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EXECUTIVE SUM M ARY

IN FLU EN C E OF GUIDEW AY FLEXIBILITY ON M AGLEV/GUIDEW AY
DYNAM IC FORCES

This study investigates the dynamic interactions between magnetically levitated 
(maglev) vehicles and elevated guideways.

Emphasis in this study is on guideway design, issues and related pragmatic 
concerns for:

1. The applicability of existing U.S. structural design guidelines to high 
speed service,

2. The engineering representation of the physics required for maglev 
suspension systems (which has direct effect on guideway design 
methods),

3. The dynamic resonant conditions between vehicle and guideway,
• 4. The aerodynamic effects on dynamic response at very high speeds, 

and
5. The implications for guideway tolerances and guideway materials in 

maglev systems.

The study treats both the Electromagnetic System (EMS) of levitation, which 
achieves levitation by attraction between magnetically opposite poles and is referred 
to in the report as an "attractive" system, and the Electrodynamic System (EDS) of 
levitation, which achieves levitation by repelling magnetically equal poles that is 
referred to as a "repulsive" system.



The study develops

• Four alternative guideways designed to current U.S. guidelines 1.

• Dynamic models that include the following major representations in 
three dimensions for both the attractive (EMS) and repulsive (EDS) 
maglev suspensions:

Vehicle properties (mass, length, bending stiffness and 
secondary suspension)
Beam properties (mass, length, bending stiffness and end 
conditions)
Aerodynamic forces 
Multi-vehicle trains 
Multi-span guideways

The analysis is conducted over a range of speeds to 600 km/h, separately for each 
guideway and maglev suspension configuration, and separately for two 
representative span lengths, 21 m and 39 m, using simple span and two-span 
continuous designs for each span length.

Incorporating the vehicle, suspension and aerodynamic parameters with the beam 
parameters, the dynamic models developed by the study represent up to 52 
degrees of freedom for the EMS system, and 44 degrees of freedom for the EDS 
system.

Important criteria selected for the study are:
t ' ■

Impact Factor =  30%
Span deflection/span length =  1/1000

Ride Comfort:

0.036g rms maximum vertical acceleration and
0.025g rms maximum lateral acceleration. .

The selected guideway structures are illustrated in Table A which lists the estimated 
cost of each structure.

1 For comparison purposes, a fifth guideway is developed which is conceptually similar to the 
Japanese HSST system but compatible with the vehicle in this study, and a sixth guideway 
uses the published dimensions of the German Transrapid steel guideway.
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TABLE A
STRUCTURE COSTS

[ Description Beam Unit Cost/km Cost/km
1 Length Cost (One Gdwy] [Dual GdwyJ

(m) ($/m) (S) ($)
1 Steel Girders 21.336 $5,090 $5,089,690 $10,179,380

w/ concrete deck
' k \ i 39.624 $4,809 $4,809,470 $9,618,940

2 Concrete Box 21.336 $4,401 $4,400,980 $8,801,960

V
39.624 $4,943 $4,942,970 $9,885,940

3 Trapezoidal Box 21336 $4,920 $4,920,220 $9,840,440

39.624 $4,957 $4,957,430 $9,914,860

4 Twin Box 21336 $3,422 $3,422,230 $6,844,460
(HSST) ... .

39.624 $3,216 $3,216330 $6,432,660
5 Steel "V  

(Transrapid) V 24 Dosts not estimate*J

6 AASHTO Concrete 21336 $4,622 $4,622360 $9,244,720
Girders

39.624 $4372 $4372,440 $8,744,880

C o s t  E s t im a t e s  In c lu d e :

1. 7.6m pier height
2. Complete substructure from piles upward
3. 10% mobilization cost and 15% contingency
4. Costs In 1992 dollars, based on 1992 R.8. Means BulkUng 

Construction Costs Data
Cost Estimates do not Include:

a. Magnetic Reaction colle/plates In guideway
b. Engineering costs, Construction Management costs
c. Right of Way acquisition or preparation
d. Won-structural system  components (power, signal facilities)
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S u m m ary  o f th e  R esults  

V e rtic a l D ynam ics

• The dynamic load did not exceed the maximum allowable vertical 
bending moment for any guideway designed to existing U.S. 
guidelines, although the dynamic acceleration exceeded the 30% 
design impact factor in many cases.

