 4.81 67.118 23547.2 52.2
01-02 4.5 2.225 2.339 9.82 4.88 66.812 21544.6 48.9
01-03 (54¢g) 2.217 2.339 9.78 5.23 65.146 22361.3 49.7
02—-01 Of~IE 2.229 2.324 10.92 4.10 72.711 22285.6 44.6
02-02 S 2.221 2.324 10.89 4.43 71.098 23752.7 51.0
02-03 (60g) 2.210 2.324 10.83 4.89 68.907 22865.9 49.8
03—-01 Of AT E 2.231 2.299 12.03 2.94 80.341 24025.6 50.6
03-02 5.5 2.214 2.299 11.94 3.71 76.273 24057.1 49.2
03-03 (66g) 2.228 2.299 12.01 3.10 79.499 23120.4 48.4
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# 3510 PE=A 10% = g

A O};f; B le/) OE‘;%E THE B = flow #k
No. (%) AT o] & (%) (%) (%) (kg) (1/100cm)
A B G H [ J K L M
O}éli;gi]% 1007100% F]J
01-01 oI E 2.115 2.219 9.33 4.68 66.603 24532.2 53.3
01-02 4.5 2.110 2.219 9.31 4.93 65.362 24061.3 52.2
01-03 (54g) 2.105 2.219 9.29 5.14 64.366 23717.7 04.1
02—-01 ofA~TE 2.108 2.201 10.33 4.24 70.897 26751.3 54.9
02-02 S 2.098 2.201 10.28 4.68 68.737 25145.3 55.5
02-03 (60g) 2.106 2.201 10.32 4.32 70.522 25256.8 53.4
03—-01 o)~ T E 2.106 2.187 11.36 3.69 75.479 25932.2 54.8
03-02 0.5 2.108 2.187 11.37 3.61 75.875 24786.4 596.1
03—-03 (66g) 2.117 2.187 11.41 3.22 77.979 24085.7 04.7
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% 381 FFAEAAE A HFo &7 (TM 5-818-2, 1985)
P‘e reentage Typical soil types
Frost . finer than i
Soil type under Unified
group 0.02mm by . cpe s
. Soil Classification System
weight
(a) Gravels 0-15 GW, GP
. Crushed stone
NES Crushed rock
(b) Sands 0-3 SW, SP
(a) Gravels 15-3 GW, GP
s Crushed stone
PES Crushed rock
(b) Sands 3-10 SW, SP
S1 Gravelly soils 3-6 GW, GP, GW-GM, GP-GM
S2 Sandy Soils 3-6 SW, SP, SW-SM, SP-SM
F1 Gravelly soils 6 to 10 GM, GW-GM, GP-GM
o (a) Gravelly soils 10 to 20 GM, GW-GM, GP-GM
(b) Sands 6 to 15 SM, SW-SM, SP-SM
(a) Gravelly soils Over 20 GM, GC
3 (b) Sands, except very fine Over 15 SM, SC
silty sands
(c) Clays, PI less than 12 - CL, CH
(a) All silts - ML, MH
(b) Very fine silty sands Over 15 SM
o (c) Clays, PI greater than 12 - CL, CL-ML
(d) Varved clays and other - CL and ML ;

fine—-grained, banded
sediments

CL, ML, and SM ;
CL, CH, ML and SM

%

Non-frost-susceptible.

x% Possibly frost-susceptible, but requires

design soil classification

laboratory test

to determine frost
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o A7k e 2 25 =AH87] 98] Thermocouples o] 30%A A3 70% 4 %
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th 32 3819% ZF Aol gk AR 3o
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25 2.016 3136.572 0.33 24.59 -25
20 2.079 2831.917 0.29 22.22 -25
15 2.039 3013.554 0.31 23.64 -25
10 2.079 2820.864 0.28 22.13 -25
5 2.118 2627.966 0.26 20.62 -25
0 1.961 3372.241 0.36 26.46 -25
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25 2.016 3136.572 0.33 24.59 -25
20 2.079 2831.917 0.29 22.22 -25
15 2.039 3013.554 0.31 23.64 -25
10 2.079 2820.864 0.28 22.13 -25
5 2.118 2627.966 0.26 20.62 -25
0 1.961 3372.241 0.36 26.46 -25
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o Loam (Gol'dshtein, 1948 )
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0 . N RV |
0 2 A £ 3]

LOAD p(kglcm?)

19 3.846 Load pressured] WE TA&
W 3}(Takashi, 1971)
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1Y 38468 At (Load pressure) =7Fo] wE 489

e
~~
=
]

~

(Tsutomu Takashi, 1971) 7|4 T4&2 Hx AMZ =ol(hell sk Hd 4=

Hl &S ot} w3t 5487 A A% (Load pressure)s= 2.3.19 245 wEt}.

Tsutomu Takashi7} A A8 F2le] E Ado|A YElY wWtE 98 ¥ ¥3ed &
A, B8 A AYAE dYgEl 245 4 (382)¢F ol YERE 4 dtt
¥ 3.824 Tsutomu Takashiol] €3t A3}%](25% &<4&)
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Typical Cross Section of Straight Line for Korea High Speed Railway

Materials

Classssification Dimension Remarks

Track Concrete Layer (TCL) | Fac = 30 Mpa  25-30-12

Hydraulic Subbase (HSB) Fae = 12 Mpa 25-12-05

Straight line

Filling Concrete Fek = 12 Mpa 25-12-12
Embankment
Filling Ballast Size : 224 ~ 63 mm &
Track
€
1.528 6,185 14,000
4,500 2,500
% 3,400 800 4 600 [

~
Track Work
o
| S
N
I Reinforced roadbed -
Civil Work G
S

B, 400(0%)

Upper Embankment (EV2 = 80 MN/m?)

R — 2 _K Lower Embankment (EV2 = 60 MN/m?)

Figure 3.9.1 Typical cross section of straight line for Korea high speed railway.
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Table 3.9.1 Numerical analyses performed for concrete slab railway.

Subbase Numerical Analysis

Thickness Test Section Full Section 1D Section
300 mm T300 (@) F300 (o) A300 (o)
400 mm T400 (@)

500 mm T500 (@)

600 mm T600 (o)

@ Numerical analyses are compared with measured data.
O Numerical analyses are performed to verify Test Section model.
Thicknesses of TCL, HSB and Added Subgrade are assumed to be 240 mm,

284 mm and 300 mm respectively.

L}, Test Section =% 314
Figure 392¢ St Ad7|sd oA ZABE Slabee] o #A|Hke] 47 &%= W
32 =Asl7] Yste] HAe &% =A7] (Thermometer) Sensore] $XE Ho] F= /fek

!

2, REE FA7F 30 CmS! 4% Sensor?] $1x+= TCL vled al, HSB vl a2,

EN
o

=4

Subbase B a3 1283l Added Subgrade HFEH ad® ZF 43%o] AR ¥, B
A7F 40 Cm<l 7d-% Sensore] $1*= Subbase HFE™H a9} Added Subgrade B} a69]
3ol AAEYa, BEEAN FAZE 50 CmSl 4% Sensor?] 91X+ Subbase HFEH a7}
Added Subgrade HFE™ a82] 23o] A= ST

Figure 3932 @44dde] Fa=Ad 2012 119 Z2FH 20139 39 2&7HA A=

99 vy] LEE e gz X gAsh Beske] Test Siedld AZ Lwo} @

Table 392 & FEM TA|a4lol] AR&st A5 EAZ 5 2 3F5 =Rke] Axd9)

T drls @A RE Samplingste] Qlstt] AgA M -3 gholth
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Concrete Slab Railway (A)

Ta a1 T T

HSB a7 | HsB | HSB

& a3

\5‘4”‘3*\ e Subbase ) Gin
Added Subgrade M\ﬁ\

PO

Thermometer
Data Logger

Figure 3.9.2 Location of thermometer sensor.
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Temperature (°C)

Atmospheric Temperature at Cholwon Test Site

15 |
=  KMA Record (Korea Meterological Admistration)
10
AA A = Measurement at Cholwon test site n
5
J " / :j
' \ A\ ! N
-5 l\{\
& vy
o
-10 & 'A
o]
; J
-15 in
4 u oo
5 5
E =)
-20 2 ]
5 =
8
2
-25
2012-11-01 2012-12-01 2013-01-01 2013-02-01 2013-03-01

2013-03-31

Figure 3.9.3 Atmospheric temperature at Cholwon test site.
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Table 3.9.2 Material properties used for numerical analysis of concrete slab railway.

