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TC202 Terms of Reference

The goal of TC202 is to apply broad engineering to bridge the gap
between Pavement/Railway Engineering and Geotechnical Engineering.
The main task is to promote co-operation and exchange of information
and knowledge about the geotechnical aspects in design, construction,
maintenance, monitoring and upgrading of roads, railways and airfields.
The task also covers the related environmental aspects. For these
purposes, several main topics were identified and materialized in the
main Task Forces of the Committee as follows.

TF 1. Promote of use of nontraditional materials in embankments and structural layers.

TF 2. Reinforcement of geomaterials and its implications in pavement and rail track design.

TF 3. Earthworks design, technology and management

TF 4. Rail track substructures, including transition zones.

TF 5. Subsurface sensing for transportation infrastructure condition diagnostics among others.

TF 6. 3rd International Conference on Transportation Geotechnics (ICTG), Guimaraes,
Portugal, September 4-7, 2016. Chairman Antonio Gomes Correia (University of
Minho).

TF 7. Transportation Geotechnics; Elsevier journal of TC202. Editors-in-Chief: Antdnio
Gomes Correia; Erol Tutumluer, and Yunmin Chen.
http://www.journals.elsevier.com/transportation-geotechnics/
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TF 7. Issue of International Journal
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Transportation Geotedhnics is a

new journal publishing high quality
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Technical Committee 202
TC202 Members:

51 members covering a good majority of ISSMGE member societies

In Asia: China 2 members Iran 1 member
Chinese Taipei 1 Japan 4
Hong Kong 2 Kazakhstan 1
India 1 South Korea 3
Indonesia 1 Total 17 members

TC202 Web Sites:

International Society for Soil Mechanics and Geotechnical Engineering

http://www.issmge.org/en/technical- iﬂ LA )

: : : : = ssmge Transportation
committees/applications/147-transportation- Caatachnics
geotechnics

w2 1 Jun 2014 Update applied to reflect the new TC regime launched last year.

WELCOME TO TC202
Host member society: USA
Short name: Transportation (TC202)

http://www.eng.hokudai.ac.jp/labo/geomech/I
SSMGE%20TC202/

Technical Committee 202 (formerly TC-3) of the ISSMGE was established

in 2001 in accordance with the prof d by the Board
serving the 2001-2005 term. The Comrnlttee completed three 4-year
terms under the leadership of P Gomes Correia as

Chairman (2001-2013). Professor Erol Tutumluer is the current Chairman
Corres Ondence. of TC202 serving the 2013-2017 term.

p b Technical Committee 202 works closely with its members to organize
symposia, workshops, and international exchanges dealing with all
aspects of Transportation Geotechnics In both traditional and emerging
areas. Thanks to the dedicated efforts of Prof. Gomes Correia, TC202 has
created a new named lecture series in commemoration to late R.R.
Proctor to be delivered by the world's most distinguished achievements in
Transportation Geotechnics. The inaugural Proctor Lecture will be
delivered at the 3rd International Conference of Transportation
Geotechnics In Guimaraes, Portugal, on September 4-7, 2016.

Dr. Tatsuya Ishikawa

Secretary of ISSMGE TC202
Hokkaido University, Japan

E-mail: t-ishika@eng.hokudai.ac.jp

You are encouraged to contact us, bring new proposals, and/or participate
in the ongeing activities of TC202.

Prof. Erol Tutumluer, Chair
Prof. Tatsuya Ishikawa, Secretary
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Background of research (1)

. . Moving load

For saving maintenance costs of _

transportation facilities at road and Tire ﬁ? Wheel
railway, 1t is important to elucidate direction

mechanical behavior of granular Bituminous Rail
roadbed subjected to traffic loads. layer ORI

Sleeper

¢ +[Base course | fo5,

e Ballast
Roadbed

Conventional studies

Subgrade

Following loading tests have been performed in Japan;
Model test :  fixed-point loading test Element test :
i - | TR Triaxial test
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Effect of moving wheel loads
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Moving wheel loads give a large residual settlement as compared
with fixed-point cyclic loads. 9




Moving wheel load
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Moving wheel loading test
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» Normal component remains
compression side through loading,
while shear component changes
the sign according to the position
of a loading wheel.

