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An Analysis of Railroad Trackbed Behavior under Train Wheel Loads
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SYNOPSIS : In the trackbed design using elastic multi-layer model, the stress-dependent resilient modulus
is an important input parameter, which reflects substructure performance under repeated traffic loading. The
resilient moduli of crushed stone and weathered granite soil were developed using nonlinear dynamic stiffness,
which can be measured by in-situ and laboratory seismic tests. The prediction models of resilient modulus
varying with the deviatoric or bulk stress were proposed (Park et al., 2008). To investigate the performance
of the prediction models proposed herein, the elastic response of the test trackbed near PyeongTaek, Korea
was evaluated using a 3-D nonlinear elastic computer program (GEOTRACK) and compared with measured
elastic vertical displacement during the passages of freight and passenger trains. The material types of the
test sub-ballasts are crushed stone and weathered granite soil, respectively. The calculated vertical
displacements within the sub-ballasts are within the order of Imm, and agree well with measured values with
the reasonable margin. The prediction models are thus concluded to work properly in the preliminary
investigation. The prediction models proposed for resilient modulus were verified by the comparison of the

calculated vertical displacements with measured ones during train passages.

Keywords : sub-ballast, train wheel load, elastic vertical displacement, resilient modulus, prediction model
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2.2 SENE 0183 HIo| UK WSSE A5

Agkel Ass ASs7] A AREEE dRA)] AERE AREY SAsh= 7HEEA
(accelerometer), €52 =A3}7] 93t £XA(geophone), BYE =A317] 93+ WA (displacement
transducer)7} Atk W %7‘3% el = 1A 7|+ (fixed reference point)o] L3} AESA 9
A9 1A 7l AR oY o R et FH gty TEs *-@LE TV EA S} SEATE AREE AL
utt. 53], 14 4 "’EO}?Oﬂ olate] ftE = MEFoa 9> g 10-100Hz S o]B= o]
FFNA s FAo] &olgk SEAVE FE AMEEI (ST % 1997).

EEAle Fel wdk A8 7hed T g9l nERER ASE WEY Fug gyl
LA ] Aol wjg- FQ3a ARE HFLAl Fikg giYe mE $HEEAEAES 4 ©
shoh, B2 Ao A T4 foksol o3 w=nte] AFS ASEH]
4.5HzQl Mark productAl®] L-10B (3740hms) Edo|t}. A& %
2 LS AN AFE Fa5 dY9S 10-100Hzo 2L, &8 o] A3 Fub4= g
P o ot 47]ﬁ =802 YehfE 2% (sensitivity)E 0.276V/cm/sec ©] it}
nl Ajgo] gknE FMo|BRE ASetaAl sk Ao SEAE AR wdstA X
Aloldel & NX Z7[(A74 76mm) A53S &3t webA 74%:610“ A A7IE ARE
a2 ASHA A" A7 wm=wre] WASHA a2 (coupling) HEE str] 98 w7
packer)E AFE3}ATE FA|7]o= 3 (vertical) WEow Wl &£ 71”% gste] =
gk ko] A XFo] ASHES Qi
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53 Q. BHEH 7]E HAS5FE A22E Ago] JhesiH on] ASd @49 SXP-3, S-
) A37F JAeHEGN 5, 2007). @AY S5 dAEE(particle velocity)9d @2 dheo] Ad &%
(wave propagation Veloc1ty)°15}( H 2). datetzel o8 AS5HE 2 JdAFEEEYH AES Fl
kel 2 gV AL, ASE dAEEe A2 25 AP 45T SEE o] §stH HHu
(plane wave) AEo]&e] At w=wte] AW HWEH E(axial strain) S AL 7 k(o 2]

%, 1996; Stokoe, 1980).
Azl 19 29 SEA A Zeol F MY #BAVE AREste #
110cm Zlo]9] :=Hk(sub-ballast)ol A 5L Ix
L A9 Fagg oA sAlel AlS
AS AAolal HAS5E2 ddel vtz A ste] &5 Arole] $1Xx]star gtk

e
1 Train Wheel Load ¢ Rail ] .
. Freight Train (carriage of cement)
0.3m Ballast Sleeper
|| Geophone N
0.1lm . Particle Velocity 08m

SYurce hl;c—c/:\!e\{\v/:

Wave Propagation Velocity

Sub-Ballast
Subgrade

a% 2. A &skwol o7 EARRE g A ente] ol A& E AS e 3 ASAA

- 589 -



1.0 T T T T T T T 1.0 T T T T T T T

< >3
& Weathered Soil 2 Weathered Soil
E 05k Passenger (Electric) E 051 Passenger (Electric) 7]
= Depth of 0.4m = Depth of 1.1m
2 00 2 00
D @
> >
2 2
2 05| 4 £ sk -
il il
< <
A a