Y4 W W/m - K J/m? - K L Thickness

No Material Remark
kg/m?| (%) K Ky o Cy J/m? mm

1| TR (Téiil;?;c;eﬁ Laver) | oog3 | 0 | 17264 | 17264 | 2.007E406 | 2.007E+06 | 0 240

a0 — O
g | 1B (Hydraulic Subbase) 1 opus | o | 17264 | 17264 | 2007606 | 2.007E+06 0 284
21-L70 §}“6‘
3 Subbase 1600 5 1276 | 08787 | 1.47E+06 | 1.303E+06 | 2.673E+07 | 3007500 |d,.,. = 31.5
Reinforced HZEA : : : : : max o mm
Roadbed
g | Az | Added Subarade | g0 |5y u7s | 10778 | 1562E+06 | 1.384E+06 | 2845407 300 |dpae = 125mm
H-1-3-"00
Upper Embankment -
5 A 1590 | 14.47 | 17147 | 2.0874 | 2.09E+06 | 1.609E+06 | 7.687E+07 | 226072060 SW
Lower Embankment
6 St 1590 | 14.47 | 17147 | 2.0874 | 2.09E+06 | 1.609E+06 | 7.687E+07 2616 SW
Filling Ballast (Crushed Gravel) -
7 ARz (A 1400 5 109572 | 05842 | 1.286E+06 | 1.14E+06 | 2.339E+07 524 224 ~ 63 mm
8 Filling Concrete 2243 0 | 17264 | 1.7264 | 2.007E+06 | 2.007E+06 0 524
ALZATE . . . _

v4 - Dry Density

K, and C, refer to Unfrozen Material

w - Water Content

K : Thermal Conductivity

C : Volumetric Heat Capacity

K; and C; refer to Frozen Material

- 257 -
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(1) 2x%4 57 300 mm : Case T300

Case T300> Figure 39.29] d3A4% Hx%/A 57 300 mmE 223 492 2 FEM
FA Aol M= Figure 394014 H= npe}h o] S o7 7Pgste] AdddolA ¢
ALY dHS WA Ut Yo FHikste] 5718 A7 (Equivalent Diameter)s 3f
o] gfA mdlo] 83t} Figure 395% Case T300 FEM =x|8iAle] fetairwor &

Figure 3.9.6, 39.7 12|31 3982 4] Al&d & 747} 339, 669 18]al 93] A4ke

25 B¥E= TCLY} HSB # Aefetales AR 1A o r SdE7 AgEa Qs
S & 4 9tk Figure 399, 3910 28] 39118 @9l Center Lineol| we} 520] A1zt
H 3 747 339, 669 1] 93l AXtE &% Profile® AlS Aol A Axtgke =4

i

kI k7ko] ApolE Mol glovy £ B kAS fAMEE AEFS Ho] Fa gtk
Figure 39.12, 3913 18]al 39.14% Z+7Z} AS717F A" 1A a2, a3 18]l adol| A 2]
2% oy g Z At A= A AL FAMeE S He] a1 Qlth

=loixi

E

ile Miew Model Plot Help

[ Y O 3 o S N = = =Y =2 S = =]

© Auis of Symmetry
300 rrm
{339 mim)

fe—

TCL [ 240mm

HSE a? 284 mm

Subbase a3 300 mim
Added Subgrade ad 300 mm

i 1,500
{1,693 mm}

a2 | Mode 2926
ad | Mode 2332
ad | Mode 2338

Upper Embankment

File:

Figure 3.9.4 Schematic Test Section for numerical analysis of concrete slab railway,

Case T300
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L

File

Figure 3.9.5 Finite element meshes for Test Section analysis, Case T300.
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L

231 Temperature at time = 2.85000E+06

Figure 3.9.6 Temperature distribution at 33 days, Case T300.
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231 Temperature at time = 5. 70000E+06

Figure 3.9.7 Temperature distribution at 66 days, Case T300.

Y PLOT-3D

File Wiew Model Plat Help

lel=(t[3] [t@oe] |o|«|mElx |@alelsh] (@]

231 Terperature attime = 8.03500E+06

- B.148

| 4.466
— 3.729
— 2.993
-+ 2,257

= 0.7837

9.621
8.885

7412
6.675
5.939
5.202

152

4. 731e-002
06891
-1.426
-2.162

L

Figure 3.9.8 Temperature distribution at 93 days, Case T300.
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Temperature Profile along Center Line at 33 Days, Case T300

Temperature { Deg.C )
=] L=]
i

4 / — Computed

6
r / e Measured

w5 —
[

0 100 200 300 400 00 600 700 800 900 1000

-12

Depth from TCL Surface ( Cm )

Figure 3.9.9 Temperature profile along the center line at 33 days, Case T300.

Temperature Profile along Center Line at 66 Days, Case T300
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g
@ = —— Computed
5
S AW
& \_: e Measured
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-10
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Q 100 200 300 400 500 800 700 800 %00 1000

Depth from TCL Surface { Cm )

Figure 3.9.10 Temperature profile along the center line at 66 days, Case T300.
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Temperature Profile along Center Line at 93 Days, Case T300
12
10
g Lt ]
6 —
] 4 r/
8.’ 2 ,/
o
e o //
2 LN
a
o
£ 4
st — Computed
6
-8
-10
-12
it] 100 200 300 400 500 600 J00 200 900 1co0
Depth from TCL Surface ( Cm )

Figure 3.9.11 Temperature profile along the center line at 93 days, Case T300.

Temperature Time History at Location a2 (52.4 Cm Below TCL Surface),
Case T300

—— Computed

10
\\ ——  Measured
5 \6\

TN WA LA~
MY

-15

Temperature ( Deg.C )

o 300 600 800 1200 1500 1800 2100

Time { Hour)

Figure 3.9.12 Temperature time history at location a2 (524 Cm below TCL surface),
Case T300.
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Temperature Time History at Location a3 (82.4 Cm Below TCL Surface),
Case T300

20

15

— Computed
10

5 \ — (el
RNV S e VR

Temperature ( Deg.C)

-10

-15

] 300 600 800 1200 1500 1800 2100

Time ( Hour)

Figure 3.9.13 Temperature time history at location a3 (82.4 Cm below TCL surface),
Case T300.

Temperature Time History at Location a4 (112.4 Cm Below TCL Surface),

Case T300
20
15
— Computed

. 10
U \ — Measured
o
@
O 5
e
= X
2
© %:——.‘_k
50
(a5
£
L
o

5

-10

-15

0 300 600 900 1200 1500 1800 2100

Time ( Hour)

Figure 3.9.14 Temperature time history at location a4 (1124 Cm below TCL surface),
Case T300.

- 263 -



(2) 25 57 400 mm : Case T400

Case T400 Figure 3929 @428 HZLTA F7 400 mmEs 2283 292 2 FEM
FA Aol M= Figure 39.15014 Hi= vieh o] i ox 7pgste] ddAF A 43
H A de wAo] U dow gHikste]l Skl A7 (Equivalent Diameter)s
Tato] a4 Kde] A&ttt

Figure 3916, 3917 1e]iL 3918 o] Center Linedl wle} 4ol Az F 7tz
33Y, 669 g 93dUel AxbE 2% Profile® AlS fAolM 9 AxgE S oF
ApolE Holal gloy 2% BE FFS AR Aee Kol Fa Atk

Figure 39199 39202 27} AIS717F AAE 1A ab%t abellA e &= o agz=

ARt A= SR} A FARE & B i gith

1
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File Miaw Model Plot Help
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§ Awis of Symmetry
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(339 mm)

o Nl
e | 240mm
HSB 284 mrm
Subbase 400 rmm
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Added Subgrade af 300 mm

| 1,500 rrm
{1,693 mm}

a5 | Mode 2934
ab | Mode 2340

Upper Embankment

File

Figure 3.9.15 Schematic Test Section for numerical analysis of concrete slab railway,

Case T400.
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Temperature Profile along Center Line at 33 Days, Case T400

Temperature { Deg. C )
(=]
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i / —— Computed

=
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Figure 3.9.16 Temperature profile along the center line at 33 days, Case T400.

Temperature Profile along Center Line at 66 Days, Case T400
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Figure 3.9.17 Temperature profile along the center line at 66 days, Case T400.
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Temperature Profile along Center Line at 93 Days, Case T400

12

10
e
8
6 / /
w Z1
o /
8 2 //
g 0 7
3
™ 2 N
@
e
= -4
&
-6 —  Computed
-2
-10
-12
0 100 200 300 400 500 600 700 800 200 1000

Depth from TCL Surface {Cm )

Figure 3.9.18 Temperature profile along the center line at 93 days, Case T400.