• Beams designed to existing U.S. guidelines experience lower dynamic 
accelerations than the comparison beam design. The lower dynamics 
in the beams designed to U.S. guidelines are attributed to their 
significantly larger mass even though the span deflection to span 
length ratio used in the U.S. designs is 1/1000 whereas the 
comparison beam reportedly uses a stiffer 1/4000 ratio. The beam 
used for comparison is all steel where the other designs are composite 
steel-concrete or all concrete designs.

• Mid-car accelerations are lower than the forward end of the car which, 
in turn, are generally lower than the rear end of the car for both EMS 
and EDS maglev systems.

• Mid-car peak accelerations exceed ride comfort criteria for the EDS  
system  on all guideway configurations for speeds between 200 and 
350 km/h on the short span, and between 100 and 250 km/h on the 
longer span.

• Mid-car peak accelerations exceed ride comfort criteria for the EMS  
system  on all guideway configurations above approximately 500 
km/h on the short span, and for all speeds on the long span.2

•  EM S system s on short, light structures generate vertical car body 
accelerations well above the desired comfort limit over the entire 
speed range analyzed.

• Where ride comfort criteria is marginally exceeded, optimization of the 
vehicle’s secondary suspension is expected to provide compliance.

2 The analysis of the long span with EMS systems only included a steel girder design and an 
AASHTO concrete girder span design.
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C o m parison  off C ontinuous S pan S tru ctu res  to  S im p le  S pans

• In EM S system s, continuous span structures generally offer 
significant reductions in vertical car body and beam accelerations 
compared to simple spans (exceptions are expected; a 500 to 550 
km/h exception is documented in guideway accelerations for the 
single configuration analyzed).

• In EDS system s, continuous span structures reduced vertical beam 
accelerations compared to simple spans, while reducing ride quality 
(that is, adversely affecting ride comfort) in the beams analyzed.

L a te ra l an d  To rs ion a l D ynam ics

• All of the systems and configurations analyzed on tangent guideway 
produced acceptable lateral ride comfort and beam accelerations. In 
the worst case analyzed with vehicle speeds of 400 km/h and 115 
km/h side wind gust, the vehicle is stable but the ride is rough. 
Curved geometries remain to be analyzed.

G u id e w a y  S up port S tiffness  - Bearing Pads

• At high speeds, the beam bearing pad stiffness is observed to be a 
larger influence on vehicle/guideway interaction than previously 
documented. For a 21 m AASHTO concrete girder and within the 
practical ranges of bearing pad stiffness,

EMS system ’s ride comfort becomes unacceptable when 
the softest bearing is used, while the EDS sy s te m ’s ride 
comfort is unaffected by bearing pad stiffness value;
EMS sys tem ’s beam peak acceleration is unaffected by 
bearing stiffness, while EDS sy s te m ’s beam accelerations 
decrease as the bearing is made softer.
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D esign C rite r ia  an d  G u idelines  
fo r H igh S p eed  A eria l S tru c tu res

• There are no U.S. design codes, guidelines or approved methods3 for 
assessing dynamic loads and deflections on aerial structures for 
speeds over 200 km/h.

• The amplitude of peak guideway accelerations increases with the ratio 
of vehicle mass to guideway mass (mass ratio) for a given span length 
for both EMS and EDS maglev systems.

• . The mass ratio and the crossing frequency ratio (the ratio of crossing
frequency, V//s, to fundamental span frequency) appear to provide 
reasonable indications of dynamic thresholds.

• Under conditions studied, beam accelerations are expected to be less 
than the 30% impact factor when the crossing frequency ratio is less 
than 1.0 and, simultaneously, when the mass ratio is less than the 
following values:

M axim um  A llo w ab le  
M ass  R atio

for for
21m 39m.
scans scans

EMS Systems 0.6

-KCOo

EDS Systems 0.3* 0.18

* approximate

(References of interest on these parameters are Richardson and 
Wormley [63], Maotoh [47] and Wilson [77].

C on struc tion  Issues  E ffec tin g  D es ign

• Guideway steel such as rebar will interfere with magnetic fields only in 
EDS Systems and only when the steel is sufficiently close to track coils. 
Magnetic force loss of 1 % is expected when guideway steel is within
0.37 m of the track coil center and a 5% loss for 0.24 m clearance 
using conservative estimates. However, the rebar may be placed to

3 See reference [69], Wormley, et al, as example of proposed analysis methodologies.
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existing requirements (25mm to 50mm of concrete cover) if the rebar 
does not form an electrical current loop, i.e. is electrically 
discontinuous.