-1.0 | | | | | | | -1.0 | | | | | | |

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time, sec Time, sec

=

oy 3. Asak FHA EARERE ZolE 2(0.4m, 1.1m)

X
||\
it

o

9 YA A7kl Y

30 T T T T 30 T T T T

25+ Weathered Soil 25+ Weathered Soil —
Freight Train Freight Train

20 Depth of 0.4m 20 Depth of 1.1m

Velocity Spectra, mVrms
Velocity Spectra, mVrms

0 5 10 15 20 25
Frequency, Hz Frequency, Hz
a4, el sEAA A EAReRE 2ol 2(0.4m, 1.1m) ASE EAQ dAEE ~FEY

AS A9 LPXS Tl o FHE A IJEIAe AAEA F A AT FEIAE
&3] b AdHoly R AAbrb Ada, AANGAE AEACGIA)RE &Y. olHAE AS5E ol
HEH AS A= Avkes, F33tart S3stA] gv &ddolojx AT = k. =3 A
g AsAE ALt tiF-Eeo dsat= 7Hrkelo] AHS A G Ak = ASHAE TSt
ol AE a7t s Hit 8 Skl Besty] el AlSo]l

dxafstzo] ofdd wwto] Adste e SEAE UGS A 7]eA ASsta 4 AE 247
(dynamic signal analyzer, Agilent 35670A)% o|&3le] ASE ANsE A, EX3UY. HAx A
H s ARtelg e A0 £ ddo®E TAHAR SEAY HEE o] YAEEe tigh ARt
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% 39 YAEE Agko]Hol A dxp FHA] F71AQ1 20709 peak #hES Holil itk o= HAfsh
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S35tk 9 45 EAF 2hbA Aoy sEEAVE S wf ASE gl ol £x 9
Eflolty, &£k AFERE AFFo]HA g zZlojo] w} HFo] A Foms I 4 Avk. 7AHo]
U EEAE I E Rtete SEdatit dddes =9 52 ASHAXE S sslon A )
F3(predominant frequency)”} teF 5Hzo| 3tk

- 590 -



0.6 T T T T T T T L5 T T T T T T T
g 0.4 |- Crushed Stone Depth of 1.1m — g 1.0 Cmshed St(?ne Depth of I.Im
g Passenger (Electric g Freight Train
> 02 > 05k -
2 ' & '
S 00 g 00
P D
> >
@ -02 2 -05F —
2 2
= -0.4 = 1.0 —
- A

-0.6 | | | | | | | 215 | | | | | | |

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time, sec Time, sec

T T T T T T T T T T T T T T

0.10 - - -
E Crushed Stone Depth of 1.1m E 02 Crushed Stone Depth of 1.1m
= Passenger (Electrig o Freight Train
S 0.05 — s 0.1+ -
£ £
ot o1
000 3 2 004
2 Z
S osk 4 8 f -
% g
=2 -0.10F - a2 -02F 1

| | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time, sec Time, sec
16 T T T T 60 T T T T

w L w
E Crushed Stone E 50+ Crushed Stone 1
= 12} Passenger (Electric) 2 Freight Train
8 g 4ol .
g - Depth of 1.1m g g Depth of 1.1m
g 8F - S 30f -
2 2
7 L J 7
z z 20 N
T 4 . g
C S 10f .
> i T >

0 | 0 1 | crdare NN

0 5 10 15 20 25 0 5 10 15 20 25
Frequency, Hz Frequency, Hz
(a) A==} (b) &3] 8k stEdA}

—

a9 5. Aol A YAEE Aoldoniy A4 Bne) Attoldi Sr AdEY

= A wte] Zlo] 1.1molA dxk £Fol wet A=H

ko] 7 e E AAEE Azbe]E HlolHE %

&tal glo] o5 AlAska "4%’3}213}(“”03@1 s, 1996). :L“” 5@ s
4Hzo A A w5 3 10-15Hz Alolol A %E thAh F=gx= S

b= ¥3E et FEd z}7} o} o Agste] A= ZAijo|n, £ A

°F 10HzoIt. kM 29 49 HH oY stedAtols ve JJr o

b etss dEshs Ak ASHA S S27F gE2Y] wiolt

! A

o
= o
oot e 4R wal ke G aBase) ANEHALL 4T = AE o

£ ool oo

j‘l
r—{o

2.3 A& AW L BN

EAL wnbah 4] bl A AR BR| wet sRbel A A5 .
4 ARG olgel ww L AR} FF, A Zolo] uhE AEEs B FFL
ol e i EA MmNl A A% 3, BBAR 1, A4 mwe] A AFAS) s