Temperature Time History at Location a5 (92.4 Cm Below TCL Surface),
Case T400

20
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— Computed
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AN
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=15
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Figure 3.9.19 Temperature time history at location a5 (924 Cm below TCL surface),
Case T400.
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Temperature Time History at Location a6 (122.4 Cm Below TCL Surface),
Case T400
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Figure 3.9.20 Temperature time history at location a6 (1224 Cm below TCL surface),
Case T400.
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Figure 3.9.21 Schematic Test Section for numerical analysis of concrete slab railway,

Case T500.

Temperature Profile along Center Line at 33 Days, Case T500
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Figure 3.9.22 Temperature profile along the center line at 33 days, Case T500.
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Temperature Profile along Center Line at 66 Days, Case T500
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Figure 3.9.23 Temperature profile along the center line at 66 days, Case T500.

Temperature Profile along Center Line at 93 Days, Case T500
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Figure 3.9.24 Temperature profile along the center line at 93 days, Case T500.
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Temperature Time History at Location a7 (102.4 Cm Below TCL Surface),
Case T500
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Figure 3.9.25 Temperature time history at location a7 (1024 Cm below TCL surface),
Case TH00.

Temperature Time History at Location a8 (132.4 Cm Below TCL Surface),
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Figure 3.9.26 Temperature time history at location a8 (1324 Cm below TCL surface),
Case T500.
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Figure 3.9.27 Schematic Test Section for numerical analysis of concrete slab railway,

Case T600.
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Temperature Profile along Center Line at 33, 66 and 93 Days, Case T600
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Figure 3.9.28 Temperature profile along the center line at 33, 66 and 93 days,
Case T600.

Temperature Time History at Locations a9 (Depth 112.4 Cm) and
al0 (Depth 1424 Cm), Case T600

20

[ |
— Computed at a9
15 -
(Depth 1124 Cm)
—~ 10 —— Computedatald | |
g \ (Depth 1424 Cm)
(=2}
= \“ﬂ-—\_
g P
g ® —_—
£
a
&
-5
-10
-15
0 300 600 500 1200 1500 1800 2100

Time { Hour )

Figure 3.9.29 Temperature time history at location a9 (depth 1124 Cm) and
al0 (depth 1424 Cm), Case T600.
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Figure 3.9.30 Schematic Full Section for numerical analysis of concrete slab railway, Case F300.
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Figure 3.9.31 Finite element meshes for Full Section analysis, Case F300.
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Figure 3.9.33 Temperature distribution at 66 days, Case F300.
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Figure 3.9.34 Temperature distribution at 93 days, Case F300.
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Temperature Profile along Center Line at 33 Days, Case F300vs T300
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Figure 3.9.35 Temperature profile along the center line at 33 days, Case F300 vs
T300.

Temperature Profile along Center Line at 66 Days, Case F300 vs T300
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Figure 3.9.36 Temperature profile along the center line at 66 days, Case F300 vs
T300.
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Temperature Profile along Center Line at 93 Days, Case F300vs T300
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Figure 3.9.37 Temperature profile along the center line at 93 days, Case F300 vs
T300.

Temperature Time History at Location a2 (52.4 Cm Below TCL Surface),
Case F300 vs T300
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Figure 3.9.38 Temperature time history at location a2 (52.4 Cm below TCL
surface), Case F300 vs T300.
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Temperature Time History at Location a3 (82.4 Cm Below TCL Surface),
Case F300vs T300
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Figure 3.9.39 Temperature time history at location a3 (82.4 Cm below TCL
surface), Case F300 vs T300.

Temperature Time History at Location a4 (112.4 Cm Below TCL Surface),
Case F300vs T300
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Figure 3.9.40 Temperature time history at location a4 (112.4 Cm below TCL
surface), Case F300 vs T300.
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Figure 3.9.41 Schematic 1D Section for numerical analysis of concrete slab
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Figure 3.9.42 Finite element meshes for 1D Section analysis, Case A300.
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Temperature Profile along Center Line at 33 Days, Case A300vs F300
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Figure 3.9.43 Temperature profile along the center line at 33 days, Case A300 vs
F300.

Temperature Profile along Center Line at 66 Days, Case A300 vs F300
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Figure 3.9.44 Temperature profile along the center line at 66 days, Case A300 vs
F300.
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Temperature Profile along Center Line at 93 Days, Case A300vs F300
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Figure 3.9.45 Temperature profile along the center line at 93 days, Case A300 vs
F300.

Temperature Time History at Location a2 (52.4 Cm Below TCL Surface),
Case A300vs F300
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Figure 3.9.46 Temperature time history at location a2 (52.4 Cm below TCL
surface), Case A300 vs F300.
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Temperature Time History at Location a3 (82.4 Cm Below TCL Surface),
Case A300vs F300
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Figure 3.9.47 Temperature time history at location a3 (82.4 Cm below TCL
surface), Case A300 vs F300.

Temperature Time History at Location a4 (112.4 Cm Below TCL Surface),
Case A300vs F300
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Figure 3.9.48 Temperature time history at location a4 (1124 Cm below TCL
surface), Case A300 vs F300.
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Table 3.9.3 Material properties used for numerical analysis of gravel railway reinforced by PE asphalt concrete.

Yd W W/m - K J/m?- K L Thickness
No Material Remark
kg/m?| (%) K, Ky Cy Ci J/m? mm
1 PE gfglhj'tofiz__irete 2210 | 0.0 | 1.057 | 1.057 |1.873E+06 | 1.873E+06 0 100~200 | 10% PE Asphalt
Gravel Subbase d - 31
2 ot oA 1600 | 5.0 | 1.276 | 0.8787|1.47E+06 |1.303E+06 |2.6738E+07| 300 |[dn, = 31.5mm
3 Embankment 1590 | 14.47 | 1.7147| 2.0874| 2.09E+06 | 1.609E+06 | 7.687E+07 SW
4 Ge”e”coﬁjpgf'igoncrete 2210 | 0.0 | 1.4848| 1.48481.873E+06 | 1.873E+06 0 100~200 | Generic Asphalt

v4 - Dry Density

K, and C, refer to Unfrozen Material

w - Water Content

K : Thermal Conductivity

C : Volumetric Heat Capacity

K and C; refer to Frozen Material

- 288 -
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Table 394 Computed frost depth of 1D Gravel-Ascon Section using step

approximation surface temperature.

Frost Depth (Cm)

Freezing

Period (Days) G300_A100 | G300_A200 | A100_G300 | A200_G300
33 47.6 52.9 47.0 51.7
44 54.7 58.2 54.1 57.4
55 61.7 64.1 61.2 62.9
66 68.8 70.0 68.2 68.8
76 74.7 75.0 74.1 74.1
86 80.9 80.9 80.0 80.0
93 92.8 90.0 92.9 89.8
104 95.0 (+) 91.2 (») 95.0 () 91.0 (»)
113 93.4 () 89.1 (*) 93.5 (*) 89.0 (*)
121 91.2 (*) 86.5 (*) 91.5 (¥) 86.7 (*)

Note :

()

"(G300_A100" stands for 300 mm gravel layer overlying 100 mm asphalt

concrete layer.

. Partially frozen profile.
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Figure 3.9.50 Computed frost depth of 1D Gravel-Ascon Section using step approximation surface temperature.
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B TSAP ] =10l x|
MYE BTE) 2 EAFINE) EUD ERUH) | &
Q=0 3]0 i == |
=00 | CwTSAP x| Edos
=0 &l ThawSetﬂement dat

o TSAP =l el DT :

L=
= TSAP, e

<| | _'|—I 1| | ¥l

Figure 3.9.55 Execution of program TSAP.
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Table 395 Thaw settlement user’'s manual

TSAP Input File : ThawSettlement.dat

Card
G?:,up Input Data and Definitions
1 11
ks Title
P | SubTitle
Title : Project title, SubTitle : Project Subtitle
2 21
42 Pload
©
=2 Pload : Dead load (t/m?) on ground surface
3 31
Num_Layer
Num_Layer : Total number of layers .
32 32
LayerNo, ModelNo, H, vy
LayerNo : Layer number
% ModelNo =0 No Settlement but weight on underlying layers
%\ 1 Settlement due to ice-water phase change
— =2 Settlement by Tsytovich (1958)
.T:U =3 Settlement by Nixon & Morgenstern (1974)
v b =4 Settlement by USSR Building Code (1960)
§ E‘ =5 Settlement by Crory (1973)
~—~
B '::né H Layer thickness (m)
v - Y : Unit weight of soil (t/m°)
ES: Above water table, y is total (bulk) unit weight
Below water table, y is submerged unit weight
321
[ModelNo = 1 : Settlement due to ice-water phase change]
VWJ Vdff wfi il’
Yo Unit weight of water (t/m?)
var : Frozen dry density of sail (t/m?)
Wy :  Frozen water content
i Iceness ratio
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TSAP Input File : ThawSettlement.dat

