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CRB California Rail Builders
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SR State Route
DOT Department Of Transpaation
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1. HSRBRIDGEESIGNPECIFICATIONS ASHEY ECTIOMETHODS

Highspeedrailway (HSR)rovides a faseand robust travel choice that enhancesansport of
people and goods, whichmay act as the national economy's maamtery. Compared to
conventional railways, HSR has more stringent structural and geotechnical requirements to
minimize deformations and avoid excessnkrations.Bridges are a key component of the HSR
infrastructure because it can avoid the interruption of existing roadways and the occupation of
land. Several foreignauntriesincluding Japan and Chimmave developed a standard design for
the HSR infrasucture which stands as a great design reference for future projects within the
United StatesThere isa wide range of HSR superstructure types around the world from 30 m box
girder bridges taover 1000 m suspension bridges. Early designs usiegply-supported, deep,
posttensioned concrete box girde(Kang et al. 2018)but since themmany other types have
emerged(Yan et al. 2015 ablel.1 providesa partial listof differentbridge types for reference,
sorted bythe length ofspan.

Tablel.1 Partial list of nternational HSR bridge

Name City/Locality | Country | Year Main Span| Materials Type
(m)
WuFengShan Bridge Zhenijiang China 2020 1092 | multiple Suspension
TianXingZhou Bridge Wuhan China 2009 504 | multiple Cable Stay
Almonte Viaduct Alcantara Spain 2016 384 | Concrete Arch
DaShengGuan Bridge Nanijing China 2010 336 | Steel Arch
SannaMaruyama Bridge| Aomori Japan 2008 150 | Concrete Extradosed
Leuven HSR Bridge Leuven Belgium | 2002 117 | Steel Arch
Avignon Viaducts Avignon France 1999 100 | Concrete Haunched
box girders
MeuseViaduct Lacroixsur France 2005 52 | Composite | Haunched
Meuse twin girders
Archidona Viaduct Archidona Spain 2012 50 | Composite | Haunched
twin girders
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1.1.1.INTRODUCTION

Highspeed railway bridges are subject to complex veloalding and stringent serviceability cri-
teria, which lead to structural solutions different from those used for highway bridges or conven-
tional railway bridges. Due to the high speed of the trains, track deformatians thus, struc-

tural deformationsg must be kept to a minimum to limit excess acceleration and ensure passen-
ger comfort. Additionally, vibrations and resonance are of concern.

Thissectionprovides a review of selected HSR design criteria from California, China, and Europe.
These include th€alifornia High Speed Rail (CAHSR) Design Criteria, the Chinese Code for Design
of High'Speed Railway, and Eurocode EN 1990 and EN 1992. Eurocode directly adapts the loads
and limits recommended in UIC Leaflets-1R6and 77&R, while the California andhidese cri-

teria reference the UIC Leaflets as a guide, but do not follow UIC in soméMaseke 2008)
Because the static and dynamic service load cases tend to govern the superstructure selection,
special emphasis will be placed on service limits &edcbrresponding loads. Load cases and
serviceability limitg; including vertical deflection, rotation, acceleration, and natural frequency
boundsg are discussed’he most common superstructure type for HSR is a simply supported pre-
stressed concrete bearS8ome features of simply supported beam bridges from six countries are
listed inTablel.2.

Tablel.2 Features of simplgupported HSR bridges from six countfiéan et al. 2015)

Country Typical CrosSections Standard | Typical Pier and Foundation| Construction
(L: at midspan; R: at ends) Span(s) Method(s)
Japan | 24.2, 29.2,| Rectangular or circular pier | Precast
34.2, 39.2,| Pile group or spread footing| Cantilever
| and 44.2 Castin-place
m
I
I
|
m
T-girder, box girder
China 32m 2 1 Precast
/ Cantilever
jg A= cm  B=300-480cm R=B2
j Roundended pier with pile
| group
Box girder (2 types)
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France X Hp Rectangular or circular pier | Precast
Pile group or spread footing| Cantilever
Castin-place
Box girder
Italy i i 24, 33.6, | Rectangular pier Cantilever
O W 43.2, and| Single pile Castin-place
55.0m Launching
Ij I
/ | \
Box girder
Germany 25, 44,| Rectangular pier Castin-place
1\4//) and 58 m | Single pile or pile group Launching
Box girder
Spain | 26.6 m Rectangular pier Cantilever
@@ Single pile or pile group
[ ] [
|
I-girder or box girder
1.1.2.LOADING

The superimposed dead load of railway bridges is significantly larger than that of highway bridges
due to the track structures (ballast, rail and fasteners, cables, poles, and walls). Toedsvare

also greater since railway vehicles, particularly the locomotives, are much heavier than typical
highway vehicles. Additionally, horizontal forces imposed by tgamduding acceleration, brak-

ing and centrifugal forcesare much larger thathose from roadway vehicles. For example, brak-
ing forces can be up to 14 times greater in railway bridges than in highway b(ldges and
Schlaich 2009)and centrifugal loads from trains can belB times those induced by highway
traffic (Sobrino 2008) C dzNIi K S N 2 NB =
random imperéctions in the rails and wheels) occur in rail bridges but not highway bridges.