A el

- 591 -



0.6 0.8

Elastic Displacement, mm
0.4

0.2

35

2.5

Particle Velocity, cm/sec
1.5

0.5

%ﬁ&@ﬂi%%@@% R
5 A gicfwﬂ%iwﬂi 2
" 2z oy M T e w T %
€ M.m ) Mmﬂﬂr_]#o_lﬂeleﬂﬂ_u”afmﬂ o
“““““ | R oo o g m X W T m B
5l 5_ g% o* T s Ty T =g w
2l 553 S i w2 DI o 2y g W %
ol 28 oo X0 e W_.d.lﬂr mﬂdl.m_fu}ﬂ i B
\\\\\\\\\\ MD&,F,MW o o i 7_|,m ﬂulm_xﬂMM .EUIEHNIW%
Bzz2g| B T - RO o )
27T S g St SHezaATuws %
| | A va I — = T
L s X = , - 5 ’ zn%%oafr@wﬂm ﬁ@ﬂ
o ° 5 53| B gwReas _EBITE uy
i o = - : g 23 ~ B mwﬁWM%% cS 14
o w S8, 5 B oLiesa¥TAasu A
| | i = : 3 mctmm iy ,mﬂ7‘|]£oﬂﬂ7um_vi%i£| =
| | Yo ! S| SEan T o T o ﬂlo*umﬂm.wju utt i
— - 8 ” =l 233 i B om oo W gl ~ -
S = 9 9 a v © " S8 F----- 2 a2 2 o TS T T Mg OF
S o SO = = - X P n ﬂ_ﬂ_mm 1H MAr X0 N JJ) 0 %0 O_
i £ ° = 272 ! = T o
B o ]
w “pdag s =l A0 O qr o o iy o) ke T W m_m
A both| = Txw® En Ty P
iy S b RS W T AR St S
,ﬂ = M =} | | A L1M A.ru ‘mﬂ = ol :.L ‘ul X‘_ WL_M WA..O
gz o ° Tz T ol B N ol
“““““““ 2 3 X o o o %uuﬂ%urﬂ@ﬂ%oﬂﬂ {]
g s T g |---5 et Y B N B - [ i S
5 [P = = | o ¢ CgiUHsba®®F N
\\\\\\\\\\ motmm ,.i | | | —_ \am‘urpﬂﬂA_l \I,_LIMﬂ‘l
mmiSS X | | | WAH _/_W# imuﬂr.wﬂmﬂlﬂ%cﬁlzﬂ cy
\\\\\\\\\\ % %mdd o ! ! ! ;O‘w Hui
W”_“_mm H s © @ v o a wn «w T eE aLﬂArdﬂmM 4 i ETﬂ‘HOI A
3% & B 7K S S S = = = il RS N 2o W S ~
“““““ glaaSS| A Moo E N2 AR e K
z degm Xo® wmdaq m Y=3c, Ba Blm &
i = | | on h@ Ar ﬂﬂm]mqﬁﬁﬂhﬂﬂoﬁu}_ =
o G = oum&%w:mﬁi%wmﬁa)nw w
L o F o)) Z o
B ——— < Wu %aﬂﬂwo@ ﬂﬁwﬁfrwwME e
| | — — —_— |
‘ o = SRR A R
o M o A B = M
o C N O Em o
© @ © o A w»n @ ® N&Ew@aﬁogwgeqﬂlwg o~
4 4 N . H 4 . O
S S S = = = ‘auxoﬁLMﬂﬂAoﬂL%Wﬂ7wW o
w ‘pdoq n| X w R w A b M

ol
A
]
A}
2
g]
o
2
o}

HeE H

atoll

S

78
0.002-0.007%2] HLA Zol7F Aojdd wet FA A3

pu

A4 wdke]l 4 0.002-0.004% 2]

- 592 -

(periodic)e]aL =RE ujioll A 1kl Fwst oz}
o

=
=T

3|

K

il
ol deatEtt o Zloh

=
=

strain)o|t}, EA} =Hk9]



W ok Rol A olzt ol el wel eihet Zasdr. EAF witw whastA R sEdtel o
WE B0 AEART Ak AWA A% IS BN vEagon oA AR olfE =
21