Card
G:;up Input Data and Definitions
3 32 322
[ModelNo = 2 : Settlement by Tsytovich (1958)]
AUI mV
A, Unit thaw settlement defined by Figure 1
m, Coefficient of volume change (m?/t)
323
[ModelNo = 3 : Settlement by Nixon & Morgenstern (1974)]
GO‘: ef! CC
a,’' Initial effective stress (t/m?)
&g Frozen void ratio of sall
Ce. Compression index
2
o L 324
g &
= —t [ModelNo = 4 : Settlement by USSR Building Code (1960)]
.o c
3 ®
o wi Ydfs  Ydth
z S
- 2 Ydf Frozen dry density of soil (t/m?)
E VYdth Thawed dry density of soil (t/m?)
325
[ModelNo = 5 : Settlement by Crory (1973)]
Gs; Wg Wik, il'f Sr
G, Specific gravity of soil particle
Wi Frozen water content of soil
Wih Thawed water content of soil
i Iceness ratio.
S, Total degree of saturation
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TSAP Input File : ThawSettlement.dat

Card e
Group Input Data and Definitions

Extrapolated
s

T

“

€

§ T |

[+ S —— |

3 l Measured |

L5 | |

5 Ag ’m]’Hr
j |
=Y S et

Effective pressure ¢’ a

Figure 1. Thaw settlement curve (After Watson et al., 1973)

= s
§ re—=
1 T —
S I N S —
3 | Extrepolated
£ [ o s e e e e e e
= 1
2 l
® e, 1
o i
Qo |
> 1
1 )
_L 1
0 06 . ’
Effective stress o' (log scale)

Figure 2. Nonlinear settlement curve (After Nixon and Morgenstern, 1974)
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TSAP Input File : ThawSettlement.dat

Card
Group

Input Data and Definitions

¢’ (Effective Stress)

Volume Weight
Vi Adr
Ve Ve |—— Unfrozen Water
Vs v “. . Frozen Water i
= T S 3
-
Ve | v, Soll Grain W,

Figure 3a. Block diagram for frozen soil components.

o' (Effective Stress)

Volume Weight
Ve Air
¥ th
Vo Water w
wth
3 th
T .
W
(XD
; 2 ORI .
¥V, V; Sy osessesesees W,
$ 0000099008 XXX
R
ARSI
¢ 3C 2C X X XX X X O {25 X X ¢ 0 Ok K )X X X O

Figure 3b. Block diagram for fully consolidated thawed soil components
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TSAP Input File : ThawSettlement.dat

Card S
Group Input Data and Definitions

Void ratio of frozen soil
_ V v
€y = V.

Void ratio of thawed soil

_ Vi
ew =

Water content of frozen soil

Wees
Ve = W

]

Water content of thawed soil

W wth
w = o

th \V !

Water content of unfrozen water
Wo
Yu T W,

Dry density of frozen soil
W,

\'f

7 af

Dry density of thawed soil
W,
! dth \f -

Total degree of saturation

G, (1.09w; — 0.09 w,)
€

Sy =

Iceness ratio
Wi — W,

F We

- 303 -



(1) HsdAl
2 AZd A= Dore and Zubeck (2009)9] Chapter 59 9+ o|#AlZ Section 4.2.42] Crory
(1973)ell oJste] &3l Hates Attt

Sail type : Silty clay

Thaw depth H = 50m

Grain specific gravity G = 27

Frozen water content w, = B8 %

Thawed water contect wy, = 30 %

Unfrozen water content w, = 15%

Total degree of saturation S, = 100 %

Iceness ratio i, = (we=wy)/ wy = 074138

Table 3962 TSAP input file "ThawSettlement.dat”©] 1
Table 39.7% TSAP output file "ThawSettlement.out” ] t}.

TSAP AxMA3} g3 s8S 161 mE Dore and Zubeck (2009)¢] €3] H3t%F 1.6 met A
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Table 3.9.6 TSAP input file for verification problem (Thaw Settlement.dat)

* Sample Input File @ ThawSettlement
* Card 1.1
* Title

Thaw Settlement Analysis

*x Card 1.2
* SubTitle
Verification Problem (Frozen Silty Clay)

* Card 2.1
* PlLoad
0.0

* Card 3.1
* Num_Layer
1

* Frozen Silty Clay

* Card 3.2

* LayerNo ModeINo H Gamma_p(tf/m2)
1 5 5 1.0

*

* Card 3.2.5

*

[ For ModeINo = 5 : Settlement by Crory (1973) 1]

*

* G_S w_f w_th i_r S_r
2.7 0.58 0.30 0.74138 1.0
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Table 3.9.7 TSAP output file for verification problem (ThawSettlement.out)

Thaw Settlement Analysis
Verification Problem (Frozen Silty Clay)
Computed Thaw Settlement (mm) = 1611.1

2 ZAE B4 galFer dAle REEY 577 300 mm (Case A300)2] 1D Section

AW AgE BHoR BAAE B4 FAGY oA AEE 713 2 FYAS BAD

AT Section 242 Case A300
AR 7] 1 108T

sAA4  : 800TC-Days

5A47|7F 1 93 Days

17 AEH Fat7] 0 263C

::'4
N

1+v)1—2v)

A-u® =~ 0.00743m*/t

=g AAUSAT m, =

W FEFAATE o = Ve — Yw = 0.82t/m’

Table 39.82 TSAP input file "ThawSettlement.dat”¢] 1L
Table 3.99+= TSAP output file "ThawSettlement.out” ] t}.

U

et
ol

FS 2.5 mmeo]th.

ol

TSAP At} Za2E =4 5 &
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Table 3.9.8 TSAP input file for concrete railway analysis (ThawSettlement.dat)

* Sample Input File : ThawSett lement
* Card 1.1
* Title
Concrete Railway Thaw Settlement Analysis

* Card 1.2
* SubTitle
Frozen Silty Clay

* Card 2.1
* PlLoad
0.0

* Card 3.1
* Num_Layer
5

* TCL

* Card 3.2
* LayerNo ModeINo H (m) Gamma_p(tf/m2)
1 0 0.240 2.243

* Card 3.2.0
* [ For ModelNo = O : No Settlement but Weight ]

* No input data

* HSB

*

* Card 3.2

* LayerNo ModeINo H (m) Gamma_p(tf/m2)
2 0 0.284 2.243
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Card 3.2.0
[ For ModeINo = 0 : No Settlement but Weight ]

No input data

Subbase

Card 3.2

LayerNo ModeINo H Gamma_p(tf/m2)
5 2 0.300 1.68

Card 3.2.2

[ For ModelINo = 2 : Settlement by Tsytovich (1958)]

Ao m_v
0.0 0.000119

Added Subgrade

Card 3.2

LayerNo ModeINo H Gamma_p(tf/m2)
5 2 0.300 1.785

Card 3.2.2

[ For ModelINo = 2 : Settlement by Tsytovich (1958)]

Ao m_v
0.0 0.000119

Upper Embankment

Card 3.2

LayerNo ModeINo H Gamma_p(tf/m2)
5 2 0.140 0.82

Card 3.2.2

[ For ModeINo = 2 : Settlement by Tsytovich (1958)]

Ao m_v
0.0 0.0074286

- 308 -




Table 3.9.9 TSAP output file for concrete railway analysis (ThawSettlement.out)

Concrete Railway Thaw Settlement Analysis
Frozen Silty Clay
Computed Thaw Settlement (mm) = 2.5

shde] A3 AR = Aol A= 3= Qe Auk ol 3¢ h=qto] sk ARt

2 Aol 1A Falddel diste] ol AAE =we] 0|24, A= e gy
4 =273 (Freeze-Thaw Consolidation Analysis Program - 1D) FEM *|s]|4 %, #

SoAl, FTCAP-1D AH&H 12]a F2E &4 a2 alY dAE T3

L A3 Flehd o] &3
Morgenstern and Nixon (1971)+= U3 22 71435k Ad gadd o248 F 53

o).

® One dimensional Semi-infinite homogeneous mass of frozen soil (Figure 3.9.56 #%)

® 53| (Thaw Plane) Neumann®] @HLE2]0Z2HE Al Al7Fe] A|grtol] H]d|gh

%
.

(39.12)

- 309 -



o1 7]4]

o2 g war

olu
H =

J 0 2 Terzaghi

gy}

(39.13)

ou

8%u

ot

x>

o1 7]4]

Zero©|t}.