Also of key concern are the seismic loads on bridges where applicable. The CAHSR Design Criteria
specify two levels of design earthquakas:Operating Basis Earthquake (OBEva return pe-

riod of 50 years, and a Maximum Considered Earthquake (MCE) with a return period of 950 years.
This roughly corresponds with the Level 1 and Level 3 ground motion levels for conventional rail-
way bridges, as described in the AREMA ManuaR#ilway Engineering. For HSR bridges in
China, the earthquake loading is the same as those for Chinese conventional railway bridges, as
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outlined in the Chinese Code for Seismic Design of Railway Engineering. There are three levels of
earthquakes considereavith return periods of 50 years, 475 years, and 2475 years (labeled as
the low, design, and higlevel earthquakes, respectively).

While the aforementioned loads are to be considered in many analysis cases, the typical loads
that control the superstructe type of HSR bridges tend to be the vertical live loads. In each coun-
try, there are several vertical live load patterns specified for HSR bridge design. These patterns
may include a service HSR train load, or a heavier maintenance train load, whigipked a
different permutations €.g.,one train on the bridge, two trains, etc.) in several analyses (e.g.,
static and dynamic track serviceability analysis;sailicture interaction analysis, etc.). Some ex-
amples of service and maintenance train loadl$ be outlined here.

1.1.2.1. HGHSPEEDIRAINS

California has yet to select the specific trainset to be used on the CAHSR system. Therefore, the
CAHSR design specifications outline five trainsets to represent possible service loads. One trainset
is shown irFigurel.l.

T
-
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i
-

T
—_ | B
-"‘J:!':-" VOTEE BRIV EAR "'.‘:1--" £ I l H--H"m,_
—— o _|_ L == | | e _|_ == S— T == W
Maximum Axle Load = 18.7 tons Train Weight (Empty) = 509 tons

Figurel.l. California Type 1 trains€California HigiSpeed Rail Authority 2019)

Eurocode design specifications require that either the actual trains or the UIC High Speed Load
Model (HSLM) are used for dynamic analyBexause the highpeed trainsets may differ be-
tween countries, only the HSLM is described here.

The UIC HSLM represents the loading from passenger trains exceeding 200 km/h. There are two
models within the HSLM. Both models are a series of point loadsdyudiffer in magnitude and
spacing:
1 HSLMA consists of 10 trains. Analyses that require H8IwWill indicate which of the 10 trains
are to be used. The trains have varying numbers of train cars, axle spacing, and live load mag-
nitude.
1 HSLMB is a seriesf equally spaceg@oint loads, where the number of loads and their spacing
is dependent on bridge span length.

Depending on the bridge configuration, HSAMr HSLMB will be specified. Usually, only one
track is loaded with a single train per case. Foranioformation, see UIC 778R Section A.4.1.
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1.1.2.2. MAINTENANCE ANGDNVENTIONAIRAINS

While the highspeed trains are more representative of actual service loads, many of the static
serviceability limits are based off of maintenance or conventional rail traisempling of trains
is outlined here.

The CAHSR Design Criteria frequently use the Modified Cedpdodtl shown ifrigurel.2. This
is representative of a maintenance train for higjeed rail lines.

5 Kk/ft (uniform) 50k 50k 50k 50k 5 k/ft (uniform)

\, | |

25/ 1 3@5ft 1~ 25f
1000 ft for braking train & 100 ft for accelerating train

Figurel.2. Modified Cooper-B0 load(California HigiSpeed Rail Authority 2019)

Eurocode references the UIC71 load showsigarel.3. This load model is commonly used as a
service train in conventional rail bridge design, but it is also used irsp&gd rail design. It is
similar in magnitude and disbution to the Modified Cooper-&0D loading.

Quk =250 kN 250 kN 250 kN 250 kN
Oyk = 80 kKN/m gyk = 80 kN/m

14 ¢ Y Y Y T
(1)

4°

8m| 16m 1,6 m 1.6m [0,8m (1)

(1) no limitation

Figurel.3. UIC Load Model 71 (UICThternational Union oRailways 2006)

The Chinese specification uses the Chinese ZK load (which is 80% of the UIC71 load) for typical
high-speed rail bridged-{gurel.4).

4 X% 200 kN
(4 X 44,962 |b)
|

64 kN/m &4 kN/m
(4,390 |b/ft) (4,300 Iby/ft)

[T (T

Figurel.4. Chinese ZK logdhou et al. 2012)



1.1.3. SERVICEABILITWITS

The serviceability limit states fargh-speedrail address the same response quantities as do the
limits gecified in conventional rail codes, but the limiting values are more stringent due to the
higher train speeds. Serviceability limits from the California, Chinese, and European design stand-

ards will be compared in this section.

1.1.3.1. VERTICADEFLECTIONMITS

Many countries limit static vertical deflections of bridge decks as an indirect way to mitigate un-
desired vehicle acceleration. The deflections are computed assuming static behavior in the inter-
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ests of simplicity, with an amplification factor to account epgpmately for the dynamic behavior.

The vertical serviceability load cases and limits differ from country to country. For example, Euro-
code suggests a limit based on a single loaded track considering a dynamic impact factor; mean-
while, the Chinese codegwides limits based on two tracks loaded but does not consider dynamic
impact. In general, deflection limits are a function of train speed, span length, type of track (bal-

lasted or ballastless), and span tyen{ply supportedr continuous). A summary oéquire-

ments from a few design standards is provided@ablel.3. All limits reported in the table are for

the highest design speeds designated.