• Industry construction tolerances for aerial structures are large 
compared to the expected alignment irregularity allowances for 
maglev. Consideration is urged for guideway magnet mounting 
designs that permit construction and maintenance adjustment.

• The design of the beams is effected by requirements for transportation 
of beams to construction sites and handling requirements of the 
beams during construction.

• Design analysis for corrosion effects from magnetic fields and for stray 
current control is required for maglev systems as is required for new

. transit systems. There is no concern at this time that magnetic flux 
fields will have any more corrosive effect on conductive structural 
elements than is currently experienced in existing DC powered transit 
systems. Existing methods of treatments for stray current and 
corrosion control are expected to be fully adequate in maglev 
applications with minor adjustments for the physics analysis inherent in 
maglev technology.

O th e r Top ics  R eported

The report contains

• developments of primary suspension characteristics (spring rates and 
damping) derived from magnetic principles, separately for EDS and 
EMS levitation systems,

• developments of aerodynamic drag coefficients for maglev with 
numeric examples and discussion of aerodynamic issues related to 
high speed operation,

• presentation of dynamic modeling methods implemented in this study.

• complete details of the guideway cost estimates shown in Table A.

The report also discusses effects of vehicle length on dynamic performance, the 
benefits of covering (enclosing) the guideway, the requirements for validating the 
computer models developed for this study, and the expected variances in future
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systems from this study’s results.

Additional topics for research are also offered.

In  S um m ary

This study offers insights on the nature of increased dynamics that can be expected 
in high speed maglev systems. The study shows that future vehicle and guideway 
designs for high speed maglev systems requires detailed dynamic analysis to 
accomplish cost effective configurations with acceptable ride quality. The guidelines 
and methodology for executing these designs is unavailable in accepted U.S. 
standards and criteria. It is therefore important that suitable structural design 
guidelines for high speed applications are validated early in the development of 
maglev technology.

a
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Symbol Table
Sections

Symbol Meaning Units Referenced

* Dynamic pressure 5.2.51 Gust angle relative to track centerline degrees 5.2.5, 5.2.4
Local atmospheric density 5.2.5

0 Magnetic flux 5.1.1.2
M Local atmospheric viscosity 5.2.5
l Span length m 1.2
B Relative wind angle 5.2.3
MO Permeability constant of air

= 4^x10'7 5.1.1.2
Ap Total Pole Area m2 Table 5.1.1.2-A
A Vehicle maximum cross-sectional area

m2 5.2.5
B Average field in gap Tesla 5.1.1.2, Table 5.1.1.2-A
C Damping Coefficient Table 5.1.5-A
CD Drag Force Coefficient Figure 5.2.1-1
Cqw Drag Coefficient corrected for L/D 5.2.5.1.1
CF Drag Coefficient 5.2.5
C| Rolling moment coefficient 5.2.3
cL Lift force coefficient 5.2.3
Cm Pitching moment coefficient 5.2.3
Cn Yawing moment coefficient 5.2.3
Co Constant damping coefficient 5.1.5
CpHIP Bearing Pad Roll Damping Newtons-secs/meters Table 5.3.3-C
CR.CFR Crossing Frequency Ratio
CY Side force coefficient 5.2.3
CYP Bearing Pad Lateral Damping Newtons-secs/meters Table 5.3.3-C
CZP Bearing Pad Vertical Damping Newtons-secs/meters Table 5.3.3-C
D Effective diameter (hydrodynamic) meters 5.2.5
Ec Modulus of elasticity psi 1.2 .
Ebcx Beam Bending Rigidity N-m2 Table 5.3.3-C
Elyy Beam Bending Rigidity N-m2 Table 5.3.3-C
F Applied Force Newtons Table 5.1.2.3-A, 5.1.1.2,