2~0}L.0
Z_]'EvL‘l‘?j}T:

]

]

Free-draining 2. & <

ek

o AAx

135

® X

(39.14)

}?3]'

Rigidst Bvlul4
| v g

A

53l™ (Thaw Plane) 7ZA%*

=0l

Soil Skeleton®] ¢F

I~ 1
Z_}%Tt

ol

2

(39.15)

dX / dt

c, (u(X,t) / ox)

P, + v'X — ulX,t)

x = X(t),

At

o171
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z =0 7«@«&1\ lmcxle f%——l—

X
X THAWED X4
X(t)
z = 1 -

Figure 3.9.56 One dimensional thaw consolidation (After Morgenstern and Nixon, 1971)

W) VS 488 T ol He Bew 2

P ’
ulx,t) = 2 —— -erf ( X ) 4 — L X
f(R) + e Zycyrt 1 + 1 5
°r J7 R 2R (39.16)

o714 g8ty (Thaw Consolidation Ratio) R& th&3 o] Fo] it}

R = —% (39.17)

Figure 39572 ¥ ¢5 % Time Factoroll W& 7 7H4¢ E¥XeE Ho o}
=

d= thew 2.

dlo

g9 9= F of
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U(X,t) 8 - 1 (MX) M- T
=1 - = . C .
ug 72 n;() (2n + 1)? ®TL ‘
o] 7] 4]
N v X
.=
1 + 12
2R
M = 2-n+1)- —
cy ° t
T = %
A% 35 (P)ol 23 %= (Degree of Consolidation) th&-3 2t}
Sp L - erf(R)+(e7R2—1)\/?-R
Smax B eiR2
f(R) +
et R
AZol &3 (b, = 0) YAEE e} L)
St _ 1
Simax 1+ 2R?

o714 S,= ARE t oM AHaolal Ao et S, = W7 ARt oA dEH

Ut o] 7 4 gith
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(3.9.19)

(3.9.20)

(39.21)

(39.22)

(3.9.23)

(3.9.24)

(o3}
A

[e)
e 735

o



’ 2
_ . v X
Smax = my - (P X) 4 (39.25)
PORE PRESSURE, u%
o 02 0.4 0é 08 1o
D T T L L] T
U=
&2 W ]
L %

_l'_ ﬂ-ll}
HI_, ﬂ.ﬂ il’l ]

i IMITIALLY, U= ru1
U oo aleM

a3 I i

a %
w 0sf il o I

272
oat b
1o =01 0 -|

10 1 1 i 1 i E ‘ L ] L l'l Ill

Figure 3.9.57 Excess pore pressure isochrones after completion of thawing

(After Morgenstern and Nixon, 1971).

lement Methodell 7]¥He & A2 S FA814 7]

W ARl 12 eA-gdl 42 s z=a9 (FTCAP-1D)S 7Hdstaith

(1) FEM 84 7]

w 12 FeihE s Zm st dd e AR vt 2o

=
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o 149 Ao R A% o]Fd gt FalH o]w2 ot o] o3 ¢pE st
o] a4 3t} (Decoupled heat conduction and consolidation analysis).

0 FZAE g olFe vy ddY FEM Z 213 SMAP-T2E ARg&3&te] 3t}

o S3dee  Multi-Phase (Saturated %+= Partially Saturated) A%+e]  Static,
Consolidation, *+ Dynamic 314& F3dg 4 A= HE 229 FEM Z213
SMAP-2DE AH&-3sle] gt

o Salkd &AM g3l o] (Moving Boundary)S fr3t8 49 371 @ A4 (Element
Activity and Deactivity) 7]'sS AHgste] Edgsitt & 347132 Construction Pore
Pressure Ao A34 o2 &=t} (Kim, 1982).

® S| E9 Effective Stress—Strain #7122 Modified Cam Clay A 55298 Al-g3ic}

® FalHAA Icedll Xl Waterz “dxdolo o3t Hal= A 478clA Awst vuj4 g3 3 s}
2] 3911& AFE38H= TSAP Zrawlo g 3t}

o FalHolA g3 FA] (vl Jel) 283l Initial Residual Effective Stress (o,’)&
Auke] EAC| whel 3 =g Farste] S

1A FEAgY A 55 thed 2o

Step 1

Y dde Z233 SMAP-T2E ARS8t 12k s484 S Fdste] T 445

£ 7ot 1 oo R A&ste] FaEsiAS FaAste] g E Atolg S Ttk

Step 2

Step 1914 73 HF FAUE(TZ2YLE JH)E 7L E T8t el Z2ad)
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SMAP-2Dell At

Step 3

Z~ (Impermeable Rigid

o

Step 4

i
it

H ARt = 0olA A

17 A

sl §5

1] 9

I o5 (Moving Boundary)s =233

9]

oo

H] 74 &4 (Permeable and Deformable

Element) =

Step 5

Step 1 §3lAE AJ7Ho]

o
y

Aers 2AEAZT o714

tep

WozRE A BEF

tyoll A A%

t

s

tgow A

A L2274

H =
T =

)61-

€

}d_

Step 1 &AL AlZte]= o)A A

1
o

ALas ZEAT o71A t,

tep

A4 A

Al

o

&+

ofi

o

Step 8

Harh

7k flel

At

Ak
Al

(Post-Thawing)dl &= 24

00

4 ol AFHA s "7 (

Step 9
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AA A3 oldelA AR 4 Fahael lee-Water AHolo] e

il

ol
ol
o
1>
o
anj

ofr
ol

2 ASdA= A= s 1D #4-§3 o2 4 =33 FTCAP_1D (Freeze-Thaw
Consolidation Analysis Program-1D)& #H<38t7] $18te] <ol 5.(vhelA At A3 &3
}2 9] Exact Solution®}, th&-3F 7+ 47F4] 7o tiste] vlwatitt (Table 3.9.10 #%).

Table 3.9.10 Thaw consolidation verification problems.

Verification R P, (t/m?) Description
VP-1 0.181 0.00 Natural rate
VP-2 0.700 0.00 Fast rate
VP-3 0.700 0.82 Fast rate with surface load
VP-4 0.700 0.82 () Fast rate with top gravel layer

R @ Thaw consolidation ratio R = «/2,/C,

1

a : Thaw rate « = X/ t 2 where X is thaw depth
.+ Consolidation coefficient, C, = 0.09504 m*/day is used
P, @ Applied surface load

(%) : Top gravel layer which is equivalent to P, = 0.82t/m?
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(7h AZdA 1 (VP-1)

Figure 39582 AZdA 1o AFEE /M2FAQ] vy} g8 WS wddydsty] 9ste] o
o] 5.(thollA] ™3 Element Activity Data® ®o] i itk

Table 39112 g7} =29 A7 (T = 0007 37 95%¥ 3 Time Factor T = 0.29]
Aol 7+t ¥ S Exact Solution¥ H]uwldk #olal Figure 3.959% Table 39.119 #<

ol

g2 vk Aol Figure 395904 R npe} o] 2 AIFdAl= §atEy]
(Thaw Consolidation Ratio)”} R = 01812 ZF& ZrolojA] G2 Qlste] whAlsk #4e) 7=
S HolFEth

=0} 0. o
T HT Z‘}_L

2y
o

Figure 39.60> A:HAA ] Fslo]d Tz & oA gllHEr7 =g Jodez
o] wEA o]FoxA AxW Mol galEEel vlHste] Frleh g7t dEE Al
7k t = 80.15 Day°llXl FEM A4HgH-e Exact Solution 3l 875 mmel TAFS ks Ho

X
=
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100 Cm

10@&10Cm

Clayey Silt

Thawing rate X (m) = 0.1117 v/t (day)
Thawing simulated by element activity.
& =
I Elastic Element Activity
Element Active Time
G Number (Day)
& 1 0.200
2 1.800
&
3 5.010
& 4 9.820
@ IEI 5 16.230
6 24.240
¢ 7 33.860
& 8 45.080
@ EI 9 57.910
& 10 72.300
“ Elements 1~10 : Permeable elastic

Impermeable Rigid Elements 11~20 : Impermeable rigid

| | Rigid elements are initially active and
50 Cm

deactive at time when corresponding
elastic elements are active.

Example : Rigid element 11 is initially
active and deactive when the elastic
element 1 is active.

Figure 3.9.58 Schematic section for natural thawing rate (VP-1).
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Table 3.9.11 Pore fluid pressure profile for natural thawing rate (VP-1).