B Aol Auwute] tste] ARk HBYAS ASRAGHAS 5, 2008 AFH7] 9
37l hEebdal) w29l GEOTRACKY 31BeHi/ls o Swes Jeusa Haste] 443
qe RS, 7 ARE @Y AZAs mwstud gk FANYe] DA

agm gae] 29 $EE wed BA #3FS AS AP 243 FAsH) At

GEOTRACK Z2#e {3t%, ddy M5 BAA, JE 117, AmsyF+xo EAXS & 74
S st B4, BREREACeh), 2, agla A Hke A Y] 33 AEHle] §E 2 47 wE S
A = k. 53] AR HEwewte] 7t T 38 oEA4R] I EaAAATE JEHTRE AR
A z7lel 7S S ESAAFEEE S FE AlxsHE 7 T SEo] AXtEY e =
XA 7 T IEEAAGT d5Edo] Aitd SHo] ALFHo Aksy 7 T IEBAAASTTL
A 2RHEn, AAE EeSAATE gA i AlgEa 7 F9 $¥o] e uw 74x] whEE
t}. GEOTRACK Z=zZ3e ti7fl 32l wkEa|4(iteration) S Sl #AESE 2+ F2o $Ho] =43t
ot FEE e wAle] 2 WevE A8 A &5kl td =k 7F S wgw ol

GEOTRACK= AA4H 7 5 WF-9 a4 x|ollA dAstEel og FaFs ardstA Sk wilol
ATk AA HELREY] @42 A A ERFE AR ddsts RN Fol AAlsteoer 285t
712 AR awE fasgel Frikstel FEEAE ZHA "k ey B oATFdA AREs
GEOTRACK EFwrite] fFa-g#S wAst &1 dxke] &3tahs 18 & vt s Ao
A4 Al o] e He W= A] agsor & Flo|t

GEOTRACKS o] &3t 329 gauAsisle] 98 4352 71 2o 29} ko] sj4 Ao |
W49 JEFe uA= WMaolmz AR sFe] AME ue Festh Fre Aw TxE AR Fo
o A% FAAS JFow Ao, A LW Ao dFS Aes v gFo] Hi= e
#2 o] 9HF AEo| At 3F(ZZ. axial load)® Awkel S8 F(wheel load)S sk A4 4
Ma=E solgich. #1414 ¥

X
570¢] F-H(segment) O 2
ok ml=z o] Aol 4

=
Zzade 4y 93 gsFe APASl A 2ANL Fase Al HFL Hessin
A 24olA QPR AZ LaNe B A HERAs o AAAHATAeln Dxte] B
A AL F 19 2ok AWAoE ARwwe] S8 W WY 4L A TE E34F, 94 &%
Sol @ weHole} sha 53 AALPel M FH £33 A SEl 9 F27AF(mpact

factor)”7} ¥t=A] Fal Aok dhth(Hwang, 2004).
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Trai No. of Engi Length Bogie Spacing  Static Axle Load
rain ngin
a Engine/Car ste (mm) (mm) (kN)
Passenger Electric Rail Car

10 20,000 13,800 86
(Electric) (Class 5000 series)

Diesel L ti

Freight 1/20 lesel mocomotve 19,650 12,540 220

(Class 7000 series)

%2 94 EANSEE 1A A4 54 4o
Trai Elapsed Time Passing Speed Impact Dynamic Axle Load Wheel Load

rain

! (sec) (km/hr) Factor (i) (kN) (kN)

P

assenger 9 55 1.17 100 50
(Electric)

Freight 13 73 1.22 268 134

Aol F} &t ASTH] B A Aae] Pol: meste] Aol A3 SAsith @
Aoz AFAe] 3} HEE Sckmhrglov], FaE Lwshs BB A% A7l 73km/hrdlt,
A= BT F Ao AA Gl AAstar EWshs Aol A3 VMol daEHY] He £x=
Ui =g A 539 s SAAsE AN Addd1+0.3V/100)0S 7o AHAs o AlikE
224755 27 1179 122900k E 19 94 SRel me g4 gl A4 F3 £w7) new
FAA5E Tl B4 FaFol AW B4 F3Fe] Awe] Mol 4§HE 44 fFol
oh olsh ge Qde Ane % 20 s

Aol AFEE 7 Fo] Almol] didt gy EAXE F 39 Asth. GEOTRACK Iz
4 FoB FEEte] BAAE 4ET & vy d% AlSo] ad Hele Zslwent A1
o gl T2 AAE, =NHEE Zslenh), 2, Ao s FAE e o wnk Fo 49 A=t
FAol EAF w:Hel 99 9dE A A wwtow AR Y9A7F 747 mz &4 g d49
AL T QAo A B ASEHAL MMM E wikFe] BEAS EARe} Ao tial 7}z st
ATk EAL L‘j]hjr A wHke G725 AFS o]&dte] ASH wAy Sx(P-3, S-3h)ep Folp
Hl(v)e] A7} 9lo] iAol AREstH(EH 9% &, 2007).

