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ABSTRACT

Railway engineering infrastructurés China encountered mardestructive earthquakes and suffered severe
damages. The seismic design of railway engineering in China have been evolved from the simple static methods
to modern dynamic performance based design approach. The development of seismic design of railway
engireering in China is summarized. The current employed seismic design code for railway engineering, including
high-speed railways is presented. The design philosophy, strategy, analysis methods of seismic response, design
approaches and procedures for raillags, bridges, embankments and tunnels are briefly explained. At last, the
progress on the research of earthquake early warning foispiggd railway in China is discussed.
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1.INTRODUCTION

China is one of the most earthquake dangerous area, with high seismic ddghiggismicintensity,
shallow seismic focusand wide earthquakalistribution. Since20 century, nearly 80@arthquakes
larger Richter scale 6 have been occuraatoss allChineseprovinces except Guizhou, Zhejigng
Jiangsurovinces and Hongkong Special Administrative Region. THeath tollin the earthqualss
about550 thousandaccounting for 53% of global casualtiesaithquake. Snce 1949more than Q0
devastating earthquaketruck 22 provinces (autonomous regions and municipalities directly under the
central governmentincluding14 provinces in the eastgprovinces andegiors, resulting in more than
27 thousanddeal, accounting for 54% of the number of deaths of all kinds of disast€iina. The
earthquake disaster ansabout 300000 square kilomete@hinese land area accounts éoy 6% of
the continental areaHoweverthe continental earthquakes occurre€hinais aboutl/3, the death toll
caused by earthquakeeached more than 1/2 around the world.

In the past earthquakes, Railway engineering in China is also suffered serious damage. In the earthquake
of 1976 in Tagshanthe railway infrastructure near the epicenter was subjectsvédailures. About

600km inseverrailway lineswereinterrupted running. The longest interrupt was aweryears. During

the earthquakeseventrainsof 35 trans running in theessmic arealerailed or overturnedrigurel and

Figure2 show the derail passenger cars and overturned freight cars during the earthiqoal&®Q &

Gu, Z. Q., 1985

In the Wenchuan earthquake in 2008, the most important-Baejngdurailway line wasinterrupted
for 12 days. Many bridges, tunnels and roadbeds suffered damage caused by seismic motion directly or
by secondary geological hazard.
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Figurel. Derailedpassenger ¢a in Tangshan Figure2. Overturned freight cars ifiangshan
earthquakel976(Liao, 1986) earthquakel976(Liao,1986)

Today, railwayhas beerthe most important transpation infrastructure distributed all over China.
The total railway in China reached to 124 thousands kilometers with 24 thousand kilometspekeigih
railway to the end of 201&:igure 3 andFigure4 show the planned railway line networks and high
speed railway network in @a toward 2025. The total railway mileage will reach 175 thousand
kilometers including 37 thousand kilometers higpeed railway.

With the development of railwadg Ching the resistant and mitigation of earthquake disésteailway
engineering habecome more and more important, both to decrease the direct casualties and economic
lossesandto earthquake emergency response as lifeline.
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Figure3. C h i mralv@agnetwork planning toward 2025
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Figure4.C h i rhighéspeedailway network planning toward 2025

In this paper, the developmeott seismic design of railway engineering in China is summarized. And
the current employed seismic design code for railway engineering, includingpgeegd railways is
presented.

2. THE DEVELOPMENT O F SEISMIC DESIGN OF RAILWAY ENGINEERING IN CHINA

Before1950, seismic action was not considered in railemagineeringSince then, the seismic design
of railway engineering has experienced four stages.

The first stage is set for 50¢ the last centuryThe seismic design standasgis mainly adopted from

theSoviet Uniod =elated specificatiom Speci fi cati on for design of rai
announced in December 17, 1951, ad e | adtoecdu mme nt so0 r el eased i n Jan
Mi ni stry of railways, wecedal | n [BdléryRegualiondhhe Sov|
Earthquake Area In 1958, The Ministry of Railway draw updeafti De si gn Code of Rai |l
and@l verto. I'n 1959, t he | nlsibhgotChiiese AcaflemyCaf SciedcesEn gi n
r e | e Busldind Refjulations in Earthquake ZofeD r abfats)eod on t he Sovi et Uni
0 nBuilding Regulations in Earthquake Aré@H-8-5 7 ) 6 a n d oftrdsearchin €hsna In this

period,the design methodsppliedis static seismic coefficiemhethod(Liao, 198; Zhou, 1982.

