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NOMENCLATURE 

ABC Accelerated Bridge Construction 
BART Bay Area Rapid Transit 
BDS Bridge Design Specifications 
BNSF Burlington Northern Santa Fe 
CAHSR California High-Speed Rail Authority 
CHSTP California High-Speed Train Project 
CIDH Cast-In Drilled-Hole 
CIP Cast-In Place 
CISS Cast-in Steel-Shell 
CP Construction Package 
CRB California Rail Builders 
CRTS China Railway Track Network 
CSDC Caltrans Seismic Design Criteria 
CWR Continuous Welded Rail 
FRA Federal Railroad Administration  
HDPE 
MLTRP 
FYP 
PDL 
CWR 
IRCT 
CRTS 
CWR 
CRH 
CFST 
SCC 
SR 
DOT 

High Density Polyethylene 
Medium- To Long-Term Railway Plan 
Five-Year Railway Planning Plans 
Passenger Dedicated Line 
Continuous Welded Rail 
Institute Of Railway Comprehensive Technology Of Japan 
China Railway Track System  
Continuous Welded Rail 
China Railway High-Speed 
Concrete Filled Steel Tubes 
Self-Compacting Concrete 
State Route 
Department Of Transportation 

HSLM High Speed Load Model 
HSR High-Speed Rail 
HST High-Speed Train 
LRFD Load and Resistance Factor Design 
MCE Maximum Considered Earthquake 
MSS Movable Scaffolding System 
OBE Operating Basis Earthquake 
PDL Passenger Dedicated Lines 
TCR Texas Central Railway  
THSR Taiwan High Speed Rail  
UIC International Union of Railways 
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1. HSR BRIDGE DESIGN SPECIFICATIONS AND SELECTION METHODS 

High-speed railway (HSR) provides a fast and robust travel choice that enhances transport of 
people and goods, which may act as the national economy's main artery. Compared to 
conventional railways, HSR has more stringent structural and geotechnical requirements to 
minimize deformations and avoid excessive vibrations. Bridges are a key component of the HSR 
infrastructure because it can avoid the interruption of existing roadways and the occupation of 
land. Several foreign countries including Japan and China have developed a standard design for 
the HSR infrastructure which stands as a great design reference for future projects within the 
United States. There is a wide range of HSR superstructure types around the world from 30 m box 
girder bridges to over 1000 m suspension bridges. Early designs used simply-supported, deep, 
post-tensioned concrete box girders (Kang et al. 2018), but since then many other types have 
emerged (Yan et al. 2015). Table 1.1 provides a partial list of different bridge types for reference, 
sorted by the length of span. 

Table 1.1 Partial list of international HSR bridges 

Name City/Locality Country Year Main Span 
(m) 

Materials Type 

WuFengShan Bridge  Zhenjiang China 2020 1092 multiple Suspension 

TianXingZhou Bridge Wuhan China 2009 504 multiple Cable Stay 

Almonte Viaduct Alcantara Spain 2016 384 Concrete Arch 

DaShengGuan Bridge Nanjing China 2010 336 Steel Arch 

Sannai-Maruyama 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 

Meuse Viaduct Lacroix-sur-
Meuse 

France 2005 52 Composite Haunched 
twin girders 

Archidona Viaduct Archidona Spain 2012 50 Composite Haunched 
twin girders 
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 SUPERSTRUCTURE SYSTEMS  

1.1.1. INTRODUCTION 

High-speed railway bridges are subject to complex vehicle loading 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 deformations ς and thus, struc-
tural deformations ς must be kept to a minimum to limit excess acceleration and ensure passen-
ger comfort. Additionally, vibrations and resonance are of concern. 

This section provides a review of selected HSR design criteria from California, China, and Europe. 
These include the California 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 776-1R and 776-2R, while the California and Chinese cri-
teria reference the UIC Leaflets as a guide, but do not follow UIC in some cases (Muncke 2008). 
Because the static and dynamic service load cases tend to govern the superstructure selection, 
special emphasis will be placed on service limits and the corresponding loads. Load cases and 
serviceability limits ς including vertical deflection, rotation, acceleration, and natural frequency 
bounds ς are discussed. The most common superstructure type for HSR is a simply supported pre-
stressed concrete beam. Some features of simply supported beam bridges from six countries are 
listed in Table 1.2.  