7 Fo 944 E"‘i—’F T M o3 Wae 99 4R ndFHe Asdd uE Fde s SudAS
(Ep) oS ottt B R 1% A% sh-72] Hrwegte] 7b 38 58 oE42l 35w
AAGE gt §A A =T fJE IEEAAS dF Rl T2 oA =S s
A&t AASH0)e] AsAw doﬂ](power relationship)e] ® &2y RAAFE A&, 1 9
of EAF mubE A wwibT, w3F, 18 Al AAREe] SRS oS BRaAY mY AgeE 54
EQAE o83t Al AldHez AAE 4SS ALstiarE S 5, 2008). A4 Ased ol Al
oty I EEATE TU FESHAAME FAEH (o)l sl wep AAsgiem FE5SE(E
= AFeE)o] Skl wel dAgoer Frkste AT Btk weEbd Ao s EEAA Sz oS
e 2258y AHgHe] BT adE AFAE FuHe JdSRAS HE3st= Aol Edsilth
EAF AR AS sEedATE S50 & gAX dEdA dddos FE&gHe] o] AA] o}
E2-gE s 2l W42 AFSEl T
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%3 A58 Amweyte] 39 ooty B4
. Thicknes . .

Trackbed Material Y Poisson's Vo Vs  Resilient Modulus,

S )
Layer Type (m) (kN/m®) Ratio (») (m/sec) (m/sec) Er (MPa)

m

0 oo
Ballast 0.3 25 0.28 - - 15697, (5)"
Sub-Ballast Weathered Soil 0.8 19.73 0.33 357 182  559.28(c,) "%
Crushed Stone 23.07 0.26 461 254 16.8(0)*% (o ) 16

Subgrade 2.2 19.8 0.33 - - 559.28 (07;) "
Foundation - 18 0.3 - - 559.28(c,)” "%

* 0 [kPal, o, [kPal, P,=100kPa

3.4 CISEIYBYS 0|88 EHAHS| o5 2o

GROTRACKS o] &% S8 o2re] 453 2 hBaxe] o3 EAb witst 44 wibe] 54 @
W97t AREAKCIY 8). 1Y 89 ol E4F EHoZTHE Zolon 03m T B4F of
I 0.8m A9 o] sk 2ol 03wl Lim b ol AT dFom A8 U
B b 4 ko] SRgITh Odmm ool bk 2 1 of wet s e Az we

A FARU sEdate] @ EAL
whel wiglzh EAL wwbnch Aokl EAL
Ht} Agia o=z it dx) o] &

atel= AA ko EAR=RES] WiQI7L A wnkR Tt %1
A w=Hke] W9lE UigF 1mm Wl9]e] A7]E Bolom 4
Q.
[e]
_]

é[‘-‘ad

weihst 44 el we) Aol ABA} ARTOR 4
Aglol EAF wuks] sk 44 o] MR A ARE ol Rt $H F4E RAHE AB9A
S RS ek ARe] e A PN wuf - Sl Fo] welth ok AR BAgC]
szl S% kel WSk AEAe] o Welnek 361 slzke] 7Tk GEOTRAKS] 912 4591 4
A fahol AEAE S0KN, SHEGAE 13kNOIQY M Fereh 2w SYRCAsEel %
FHEIE wedekA 3D @A fakFol @ wel Ave) WHEst T e YA A% nealk

L

Elastic Displacement, mm

0 0.4 0.8 1.2 1.6 2

Calculated Using Eg !
—5— Passenger Crushed Stone |

A —©— Passenger_Soil
,,,,,, —- Freight Crushed Stone
—@— Freight Soil
5 L L

1% 8. GEOTRACKS °]83 tdoadsior 24d EAbwmE 3 A muko] ghidw 9
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4. GEOTRACKS 0|28 3%t CHSEIMSIA L SIES Z) Hlm

At aFel oF wurel BNAS BFA AZ
4 Zeade ARwue ARUAF Rds 483
Lok ) SRS BHMAR E 4o 3
wglolm 1Y 9b)i SEAR g W

sha 334 el Astsl washgc
st GEOTRACKe|t}, Hlale] AMgH & A5
selth. 1 9@e AEA Tl % wmuel
St ANANE Lol mAFAL. ABA

ﬁ‘
Ho
(B
o
-

A
o] A5 AZAHe} AR TE A FAG WHE BAAR sHEAA] g W= A AAT o
2 2 s 290tk GEOTRACK ZzIasie] &9 siddstes FAstsoel o3 7&Hads st
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