In the second stage fro®60s to 1976, seismidesignresearch devel@a and formed some seismic
designstandard. In 1964,i Desi gn Code of Const roomptetecbRailsvayi n Ear
engineering was includedinhCa pt er 5 @ Ro a lh th€andesrésponse specorumsmithod

were introduced in the calculation of seismic actidowever, due to the strong earthquake occurred in

Xingtai, Hebei Province in March 8, 1965, the regulation was not been ap(ftdaed1987)

After the Xingtai earthquakdyased orpredicted earthquake possibility in Beijiiganjin areasThe
National Construction Committesf Chinai s s u e d t h eProfisioasfapSaisnacrDggn of
Constructions inBeijing-Tianjin Area ( d r arf Degember, 1967 BadC o n s t r,unclading n 0
railway, was included.



From 1965 to 1976, eleven strong earthquakes occurred in China. In order to increase seismic resistance
of railway engineering in earthquake area, the Ministry of Railways btgaonstitute iCode for
Seismic Desigof Railway Engineering In the process, field investigation and geological exploration
werecarried outatthe seismiarea of Tonghaiearthquaken 1970,Zhaotongearthquake in 1974f
Yunnan Provinceilaichengearthguakeof Liaoning Provincén 1975 andLiyangearthquakef Jiangsu
Provincein 1974 At the same timenatural vibration characteristics measurement of the bridge piers,
andseismicsand liquefaction test in Haicheng earthquafesawerealso organizedDuring the strong
earthquake of TangsharQ76, railwaystructuresuffered seere damags. The earthquakescenewas
immediatelyinvestigate. According to the new lessoremdthe experiences fromie seismic design
standardsf foreign countrieshe finalized edition was formally approvedd releaseldy The Ministry

of Railwaysof Chinain 1977(MRC, 1977 Liao, 1987.

In this edition bridge piers were designed by response spectrum method and all other structures were
design by seismic coefficient netd. Besidesspecial attention to seismic measures to bridges in
liquefiablesandand soft soil wasocused In addition, taking into account the seismic performance of

the culvert, short bridgesas suggested tme replaced by culvert as possifdRC, 1977.Zhou, 1982)

Another important development in seismic design in this period is the publication & Heéssmic
intensity zonation map of China, which becomes the basis of seismic ddsigrthen, the seismic

action had to be estimatedhprically or based on geological explorations.

The third stagés the period frond977to the end 0fLl987. Systematic research was organized on seismic
response andesignof railway engineeringBasedort he research, a new editio
Desgn of Railway Engineerin(GBJ11187Y0 was r el eased. I n the new cod
wereincluded, such aBnes, site and subgraderoadbed and earth retaining veabridges and tunnes.

The seismic fortification level is classified to ¢l instead of two in Code .7fhe method for the

seismic response of bridge is elastic response spectrum meitfochulti-mode includedand time

history analysis methoétatic seismic coefficient for other railway structures stdsadoptedMRC,

1987 Li, 1989.

From 1987 to nowprobability and performance based seismic design have been developed. This
progress ncl uded in the fAiCode for Seismi2d® 0Bg Di.gn no f2 0
a modified edition, Adil@ay&mindering (GB%0112006, 2009ditied gn o f
was release(MCC et al, 2009, in which highspeed railway and passenger dedicated-igks and

inter-city rail wereincluded.

During this period, two edition for seismic ground motion parameter zonatgsin 200Jand 2015,
werepublished to replace the seismic intensity zonation asajhe design basis of seismic action

It can besummarizedbout the development of the seismic design of railway engineering in China that
before 1950, there is no seiE design Sincel1951to 1964 railway structuregre design by seismic
coefficient methoexcept bridgesRailway bridges begin to design by response spectrum method since
1964 although the response spectrum curve experiences ch&ngkability and performance based
design was introduced since 2006, including nonlinear behavior of railway bridge piers. Seismic
coefficient method has been used to present from 1950s for other railway structures.

3. THE CURRENT EMPLO YED SEISMIC DESIGN CODE FOR RAILWAY ENG INEERING

Thecurrene mpl oyed seismic design code for railway en
of Railway Engineering (GB 50112006, 2009 editionn n dSeisinic Ground Motion Parameter

Zonation Maps(GB 183062 0 1 .5Fjgare 5 shows the current employed seismic ground motion
parameter zonation.

The Code 2009 applied to railway lines, roadbeds, bridges and tunnels in the earthquake area with
seismic fortification intensities of six to nine. Railway engineering has todignd resist lowevel
earthquake, design earthquake and théyel earthquake, with the return period of 50, 475 and 2475
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years respectively. Dudtily desi gn met hod is adopted for

design.