5.1.2.2
h Fundamental natural frequency Hz or 1/sec 1.2
f D Magnetic Drag Force Newtons 5.1.4, 5.1.2
GK Beam Torsion Rigidity N-m2 Table 5.3.3-C
H height meters Figure 5.2.2-1
i Current Amperes 5.1.1.2, 5.1.4
1 Impact Factor 1.2
•a Moment of Inertia of uncracked section m4 1.2
•o Initial Current Amperes 5.1.1.2
*xx Moment of Inertia (x-axis) cm4 Table 4.2-B
*vy Moment of Inertia (y-axis) cm4 Table 4.2-B
KYP Bearing Pad Lateral Stiffness Newton/meters Table 5.3.3-C
KZP Bearing Pad Vertical Stiffness Newton/meters Table 5.3.3-C
1 length meters Figure 5.2.2-1
Is Span length
L ' Inductance 5.1.1.2
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LL Live Load, Vertical Standard Vehicle Loads 1.2
L Total vehicle length meters 5.2.5
*-S Span Length meters Table 5.3.3-C
M Mass per unit length of guideway kg/m 1.2
m vertical position meters Table 5.1.4-B
MS Mass/Unit Length kg/m Table 5.3.3-C
N Ampere turns 5.1.1.2
Nl Ampere turns in vehicle coil number 5.1.1.2
NIq

PJS

Design or Nominal Operating, 
Ampere Turns
Beam Mass Moment in Pitch kg-m2

Table 5.1.1.1-A 
Table 5.3.3-C

R Circuit Resistance Ohms 5.1.1.2, 5.1.4
RJS Beam Mass Moment in Roll kg-m2 Table 5.3.3-C
S Vehicle surface area exposed to moving airflow 5.2.5
Sv Vehicle Motion Table 5.1.5-A
t Time secs 5.1.1.2
V Velocity km/h, m/sec 5.1.2, 8.2, 5.1.4
V Voltage Volts 5.1.1.2
Voo Vehicle track speed km/h 5.2.4
VCF Vehicle Crossing

Frequency (no units) 1.2
Vq Gust Strength 5.2.4
Vo Initial Voltage, or Nominal

operating voltage Volts 5.1.1.2
Vtrue Airspeed relative to vehicle km/h 5.2.4
W Vehicle Weight kg 5.1.2.2, Table 5.1.4-B,

XpHIP Bearing Pad Roll Stiffness Newton/meters
Table 5.1.2.3-A, 3.3.3 
Table 5.3.3-C

Z Normalized Gap fable 5.1.1.1-A
Zo Design Levitation Gap,

Nominal Operating Gap cm, mm Table 5.1.1.1-A,
5.1.1



In f lu e n c e  o f G u id e w a y  F le x ib ility  on M a g le v  V e h ic le  G u id e w a y
D y n a m ic  F o rces

1.0  In tro d u c tio n

1.1 P u rp o se

This report presents the results of an investigation of the dynamics of aerial 
guideway structures' interaction with high speed Magnetic Levitated (maglev) 
Vehicles.

1 .2  B ackg ro u n d

Maglev is a new technology offering substantially increased speeds with 
implications for dynamic effects and magnetic effects. Êxisting U.S. 
guidelines and practices for designing elevated guideway structures permit 
their application only to speeds less than 200 km/h and require dynamic 
analysis above 200 km/h. Guideway designs for maglev will necessarily 
require understandings of the implications of magnetic fields on design 
details such as steel and other conductors in the guideways. With elevated 
guideways expected to be a major feature of maglev systems at something 
on the order of 60% of the total cost (excluding right-of-way), these pragmatic 
design concerns become central to the implementation progress of the 
maglev technology. This study addresses these concerns by simulating 
maglev operations over several comparative guideways designed to U.S. 
guidelines. The exercise intends to provide insight into the dynamic 
interaction that may occur in high speed operation, as well as the 
consequences in extending existing design guidelines to high speed 
operation. The cost of Maglev guideways from existing systems and 
proposed systems are shown in Table 1,2-A along with comparative cost 
from recent aerial structures constructed for U.S. transit rail transportation; 
Costs in Table 1,2-A are intended to be comparable values of superstructures 
and substructures exclusive of other systems and hardware (magnets, 
signals, traction power, vehicles, etc.) and exclusive of right of way acquisition 
although the basis of figures could not be fully confirmed.