Table 1.2 Features of simply-supported HSR bridges from six countries (Yan et al. 2015) 

Country Typical Cross-Sections 
(L: at mid-span; R: at ends) 

Standard 
Span(s) 

Typical Pier and Foundation Construction 
Method(s) 

Japan 

 
T-girder, box girder 

24.2, 29.2, 
34.2, 39.2, 
and 44.2 
m 

Rectangular or circular pier 
Pile group or spread footing 

Precast 
Cantilever 
Cast-in-place 

China 

 
Box girder (2 types) 

32 m 

 
Round-ended pier with pile 
group 

Precast 
Cantilever 
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France 

 
Box girder 

Җ нр Ƴ Rectangular or circular pier 
Pile group or spread footing 

Precast 
Cantilever 
Cast-in-place 

Italy 

  

 
Box girder 

24, 33.6, 
43.2, and 
55.0 m 

Rectangular pier 
Single pile 

Cantilever 
Cast-in-place 
Launching 

Germany 

 
Box girder 

25, 44, 
and 58 m 

Rectangular pier  
Single pile or pile group 

Cast-in-place 
Launching 

Spain 

 

 
I-girder or box girder 

26.6 m Rectangular pier 
Single pile or pile group 

Cantilever 

 

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). The live loads are 
also greater since railway vehicles, particularly the locomotives, are much heavier than typical 
highway vehicles. Additionally, horizontal forces imposed by trains ς including acceleration, brak-
ing and centrifugal forces ς are much larger than those from roadway vehicles. For example, brak-
ing forces can be up to 14 times greater in railway bridges than in highway bridges (Marx and 
Schlaich 2009), and centrifugal loads from trains can be 3-15 times those induced by highway 
traffic (Sobrino 2008)Φ CǳǊǘƘŜǊƳƻǊŜΣ άƴƻǎƛƴƎέ ŀƴŘ άƘǳƴǘƛƴƎέ ŦƻǊŎŜǎ όƭŀǘŜǊŀƭ ŦƻǊŎŜǎ ǘƘŀǘ ŀǊƛǎŜ ŦǊƻƳ 
random imperfections 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 earthquakes: An Operating Basis Earthquake (OBE) with a 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 Manual for Railway 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 considered, with return periods of 50 years, 475 years, and 2475 years (labeled as 
the low, design, and high-level earthquakes, respectively). 

While the aforementioned loads are to be considered in many analysis cases, the typical loads 
that control the superstructure 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, which are applied in 
different permutations (e.g., one train on the bridge, two trains, etc.) in several analyses (e.g., 
static and dynamic track serviceability analysis, rail-structure interaction analysis, etc.). Some ex-
amples of service and maintenance train loads will be outlined here. 

1.1.2.1. HIGH-SPEED TRAINS 

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 in Figure 1.1. 

 

Figure 1.1. California Type 1 trainset (California High-Speed Rail Authority 2019) 

Eurocode design specifications require that either the actual trains or the UIC High Speed Load 
Model (HSLM) are used for dynamic analyses. Because the high-speed 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 loads, but they differ in magnitude and 
spacing: 

¶ HSLM-A consists of 10 trains. Analyses that require HSLM-A will 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. 

¶ HSLM-B is a series of equally spaced point loads, where the number of loads and their spacing 

is dependent on bridge span length. 

Depending on the bridge configuration, HSLM-A or HSLM-B will be specified. Usually, only one 
track is loaded with a single train per case. For more information, see UIC 776-2R Section A.4.1. 



 

8 

 

ABC-UTC | RESEARCH GUIDE 

1.1.2.2. MAINTENANCE AND CONVENTIONAL TRAINS 

While the high-speed trains are more representative of actual service loads, many of the static 
serviceability limits are based off of maintenance or conventional rail trains. A sampling of trains 
is outlined here. 

The CAHSR Design Criteria frequently use the Modified Cooper E-50 load shown in Figure 1.2. This 
is representative of a maintenance train for high-speed rail lines. 

 

Figure 1.2. Modified Cooper E-50 load (California High-Speed Rail Authority 2019) 

Eurocode references the UIC71 load shown in Figure 1.3. This load model is commonly used as a 
service train in conventional rail bridge design, but it is also used in high-speed rail design.  It is 
similar in magnitude and distribution to the Modified Cooper E-50 loading. 

 

Figure 1.3. UIC Load Model 71 (UIC71) (International Union of Railways 2006) 

The Chinese specification uses the Chinese ZK load (which is 80% of the UIC71 load) for typical 
high-speed rail bridges (Figure 1.4). 

 

Figure 1.4. Chinese ZK load (Zhou et al. 2012) 
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1.1.3. SERVICEABILITY LIMITS 

The serviceability limit states for high-speed rail address the same response quantities as do the 
limits specified 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. VERTICAL DEFLECTION LIMITS 

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-
ests of simplicity, with an amplification factor to account approximately 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 code provides 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 type (simply supported or continuous). A summary of require-
ments from a few design standards is provided in Table 1.3. All limits reported in the table are for 
the highest design speeds designated. 