Another change is Cod909 is the response spectrum for railway bridgjlaemost important change
is thatlower period part becomes to linear relationship instead of horizontah [Dede 87
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Figure5. Seismicground motion parameter zonation m{&B 183062015)(GAQSIQC & SAC, 2015).

3.1 Design p

hilosophy and strategy

3.1.1Fortification category

Railway eng

ineeringtructures are aksified to 4 fortification categories which bridge is classified

to four categories; subgrade is classifiedvio categories; tunnel is classifiedttoeecategoriesTable

1, 2and3 shows the category classification for railway bridges, subgrades, and tunnels respectively.

Table 1. Bridge fortification category classification

Category

Bridge Structure Type

A

straddle great river and special structure bridge with complex technology, diffic
rehabilitate
a. passengefreightrailway line:
span of simply supported girder bridge:
concrete 0O48m;
steel 064 M;
main span of continuous beam bridge:
concreted80m;
steel 096 m;
b. bridge spanofhigs peed r ai |l way and passenger
cpier height O040m;
d. normal water levef8m;
e. special structure bridgavith complex technology and difficult to repair
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Category Bridge Structure Type
a. bridges of high-speedailways and passenger dedicated Railg{@yer-city rail)
C b. 30m< pier height<40m;
c. normal water level 5m to 8m
D Otherrailway bridges

Table 2.Roadbedortification category classification

Category SubgradeStructure Type

C a. Subgradewith steepslope, deep cutting or higtilled embankment
b. subgrade of higlspeed railway and passenger dedicated Railway{gitierail)
D Otherrailway subgrades

Table 3. Tunnel fortification category classification

Category Tunnel Structure Type
A Underwater tunnels
a. tunnelsand open cut tunnelsf high-speed railway and passenger dedice
Railway(intercity rail);
b. tunnels and open cut tunnels passing through active fault zone, learies, minit
and downtown area;
c. shallow tunnelsynsymmetricaloading tunnels;

C
dspan of tunnels and open cut tunnel
e. lining of close crossing tunnel; tunnel portal of higheed railway and passenc
dedicated Railway(intecity rail);
f. lining of shallow tunnelsynsymmetricaloading tumels, downtown area tunnels a
open cut tunnels
D Other railway tinnds

3.1.2Importance coefficient

For each fortification category, an importance coefficient should to be applied in seismic action analysis.
Table 4 shows the relationship between fortification category and the importance coefficient

Table 4 Importance coefficiernt;

Fortification Category Lower-Level Design Earthquake High-Level
A - - -
B 15 1.0 1.0
C 1.1 1.0 1.0
D 1.0 1.0 1.0

3.1.3Performance Requiremendsid Seismi&kesponsénalysis Methods

The seismic performance faiilway engineeringtructures classified to three categories, as shown in
the following:

0 Performance RequiremeniStructure experiendatact or slight damage, keep normal function;
The structure perform elastically

i Performance Requiremelit Structuremay experience damadayjt can be restored to normal
functionin a short timgThe structureas a wholanay performinelastically;

0 Performance Requiremeltit: Structuremay experiencesasonablelamage, but collapse is not
allowed;The structureas a wholgerform elasteplastically

Railway engineering structures should be designed to meet the performance requirement according to
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the corresponding earthquake level, and should be analyzed by reaseisbleresponse analysis
methods, as shown in Table According to Take 5, only design earthquakerificationsshould be
carried out forsubgradestunnels retaining walls bridge abutmentand connectorsWhile bridge
structure shoulddesigned for lowelevel and higHevel earthquakes.

Table5. Fortificationgoal andanalysis methods

Earthquake Level Lower-Level Design Earthquake High-Level

Subgrades, earth
retaining walls,
tunnels, bridge

Structure Type Bridges abutments, bridge Bridgeswith RC piers
connector of super
substructures
Fortification Goal Performance | Performance Il Performance Il
Category D: response Simply supported RC
spectrum method; bridge:simplified
Category B, C and Static methods; ductility design;
. bridges with new type Bridge bearings: Category B and
Analysis Method structures: response response spectrum bridges with new type
spectrum or time methods structures: nonlinear
history analysis time history analysis
method method

3.14 Seismic Fortification Measure Grades

To ensure the performance requiremehthe structuresseismic fortification measures have to be
applied in accordance with fortification intensity, as shown in T@hkehere the fortification intensity
should be determined according to the seismic motion peak accelefgjidrofn zonationmap, as
shown in Tablée.