» Principal stress axes rotate inside
railroad ballast during train
passage.

fixed-point Moving wheel
loading loading
Increase & <:’l> + Principal
decrease of stress axis
loads rotation

10
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Change 1n water content

Applied

Literature Review

» In past studies, model and element
tests have been performed mainly
under air-dried condition.

Y
REe
e

» Deformation modulus of coarse ,
granular materials decreases with the scicontainer

increase in water content. (Coronado et
al. 2005, Ekblad & Isacsson 2006)

Mechanically stabilized crushed stone

EPS

KEY POINTS

® Does rainfall affect settlement of
railroad ballast ?

Gravelly sand

Itou et al. (2014) performed cyclic
[> loading tests of full-scale model
ballasted track before and after
spraying water on the surface of o ca d e c
railroad ballast (10 1/m?).  Full-scale model test
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Results of full-scale model tests

Influence of water content
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Residual settlement (Plastic behavior) Settlement amplitude (Elastic behavior)

» Plastic deformation and elastic deformation of ballasted track during cyclic
loading suddenly increase due to water spray.

»  Wetting causes the sample to decrease the shear stiffness, thereby increasing
residual settlement. 12
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Background of Research (2)

cracking

2 Settlement
R

\

sphalt-mixture layer

In snowy cold regions, frost-heave
phenomenon and temporary
degradation in the bearing capacity
during thawing season are thought
to accelerate the deterioration of

transportation facilities and losing of Sl s
the functions.

However, 1n Japan, such phenomena have not been sufficiently
elucidated as well as modeling for theoretical design method of
transportation facilities like railway track and pavement structures.

Freezing season Thawing season

Research topics

To develop a rational design method of asphalt pavement and ballasted
track 1n cold regions, we need to understand the mechanical behavior of
subgrade and base course during freeze-thawing in detail. 13
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2. Objective of Research
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Objectives of Research

KEY POINTS
Are results obtained from conventional laboratory tests credible ?
How about the synergistic effects of multiple factors ?

L

Research objective

To evaluate effects of water content, principal stress axis rotation,
loading rate, and freeze-thaw history on mechanical behavior of
granular materials in terms of Transportation Geomechnics.

Research content

Medium-size triaxial compression tests of coarse granular materials
under various degrees of saturation and different loading rates
Multi-ring shear tests of granular materials under various degrees
of saturation subjected to principal stress axis rotation

CBR tests and Multi-ring shear tests of freeze-thawed coarse
granular materials under various degrees of saturation 15
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3. Test Apparatuses and Test Samples
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Medium-size triaxial test apparatus

Specimen size

Diameter: 150mm
Height: 300mm - Hybrid
Actuator
Test condition
Suction-controlled piaicawge B

* Monotonic VDT
loading with Load Cell | | T LLVDTor LDT
strain control cao || [l @ i Gap Sensors
method at very | " Triaxial Cell
slow loading rate __Specimen -

150mm x 300mmy | ——

* Cyclic loading
with stress control Pedestal ——

method at high |”*:"
loading frequency =

1 L - ¢

Remarkable Features
* The apparatus can perform water

7 (¢ 12mm)

retentivity tests, triaxial compression 6 e & B

tests and resilient modulus test (MR test) \ S Sally .

for unsaturated soils to evaluate the Plumbing path ||
(¢ 37mm) \

deformation-strength characteristics of
. ersapor membrane filter Sc
coarse granular materials. R R TR cear

=oo

=—=_—="5=="Polvtlon hlter e S
* The apparatus adopts pressure membrane “‘jr”’"”j—"“"j{” Porous metal
method for reducing total testing time.