Tablel.3. Load cases and limits for static vertical deflection

Design Standard

Load Case

o0 limit (ranges based on span)

Eurocode/UIC

Single track loaded
UIC Load Model 71 with dynamic i
pact factor

1/2650-1/1500 (3+ simply sup-
portedspans)

For continuous beams, adjust tk
limit with factors

China Two tracks loaded 1/1600-1/1500 (3+ simply sup-
ZK design live load (80% of UIQ portedspans)
load) on each track For continuous beams or singl
No dynamic impact considered track bridges, adjust the limit wit
factors
CAHSR Check both 1 and 2 tracks loaded | Single track: 1/350@/2200

track case usually controls)
Modified Cooper 60 maintenance
train load with dynamic impact

Double track: 1/240-1/1100
(All types of spans)

A visual comparison of the different deflection limits vs. span length is shdviguire1.5. Note

that here, they arexpressed as span/deflection so that the linear features of the equations are
apparent. The CAHSR deflection limit is stricter than the Eurocode/UIC limit for all span lengths.

The CAHSR deflection limit is also stricter than the Chinese limit for spl@n08 ft, which are
the most common span lengths used.
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Vertical Deflection Limit vs. Span Vertical Deflection Limit vs. Span
Two Tracks Loaded Single Track
L/d = China CAHSR L/d = Eurocode/UIC CAHSR
3000 4000
500 3500 -
3000
2000 p———— 2500 P
1500 2000 // \\.\
1000 1500
1000
500 500
0 T T T 0 T T T 1
0 100 200 300 0 100 200 300 400
Span length (ft) Span length (ft)

Figurel.5. Comparison of vertical deflection limits vs. span length
1.1.3.2. ROTATIONUMITS

While the design standards limit vertical deflections to minimize passenger discomfort, they also
specify rotation limits to keep the rail operational. End rotations impose additional axial and
bending stresses on the rail, which can damage the rail fastehe rotations may also cause
abrupt angular changes in track geometry, which leads to passenger discomfort (in mild scenar-
ios) to train wheel unloading in more severe ca$&alifornia HigkSpeed Rail Authority 2019)
These rotation limits are applied to the same load cases as the deflectionTih@t€hinese code
limits rotation at tre beam end depending on track type, location of beam end, and beam end
overhang length (seBigurel.6 and Tablel.4). The units are expressed in mdidians, and) is

the beam end overhang length.

B e

Figurel.6. Sketch showing the rotation angle to Ioeited (He et al. 2017)
Tablel.4. Rotation limiting values for Chinese HSR bridges, viesghe beam end overhang length.

Track type Location Limiting value (rad)
At abutment — (C8tp
Ballasted At pier — — tap
At abutment — PP h L
Ballastless — P8h hm ux U T W
At pier — P®D N v T® W
b — pBp hmw O T W

The CAHSR code has similar rotation limits, which are outlifedbiel.5. There is no distinction
between track type or location.

10
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Tablel.5. Rotation limiting values from CAHSR Design Criteria

Load Case —(rad)
1 track loaded 1.21
2 tracks loaded 1.71

Typically, the rotation limits will only control superstructure selection for longer spans. Otherwise,
vertical deflection and acceleration will likely control. Additional details on the controlling limits
are provided in Sectiahl1.4.4

1.1.3.3. VERTICAACCELERATIQNMITS

The acceleration limit is one of the common criteria that controls bridge design. It exists to ensure
track alignment, track stability, and passenger com{dmdersson and Karoumi 2015he mod-

eling of the dynamic effects of the train, bridge, and possible ballast to analyze deck acceleration
can be compleand varies depending on the design standard, and it will not be discussed here.

Analysis results are then compared with the general acceleration limits summarizaioled.6.

Tablel.6. Load cases and limits for vertical acceleration

Design Standard | Load Case Acceleration Limit
Eurocode/UIC Single track loaded Ballasted: 0.35 g
UIC High Speed Load Model (HSLM Nonballasted: 0.5 g
actual sevice train

China Single track loaded Ballasted: 0.35 g
Actual service train Non-ballasted: 0.5 g
CAHSR Single track loaded 05g¢g

Actual service train

1.1.3.4. VERTICANATURAIFREQUENOBOUNDS

Natural frequency alsaeeds to be limited to avoid resonance between the bridge and vehicle.
UIC, China, and CAHSR all provide limits on the first natural frequency of vertical deflection. If
girders do not satisfy the bounds, then additional treiructure dynamic analysisnsquired. The

natural frequency limits for UIC and CAHSR are the same, which include an upper and lower
bound. The lower limit is:

And the upper limit is:

E o® e 8
where the frequency, , is in Hz anthe span, L, is in meters.

11
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These specifications were developed for UIC primarily for train speeds below 250 km/h (155 mph),
but then applied to HSR as w@hou et al. 2012)Chinese engineers deemed the UIC lower bound
not strict enough to prevent excessive vibration or resonance due tespegd trains. Chinese
studies also concluded that an upper limit is not necessary since tight construction tolerances
would mitigate peential issues due to higher fundamental frequengi@&sou et al. 2012)The
Chinese lower frequency limits for common spans are list€dhlel.7. As can be seen, higher
vehicle speeds require more stringent frequency limits. Longer spans have inherently lower natu-
ral frequencies, and the lower frequency limits associated with them reflect this fact.