Table6. Seismicfortification measure grades

Intensity
6 7 8 9
Fortification Category
A 7 8 9 Specialstudy
B 7 7 8 9
C 7 7 8 9
D - 7 8 9

Table7. Relationship between fortification intensity aseismic motion peak acceleratiofy)

Fortification Intensity 6 7 8 9
Seismic Motion Peak AccelerationAy) 0.05g 0.10g 0.15g 0.20g 0.30g 0.40g

3.2 SeismicDesignof Railway Subgrade and Erath Retaining Walls

The seismic stability and bearing capacity of subgrades and earth retaining walls should be verified
according to design earthquake.

The stability of subgrades should be verified by slice method with assumption of circular slip.surface
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The calculation modas shown inFigure6. The action of earthquake on the slope is calculated by the
inertial force of the sliceg.he safety factor of the slope stability can be calculBtedation 1.

Fine

\‘\L cili
Wi

Figure6. Model for stability verification of subgrade

a tanf N, +4g|

K = (1)

AT+ &

Where,N; is the total force in the normal direction of the circular slip surface by the slice weight,
N. =Wcosa -E. sina W is the slice weightTi is the slip force in the tangent direction of the

circular slip surface induced by the weight of the soil slices W sina, ; ti is the slip force induced
from horizontal earthquake force,= F.. '/ r); Fine is the horizontal earthquake force acting at the
centroidof the slice F,. =/ @g m¢; dis the correction factor of earthquake actigr().25;Aq is the

peakseismic motion acceleration (ff))sm is the slice mass; andd ; are the cohesive strength and
internal friction angle of the soil slickjs the length of slice at the slip surfacés the radius of circular;
y is the vertical distance from tleentroid of slice to the center of theatilar.

The stability of earth retaining walls include overturn stability of the wall body around the toe of
retaining walland the slide stability of retaining wall along the interface between the wall and the
subsoil. The seismic active earth pressupalsulated by the formulatiorgven by Mononob&kabe.

The horizontal earthquake force acting at the centadithe retaining wall segment is calculated by
static methodFigure 7(a) shows the simplified model for the calculation of seismic force wofalhe
body. Figure 7(b) shows the increase of seismic force with the height of the wall.

u ' A 7 |
T A
i i
T < 2 <
\ \
19
(a) Wall segment above thi8 section (b) Amplification Factor

Figure7. Amplification factor of horizontal seismic action
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Considering themplification with the height of the wathe horizontal earthquake force acting at the
centroid of the retaining wall segmeran becalculatedby Equation 2

Foe =7 8, #On ()

Where g is the correction factor of earthquake actige).20 for rock subsoil ang=0.25 for noarock
subsoil;Aqis the peak seismic motion acceleration @nfs is the mass of the wall above ifesection;
d is theamplification factor of horizontal seismic action along the height of the wall, for matllsigher
than 12mg; =1; otherwise,d =1+hi/H, as siown inFigure7(b).

3.3 Seismic Desigmof Railway Tunnels

The seismic performance of railway tunnéiging earthquake in the history is usually believed to be
better than other railway structures. The seismic action on tunnels is calculated by ettadid. mMhe
seismic force acting on the side wall of the tunnel lining is calculated by active seismic earth pressure
as in the retaining wall. The horizontal seismic force acting on the lining or open cutting tunnel by the
structure itself and soil or ro@bove the lining is calculated by the inertia force induced by design peak
ground motion acceleration. And the horizontal seismic action on the portal wall or retaining wall is
calculated by the same method as retaining wall.

3.4 Seismic Desigmof Railway Bridges

Bridges are the most important structures in raild@sign. At the same time, bridges are also the most
vulnerable structures during earthquake and difficult to rehabilitaimgrefore, the seismic design of
bridges forms the kernel gan railway engineeringl able8 shows the erification in the seismic design

of railway bridgego various bridge subject to the three level of earthquakes

Table8. Seismicperformance verifications of bridges

Structure Lower-Level Design High-Level
Type Earthquake Earthquake Earthquake
Simply Pier body and fou_n(_iatlons: No verification generally, but
Supported strength, eccentricity and connectors . .
) . reinforcament required
Concrete Piers stability
Simply Pier body and foundations:
Supported RC  strength, eccentricity and connectors simplified ductility design
Piers stability

RC piers nonlinear time history
analysis methotb verify
maximum displacement and
ductility of substructures

Other girder  Pier body and foundations:
bridge and strength, eccentricity and connectors
Category B stability

Simply supported girder bridge cam be modeled by single pier with mass of girder or full bridge with
the stiffness of girders and decks in ssesmic responsanalysis.