Table 1.3. Load cases and limits for static vertical deflection 

Design Standard Load Case ῳȾὒ limit (ranges based on span) 

Eurocode/UIC Single track loaded 
UIC Load Model 71 with dynamic im-
pact factor 
 

1/2650-1/1500 (3+ simply sup-
ported spans) 
For continuous beams, adjust the 
limit with factors 

China Two tracks loaded 
ZK design live load (80% of UIC71 
load) on each track 
No dynamic impact considered 

1/1600-1/1500 (3+ simply sup-
ported spans) 
For continuous beams or single-
track bridges, adjust the limit with 
factors 

CAHSR Check both 1 and 2 tracks loaded (2-
track case usually controls) 
Modified Cooper E-50 maintenance 
train load with dynamic impact  

Single track: 1/3500-1/2200 
Double track: 1/2400-1/1100 
(All types of spans) 

 

A visual comparison of the different deflection limits vs. span length is shown in Figure 1.5. Note 
that here, they are expressed 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 spans under 200 ft, which are 
the most common span lengths used. 
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Figure 1.5. Comparison of vertical deflection limits vs. span length  

1.1.3.2. ROTATION LIMITS 

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 fasteners. The 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 cases (California High-Speed Rail Authority 2019). 
These rotation limits are applied to the same load cases as the deflection limits. The Chinese code 
limits rotation at the beam end depending on track type, location of beam end, and beam end 
overhang length (see Figure 1.6 and Table 1.4). The units are expressed in milli-radians, and ὒ is 
the beam end overhang length. 

 

Figure 1.6. Sketch showing the rotation angle to be limited (He et al. 2017) 

Table 1.4. Rotation limiting values for Chinese HSR bridges, where Le is the beam end overhang length. 

Track type Location Limiting value (rad) 

Ballasted 
At abutment — ςȢπ ϸ  

At pier — — τȢπ ϸ  

Ballastless 
At abutment 

— ρȢυ ϸȟ                      ὒ πȢυυ ά
— ρȢπ ϸȟ   πȢυυ ά ὒ πȢχυ ά

 

At pier 
— ρȢυ ϸȟ                      ὒ πȢυυ ά
— ρȢπ ϸȟ   πȢυυ ά ὒ πȢχυ ά

 

The CAHSR code has similar rotation limits, which are outlined in Table 1.5. There is no distinction 
between track type or location. 
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Table 1.5. Rotation limiting values from CAHSR Design Criteria 

Load Case — (rad) 

1 track loaded 1.2 Ǐ 

2 tracks loaded 1.7 Ǐ 

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 Section 1.1.4.4. 

 

1.1.3.3. VERTICAL ACCELERATION LIMITS 

The acceleration limit is one of the common criteria that controls bridge design. It exists to ensure 
track alignment, track stability, and passenger comfort (Andersson and Karoumi 2015). The mod-
eling of the dynamic effects of the train, bridge, and possible ballast to analyze deck acceleration 
can be complex and varies depending on the design standard, and it will not be discussed here. 
Analysis results are then compared with the general acceleration limits summarized in Table 1.6. 

Table 1.6. Load cases and limits for vertical acceleration 

Design Standard Load Case Acceleration Limit 

Eurocode/UIC Single track loaded 
UIC High Speed Load Model (HSLM) or 
actual service train 

Ballasted: 0.35 g 
Non-ballasted: 0.5 g 

China Single track loaded 
Actual service train 

Ballasted: 0.35 g 
Non-ballasted: 0.5 g 

CAHSR Single track loaded 
Actual service train  

0.5 g 

 

1.1.3.4. VERTICAL NATURAL FREQUENCY BOUNDS 

Natural frequency also needs 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 train-structure dynamic analysis is required. The 
natural frequency limits for UIC and CAHSR are the same, which include an upper and lower 
bound. The lower limit is: 

ὲ

ψπ

ὒ
ȟὒ ςπ ά

ςσȢυψὒ Ȣ ȟςπ ὒ ωφ ά

 

And the upper limit is: 

ὲ ωτȢχφὒ Ȣ  

where the frequency, ὲ, is in Hz and the span, L, is in meters. 
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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 well (Zhou et al. 2012). Chinese engineers deemed the UIC lower bound 
not strict enough to prevent excessive vibration or resonance due to high-speed trains. Chinese 
studies also concluded that an upper limit is not necessary since tight construction tolerances 
would mitigate potential issues due to higher fundamental frequencies (Zhou et al. 2012). The 
Chinese lower frequency limits for common spans are listed in Table 1.7. 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. 