Tablel.7. Chinese lower bound frequency limits for common spans

Design Speed, km/h (mph)
Span Length, m (ft 250 (155) 300 (186) 350 (217)
12 (39) 100/L 100/L 120/L
16 (52) 100/L 100/L 120/L
20 (66) 100/L 100/L 120/L
24 (79) 100/L 120/L 140/L
32 (105) 120/L 130/L 150/L

A graphical comparison of the UIC and Chinese natural frequency limits is shiéiguaréel.7.

The actual natural frequency of an exampieply suppord prestressed concrete HSR bridge is
plotted alongside these limits. This natural frequency was calculated using the following equa-
tion:

Y
€ o

Where:

¢  natural frequency

0 span

i radius of gyration

‘O  modulus of elasticity

" mass denity

This can also be expressed as:

. “ 6 p Q

¢Q” 0 0

WhereQ crosssection depth.

12
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This arrangement of terms isolates key parameters into three groups. Assuming common material
properties for asimply supportegrestressed concrete HSR girder, th& firoup remains nearly
constant. If the natural frequency limits are limited to a multiplep0 , as done in the Chinese
code, then the second group is constant as well. Therefore, the maxifiratio is fixed, and
hence, the example bridge and @hiower natural frequency limits follow the same curvEig:

urel.”7.

Vertical Natural Frequency Limits

UIC higher bound

UIC lower bound

co

—0— China lower {350 km/h)

China lower (300 km/h)

~l
’

——0— China lower (250 km/h) B

6 === Example bridge (L/h=15) o

Frequency {(Hz)

w

N

0 10 20 30 40 50 60

Span (m)

Figurel7® / 2 YLI NR&A2Y 2F OSNIAOFft yIGdz2NI £ FNBIdzSyoOe
ONARRIS¢ OdzNBS & K2 g a simiply SuppbrtedHERNGFdye wittNpigadizEogetiion agd¥ |
material properties.

1.1.4. SUPERRUCTUREELECTION

The strict serviceability criteria discussed in the previous sections imply the need for a stiff super-
structure. Commonly, this need is addressed with a deep prestressed concrete box girder. While
this crosssection helps satisfy servidabty criteria, it is much heavier than typical highway
bridge sections and thus leads to issues with construction and seismic performance. The super-
structure selection process to arrive at this typical prestressed concrete box girder as well as res-
olutions to construction and seismic issues, will be discussed in this section.

13
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Lateral displacement and rotation limits also exist but are not discussed here. Among the service-
ability limit states, the vertical deflection and acceleration limits most commamiiyral super-
structure selection for shorto mid-length bridges. The influence of these limits on preliminary
design are will be discussed.

1.1.4.1. MATERIALS

Concrete is much more common than steel for all HSR bridges around the world. Concrete HSR
bridges are geerally cheaper and require less frequent maintenance than steel bridges. Construc-
tion procedures for concrete HSR bridges are-kvelvn, and engineering knowledge has been
thoroughly develope@ianterola and Escamilla 2014)

On the other hand, steel can be preferable for long spans or where low girder height and light
structural weight are needed. Steel may also be beneficial on sites with tough terrain for construc-
tion purposeswhere prefabrication of members eliminates the need for formwork or shoring
(Minami and Shimizu 20L1owever, the lighter weight of steel structures leads ¢ihéi levels

of vibration, which can cause fatigue damage.

Composite steel and concrete superstructures are also possible and can provide the necessary
stiffness while reducing structural mass. They are used in areas with poor soil quality and in seis-
mic aeas. Existing composite HSR superstructures include steel box girders with a concrete deck
(Zhou et al. 2012)omposite trough made of steel webs and a concrete lower ¢Kamy et al.
2018)as shown irFigurel.8, or steel box girders with concrete on both the top and bottom
flanges.

1.1.4.2. SPANARTICULATION

The most common type of HSR superstructuresisply supportedheam. However, continuous
beams have also become increasingly used in recent years. Continuous spans are stiffer than
simplysupported spans of equal proportions, meeting both static andymariteria more effi-
ciently(Kang et al. 2018)At the same time, they are more complicated for developing-teost

sioning between spans and for analyzing secondary moment eflemtgier spans also require

rail expansion devices, which impact rider comfort and require additional maintenance. For these
reasons, some countries prefer shorter singupported spans as opposed to longer and fewer

14
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continuous spanfCombault 2013)Meanwhile, Germany is shifting away from simgiypported
bridges and towards continuous beafiang etal. 2018)

Continuity can also be provided between the spans and the columns. This results in a moment
connection at the spanolumn joints, taking advantage of frame action and thus reducing de-
mands on the foundations. Since the superstructure andro@uare monolithic, there are no
bearings, eliminating the risk of unseated spans during seismic events and the need for bearing
maintenance. On the other hand, this fixity introduces moments caused by creep, shrinkage, and
thermal effects. The constructicof the superstructureolumn joints is also more complicated

with a fixed connection. This type of continuity has been used on some bridges in the Taiwan High
Speed Rail syste(®arsons Brinckerhoff 2009)