All accepted U.S. guidelines such as Standard Specifications for Highway 
Bridges by the American Association of State Transportation Officials 
(AASHTO) and "Analysis and Design of Reinforced Concrete Guideway 
Structures", ACI 358.1 R-86 by the American Concrete Institute, (ACI) preclude 
application of their requirements at high speeds (generally above 160 to 200 
km/h), without independent dynamic analysis of the designs. The only 

'' guideline directly addressing guideway/vehicle dynamic interaction is ACI



TABLE 1.2-A
COST OF C O N STR U C TIO N  PER MILE  

(EXCLUDING LAND A CQ UISITIO N)
System Cost per Mile 

(Million $1
Cost per km 

(Million $1
Comment/
(Referenced

Conventional Systems:
Transit Track Aerial Structure 27 17 Actual (1)

Maglev Systems:
Japan MLU 00X 36 22 Actual (2)
Japan MLU 001 36 22 Actual (2)
German Transrapid 

Transrapid Proposals for U.S.
24 15 Actual (2)

LA-Las Vegas 6.5-7.7 4-5 . Estimated (3)
Chicago-Detroit 9.4 5.8 Estimated (4)
Chicago-St. Louis 9.4 5.8 Estimated (3)
Chicago-Milwaukee
Boston-NY-Washington,

6.0
DC

3.7 Estimated (3)

(Attractive) 27.2 17 Estimated (5)
Other Proposed Systems

Boston-NY-Washington, DC
(Repulsive) 10.5 6.5 Estimated (6)
*Cable Stayed 4-9 2.5-5.6 Estimated (7)
Magna plane 9 5.5 Estimated (2)
"V" Shape 10 6 Estimated (2)
Inverted "V" 10 6 Estimated (2)
Monorail 16.5 10 , Estimated (2)
Box Beam 15-18 9-11 Estimated (2)
Grumman Proposal 8.5 5.3 Estimated 

(2nd Maglev 
Symposium)

*Estimate is for non-magle.v but believed to be realistic for maglev also.

358.1 R-86, para 5.3, which limits the criteria’s application to moderate speed 
(160 km/h and less). The relevant section of the guideline is shown in the 
following box as information.
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FR O M  A C I 3 5 8 . IR :

5 .3  T ra n s ie n t Loads

5.3 .1  V e rtic a l s tan d ard  veh ic le  lo ad s  LL
The vertical live load should consist of the weight of one or 

more standard vehicles positioned to produce a maximum 
load effect in the element under consideration. The weight 
and configuration of the maintenance vehicle are to be 
considered in the design.

5 .3 .2  Im p a c t fa c to r f
The following dynamic load allowance 51 should be applied 

to the vertical vehicle loads, unless alternative values based 
on tests or dynamic analysis are approved:

»

Rubber-tired vehicles 
and continuously Jointed 

welded rail Rail

For simple-span structures
oLL
O>II >. 0.10 >0.30

For continuous structures

1 = 1/2 VCF -  0.1

U .
_> 0.10 >0.30

- 3 -



A C I 3 5 8 .IR  P a ra . 5 .3  (C o n t’d )

where

VCF = vehicle speed, (m/sec) 
span length, (m)

and natural frequency 5.5 .

ft =  —

u

where

t  = span length, (m)

M = mass per unit length of guideway, which includes all the sustained loads the beam 
carries including its own weight, (kg/m)

Ec = modulus of elasticity, (Pa)

la = moment of inertia of uncracked section, (m4)

The dynamic load allowance should not be applied to footings and piles

From the foregoing excerpt, ACI 358.1 R adopts a span crossing speed, VCF, 
in ratio to the beam natural frequency as an indicator of impact load. The 
impact factor is similar in formulation to a "crossing frequency ratio" conceived 
by M.l.T. collaborators [62, 67, 68, 69, 70]. Flowever, M.l.T. uses the 
crossing frequency ratio as an indicator of speeds that may experience 
dynamic amplification of beam motion; the crossing frequency ratio contains 
no information concerning the amount of amplification that will occur. The
M.l.T. work states that guideway motion amplifies when the crossing 
frequency ratio approaches a value of 1, with maximum dynamic deflections 
for simple spans occurring between values of 1.1 and 1.4, depending on the 
design. Two-span continuous structures have maximum deflections when 
the crossing frequency ratio equals approximately 2.0. If extended to speeds 
above 160 km/h, the impact factor formula stated in ACI 358.1 R increases 
proportionately with speed and guideway length which may result in 
unnecessarily costly designs.
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Criteria for impact factors in the rail transportation industry vary significantly. 
Values of impact factors currently published for transportation structures are 
summarized in Figure 1.2-1 [46], Values from ACI 358.1 R are not directly 
comparable and are therefore not shown in the figure. All values should be 
considered applicable to speeds less than 160 km/h. Acronyms used in 
Figure 1.2-1, with the respective references, are:

AASHTO - "Standard Specifications for Highway Bridges", 11th 
Edition, American Association of State Highway and 
Transportation Officials.