" O-ring



Multi-ring shear test apparatus
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Specimen size

Width: 60mm
indside D=120mm
outside D=240mm
Height: 60 - 100mm

Test condition

Torsional simple shear with
strain-control and stress-
control method using direct

drive motor (DDM)

Remarkable Features
* [t can evaluate the effects

of rotating principal stress
axes under shearing on the

deformation-strength
characteristics of granular
materials.

* It can perform monotonic
and cyclic loading tests
under various water
contents and freeze-thaw
history.

DDM

(Axial load) %
[ [

Load Cell—[__
(Axial load)

Displacement
Transducer

Torque : : J
Transducer —

DDM (Torque
load)

_________________________________

: Inside Outside
Water Tank ~ Specimen Ring  Ring 18
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Freeze-thaw CBR test apparatus

Top cooling plate

SDeCimen S1ze W/agigii;pg%ly
Width: 60mm !
indside D=120mm Surcharge {

outside D=240mm

Height: 60 - 100mm crestading line =] %h

Test condition O-ring ~=

It can conduct a CBR test as it
1s immediately after the emperatire g
freeze-thaw.

Coolant

circulating line
P
[

Porous metal
with filter paper

Insulation
e

|~ Acrylic cell

Porous metal
with filter paper

Remarkable Features

. Coolant 1~ ""7" - - - Coolant
¢ It can SubJ ecta CBR test circulating line t R ]_[ circulating line
SpCClmen ((I): 1 Scm, H: 1 2 Scm) ._::::§v\:::::::::|_:::: V\;a(iii;ii;%%ly
\

to a one-dimensional desired
freeze-thaw history at a
constant freezing rate.

* It allows open-system freezing
or closed-system freezing.




Test Samples
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C-40 Crusher-run

1/5 ballast

C-9.5 gravel

Toyoura sand

Sample p, (g/em?) | pyo., (glem?) | py (g/em’) | Ds U | Fonitia (70)
C-40 crusher-run 2.74 9.10 37.1 1.7
1/5 ballast 2.70 1.650 1.353 8.11 1.52 0.0
C-9.5 gravel 2.72 1.730 1.480 2.80 10.8 0.0
Toyoura sand 2.65 1.648 1.354 0.18 1.30 0.0

» Four types of test samples are employed to examine the mechanical behavior of
railroad ballast and roadbed at ballasted tracks.

» To ensure experimental accuracy in terms of specimen size, 1/5 ballast and C-9.5
gravel have one-fifth and one-fourth similar grading of 1/1 ballast and base
course material (C-40) used in Japanese railway and road, respectively. 20
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Testing Method

» Specimens were prepared by compacting with vibrator until reaching the
D, of 95 %, and they were kept throughout the test at a specified degree of
saturation by controlling matric suction.

» Triaxail compression tests for air-dried (S,=8.2%), simulated (S =36.7%),
optimum ($,=57.2%) and saturated (S,=100%) specimens were conducted
under fully drained condition, pursuant to JGS and AASHTO standards.

20 -sjrf',_sz.% ......... g >0 Regularseason: | i |
! —8— C-40 (D =95%) " ‘Freezing season': | |Thawing season
P! C-40 (D =90%) |1 o 5 ! i ! s
15 o 2%
g e _ 2
) i simulated = 349
= 1§ |~ condition &
ol [ 1) SRR YA, < SO R— — - 3 30 :
= i O i = ; ; ; ——:2008
u;:g i = Base layer | | 1 | ——:2009
= 5 : Q 920 i . i . i . i . ; .
w e A :: .................................... - D O 20 40 60 80 100 120
b i \ ] Elapsed time from Dec. 1st (day)
ol iy e o Long-term field measurement
0 20 40 60 80 100 . .
Degree of saturation S_ (%) We set the S, for simulated specimens to the
T . .
SWCC value close to S, at the in-situ base layer

during regular season. 22
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Results of monotonic (static) loading tests