1.1.4.3. QROSSSECTIONASHAPE

The most common crosectionalshape for HSR bridges is a box girder, which efficiently provides
the bending and torsional stiffness required to satisfy serviceability criteria. Both-sindldou-
ble-cell box girders have been used, with the shogli facilitating maintenance inspgon more
easily. Other common crosgctional shapes and their benefits and drawbacks are outlined in
Tablel.8. As an alternative to existing HSR srgructure configurations, a series dajfitders with

a small top flange and large bottom flange may also be consid&igdrel.9). This isimilar to

the kgirder inTablel.8, but has optimized the relative flange sizes for flexural stiffness. By doing
so, a smaller section can be used tojide the same stiffness as a larger typiegirtler. As a
result, the girders can be precast in a plant and transported to site without special accommoda-
tions. This section shape would need to be further refined beforenpismented buis a prom-

ising option for accelerated bridge construction of HSR structures.

Cast-in-Place —\

INNGNNcS

Figurel.9. Alternative HSR crosegction

15
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Shape Drawing

Pros

Cons

Box
girder

W=13.60m

Lmax = 43.20 m ‘

-max 468 m

-High flexural and
torsional efficiency
-Often less pre-
stressing costs

-May be visually un-
appealing

U- W=18.40m

= Lmax

31.50m

3.50m

-Built-in noise re-
duction and train
containment

-Track level is at a
lower elevation,
meaning that em-
bankments can be
smaller

-Lower track profile
also shortens the
moment arm for
horizontal loads, re-
sulting in smaller
moments in the sub
structure

-May require more
concrete (and thus
selfweight) than
the box girder since
it is less efficien

W =13.60m

I-gird-
ers

Lmax = 46.17 m E ‘

max 4.45 m

-Feasible to precast
girders offsite
-Precasting may al-
low for faster pro-
duction

-Lighter loads for
setting girders (may
be beneficial where
crane access is lim-

ited)

-Need separate dec
placement and con-
nection after girders
are set

1.1.4.4. SSANDEPTHRATIO

A study was performed to examine the typical spapth ratio required in order to satisfy the
CAHSR static serviceability criteria. A typical HSR prestressed concrete box girder section was as-
sumed as a starting point. Then, the web heightefsection was increased until static deflection

and rotation criteria were satisfied for a given span. Natural frequency limits are also checked.
This simple procedure was repeated for multiple span lengths arginfipty supportedfixed

fixed, and 3+ aatinuous spans. The CAHSR criteria do not distinguish between support conditions,
so the criteria remained the same across the different boundary cases. The results of the study
are summarized iRigurel.10, which shows the results derived from static deflection and rotation
criteria.

16
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L/h for varying spans

30

== fixed-fixed

25 | =%=continuous X

simply supported X
__—x-—-X/

20 e
x—

0 50 100 150 200 250 300 350
Span (ft)

Figurel.10. Required spadepth ratios based on CAHSR Design Criteria

The CAHSR limits lead to girders with a low sjepth ratio relative to that of highway bridges
(e.q9.,00Q p tfor shortsimply supportedpans). For spans under 200 ft., the deflection limit

was the controlling criterion; for spans greater than 200 ft., end rotation controlled. Natural fre-
guency limits did not control for arsymply supportedpans, although they led to L/h ratios that

were quite close to those dependent on deflection. For the-fixed and continuous spans, all
configurations had fundamental frequencies that exceeded the upper limit; this indicates that
further analysis is needed to determine whether the fundamentalf&eqy is acceptable or not.

¢CKS LINBOAAS NBlFazy F2N) GKS dzZLJISNI f AYAOG Aa |fa
bound is to limit traiftrack dynamic responses due to track irregulariti@diou et al. 2012)

While this study was performed using a generic box girder section and CAHSR limits, most existing
HSR concrete girder bridges have sgdapth ratios similar to those iRigurel.10. This demon-

strates that the stringent track serviceability criteria are a significant driver for the-seas®nal

depth of HSR bridges.

1.1.4.5. GONSTRUCTIOMETHODS

Construction methods can also influence the superstructure selqutomess, and vice versa.
Many HSR bridges are castplace (CIP), though segmental precasting andsfudin precasting

have been implemented as well. Existing HSR bridge construction methods are similar to highway
bridge construction methods but occur aharger scale. They include full staging with falsework,
using a movable scaffolding system (MSS), cantilever construction, incremental launching, and
rotation constructionDong Kang and Suh 2003; Sobrino 2008; Yan et al. 2015)

17
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Precasting of HSR bridges can lead to significant time savings, better quality control, and possible
cost savings depending on the scapeavork. In spite of the bulky superstructurés| spanpre-

casting of HSR bridges has been utilized in Italy, Taiwan, and Korea. Most commonly, precast
facilities are located near the bridge site(s) and are specifically designated for HSR bridge con-
struction. The spans are handled using custom equipment. For example, portal cranes are used to
move the spans around the precast facility; special tire trolleys then transport the spans to site;
and finally, a seffaunching gantry positions and erects thespRosignoli 2016; Tai et al. 2010)

In Taiwan, spans can also be transported from the storage yard to site either directly with portal
cranes (bypassing the need for a transport trolley), or with a transportation tréi&yhas built

in hoisting equipment (so no portal crane is required). An example of a transportation trolley with
lifting capability is shown iRigurel.11.