Table 1.7. Chinese lower bound frequency limits for common spans 

Span Length, m (ft)  
Design Speed, km/h (mph)  

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 shown in Figure 1.7. 
The actual natural frequency of an example simply supported prestressed concrete HSR bridge is 
plotted alongside these limits. This natural frequency was calculated using the following equa-
tion: 

ὲ
“

ςὒ

Ὁὶ

”
 

Where: 

ὲ  natural frequency 

ὒ  span 

ὶ  radius of gyration 

Ὁ  modulus of elasticity 

”  mass density 

This can also be expressed as: 

ὲ
“

ς

ὶ

Ὤ

Ὁ

”

ρ

ὒ

Ὤ

ὒ
 

Where Ὤ  cross-section depth.  
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This arrangement of terms isolates key parameters into three groups. Assuming common material 
properties for a simply supported prestressed concrete HSR girder, the first group remains nearly 
constant. If the natural frequency limits are limited to a multiple of ρȾὒ, as done in the Chinese 
code, then the second group is constant as well. Therefore, the maximum ὒȾὬ ratio is fixed, and 
hence, the example bridge and China lower natural frequency limits follow the same curve in Fig-
ure 1.7. 

 

Figure 1.7Φ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǾŜǊǘƛŎŀƭ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅ ƭƛƳƛǘǎ ŦǊƻƳ ¦L/ ŀƴŘ /ƘƛƴŜǎŜ ŎƻŘŜΦ ¢ƘŜ άŜȄŀƳǇƭŜ 
ōǊƛŘƎŜέ ŎǳǊǾŜ ǎƘƻǿǎ ǘƘŜ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅ ƻŦ ŀ simply supported HSR bridge with typical cross-section and 
material properties. 

 

1.1.4. SUPERSTRUCTURE SELECTION 

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 cross-section helps satisfy serviceability 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. 



 

14 

 

ABC-UTC | RESEARCH GUIDE 

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 commonly control super-
structure selection for short- to 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 generally cheaper and require less frequent maintenance than steel bridges. Construc-
tion procedures for concrete HSR bridges are well-known, and engineering knowledge has been 
thoroughly developed (Manterola 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 purposes, where prefabrication of members eliminates the need for formwork or shoring 
(Minami and Shimizu 2011). However, the lighter weight of steel structures leads to higher 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 areas. Existing composite HSR superstructures include steel box girders with a concrete deck 
(Zhou et al. 2012), composite trough made of steel webs and a concrete lower chord (Kang et al. 
2018) as shown in Figure 1.8, or steel box girders with concrete on both the top and bottom 
flanges.  

 

Figure 1.8. The Ingolstadt Rail Bridge, which is a composite trough bridge (Image credit: Janberg (2020)) 

1.1.4.2. SPAN ARTICULATION 

The most common type of HSR superstructure is a simply supported beam. However, continuous 
beams have also become increasingly used in recent years. Continuous spans are stiffer than 
simply-supported spans of equal proportions, meeting both static and dynamic criteria more effi-
ciently (Kang et al. 2018). At the same time, they are more complicated for developing post-ten-
sioning between spans and for analyzing secondary moment effects. Longer spans also require 
rail expansion devices, which impact rider comfort and require additional maintenance. For these 
reasons, some countries prefer shorter simply-supported spans as opposed to longer and fewer 
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continuous spans (Combault 2013). Meanwhile, Germany is shifting away from simply-supported 
bridges and towards continuous beams (Kang et al. 2018). 

Continuity can also be provided between the spans and the columns. This results in a moment 
connection at the span-column joints, taking advantage of frame action and thus reducing de-
mands on the foundations. Since the superstructure and columns are 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 construction of the superstructure-column 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 system (Parsons Brinckerhoff 2009). 

1.1.4.3. CROSS-SECTIONAL SHAPE 

The most common cross-sectional shape for HSR bridges is a box girder, which efficiently provides 
the bending and torsional stiffness required to satisfy serviceability criteria. Both single- and dou-
ble-cell box girders have been used, with the single-cell facilitating maintenance inspection more 
easily. Other common cross-sectional shapes and their benefits and drawbacks are outlined in 
Table 1.8. As an alternative to existing HSR superstructure configurations, a series of I-girders with 
a small top flange and large bottom flange may also be considered (Figure 1.9). This is similar to 
the I-girder in Table 1.8, but has optimized the relative flange sizes for flexural stiffness. By doing 
so, a smaller section can be used to provide the same stiffness as a larger typical I-girder. 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 before it is implemented but is a prom-
ising option for accelerated bridge construction of HSR structures. 