Influence of water content

—=— Air-dried = > =0.05%/mi
~ 900 s & 900 T
E 800} (© —<— Optimum é <= —®— 0'=68.9kPa
<~ L — A
S s Sawraed | E800F ~O o'=49kPa
- 3 >
2 500} 8= A —A— 5'=34.5kP
£ 400} 45 g 7007 - :
2 300} c=689kPa | |, o 8 '
IS, _ c 1-2 ' @ _
= 200} . . = 600
S 10094 ga=0.05%/mm 10 = “6 I
R 0 - 2 2 5
Q N B o — 500 B
6 .9 12 15 o
Axial strain, £ (%) > 8 i
28 Optimum condition (s=0.5kPa) = 400+
< = |
é 40 g 300 . ! . ! . ! . ! .
oo e S S S < 0 20 40 60 80 100
0 1 2 3 4 5 6 S Degree of saturation, S (%)

Axial strain, & (%)

Stress — strain relations under different S. PeE}k strength at s.ame strain rate
- under different confining pressures and S,

» Under same strain rate, air-dried sample has maximum peak strength,
saturated sample has minimum one, and unsaturated samples have a peak
strength between those two values, regardless of effective confining pressure.

»  Wetting causes the sample to decrease the shear strength and stiffness. 23
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Results of monotonic (static) loading tests

Influence of loading rate

£65 L s e, s E———
c60F £=0.5%/min: —@— --A-
2D £=0.05%/min: —@— A~
= 351 ‘

20 40 60 80
Degree of saturation, S (%)

Strength parameters under different

loading rates and S,

= ¥
. #’ o -
j ~ - .-."'fg o~ '
Ll Fal oy
b - L s/ N
o €3 pn = V4 R A . .
g ¢ / \an(> &)
el Sl / \ \ "J
g £ / Unsaturated &l \
e \ |
4 | 2 97,
f/ _ =4
- )
o) ez ~_ &4y Fast
- N \—
A \ . \ [
edl ¢ ‘Saturutc.d - i SIOW
¥y ! 1)1 >

Net normal stress, (o=u,)

Three-dimensional failure surface for

unsaturated soils

» At same water content, test results under fast loading rate has higher
cohesion than test results under slow loading rate, while internal friction
angle 1s almost constant, irrespective of loading rate and degree of saturation.

» The influence of loading rate on the strength parameter for crusher-run

appears more clearly in unsaturated conditions.

24
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Results of resilient modulus tests

Influence of water content

300 /—m—m—————m4——m—————-7"7—"—"—"7— 500 — T
250:. » | \§

< 5
o S 400 e
a \-/H . . Q
S 200 F MR-15 1 = 300 " e
A o’ =137.9kPa 2 e
8 c E NE-__@__ 00—20.7kPa
17 150 qwnt:27.6kPa ’ ) —= | O :Airdried
55 q.. =248 2kPal ] g 200 : Unsaturated
< 100} cyclic i = O : Saturated
d;) | Air-dried (S=8.2%) || L |00 “§34-5kPZ }
— =1 MR-1 to MR-6 : Air-drie
O 50k Unsaturated (S =36.7%) 4 % . Approximation . Unsaturated
- Saturated (S =100%) R curve by universal model B : Saturated
. i . i . . |
0 (] " (] " (] " (] " (] " O
0.00 0.02 004 006 0.08 0.10 0 40 80 120 160
Axial strain, & (%) Deviator stress, g (kPa)
Stress — strain relations under different S, Resilient modulus under different S,

» Stress-strain relationships varies depending on the water content, with a
tendency for the stiffness to increase with the decrease in water content.