Figurel.11. Transporter with hoisting equipment used in TaiWaai et al. 2010)

Due to the specialized equipment and potential need for new casting facilities,-fhentigosts

for precast are generally higher than for CIP structurdesvever, the time and material savings
(due to less material wastage and tighter quality control) are significant and can offset the initial
costs for larger scopes of work. In Korea, contractors estimate that on a bridge over 3 km (1.96
mi) long, cost sangs of 2880% can be achievéBong Kang and Suh 2003herefore, precast-

ing should be considered for longer HSR bridges or where an expedited schedule is necessary.

1.1.4.6. GONCLUDINB®EMARKS

The superstructure seleati process was outlined in thésction Material selection, span articu-

lation, crosssectional shape including spaepth ratio, and construction methods were dis-
cussed. Existing bridges demonstrate that a wide variety of superstructure types and ¢mmstruc
methods can be used for HSR bridges; however, the most commonly used superstructure and con-
struction method is aimply supportedCIP, postensioned concrete box girder.
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The substructure systems including piles, shafts, columns and column tops, pile tops are often
built using Castn-Place concrete method$he foundations that support the bridge colums can

be classified into shallow and deep foundations. Considermagge ofsoil and rock properties

can be encountered alortge HSR lines to be construcietifferent foundation types need to be
considered to meet the strength/stability requirements and the cost effectivehresase the in

situ soil and rock conditiongeacompetent, shallow foundations such as spread footings or mat
foundations can badopted otherwise deep foundations such as drilled shafts and driven piles
need to be consideredh areas of increasingly minimal sodgher Castin DrilledHole (CIDHor
CastIn-SteeiShell (CISS) pilean be usedstretching down into capable material. Theder
reamed columns with various cross sections may be created using, e.g., belling tool with
retractable wings.

The foundation design should meet all necesparformance requirements as defined in AASHTO
LRFD Bridge Design Specifications such as lateral earth pressure, excessive deformation, stability
issue, uplift pressure for all limit states given the field condition. 3w gotential also need to

be congleredwherever applicable, e.quear the water crossingd he type of foundation and the

impact of foundation installation on existing facilities and neighboring foundations also needs to

be taken into accounfGingery et al. 2011)'he load and resistance factor design (LRFD) based

on the prdoability of failure or reliability is currently adopted in the California HSR construction
project. In LRFD, the likelihood of a load exceeding the capacity of the foundation is considered
during the entire life span, and the method considers the followireg limit states for founda-

tion design:

A Serviceability Limit State Evaluation of performancthat adversely affect the stability and
displacement of the structure under normal service loads.

A Strength Limit State Evaluation of limit states associatedth the strength under various
loading conditions.

A Extreme Event Limit StateEvaluation of strength and stability under extreme loading condi-
tions caused by extreme events such as earthquakes.

1.2.1. FOUNDATIONS
1.2.1.1. SHALLOWFOUNDATION

While the shallowioundationsuch as spread footings mat foundationmay not be the primary

choice foithe bridgefoundation it can be adopted in case-gitu soil or rock properties are com-
petent at a shallow depth or those competent properties can be obtained at a shallow depth after
ground improvement. However, shallow foundations are not ideal for soils that are potentially
unstable, e.g.expansiveliquefiable etc The Federal Highway Administration (FHWA) developed

a Geotechnical Engineering Circulars (GEC) for analysis and design procedures for highway
bridges supported on the shallow foundatiiimmerling 2002)AASHTCLRFD Bridge Design
Specifications (BD&an be also referenced as the guidance wathionalamendmentdased on

the geotechnical properties obtained with field investigations.
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1.2.1.2. DEEFFOUNDATION

Driven piles and drilled shafts are the two most widely used deep foundation Gakdsrnia
High-Speed Rail Authority Construction Paclagdecussthe requirements for some deep
foundation types includingicropiles as well adrilled shaftanddrivenpile. (SeeBook IlI, Part A.

1 - Design Criteria Manudly California Higkspea RailAuthority (2015). The design ofleep
foundations should be based on the projspecific datan the geotechnical reportsbtained

with the field investigations I YR y 2 LINBadzYLiA @S Olintedesidnal & K 2 dzf F
building codgIBC)presumptive allowable bearing pressures that defines the allowable bearing
stresses depending on soil/rock classificationernational Code Council 2015he detsion of

deep foundation can be made per many factors. For example, if there are existing obstacles to
perform pile driving, e.g., thidoulder layer, low headroom due to existing bridges and facilities,
noise/vibration sensitive environment, drilled shafts may be more feasible. Also, if a single shaft
can be used per column, it can be mecenomicathan using a pile group with a pilag. On the
otherhand, piledrivingcan be cost effective if some number of drilled shafts need to be installed
per columnFor example, in Taiwan, drilled shafts, also called as bored piles in the country, have
been preferred to driven piles due to comcef vibration and noise to nearby buildings and facil-
ities, considering Taiwan is one of the most densely populated country. With the reverse circula-
tion method introduced in 1960s, the drilled shaft construction became a popular deep founda-
tion. The revese circulation drilling uses a dual wall drill where the inner tube is ussshtnu-
ouslydischarge the drilled cuttings into thexternalcollector systemand therefore provides a

high penetration rate With the fulllength casing method introduced ¥990s in Taiwan, the
drilled shaft installation became more efficient in case gravelly soil and bed layers exist, and there-
fore, around 30,000 piles were installed along the 34%kmaiwan High Speed Rail (THIBR)s

(Chin and Chen 20Q7ablel.9 shows the factor of safety adopted in the THSR foundation design.