 

 

Figure 1.9. Alternative HSR cross-section 
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Table 1.8. Comparison of girder shapes (Evangelista and Vedova 2009) 

Shape Drawing Pros Cons 

Box 
girder 

 

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

-May be visually un-
appealing 

U-
girder 
or tub 
girder 

 

-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 
self-weight) than 
the box girder since 
it is less efficient 

I-gird-
ers 

 

-Feasible to precast 
girders off-site 
-Precasting may al-
low for faster pro-
duction 
-Lighter loads for 
setting girders (may 
be beneficial where 
crane access is lim-
ited) 

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

1.1.4.4. SPAN-DEPTH RATIO 

A study was performed to examine the typical span-depth 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 height of the section 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 and for simply supported, fixed-
fixed, and 3+ continuous 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 in Figure 1.10, which shows the results derived from static deflection and rotation 
criteria. 
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Figure 1.10. Required span-depth ratios based on CAHSR Design Criteria 

 

The CAHSR limits lead to girders with a low span-depth ratio relative to that of highway bridges 
(e.g., ὒȾὬ ρπ for short simply supported spans). For spans under 200 ft., the deflection limit 
was the controlling criterion; for spans greater than 200 ft., end rotation controlled. Natural fre-
quency limits did not control for any simply supported spans, although they led to L/h ratios that 
were quite close to those dependent on deflection. For the fixed-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 fundamental frequency is acceptable or not.  
¢ƘŜ ǇǊŜŎƛǎŜ ǊŜŀǎƻƴ ŦƻǊ ǘƘŜ ǳǇǇŜǊ ƭƛƳƛǘ ƛǎ ŀƭǎƻ ǳƴŎƭŜŀǊΦ ¢ƘŜ ƻƴƭȅ ŜȄǇƭŀƴŀǘƛƻƴ ŦƻǳƴŘ ǿŀǎ άǘƘŜ ǳǇǇŜǊ 
bound is to limit train-track dynamic responses due to track irregularities" (Zhou et al. 2012). 

While this study was performed using a generic box girder section and CAHSR limits, most existing 
HSR concrete girder bridges have span-depth ratios similar to those in Figure 1.10. This demon-
strates that the stringent track serviceability criteria are a significant driver for the cross-sectional 
depth of HSR bridges. 

1.1.4.5. CONSTRUCTION METHODS 

Construction methods can also influence the superstructure selection process, and vice versa. 
Many HSR bridges are cast-in-place (CIP), though segmental precasting and full-span precasting 
have been implemented as well. Existing HSR bridge construction methods are similar to highway 
bridge construction methods but occur on a larger scale. They include full staging with falsework, 
using a movable scaffolding system (MSS), cantilever construction, incremental launching, and 
rotation construction (Dong Kang and Suh 2003; Sobrino 2008; Yan et al. 2015) 
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Precasting of HSR bridges can lead to significant time savings, better quality control, and possible 
cost savings depending on the scope of work. In spite of the bulky superstructures, full span pre-
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 self-launching gantry positions and erects the span (Rosignoli 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 trolley that has built-
in hoisting equipment (so no portal crane is required). An example of a transportation trolley with 
lifting capability is shown in Figure 1.11. 

 

Figure 1.11. Transporter with hoisting equipment used in Taiwan (Tai et al. 2010) 

Due to the specialized equipment and potential need for new casting facilities, the up-front costs 
for precast are generally higher than for CIP structures. However, 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 savings of 20-30% can be achieved (Dong Kang and Suh 2003). Therefore, precast-
ing should be considered for longer HSR bridges or where an expedited schedule is necessary. 

1.1.4.6. CONCLUDING REMARKS 

The superstructure selection process was outlined in this section. Material selection, span articu-
lation, cross-sectional shape including span-depth ratio, and construction methods were dis-
cussed. Existing bridges demonstrate that a wide variety of superstructure types and construction 
methods can be used for HSR bridges; however, the most commonly used superstructure and con-
struction method is a simply supported, CIP, post-tensioned concrete box girder.   
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 SUBSTRUCTURE SYSTEMS  

The substructure systems including piles, shafts, columns and column tops, pile tops are often 
built using Cast-In-Place concrete methods. The foundations that support the bridge colums can 
be classified into shallow and deep foundations. Considering a range of soil and rock properties 
can be encountered along the HSR lines to be constructed, different foundation types need to be 
considered to meet the strength/stability requirements and the cost effectiveness. In case the in-
situ soil and rock conditions are competent, shallow foundations such as spread footings or mat 
foundations can be adopted, otherwise deep foundations such as drilled shafts and driven piles 
need to be considered. In areas of increasingly minimal soils, either Cast-In Drilled-Hole (CIDH) or 
Cast-In-Steel-Shell (CISS) piles can be used stretching down into capable material. The under 
reamed columns with various cross sections may be created using, e.g., belling tool with 
retractable wings.  