AC I-443 - "Analysis and Design of Reinforced Concrete Bridge 
Structures" reported by ACI Committee 443, American 
Concrete Institute.

AREA - Manual of Recommended Practice, American Railway 
Engineering Association.

BART - Bay Area Rapid Transit

BS-116 - British Standards Institute

CSA-S1 - Canadian Standards Association

CTA Chicago Transit Authority

MARTA - Metropolitan Atlanta Rapid Transit Authority

TTC Toronto Transit Commission

WMATA - Washington Metropolitan Area Transit Authority

From the comparison of impact factors for speeds less than 160 km/h (Figure
1 .2-1), the wide range of values reflects the industry’s uncertainty concerning 
dynamic interactions even at moderate speeds.

Based on concerns that higher speeds available through maglev technology 
is a more severe, less certain dynamic environment for aerial structures than 
existing systems, significant efforts have been undertaken to understand the 
structural dynamics and vehicle interactions of higher speed transit 
operations. Table 1.2-B summarizes previous dynamic studies, showing 
parameters contained in each study. The following is a brief review of
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developments and findings of previous investigators into vehicle/guideway 
dynamics.
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TABLE 1.2-B

(Ref.)

Author Non-Llnear
Maglev

Suspenslo

Flexible
Guideway

Flexible
Vehicle

Multi-Span
Guideway/

Multi-
Vehicle

Guidance 
Force & 
Lateral 

Response

Guideway
Material

Beam End 
Condition

High
Speed

Aero
dynamics

7. Whitelaw, R.L. X X/ X X X
9. Coffey, et al X X
12 . Kortum, W., 

Utzt, A.
X X

15. Wilson, J.F, X X
17. Snyder, J.E., 

Wormley, D.N.
X xi

18. Chung, Y.I., 
Genin, J.

X XI X

19. Cherchas, D.B. X X XI X X
20. Wilson, J.F., et al X XI X
2 1 . Kortum, W., 

Wormley, D.N.
X X XIX

62. Smith, C.C., et al X
67. Chin, W.S., 

Wormley, D.N., 
Smith, R.C., 
Richardson, H.H.

X X

68. Wormley, D.N., 
Nagurka, M.L., 
Isaacs, G.

X X XI X X

70; Hedrick, J.K., 
Ravera, R.J., 
Anderes, J.R.

X X • X X

00



Early maglev research in 1969, extending into the early 1970’s, was part of a 
growing interest in high speed ground transportation that laid groundwork for 
advanced systems concepts such as air cushioned vehicles, rocket powered 
vehicles and linear induction motor propelled vehicles. The most widely 
quoted maglev work is that performed by Stanford Research Institute (SRI) 
and Ford Motor Company (Ford Scientific Research Laboratories) between 
1971 and 1975. While focusing on the early question of the levitation 
technology feasibility, these studies advanced to the point that guideway 
interactions were addressed.

In small scale demonstrations at SRI with a deliberately rigid guideway, 
vehicle motion with attractive (EMS) maglev suspension was found to be 
stable when perturbations were as great as 25% of the levitated height. [9] 
Active damping coils significantly improved ride quality over passive 
damping. An analytic model provided good correlation with the experimental 
results with a linear, representation of suspension force vs. deflection. 
Extension of the model results to full scale was not investigated. 
Aerodynamic influences were not included.

In 1976, Duke University [9] also evaluated guideway and vehicle interaction 
dynamics, although their model used an air cushion suspension rather than 
maglev suspension. Using multiple span models (analytic and experimental), 
it was found that system resonances occur at the expected natural frequency 
of the vehicle/guideway system and also at a frequency about half the 
system’s natural frequency. The natural frequency halving generally only 
occurs in non-linear systems.

More recent work on maglev guideway/vehicle dynamic interaction in other 
countries [11,12,13] suggests that for a Transrapid-type EMS system:

• Hovering (speed =  0) can create unstable vehicle/guideway 
interactions when the vehicle and the guideway are independently 
stable (control systems have since resolved this difficulty).

• Active car body steering improves undesirable vibrations and 
associated forces.

• Appropriate damping can improve vehicle/guideway dynamic 
interaction by as much as 50% over non-optimized systems.