A large span bridge imposes a higher load on each column and in turn the founétatiwhich

a higher capacity deep foundation may need to be considered, e.g., barrette, caissdmeetc.
barrette foundation is different in the sense that a diaphragm welchine is used for installation

and various cross sections can be constructed, e.g., rectangle, crucitshapél etc.

Tablel.9. Factor of safety used in the THSR foundation d€€ilgim and Chen 2007)

Safety Factor

Normal Load | Exceptional Load | Ultimate Load
End Bearing Capacity 3.0 20 1.25
Skin Friction 2.0 1.5 1.25
Pullout Resistance No tension 2.5 1.5

forces are
permitted on
piles.

General rules for the construction shall be adéd toto achieve the high quality of the con-
structed foundationsFor example, thbottom cleanliness alrilled shaft should behecked such
that a minimum of 50% dhe bot2 ¥ 2F GKS &KI Fd &aKz2dzZ R KI @S f
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time of concrete placement, and a maximum depth of sediments at any place of the bottom
dK2dzZ R y2i¢ SEOSEROMWDPESL 2F 4G SStinclde pekmadentd K 2 dzt
steel casig method is used for the drilled shaft constructiorwith the geotechnicaleport, the
groundwater properties should be included so thatrosion susceptiblitgan be determined

ahead.If the shafts are to be placed in an aggressively corrosive aenvéawots support fromthe

steel casing should not Expected in a longerm. Atleastc ¢ 2 FFaSi aKz2dzZ R 0SS O
topofi KS &KFTFO AF GKS RNAf f SRFudhrldaadils c&nlbafound irRA I Y S
Standard Specification on Deil Concrete Piers and Shaftsie micropiles can be designed per

1 {1 ¢h [wC5 .5{ GAGK [/ FTEtAF2NYyAl ! YSYRYSyidasz !
(Tom Armour et al. 2000)

1.2.1.3. MICROPILEOUNDATION

Micropile has been used for foundation retrofit. A literature shows on a miciiopsed founda-

tion seismic retrofit of the Boeing field control tower in Seattle, WashinfRanmantier et al.

2004) The original construction built in the 1960asfounded on timber piles of unknown length

and soil borings performed indicated liquefiable soils in the depths of approximately 35 feet. The
foundation retrofit included the use of drilled shafts adjacent to the tower, which was tied to new
structural seel bracing which was added to increase the tower to overturning during design
earthquake loading. The drilled shafts were placed outside the existing pile cap and consisted of
dimensions 4 in diameter and 45 ft in depth. The pile configuration invalaeidg groups of four

drilled shafts on the east and west side of the foundation.

Another case study demonstrated the use of micramileed foundation groups in San Francisco

bay area(Momenzadeh etal. 2018) ¢ KS F2dzy RF A2y NBUNRBTFAG O2yaa
pile groups through an existing foundation pile cap at 5 existing bents. The micropiles were on
F220 AY RAFYSGSNI FyR O2yaradaidSR 2F KAIK @ASER
f Sya3gK 2F GKS LAES YR I & pkyé RAFYSGSNI KAIK
mately the top of the bonded length of the pile. The micropikr®when subsequently load tested

to confirm design assumptions. The piles performed well and reached close to the design limit of

0.5 inch in compression. Load testing also confirmed that under cyclic loading, the displacement
shall not exceed the tensialead load, or the risk of pile failure is imminent.

There are two different design mechanisms contributed by micropiles when used as foundation
supporting elements, which are (a) Direct structural support (Case 1 micropiles) and (b) Soil rein-
forcement (Cse 2 micropiles). Case 1 micropiles are commonly referred to the case where verti-
cally installed micropiles are directly supporting the foundation load. On the other hand, Case 2
micropiles are typically a network of reticulated elements working as a caitepalesoil foun-

dation by encompassing and reinforcing the internal(§&bl and Muhunthan 2010)n the other

hand, (c) a third type of mechanism (hereafter, referred as Casea@)bedevelopedi 2 WaA Iy A T
OlyititeQ SyKFEyOS 2@0SNIftf aSAAaYAO LISNF2NXIyOS 2
NEFfAT SR o0& dziAfAT Ay3d GKS RFEYLISNER AyadlffSR o
ONBLIAES Aafl yRAQ®D ¢h& midropik Soainkladiohs with grefarigaieddapsls R 0 &
used for transmission towers against high wi@imerican Galvanizers Association 2012 tle
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prefabricated cap is used along with the rapid micropile installation, the construction is fast. Fur-
thermore, the seismic retrofit can be easier for the bridge foundations in locations with limited
accessUse of micropiles in seismic areas has many r@idwges as the system provides great
ductility and flexibilityCase 3 mechanism may be combined with the other types of design mech-
anism (i.e., Case 1 or 2) to increase the resistance against the increased load due to HSR.
Researchers have reported thateusf micropiles have many beneffts bridge constructions
(Herbst 1994; Mason 1993; Pearlman et al. 19%3yure 1.12 shows an example of using
mircopiles to enhance the performance of bridge foundation, in which a group of 4 micropiles
with a diameter of 0.25 meters was used to enahnce the foundation of 6 piles. A23L9)

showed the overall improved foundation performance with the battered pile fixed to the cap.