The foundation design should meet all necessary performance 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. The scour potential also need to 
be considered wherever applicable, e.g., near the water crossings. The type of foundation and the 
impact of foundation installation on existing facilities and neighboring foundations also needs to 
be taken into account (Gingery et al. 2011). The load and resistance factor design (LRFD) based 
on the probability 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 following three limit states for founda-
tion design: 

Á Serviceability Limit State ς Evaluation of performance that adversely affect the stability and 
displacement of the structure under normal service loads. 

Á Strength Limit State ς Evaluation of limit states associated with the strength under various 
loading conditions. 

Á Extreme Event Limit State ς Evaluation of strength and stability under extreme loading condi-
tions caused by extreme events such as earthquakes. 

1.2.1. FOUNDATIONS 

1.2.1.1. SHALLOW FOUNDATION 

While the shallow foundation such as spread footings or mat foundation may not be the primary 
choice for the bridge foundation, it can be adopted in case in-situ 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., expansive, liquefiable, etc. The Federal Highway Administration (FHWA) developed 
a Geotechnical Engineering Circulars (GEC) for analysis and design procedures for highway 
bridges supported on the shallow foundation (Kimmerling 2002). AASHTO LRFD Bridge Design 
Specifications (BDS) can be also referenced as the guidance with regional amendments based on 
the geotechnical properties obtained with field investigations. 
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1.2.1.2. DEEP FOUNDATION 

Driven piles and drilled shafts are the two most widely used deep foundation types. California 
High-Speed Rail Authority Construction Packages discuss the requirements for some deep 
foundation types including micropiles as well as drilled shaft and driven pile. (See Book III, Part A. 
1 - Design Criteria Manual by California High-speed Rail Authority (2015)). The design of deep 
foundations should be based on the project-specific data in the geotechnical reports obtained 
with the field investigationsΣ ŀƴŘ ƴƻ ǇǊŜǎǳƳǇǘƛǾŜ ǾŀƭǳŜǎ ǎƘƻǳƭŘƴΩǘ ōŜ ǳǎŜŘ ǎǳŎƘ ŀǎ International 
building code (IBC) presumptive allowable bearing pressures that defines the allowable bearing 
stresses depending on soil/rock classification (International Code Council 2015). The decision of 
deep foundation can be made per many factors. For example, if there are existing obstacles to 
perform pile driving, e.g., thick boulder 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 more economical than using a pile group with a pile cap. On the 
other hand, pile driving can be cost effective if some number of drilled shafts need to be installed 
per column. For example, in Taiwan, drilled shafts, also called as bored piles in the country, have 
been preferred to driven piles due to concern of 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 reverse circulation drilling uses a dual wall drill where the inner tube is used to continu-
ously discharge the drilled cuttings into the external collector system, and therefore provides a 
high penetration rate. With the full-length casing method introduced in 1990s 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 345 km of Taiwan High Speed Rail (THSR) lines 
(Chin and Chen 2007). Table 1.9 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 foundation, for which 
a higher capacity deep foundation may need to be considered, e.g., barrette, caisson, etc. The 
barrette foundation is different in the sense that a diaphragm wall machine is used for installation 
and various cross sections can be constructed, e.g., rectangle, cruciform, H-shape, etc.  

Table 1.9. Factor of safety used in the THSR foundation design (Chin and Chen 2007) 

 

General rules for the construction shall be adhered to to achieve the high quality of the con-
structed foundations. For example, the bottom cleanliness of drilled shaft should be checked such 
that a minimum of 50% of the bottƻƳ ƻŦ ǘƘŜ ǎƘŀŦǘ ǎƘƻǳƭŘ ƘŀǾŜ ƭŜǎǎ ǘƘŀƴ лΦрέ ƻŦ ǎŜŘƛƳŜƴǘ ŀǘ ǘƘŜ 
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time of concrete placement, and a maximum depth of sediments at any place of the bottom 
ǎƘƻǳƭŘ ƴƻǘ ŜȄŎŜŜŘ мΦрέ. ¢ƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǎǘŜŜƭ ŎŀǎƛƴƎ ǎƘƻǳƭŘ ƘŀǾŜ ŀǘ ƭŜŀǎǘ ҁέ in case permanent 
steel casing method is used for the drilled shaft construction. In with the geotechnical report, the 
groundwater properties should be included so that corrosion susceptiblity can be determined 
ahead. If the shafts are to be placed in an aggressively corrosive environments, support from the 
steel casing should not be expected in a long-term. At least сέ ƻŦŦǎŜǘ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǘ ǘƘŜ 
top of ǘƘŜ ǎƘŀŦǘ ƛŦ ǘƘŜ ŘǊƛƭƭŜŘ ǎƘŀŦǘ Ƙŀǎ ŀ ŘƛŀƳŜǘŜǊ ƭŀǊƎŜǊ ǘƘŀƴ рΩ. Further details can be found in 
Standard Specification on Drilled Concrete Piers and Shafts. The micropiles can be designed per 
!!{I¢h [wC5 .5{ ǿƛǘƘ /ŀƭƛŦƻǊƴƛŀ !ƳŜƴŘƳŜƴǘǎΣ !ǊǘƛŎƭŜ млΦфΥ aƛŎǊƻǇƛƭŜǎ ŀƴŘ CI²!π{!πфтπлтл 
(Tom Armour et al. 2000).  