Pore Fluid Pressure (t/m?)
Depth
(Crm) T =00 T =02
Yy d
FEM Exact FEM Exact
0 0.0 0.0 0.00
5 0.0520 0.0525 0.0512 0.05
10 0.1051 0.1038 0.10
15 0.1588 0.1576 0.1535 0.15
20 0.2101 0.2077 0.20
25 0.2595 0.2626 0.2558 0.25
30 0.3152 0.3111 0.30
35 0.3630 0.3677 0.3579 0.35
40 0.4202 0.4147 0.40
45 0.4662 0.4727 0.4599 0.45
50 0.5253 05177 0.50
55 0.5690 0.5778 0.5616 0.55
60 0.6303 0.6202 0.60
65 0.6713 0.6828 0.6630 0.65
70 0.7354 0.7222 0.70
75 0.7731 0.7879 0.7641 0.75
30 0.8404 0.8238 0.80
85 0.8743 0.8929 0.8648 0.85
90 0.9455 0.9246 0.90
95 0.9749 0.9980 0.9652 0.95
100 1.0505 1.0251 1.00
T . Time Factor T = C,-t/L?*, T =0 represents completion of thawing.

v« d © Hydrostatic pressure at depth d.
FEM : FTCAP_ID solution using SMAP-2D as solver.

Exact : Exact closed form solution (Morgenstern and Nixton, 1971).
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Pore Fluid Pressure Profile for Natural Thawing Rate (VP-1).

10

20

30

40

FEM (T =00)
FEM (T =02)
Exact (T=00)
Exact (T=02)

Hydrostatic Pressure

50

Depth (Cm)

60

AN

70

80

100

0.0

02 04

1]

Pore Fluid Pressure (t/m%)

08

12

Figure 3.9.59 Pore fluid pressure profile for natural thawing rate (VP-1).

100

Settlement Time History for Natural Thawing Rate ( VP-1)

a0

— FEM

L Exact

70

50

40

End of Thawing X

Settlement {mm)

30

io

0 i0 20 30

40 50 60

Time (Day)

70

100

Figure 3.9.60 Settlement time history for natural thawing rate (VP-1).
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(W) A5A 2 (VP-2)

Figure 39612 A dlA 20 AHEE Al @i Fa W8s RA-sty] et o
o] 5.(thollA A3 Element Activity DataS Ho] i1 it}

Table 39.12+= §37F ¢k=® Az (T = 0002 &7k ¢5€ ¥ Time Factor T = 0.2
Aol 7+t X E Exact Solution H] 18k o]l Figure 3.9.62% Table 39.12¢] 7+
J == Hlwgk Aot} Figure 39620014 HiE npe} o] B HIdA= alddy]
(Thaw Consolidation Ratio)”} R = 0.72 & gkolojA a2 Qlsto] WS 3 k=5t
< Alud & gew gt gud A5 A =9 ATY (Hydrostatic Pressure)
o} 40% A% & @S 2o £ 2 FEM @4 Z3= Exact Solutiond] AR & B
o &t

Figure 3.9.632 A3 A 2] Hsfole] 1
2 o] =g A o] FoAXA Fa7E drd AF AxW Hske AT st 50% A=

HojE

Jrz B AE S ME YoHo

tlo
MN

Hol 3 9lon FEM 14 Z3+ Exact Solution #t¥ A9 L3 3t

il
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100 Cm

10@ 10 Cm

Clayey Silt

Thawing rate X (m) = 0.4316 v/t (day)
Thawing simulated by element activity.

& e

Elastic Element Activity
&

Element Active Time
@ Number (Day)
o 1 0.013

2 0.125
&

3 0.333
& 4 0.667
@ E‘ 5 1.083

6 1.625
&
| 7 2.250
i 8 3.000
@ E‘ 9 3.875
& 10 4.833

“ Elements 1~10 : Permeable elastic

Impermeahle Rigid Elements 11~20 : Impermeable rigid

| | Rigid elements are initially active and
50 Cm

deactive at time when corresponding
elastic elements are active.

Example : Rigid element 11 is initially
active and deactive when the elastic
element 1 is active.

Figure 3.9.61 Schematic section for fast thawing rate (VP-2).
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Table 3.9.12 Pore fluid pressure profile for fast thawing rate (VP-2).

Pore Fluid Pressure (t/m?)
Depth
(Cm) T =00 T =02 v
FEM Exact FEM Exact o
0 0.0 0.0 0.00
5 0.0699 0.0703 0.0657 0.05
10 0.1406 0.1308 0.10
15 0.2100 0.2109 0.1966 0.15
20 0.2812 0.2617 0.20
25 0.3509 0.3515 0.3264 0.25
30 0.4218 0.3893 0.30
35 0.4932 0.4921 0.4544 0.35
40 0.5623 0.5185 0.40
45 0.6370 0.6326 0.5799 0.45
50 0.7029 0.6421 0.50
55 0.7818 0.7732 0.7023 0.55
60 0.8435 0.7624 0.60
65 0.9254 0.9138 0.8210 0.65
70 0.9841 0.8786 0.70
5 1.0640 1.0544 0.9355 0.75
30 1.1247 0.9912 0.80
35 1.1940 1.1950 1.0450 0.85
90 1.2653 1.0981 0.90
95 1.3100 1.3356 1.1500 0.95
100 1.4059 1.2013 1.00
T . Time Factor T = C,-t/L?*, T =0 represents completion of thawing.

vy-d © Hydrostatic pressure at depth d.

FEM : FTCAP_ID solution using SMAP-2D as solver.

Exact : Exact closed form solution (Morgenstern and Nixton, 1971).
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Pore Fluid Pressure Profile for Fast Thawing Rate (VP-2).

Time (Day)

’ [ |
10 ~ e FEM (T=00)
i M e FEM (T=02)
\ —  Exact(T=00)
30 ~<]
\\ —  Exact(T=02)
4 40 ——  Hydrostatic Pressure
E R Y
% 50 \\k\
o
a 60 \\ e
\\\.\
70 -
. \\\\
90 \\ N
L)
100
00 02 04 06 08 10 12 14
Pore Fluid Pressure (t/m’)
Figure 3.9.62 Pore fluid pressure profile for fast thawing rate (VP-2).
Settlement Time History for Fast Thawing Rate ( VP-2 )
100
90 ——
/'—’,—H
20 o
/
i 7
E w0 /
£ /
T 50 e
£ /
2 a0 h — FEM
o /
A / =2
10 = e Exact
ydan
20 7 ;E
/ =
10 S
0
2 4 6 a 10 ‘12 14 i6

Figure 3.9.63 Settlement time history for fast thawing rate (VP-2).
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(th AZelAl 3 (VP-3)

Figure 39647 Az olAl 30 AH&H M2l @i ga X8& Ldgsty] $lste] <
o] 5.(tholx A3t Element Activity Data® Ho] Fil th £ HAZodAe= AT A
VP-20] AW stz P, = 082 t/m? o] 2H-&3= Hg-o|th

Table 39132 g7} g5® A7 (T = 0002 g7} ¢5H F Time Factor T = 0.29]]
o] 7FE4qt ¥ 5 Exact Solution¥} Hla 38 o]l Figure 39.65% Table 3.9.139] #<
agzz gk Aotk Figure 3965014 Hiz whep o] E HFA= Fe|dE]
(Thaw Consolidation Ratio)”} R = 072 =i t]So] A mHA &F5o] x&3ste] F3=

Qlsto] A Y =t ARH 5ol gl ASdA VP2 Huke 2 goR &3
7} ka9 A5 39 7h=aehe A4t (Hydrostatic Pressure) BT} 90% 2 #S Hol &
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100 Cm

10@10Cm

Po = 0.B2t/mf

Thawing rate X (m) = 0.4316 v/t (day)

Thawing simulated by element activity.

— =&

|‘<<]_

Clayey Silt

[y €
= -1 o =% (S5 () [l
(—

]

Impermeahble Rigid

o

N

50 Cm

Elastic Element Activity

Element Active Time
Number (Day)

1 0.013

0.125

0.333

0.667

1.083

1.625

2.250

3.000

OO | N OO | M|l WD

3.875

(@)

4.833

Elements 1~10 : Permeable elastic

Elements 11~20 : Impermeable rigid

Rigid elements are initially active and
deactive at time when corresponding
elastic elements are active.

Example : Rigid element 11 is initially
active and deactive when the elastic

element 1 is active.

Figure 3.9.64 Schematic section for fast thawing rate with applied load (VP-3).
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Table 3.9.13 Pore fluid pressure profile for fast thawing rate with applied load (VP-3).