» For plots with the same ¢, resilient modulus decreases as the water content

increases, regardless of o’ -
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Stiftness estimation of unsaturated C-40

500 - - - - - 500 - -

g 00l &\- £ 00l \’\\-
s 400 NN 1= 400 A '
| lk - O %
S = = m
300 S = 17 300 25 NG R——
,% wre— 7 =207KPa ) % \Eﬁ o 207KPa
'-8 \Q\E___ O : Air-dried | '-8 \E\ O fAlI'-dI‘led
E 200 : Unsaturated [ E 200 : Unsaturated
- O : Saturated - O : Saturated
5 o' =34.5kPa 15 o' =34.5kPa
= 100 F{ MR-1 to MR-6 ® :Airdied | = 100 F{MR-1to MR6 ® : Air-dried
% [ | —: Approximation : Unsaturated | - 8 —— : Approximation : Unsaturated
=2 curve by uniersal model B : Saturated a7 curve by universal model B : Saturated

0 A i A i A A i . 0 . i R i A R ]

0 20 40 60 80 100 0 40 80 120 160
Effective mean principal stress, p’ (kPa) Deviator stress, g (kPa)

Influence of p’ on M, under different ¢’ Influence of g on M, under different ¢’

by J
Universal model : M =kp, (G""j (T"“ +1j (Yan and Quintus 2002)
P.) \ P,

» Resilient modulus for unbound granular base course materials is greatly
dependent on the stress conditions and the water content.

» Universal model given by above equation can be applied to the quantitative
evaluation of resilient modulus for unsaturated base course materials. 26
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5. Multi-ring Shear Tests and its Results
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Testing Method
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» Specimens were prepared by tamping a sample with prescribed water

a

Axial Stress,o (kPa)

content, and a series of multi-ring shear tests was conducted by using
fixed-point loading (FL) method and moving-wheel loading (ML) method.

Fixed-point loading (FL) Moving-wheel loading (ML)

_______Increase &
5 i decrease of

] Increase &
EX el loads with

-7 decrease of loads
aneseas) like triaxial Rt S i
e mww.;;r-;g compression test :gﬂ?@, TeaEs : o __ _4;: axis rotation

f&*@i&i "“v‘f‘“ﬁﬁw e

160 30 160 30
140 I Axial Stress |20 QE ;‘? 140 I Axial Stress | 120 §
120 ~ 2 1 =
100 1"y 5 105
30 10 2 g 0o £
; ] ) ) ] )
Shear Stress 110 5 3 110 5
i F 2
1207 1207

: ' ' ' —1——1.3(0 . . ' ' ' ———1_3()

40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (sec) Time (sec) 28
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Results of monotonic (static) loading tests

Influence of water content
50 T T T T T T
s e 4.0 0.8
45 ; ; ; ; ; v Constant o = 114.2 kPa
T "",/"+ 3.5 ©,= 30 kPa 0.7
o b Ve
X 35 | | | | v .5_.__ 06 =
s V[ | f N S S : . ®
~T a0 V/ /’/i. J} OLF) N 0.5 ‘i-
@ e[ | 12 S IS Ko L i 1 £
o 25 — ! i 0.4
= L LOTr L \ '
0 20 ‘ ‘ —Constant o, = 114.2 kPa N g
§ 15 [ | | "y, rate = 0.1 %/min N 0.3 %
= I Y& 1 lv—ovendried A
LT S 2L g 1 1 T 02 <
0 s s s e & W B Shear strain, 7, (%) 01
b - @— S = 48 % i+ A Axial strain, £ (%)
0. i i i i . - . . 0.0 0.0
00 05 10 15 20 25 30 0 10 20 30 40 50
Shear Strain, 7, (%) Degree of Saturation, §_(%)
Stress — strain relations under different S, Strain at same loading conditions

under different S,

» Under same loading conditions, oven-dried sample has minimum shear and
axial strains, thus indicating that it has maximum shear strength and stiffness.