1.2.1.3. MICROPILE FOUNDATION 

Micropile has been used for foundation retrofit. A literature shows on a micropile-based founda-
tion seismic retrofit of the Boeing field control tower in Seattle, Washington (Parmantier et al. 
2004). The original construction built in the 1960s was founded 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 steel 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 involved placing groups of four 
drilled shafts on the east and west side of the foundation. 

Another case study demonstrated the use of micropile-based foundation groups in San Francisco 
bay area (Momenzadeh et al. 2013)Φ ¢ƘŜ ŦƻǳƴŘŀǘƛƻƴ ǊŜǘǊƻŦƛǘ ŎƻƴǎƛǎǘŜŘ ƻŦ ǘƘŜ ǳǎŜ ¢ȅǇŜ ά5έ ƳƛŎǊƻπ
pile groups through an existing foundation pile cap at 5 existing bents. The micropiles were one 
Ŧƻƻǘ ƛƴ ŘƛŀƳŜǘŜǊ ŀƴŘ ŎƻƴǎƛǎǘŜŘ ƻŦ ƘƛƎƘ ȅƛŜƭŘ нΦнрέ ǘǊŜŀǘŜŘ ǎǘŜŜƭ ǊƻŘ ŜȄǘŜƴŘƛƴƎ ƻǾŜǊ ǘƘŜ ŜƴǘƛǊŜ 
ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǇƛƭŜ ŀƴŘ ŀ ф рκуέ ŘƛŀƳŜǘŜǊ ƘƛƎƘ ȅƛŜƭŘ bул ǎǘŜŜƭ ŎŀǎƛƴƎ ŜȄǘŜƴŘƛƴƎ Řƻǿƴ ǘƻ ŀǇǇǊƻȄƛπ
mately the top of the bonded length of the pile. The micropiles were then 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 tension dead 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 (Case 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 composite pile-soil foun-
dation by encompassing and reinforcing the internal soil (Shu and Muhunthan 2010). On the other 
hand, (c) a third type of mechanism (hereafter, referred as Case 3) may be developed ǘƻ ΨǎƛƎƴƛŦƛπ
ŎŀƴǘƭȅΩ ŜƴƘŀƴŎŜ ƻǾŜǊŀƭƭ ǎŜƛǎƳƛŎ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ōǊƛŘƎŜ ƛƴ ƘƛƎƘ ǎŜƛǎƳƛŎ ŀǊŜŀǎΥ ¢ƘŜ ƳŜŎƘŀƴƛǎƳ ƛǎ 
ǊŜŀƭƛȊŜŘ ōȅ ǳǘƛƭƛȊƛƴƎ ǘƘŜ ŘŀƳǇŜǊǎ ƛƴǎǘŀƭƭŜŘ ōŜǘǿŜŜƴ ǘƘŜ ŜȄƛǎǘƛƴƎ ŦƻǳƴŘŀǘƛƻƴ ŀƴŘ ƴŜƛƎƘōƻǊƛƴƎ ΨƳƛπ
ŎǊƻǇƛƭŜ ƛǎƭŀƴŘǎΩΦ ¢Ƙƛǎ ŘŜǎƛƎƴ ǿŀǎ ƛƴǎǇƛǊŜŘ ōȅ the micropile foundations with prefabricated caps 
used for transmission towers against high winds (American Galvanizers Association 2012). As the 
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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 
access. Use of micropiles in seismic areas has many advantages as the system provides great 
ductility and flexibility. Case 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 that use of micropiles have many benefits for bridge constructions 
(Herbst 1994; Mason 1993; Pearlman et al. 1993). Figure 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. Alfach (2019) 
showed the overall improved foundation performance with the battered pile fixed to the cap. 