Pore Fluid Pressure (t/m?)
Depth
(Cm) T=0.0 T=02
Yy d
FEM Exact FEM Exact
0 0.0 0.0 0.00
5 0.0971 0.0980 0.0853 0.05
10 0.1960 0.1671 0.10
15 0.2920 0.2938 0.2550 0.15
20 0.3914 0.3341 0.20
25 0.4875 0.4888 0.4223 0.25
30 0.5858 0.4941 0.30
35 0.6842 0.6825 0.5853 0.35
40 0.7787 0.6576 0.40
45 0.8818 0.8744 0.7427 0.45
50 0.9695 0.8088 0.50
55 1.0790 1.0640 0.8930 0.55
60 1.1579 0.9529 0.60
65 1.2720 1.2512 1.0350 0.65
70 1.3437 1.0882 0.70
75 1.4540 1.4354 1.1680 0.75
80 1.5264 1.2156 0.80
85 1.6150 1.6166 1.2900 0.85
90 1.7060 1.3306 0.90
95 1.7480 1.7946 1.4010 0.95
100 1.8823 1.4376 1.00
T . Time Factor T = C,-t/L?*, T =0 represents completion of thawing.

v« d © Hydrostatic pressure at depth d.
FEM : FTCAP_ID solution using SMAP-2D as solver.

Exact : Exact closed form solution (Morgenstern and Nixton, 1971).
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Pore Fluid Pressure Profile for Fast Thawing Rate with Applied Load (VP-3).

0
\ |

10 =y L] FEM (T=00)
20 \ L] FEM (T=02)

\\ = Exact(T=00)
30

\\ —  Exact(T=02)

40 ™ n ——  Hydrostatic Pressure
50 \\\
. e P
70 \\

Depth (Crm)

90 \
100

0.0 0.2 0.4 0.6 08 10 12 14 16 18 20

Pore Fluid Pressure (t/m’)

Figure 3.9.65 Pore fluid pressure profile for fast thawing rate with applied load
(VP-3).

Settlement Time History for Fast Thawing Rate with Applied Load ( VP-3)
300
—
- _,--—"“"f
/
= 200 /
£ L=
£ /./
é 150 Lr 4
o
5 2
A s —  FEM
100 1 .Cm
/ = ® Exact
o
o
50 / &
0
0 2 4 B g 10 12 i4 16
Time (Day)

Figure 3.9.66 Settlement time history for fast thawing rate with applied load (VP-3).
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Thawing rate X (m) = 0.4316 v/t (day)
Thawing starts from clayey silt.
Thawing simulated by element activity.
- 2 P
Elastic Element Activity
% Element Active Time
E|C Number (Day)
5|8 1 0.013
£ 2 0.125
W
3 0.333
¥ o vl 4 0.667
& 5 1.083
6 1.625
¢ 7 2.250
& 8 3.000
§ & 9 3.875
? % 10 4.833
é E« ¥ O 21 0.000
g ? Elements 1~10 & 21 : Permeable elastic
B Elements 11~20 & 22 : Impermeable rigid
Rigid elements are initially active and
¢ E deactive at time when corresponding
& elastic elements are active.
e & Example : Rigid element 11 is initially
active and deactive when the elastic
g element 1 is active.
L Impermeshle Rigid

_a

50 Cm

Figure 3.9.67 Schematic section for fast thawing rate with top gravel layer (VP-4).
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Table 3.9.14 Pore fluid pressure profile for fast thawing rate with top gravel layer

(VP-4).
Pore Fluid Pressure (t/m?)
Depth
(Cm) T = 0.0 T =02 ¥
FEM Exact FEM Exact T

0 0.0 0.0 0.00
5 0.0970 0.0980 0.0850 0.05
10 0.1960 0.1671 0.10
15 0.2922 0.2938 0.2551 0.15
20 0.3914 0.3341 0.20
25 0.4875 0.4888 0.4222 0.25
30 0.5858 0.4941 0.30
35 0.6843 0.6825 0.5853 0.35
40 0.7787 0.6576 0.40
45 0.8821 0.8744 0.7427 0.45
50 0.9695 0.8088 0.50
55 1.0800 1.0640 0.8931 0.55
60 1.1579 0.9529 0.60
65 1.2720 1.2512 1.0350 0.65
70 1.3437 1.0882 0.70
75 1.4540 1.4354 1.1670 0.75
30 1.5264 1.2156 0.80
35 1.6140 1.6166 1.2900 0.85
90 1.7060 1.3306 0.90
95 1.7470 1.7946 1.4010 0.95
100 1.8823 1.4376 1.00
T : Time Factor T = C.-t/L?, T =0 represents completion of thawing.

v

v+ d ¢ Hydrostatic pressure at depth d.

FEM : FTCAP_1D solution using SMAP-2D as solver.

Exact : Exact closed form solution (Morgenstern and Nixton, 1971).
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Pore Fluid Pressure Profile for Fast Thawing Rate with Top Gravel Layer (VP-4).
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Figure 3.9.68 Pore fluid pressure profile for fast thawing rate with top gravel load
(VP-4).

Settlement Time History for Fast Thawing Rate with Top Gravel Layer (VP-4)
300
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Figure 3.9.69 Settlement time history for fast thawing rate with top gravel layer
(VP-4).

- 332 -



g 1D s Z2-§3] 4 §4 =233 (FTCAP_1D)

1D =4-g3 o4 aiX ZEa3W FTCAP_1D (Freeze-Thaw Consolidation Analysis

Program - 1D)2 & A7-3A¢] 12pd el /g sd4e] 34 =3 (FDAP) 54

o
ao
ol
X
o
X
oo
o)
frtl
ro
o
hiAcs
=
el
ofr
o
o
1%
o
N
R
1 1,
32
el
=
A
o
offt
o
oo
ol
1o,
as
i
it}
g
[

ol
N
N
N,
N
=3
g
ol
e
~N
rfo
o
o
N
3
s
2
£
offl
i)
|
oo
ol
to
=)
i
i,
il
r>4
b
ins
Ei
~
>
o
o
ful
lo
"
@
=
S

FallZ At st s gt FEM 314 7] ore] 5.9 (the] (2)A
ol A My Falld2e Exact Solution?} Hluste] A58kl Table 39.152 & FTCAP_1D

i
2
=
ro
o
olN
flo

zgade] gagEy BEE 94 Data® AEW 353 ZF A= BEAXE s}
@ FTCAP_IDE 233t7] 9eirE= Figure 397004 Ho]x= C:\FTCAP_1D

NCT\CTMENU Foldere] 9+ 23 File FTCAP_1D.exeZ U& ZF€l3t t}&d] Working

- 333 -



Table 39.15 Thaw consolidation user’s manual.

FTCAP_1D Input File : ThawConsolidation.dat

Card o0
G::,up Input Data and Definitions
it 11
W Title
= :
= SubTitle
Title : Project title, SubTitle : Project Subtitle
2 210
" Pload, StartDay, EndDay
a5
8 Pload . Live load (t/m?) on ground surface
= StartDay : Startday when load is applied
EndDay : End Day when load is removed
3 31
Num_Layer
Num_Layer : Total number of layers
32 32
LayerNo, ModelNo, KF, k, K, vy4 w
LayerNo : Layer number
ModelNo =1 Elastic model
=9 Modified Cam Clay model
KF =0 Saturated two-phase material
=1 : Unsaturated material
» k 1 Coefficient of Permeability (m/day)
& K, 1 Coefficient of earth pressure at rest
& Yd : Dry unit weight (tf/m?)
@ w ;. Water content (%)
Q [
© o | 321 [For ModelNo = 1 : Elastic Model]
= | 7
: e E, v
= U
3 o E 1 Young's modulus (tf/m?)
- v . Poisson's ratio
2
329 [For ModelNo = 9 : Modified Cam Clay Model]
PC.r €5, V, CCI Cr: M.
P. . Preconsolidation pressure (tf/m?)
e, . Initial void ratio
v Poisson’s ratio
Ce : Virgin compression index
C, . Swelling / recompression index
M : Strength parameter
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Figure 3.9.70 Execution of program FTCAP_1D.
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(2) FAYEZY Fad a4 oA
B 3y A §aldd A d A= Figure 39.716)4 B uhe} o] B 94 29 BX
3

00 mm<! Case T3009] 7-$-o|t}.

7122 vt 2ol 7Pl

ARt 7] 1108 T

7] 52X : 800 C-Days
49 : 93 Days

n Factor : 1.0

Fal717r AFEHE HiFeE 263 C

Y T : 60 Days
o714 "FElY 7= gEl7E dEE AlRre] ofuet g3l oY sfiAe AFgE Algtolm A
H AR 2203 FTCAP_1D WolA Aso =2 AAtE

et E ¥ #HE ¥ Datat™ Table 39159 AHEAF A Aol whebA] Table 39.167% 2

o AHA G FE ] BYAE B o] s

FFAS k = 1x10 °m/day
Sk w =14.47%

e Al E =100t/m?
SEO}EH| v =03

FEA T C, = 0.001346 m*/day
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¢

Thawing rate computed by FTCAP-1D.
Thawing simulated by element activity.
- Permeable Element Activity
[1] Element Number | Active Time (Day)
i 1 0.000
S TCL
o 13 1.333
14 1.458
E
g_ HSB
e 28 2.875
29 3.417
E
g Subhase
| 1 44 18.917
- 3 45 20.208
E Added
=} Subgrade
L 127 60 29.250
1 = 61 27.291
E Embankment
= Soil 66 9.042
Pl £ 67 0.000
“ Elements 1~ 67 : Permeable element

Impemeable Rigid . Elements 68~134 : Impermeable rigid

50 Cm

Rigid elements are initially active and

deactive at time when corresponding
permeable elements are active.