»  Wetting causes the sample to decrease the shear strength and stiffness,
thereby increasing shear and axial strains. 30
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Results of cyclic loading tests (1)

Influence of water content & loading method

651 6.5

n I : I . I : I : T T 7 T 7 L L L L 7
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- 55 C_95 gravel || —W¥-Ovendried [] - 5.5 C-95 gravel I I """"""""
S~ o[~ R o O-8.=19% | &S sof i R S, S e s ¢
c X gl "SR N N B - R S =33% c s T s 2 S (U NS W B e *
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» Cyclic plastic deformation of wet gravel is more likely to increase with
loading cycles than that of oven-dried gravel.

» The influence of water content on the cyclic plastic deformation for gravel
appears more clearly in employing moving wheel loads. 31
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Results of cyclic loading tests (2)

Influence of water content & loading method
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» Wetting causes the sample to decrease the shear strength and stiffness,
thereby increasing cumulative permanent strain during cyclic loading.

» When rotational angle of principal stress axis increases with the increase in
shear stress amplitude, cumulative permanent axial strain also increases. 55
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Results of cyclic loading tests (1)

Influence of water content & loading method
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» As seen in the comparison for gravel, cyclic plastic deformation of sand in
ML tests is larger than that in FL tests.

» Cyeclic plastic deformation of wet sand is more likely to increase with
loading cycles than that of air-dried sand. 34
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Results of cyclic loading tests (2)

Influence of water content & loading method
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» Wetting of sand increases cumulative permanent strain during cyclic
loading, regardless of loading method.

» Effects of water content on cyclic plastic deformation under moving-wheel

loads differ depending on soil types.
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Testing Method
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» Specimens in freeze-thaw CBR tests were prepared almost in the same
manner as specimens in triaxial tests, except that the wet (S,=67.6%)
specimen was prepared by gravity drainage of saturated specimen.

» Freeze-thaw tests under the following experimental conditions, that is
various freeze-thaw histories and water contents, were conducted in
closed-system without water supply and drainage.

» After the freeze-thaw process, CBR tests for air-dried, wet and saturated
specimens were carried out.

» Based on results of frost heaving tests, frost-susceptibility of natural
crusher-run is low, regardless of freeze-thaw history and water content.

Experimental conditions of freeze-thaw CBR tests

Name Initial S, Initial w Initial 6 Freeze-thaw history
air-dried 8.2 % 1.2 % 2.3 % 0 (no freeze-thaw), 1, 2 cycle
wet 67.6 % 9.8 % 19.3 % | O (no freeze-thaw), 1, 2 cycle
saturated 100 % 14.3 % 28.2% | 0 (no freeze-thaw), 1, 2 cycle

Note : under optimum water content (w =8.2 %), S, =57.0 % and 6 =16.2 %.

37
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» CBR and M, decrease with the increase in water content irrespective of the
freeze-thaw history, and they drops with an increase in the freeze-thaw

process cycles regardless of the water content.

» Considering the range of water content obtained from field measurement, it
1s expected that the freeze-thaw action seriously influences the bearing-
capacity of unbound granular base course materials. 38
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Results of cyclic loading tests

Influence of freeze-thaw & loading method
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» Freeze-thaw makes cumulative permanent strain during cyclic loading
increase further in addition to the effect of water content.

» The influence of freeze-thaw on the cyclic plastic deformation should be
considered even in a non-frost-susceptible material. 39
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Proposal of Experimental Formula (1)

» Effects of freeze-thaw actions can be expressed by a compensation
function f{N;, 6), which uses number of freeze-thaw process cycles
and volumetric water content as explanatory variables.