 

Figure 1.12. Bridge foundation reinforcement using micropiles (Alfach 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 is gathered and passed on to a funnel cast into the concrete substructure, 
and then pier columns and abutment walls to the foundations. However, it is important that the 
drain pipes do not go through the potential platic hinge areas. Further details can be found in the 
Drainage chapter in California High-Speed Rail Authority Construction Package 4. 
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1.2.3. GEOTECHNICAL DEMAND  

1.2.3.1. UPLIFT AND DOWNDRAG FORCES 

No net uplift force shall be acceptable for shallow foundations under any load combinations. On 
the other hand, no net uplift force is expected for deep foundation piles and multi-column 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) counteracts 50% of 
the dead load action, hold-down gadgets should be implemented to lower it to less than 10%, 
where the the dead load refers to the dead load of structural and non-structural components as 
well as the permanent attachements. Potential downdrag on the deep foundations also should 
be taken into account. The CA HSR authority requires to document the required negative skin 
friction in the geotechnical report. Further details can be found in the Geotechnical chapter in 
California High-Speed Rail Authority Construction Package 4 (California High-speed Rail Authority 
2015) or AASHTO LRFD BDS with California Amendments Article 3.11.8. 

1.2.3.2. GROUND MOTIONS 

Both Maximum Considered Earthquake (MCE) and Operating Basis Earthquake (OBE) should be 
considered in the design against seismic excitations. Per CA HSR Construction Package 4, MCE is 
ŘŜŦƛƴŜŘ ŀǎ άƎǊƻǳƴŘ Ƴƻǘƛƻƴǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ƎǊŜŀǘŜǊ ƻŦ όмύ ŀ ǇǊƻōabilistic spectrum based upon 
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 fault ƛƴ ǘƘŜ ǾƛŎƛƴƛǘȅ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜέ ŀƴŘ h.9 ƛǎ ŘŜŦƛƴŜŘ 
ŀǎ άDǊƻǳƴŘ Ƴƻǘƛƻƴǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ǇǊƻōŀōƛƭƛǎǘƛŎ ǎǇŜŎǘǊǳƳ ōŀǎŜŘ ǳǇƻƴ ŀƴ ус҈ ǇǊƻōŀōƛƭƛǘȅ ƻŦ 
ŜȄŎŜŜŘŀƴŎŜ ƛƴ млл ȅŜŀǊǎ όƛΦŜΦΣ ŀ ǊŜǘǳǊƴ ǇŜǊƛƻŘ ƻŦ рл ȅŜŀǊǎύΦέ Figure 1.13 shows a design spectra 
for elevated structures adotped in CP4.  

 

Figure 1.13. Design Spectrum of CP4 (California High-speed Rail Authority 2015) 
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1.2.3.3. EARTH PRESSURES 

Vertical and lateral earth pressures along with other soil parameters should be determined to 
design the substructure elements. Loading from neighboring buildings or facilities shall be also 
considered for the estimation. The maximum 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 cantilever retaining walls which 
have the base and a free end that is not restrained against any lateral pressure. This deformation 
ƻŦ ǘƘŜ ŦǊŜŜ ŜƴŘ ǎƘƻǳƭŘ ƴƻǘ ŜȄŎŜŜŘ лΦллпI ǿƘŜǊŜ ǘƘŜ ƘŜƛƎƘǘ ΨIΩ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ǿŀƭƭ ƘŜƛƎƘǘ ŦǊƻƳ 
the base to the top. The limit states need to be computed based on the active and passive failures. 
While the aforementioned type of retaining wall is called as a yielding wall, the rigid wall is a type 
restricted at the top to control the deflection associated with the active pressure failure. The 
permanent lateral earth pressure for the walls can be estimated assuming equal fluid pressures 
at-rest and the Mohr-Coulomb yield criterion.  

1.2.3.4. GROUND SETTLEMENT  

Ground settlement includes elastic and plastic settlement including soil consolidation is caused by 
sustained loading and/or the temporal train-track interactions. The settlement is measured from 
the top of foundation, and the tolerable settlements need to meet the requirements in accordance 
with AASHTO LRFD Bridge Design Specifications. While there is no specific settlement requirement 
for MCE events, settlement limits under OBE loads are specified as shown in Table 1.10 where the 
allowable settlement for foundations is limited such that it should not exceed the sum of 
estimated settlements under the service 1 and OBE loads which includes post-liquefaction down 
drag, etc. The maximum horizontal drift between the top and bottom of a deep foundation is 
ǘȅǇƛŎŀƭƭȅ ƭƛƳƛǘŜŘ ǘƻ ƭŜǎǎ ǘƘŀƴ мΦтрέ ǳƴŘŜǊ h.9 ƭƻŀŘƛƴƎ (Gingery et al. 2011). Further discussions on 
the settlement requirement may be found Section 12.8.6.18 in the Geotechnical chapter in CA HSR 
Authority Construction Package 4 (California High-speed Rail Authority 2015).  

Table 1.10. Settlement limits for the combined service 1 and OBE loads (Gingery et al. 2011) 

 