In lowerlevel earthgake condition, the seismic response can be calculated by response spectrum
method or time history method. In higgvel earthquake conditionpnlinear time history analysis have

to be appliedWh en t he st r uct()risde8sstham2asecostsamd darppag riatio(d)

equals to 0.05, the design response spectrum (dynamic amplification factor) is skigume8, where

Ty is the characteristic period of the acceleration response spectrum.
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Figure8. Dynamicameplification factor curve
Uis thebasishorizontalground accelerationorresponding to the design earthquake leviddle 9
shows the relationship between the seismic fortification intensities, desagihnquake leveland the
basis horizontal ground accelerations

Table9. Thebasis horizontal ground acceleration

Seismic fortification Intensity 6 7 8 9
Design Earthquake (g) 0.05 0.1 0.15 0.20 0.30 0.40
Lower-Level Earthquake (g) 0.02 0.04 0.05 0.07 0.1 0.14
High-Level Earthquake (Q) 0.11 0.21 0.32 0.38 0.57 0.64

The horizontal seismic action of pier segment of simply supported girder bridge can be computed by
Equation 3 4 and5, with response spectrum analysis.

FijE:C:Iaéyqu (3)
Mie =CGa § ;5 4 “)
amx+mx
9= (5)
amx+mxf +J K

Where,Fig is the horizontal seismic force of tjilemode at point; Mie is seismic moment of thi&
mode at the centroid of foundation on roick ground or the pile cafgi Is the importance coefficient
of the bridge} is the dynamic amplification factor of tfi¢ mode;3 is theparticipation factor of™"
mode;x; is the mode coordinate {f mode at the centroid of foundatiom; is the mass of foundation;
X;j is the mode coordinate @f mode at the centroid @f segment of pierk; is the mode function of
angular deflection oj““ mode at the centroid of foundatioh;is the moment of inertia of foundation
about the centroid.

In the response analysis, the stiffress f oundati on can be calcul ated
on elastic foundatiorhe analysis model for the horizontal seismic action ofipishown in Figure9.
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Figure9. Analysis model for the horizontal seismic action of pier

For piers of simply supported bridge, thigects ofseismicaction such as the moments, shear forces
and displacements, can be obtained by the combination of the first tree vibration modes.

For RC piers, dutility design is required in higlevel earthquake condition. The ductility of pier can
be verified byEquation 6.

= Dina
m==7]= 4 @ (6)

y

Where g, is the nonlinear displacement ductility ratieg][is the allowable dispicement ductility ratio,
equals to 4.8maxis the maximum nonlinear response displacement ofqgiés;the yield displacement
of pier.

The seismic action of bridge abutment is calculated by static m&thedhorizontal seismic force from
the girder icomputed by its inertia force.

4. EARTHQUAKE EARLY WAR NING FOR HIGH -SPEEDRAILWAY IN CHINA

Earthquake Early Warning has been an important measute toitigation of seismic hazards for
railway to protect train from derail and overturn. A fundamental researertifquake early warning
systembased on Rvave forhigh-speed railwayave been carried out recently.

Based on seismic monitoring network aloBgh i n a éspeedhrailgadyline, single station in situ
earthquake early warningodeis proposedA quick and accurate ground motion prediction approach
is put forward.Spectrum intensity, displacement amplitude and the integral of velocity sqti@re
secondginitial P waveare used athecharacteristiparameters of ground motion predictiéfitershock
recordsof Ms 8.0 earthquaken Wenchuan in 2008readoptedo establisithe egression relationship
betweenthe characteristic parameters até ground motion parameters (peak acceleration, peak
velocity and spectral intensity)

Figurel0shows the fitting resultsy 3 secondsnainshockplus 3secondaftershockecords. Thgray
circlesresult from main shockample and open circlegesult from3 secondsaftershock sample3he
grey solid line shows the fitting resulig 3 secondsnainshockplus 3secondsaftershocksamples. The
black solid line shows the fitting results o$&condaftershocksamples. The dotted lines both sides
present théimit of standard deviatiofMWang et al, 2016)

11



Figure10. Regression relation betwe®GA andspectral intensityl of 3S initial P wavdWang et al, 2016)

The comparison results show that gredictionmethodfor ground motiorpeak acceleratiobased on
the spectral intensity of the initial P wave adde&&ondss more suitable for the earthquake early warning
of the high speed railway line in China.

5. CONCLUSIONS AND REMARKS

The seismic design standards of railway engineering in China hdfyrdgveloped in the last decades.
However, the update of design standard diccatth up witithe development of research in field. New
method and technology have not applied in seismic design practice, such as detailed performance based
and ductility dsign for bridges, push over analysis, lifelong design @mche other hands, quastatic

design methods are still used in railway structures except byiddgsh can not exactly express the
seismic behaviors of these structures
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