Assumptions

» M. for C-40 subjected to repeated freeze-thaw actions can be
estimated using the “modified universal model”, which is the
universal model multiplied by the compensation function.

k ks
: : o[t
Modefied Universal model : Af :f(M,e).@pQEU et 1]
P.) \ P
Applicability of proposed formula 100 -
ey . — | \ M, ey M, bY proposed Eq.
» Resilient modulus M, estimated by £ 750 | .| ® —T—:N=0cyle
2 I 0 \a ) :Nle cycle
proposed model seems to reproduce overall <. =P R P
) ST200 b : g
tendency for the M, to decrease with the s | : :
- : = e el
increase in the water content and the = 150 : SN
o | |
number of freeze-thaw process cycles. g 100 Rt M S
= :
» “Modified universal model” is sufficiently = ;
applicable to the quantitative evaluation of & | :
0

the M. for unsaturated subbase course layer 0 5 10 15 20 25 30
subjected to repeated freeze-thaw actions. Volumetric water content, ¢ (%) 41



Proposal of Experimental Formula (2)
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Assumptions

Under the same experimental conditions, cumulative axial
strain in ML test can be estimated from cumulative axial

strain of FL test by using average R, as follows.

e“(N.)=R.,,-&"™(N.) :exp£a%]-gaﬂ(zvc)

G

Note : a 1s a constant depending on water content.

Applicability of proposed formula

» Proposed simple experimental
formula 1s effective in estimating
the cumulative strain
characteristics of coarse granular
materials in the principal stress
axis rotation field.
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Track condition of ballasted track
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Design criteria of ballasted track

» Train vibration should be smaller
than threshold limit value.

* Traveling safety
* Riding comfort
» Train vibration increases along with
the increase 1n track irregularity.
» Train vibration can be estimated by

o =qa-V -o o trainvibration
V: train speed
o: track irregularity

» Precise prediction of track
irregularity growth 1s important for
rational design & maintenance
works of ballasted track.

Track irregularity
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Design procedures of ballasted track
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KEY POINTS : How do we calculate track irregularity using settlement?

Assumption

» Track irregularity is defined by the
difference between rail settlement
at rail joint and that at middle part.

» Standard deviation of track
irregularity can be estimated by

O=m+30 =

60

Input conditions

I
Rail joint

|
I
Middle part

Rail settlement and track irregularity

Track structures }
Vehicle, operation

{ &= Application of TG

Design response
(Train vibration)

Track
maintenance

|

Wheel Structu_re
loads [| analysis frack
Ballast & |rregu|a|l;lty
Static &l roadbed growt
dynamicii deformation
| Trafk_t Design limit
'rreﬁ;s“ y (Train vibration)

Performance
check

Safety &
comfort

Flow of design procedures for ballasted track
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Application of advanced soil testing
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Calculation of rail settlement in Japanese design standard
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Rail pressure
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Key Point

» Results of advanced soil testing
considering moving-wheel loads
and water content change
improve the calculation precision
of rail settlement.
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FE analysis based on cumulative damage model

Stress
.- Convergent
calculation

Cumulative damage model 4

Deformation modulus of FE elements representing
railroad ballast has been reduced in consideration
of the cumulative strain characteristics of ballast, "N Converged
which is derived from advanced soil testing like <LE
multi-ring shear test. strain
FE analysis of ballasted track
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. o = | |
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» If element tests are conducted under the experimental conditions similar to actual
phenomena, even simple linear elastic FE analysis can roughly estimate cyclic
plastic deformation of railroad ballast under repeated moving-wheel loads. 47
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Concluding Remarks

Change 1n water content as well as the effect of freeze-thawing
seriously influences the bearing capacity of coarse granular materials.

The synergistic effects of principal stress axis rotation and water
content strongly influence cyclic plastic deformation of coarse
granular materials and roadbed materials.

The loading rate has a strong influence on the deformation-strength
characteristics of coarse granular materials in unsaturated condition.

<

When developing a rational design standard of ballasted track in cold
regions for precisely predicting the mechanical behavior and
evaluating the long-term performance, it is important to give a special
consideration to the influence of water content, freeze-thaw history,
loading rate, and principal stress axis rotation on the deformation-

strength characteristics.
49
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