Superstructure [~
Msi=350 7 - | || 05m
- -_--_-_-—-
4m
Cap 1m
7% HE x 05m
Micropiles 7'7‘—_ L 1 10m
Piles
1.5m $=375D=3m
A
Dp=80cm  €— y
Dm=0,25 m €—
@ © @°
5 X
0@ ©® @7

"

¢ 3m! Sm

Seismic Loading

Figurel.12. Bridge foundation reinforcement using micropil@fach 2019)

1.2.2. DRAINAGE

Bridge drainage path can be designed by sloping the deck and the girders in the superstructure,
from which the water igatheredand passed on to a funnel cast into the concrete substructure
and thenpier columns and abutment walls to the foundations. However, it is important that the
drain pipes do not go through the potential platic hinge ar€astherdetails can be found irhe
Drainage chapter in California Higpeed Rail Authorit@onstruction Package 4.
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1.2.3. GEOTECHNICREMAND
1.2.3.1. UPLIFT ANDOWNDRAG-ORCES

No net uplift force shall be acceptable for shallow foundations under any load combinations. On
the other hand, no net uptiforce is expected for deep foundation piles and radtumn bents

under service load combinations, while the net uplift is allowable for ultimate limit states and
extreme load conditions. In case the Maximum Considered Earthquake (MCE) counteradts 50% o
the dead load action, holdown gadgets should be implemented to lower it to less than 10%,
where the the dead load refers to the dead load of structural andstictural components as

well as the permanent attachementBotential downdrag on the dedpundations also should

be taken into account. The CA HSR authority requires to document the required negative skin
friction in the geotechnical report. Furthdetails can be found in the Geotechnical chapter in
California HigSpeed Rail Authority ConsttionPackage 4California Higkspeed Rail Authority
2015)or AASHTO LRFD BDS with California Amemid Article 3.11.8.

1.2.3.2. GROUNOMOTIONS

Both Maximum Considered Earthquake (MCE)@pedrating Basi&arthquake(OBE) should be
considered in the design against seismic excitatiBes CA HSR Construction Package 4, MCE is
RSFTAYSR a4 G3aINBdzyR Y20A2ya &hENIOEReatluia yasel ypan (2 3
a 10% probability of exceedance in 100 years (i.e., a return period of 950 years); and (2) a
deterministic spectrum based upon the largest median response resulting from the maximum
rupture (corresponding to Mmax) of any fadlty GG KS @GAOAYyAGe 2F GKS ad N
4 aDNRBdzyR Y2(A2ya O2NNBalLRyRAYy3I (G2 | LINBOlOA
SEOSSRIYOS Ay wmnn &SI NBE oFigud.e85holsa deBgih dpdfa LIS NA 2
for elevated structures adotped in CP4.

15% Design MCE Spectra for Elevated Structures
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Figurel.13. Design Spectrum @fP4(California Higkspeed Rail Authority 2015)
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1.2.3.3. EARTHPRESSURES

Vertical and lateral earth pressuredong with other soil parameters should be determined to
design the substructure elementsoading from neighboring buildings or facilities shall be also
considered for the estimatiomhemaximum depth should be considered to estimate the vertical
earth pressure including ground surface, roadway crown, etc. To be on the conservative side,
100% of saturation ratio should be considered when estimating the soil unit weight.

The lateral static earth pressure shall be typically calculated for cantilevenirgavalls which

have the base and a free end that is not restrained against any lateral pressure. This deformation

2F (GKS FTNBS SyR akKz2dzZ R y2i SEOSSR nonnnl 6KSN
the base to the topThe limit states neetb be computed based on the active and passive failures.

While the aforementioned type of retaining wall is called as a yielding walligidewallis a type

restricted at the top to control the deflection associated with the active pressure fallee.
permanent laterakearth pressure fothe wallscan be estimated assuming equal fluid pressures

at-rest and the MohCoulomb yield criterion.
1.2.3.4. GROUNDSETTLEMENT

Groundsettlementincludes elastic and plastic settlement including soil consolidation seddny
sustained loading and/or the temporal trairack interactionsThe settlement is measured from

the top of foundation, and thlerablesettlements need to meet the requirememsaccordance

with AASHTO LRFD Bridge Design Specificailethere is no specific settlement requirement

for MCE eventsettlement limits under OBE loads are specified as shoWalel.10wherethe
allowable settlement for foundationss limited such that itshould not exceed the sum of
estimated settlements under the service 1 and OBE loads which inphsidisjuefaction down

drag, etc The naximum horizontal drift between the top and bottom of a deep foundation is
GeLIAOCItte fAYAGSR (2 f((Cidgarydld# ROL1FmiderdscussidmgrR S NJ h .
the settlement requirement maye found Section 12.8.6.18 in the Geotechnical chapter in CA HSR
Authority Constructiondtkage4 (California Higkspeed Rail Authority 2015)

Tablel.10. Settlement limits for the combined service 1 and OBE (Gidgery et al. 2011)
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