Figure 3.9.71 Schematic section used for concrete railway thaw consolidation analysis.
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Table 3.9.16 FTCAP_1D input file for concrete railway thaw consolidation analysis
(ThawConsolidation.dat)

* Sample Input File : ThawConsolidation.dat

* Card 1.1
* Title
Thaw Consolidation Analysis

* Card 1.2
* SubTitle
F| 800 Deg.C-Days (A300)

* Card 2.1
* PlLoad Star tDay EndDay
0.0 0.0 0.0

* Card 3.1
* Num_Layer
6

* TCL

* Card 3.2
* LayerNo ModeINo  KF k(m/day) Ko Gamma_d(tf/m3) w(%)
1 1 1 0.0001 0 2.243 0.0

* Card 3.2.1
x [ For ModelNo = 1 : Elastic Model ]

* E(tf/m2) Vv
2.1et06 0.20

* HSB
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Card 3.2
LayerNo ModeINo  KF k(m/day) Ko
2 1 1 0.0001 0

Card 3.2.1
[ For ModelNo = 1 : Elastic Model ]

E(tf/m2) Vv
2.1et06 0.20

Gamma_d(tf/m3) w(%)
2.243 0.0

Subbase

Card 3.2
LayerNo ModeINo  KF k(m/day) Ko
3 1 1 10. 0

Card 3.2.1
[ For ModelNo = 1 : Elastic Model ]

E(tf/m2) Vv
7.00e+03 0.25

Gamma_d(tf/m3) w(%)
1.6 5.0

Added Subgrade

Card 3.2
LayerNo ModeINo  KF k(m/day) Ko
4 1 1 10. 0

Card 3.2.1
[ For ModelNo = 1 : Elastic Model ]

E(tf/m2) Vv
7.00e+03 0.25

Gamma_d(tf/m3) w(%)
1.7 5.0
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Upper Embankment

Card 3.2
LayerNo ModeINo  KF k(m/day) Ko Gamma_d(tf/m3) w(%)
5 1 0 0.00001 O 1.59 14.47

Card 3.2.1
[ For ModeINo = 1 : Elastic Model ]

E(tf/m2) Vv
1.00e+02 0.30

Lower Embankment

Card 3.2
LayerNo ModeINo  KF k(m/day) Ko Gamma_d(tf/m3) w(%)
6 1 0 0.00001 O 1.59 14.47

Card 3.2.1
[ For ModeINo = 1 : Elastic Model ]

E(tf/m2) Vv
1.00e+02 0.30
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Figure 3.9.72 Opening freeze—thaw heat conduction input file :
C:\FTCAP_1ID \ Example \ Clay.dat
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&8 Freeze-Thaw Consolidation Analysis Program 1D (¥ersion 1,0}

0, 284'
03
0.3
28%
2,04

2243
1800
1700
1530
1530

1470000
1562000
2050000
2090000

Bk 1 ga 1 £2-29 w2
“HE
| Clay, dat
7|4 Data
HEZ JZ | me S M SZAe[" g C-Davs SEY 4 93 Days nFactor [ 71
E_ﬁHS‘IZﬁIEEEE-S‘I§| 764 °C .gﬁﬂ-c‘afﬂ — 60 Days
RIS H A S0 22 Y% Data
v ZHEE ZET I NSH ( | Edit S8 22 212 Data |
ol m=ao | MESH| AZZE[ wedl] EEEE [ i | 2EZ [ Wni K‘ =
no| mezs | MESW| GIRS) B3 EESR | UoP | EEY éET ) del=
ZI0E 0.2 223 0 Z007000 i
=237 E

2007000
1303000
1334000
1609000
1503000

0 HSB
2 E?3E+D'." Suhhase
2 BIE+D7 Added Subgrade
TRATESOT Upper Embankment
7. 687E+07 Lower Embankment

Save Save bs

Figure 3.9.73 Input GUI window for FTCAP_1D.
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Clay.dat
HEIANZ =108°C AEHESSX = =800°C-Dav: S =93Daps [Finite Element Analysiz]
o
il HEL gy 22283 kg/me we=0% L=0J/m 8
g3 E K = 1,7264 W/m-K C = 2007000 J A
=2 = K =1,7264 W/m-K C = 2007000 J/re-K
2243 kasmé o wee = 0% L =0 J/m

v
S FK = 1,728 Wm-K C = 2007000 /oK
{ K = 1,7264 Wym-K_C = 2007000 J/mi—K
L = 2673607 J/

1600 ka/m? we =5 3%
= 1,276 W/m-K. C = 1470000 d ik,
= DB?E? Wim-K C = 1330 J -k,
1700 katme we =5 % L= 2 846407 /e
1,4732 WK C 1562000 Jwe
1, 0778 W/ m- - C = 1384000 J/me-K
L = 7. BEVE+OY

K =
K =
Biy = 1690 ka/m* we = 14,47
ALK = 1,714 WK C = 2090000 /e
. 0874 Wi/m-K © = 1609000 J/me-k
Biw = 1590 ka/m* we = 14,47 % L = T.687E+07
PK = 1,714 Wm-K C = 2090000 J/mt-K
LK = 20674 WK C = 1608000 /=K

Figure 3.9.74 Soil layer graph
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Figure 3.9.75 Temperature time history specification window.
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Figure 3.9.77 Freeze-thaw consolidation window.
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Clay dat

HEIAINZ =108°C AEH SN2 =000"C-Days S =93Dayps [Finite Element &nalysis)
M1ty =2243 ka/mt wo =0% L=0J/m
DK = 1,726 WK C o= 2007000 . mi K
K= 17264 Wem-K C o= 2007000 )/ m -k

2y =243 ka/mt we =0% L=0J/m
VK= 17264 WK C o= 2007000 Jme K
K = 17284 W/m-K._C = 2007000.J/m' K

3y = 1600 ka/m we =6% L = 2673607 J/m
DK = 1,276 W/m-K. C = 1470000 Jimi-K
K = 08767 #i/m-K._C = 1303000 J/mi—K

ko= 1,4732 W/m-K C = 1562000 J/me-K
FK = 1,0778 Wm-K C = 1384000 J/m -

5w = 1690 ka/m* we = 14,47 % L = T.68TE+07
DKoo= 1,7147 W=k C = 2080000 J/me-k,
= 2,087 W/m-K C = 1609000 J/m*-K,

6w = 1590 ka/m* wo = 14,47 % L = 7,687E-07
VK= 17147 W K Co= 2000000 1/ me-K

K = 2,0874 W/m-K_C = 1609000 .l/m-K.

Figure 3.9.78 Frost depth graph.
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— Select Fram Lnplotked List

PLTXY Plotting List

1 Thaw Conzolidation &nalysis . AT ELEMENT B4
2 Thaw Consaolidation Analpsiz . AT ELEMENT  ER
3 Thaw Consolidation .-’-'mal_l,lsis . AT ELEMEMNT BB

4 Thaw Consolidation Analysis

5 Setlerment at Ground Suface

AT ELEMENT EB7
AT MODE ]

— Select From  Plotted List

ok | Cancel |

Figure 3.9.79 PLTXY Plotting List window.
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Figure 3.9.80 Settlement time history.
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Figure 3.9.81 Settlement time history (detailed).
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Pore Pressure and Effective Vertical Stress Time History at Depth 119Cm
(Element 64)
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Figure 3.9.82 Pore pressure and effective vertical stress time history at depth
119 Cm (Element 64).

Pore Pressure and Effective Vertical Stress Time History at Depth 121 Cm
(Element 65)
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Figure 3.9.83 Pore pressure and effective vertical stress time history at depth
121 Cm (Element 65).
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Pore Pressure and Effective Vertical Stress Time History at Depth 123 Cm
(Element 66)
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Figure 3.9.84 Pore pressure and effective vertical stress time history at depth
123 Cm (Element 66).
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Figure 3.9.85 Pore pressure and effective vertical stress time history at depth
125 Cm (Element 67).
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