• Vertical and lateral stability can be accomplished automatically (in 
theory) by inclining the guideway - and thereby the reaction magnets - 
from horizontal (or from vertical for side guidance).
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Guideway-vehicle dynamic mathematics models were developed for 
advanced ground transportation systems parallel to the applied research at 
Ford, SRI, and Pueblo, Colorado Transportation Test Center. In 1970, 
Massachusetts Institute of Technology [67] published basic models for 
vehicle/guideway interaction at high speeds (160 to 180 km/h) for vertical 
plane motion only. This study found that the ride comfort criteria was the 
limiting criteria rather than structural strength requirements. Without 
considering vehicle length or flexure, the study found that maximum vehicle 
vertical accelerations occured when vehicle suspension frequency is 
matched to the span passing frequency (train speed/span length) and when, 
simultaneously, the vehicle-span transit time is equal to half of the span 
natural period. In other words, stiffer and more massive beams are required 
to move this combination of parameters above the operating speed range 
and attention is required to tune the suspension to the guideway. The study 
noted the resonance range can be quite large, covering a significant portion 
of the practical higher speed range, depending on various system 
parameters.

The mid-1970’s work on elevated guideway dynamics focused on air- 
cushioned vehicle levitation. These concepts are formulated on general 
principles that are useful to maglev systems. Smith et al, [62] concluded that 
continuous guideways produce lower dynamic reactions than simple span 
guideways. The importance of span crossing frequency increased as the 
ratio of speed to span length and beam natural frequency increased above a 
value of 1.0, for simple spans with notable dynamics occurring in 2-span 
continuous beams at a ratio of 2.0., where .guideway deflections are 5.0 
times static deflections. As reported by Chiu [67], passenger comfort 
requirements governed the design rather than structural or vehicular strength 
requirements. This work is more realistic than previous efforts, , by inclusion of 
vehicle length and bending properties confirming the importance of vehicle to 
guideway mass ratios and frequency properties to the system design for high 
speeds (the study reported results up to 480 km/h). The work in reference 
[62] is fully developed in reference [69], including the computer code for the 
analysis. In a confirmation of the foregoing work, Wormley et al [68] produced 
another computer model focusing on more conventional, lower speed transit 
systems. The report makes the subtle but important point that guideway 
damping is highly important but is known only within a range of values, where 
construction and final material selection affect the actual value. This work is 
based on point loads for rail vehicles rather than distributed loads in previous 
studies for air cushion vehicles.

A process for modeling the effects of guideway tolerances is developed by
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Hedrick et al [70], Guideway camber, construction tolerances, post 
construction deviations (pier settlement) and misalignments are considered 
for train speeds to 480 km/h. The work includes a full vehicle/guideway 
parameter set for vertical motion with the vehicle supported on two 
"cushions". The analysis relations are linear but report that attractive maglev 
suspensions require retention of nonlinear terms. The report concluded that 
desired ride quality performance can be achieved by balancing the least 
costly combinations of surface profile error, pier survey error and camber 
tolerance error. In 1977, Wormley, Hedrick, et al, and others [65] applied the 
foregoing methodology to an Automated Guideway Transit System. Also in 
1977, the method is expanded by Snyder and Wormley [17].

Agreement was found among authors who evaluated higher-speeds that 
amplified guideway/vehicle dynamic interaction occur between speeds of 
approximately 250 and 400 km/h.

Maotoh [47] and Wilson [77] suggest live load dynamic amplification will be 
negligible if the following two conditions are satisfied:

1. The mass, mv, of all moving vehicles on any one span length, ls (the 
length between consecutive pier supports) must be' less than 30 
percent of that span's mass, ms. that is,

m v

_____< 0.3 %
m s

2. For a vehicle of constant speed, v, the ratio of the vehicle crossing 
frequency [GF] (v/ls or v/2ls, according to whether it is simple span or 
multispan) to the fundamental guideway frequency, fs (Hz), in 
transverse vibration must be less than 0.2. that is,

CF
______ <  0 . 2

fs [Ref 47, pg 31]

Richardson and Wormley [63] cite a value of 0.25 for the vehicle mass (one 
car's sprung mass) divided by the beam mass, below which vehicle and 
guideway motion is theoretically independent.

This background of current structural design guidelines and preceding work 
conducted on high .speed systems is the starting point of the subject of this 
report, this starting point, in summary, is:
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• Existing structural design guidelines do not address higher train 
speeds anticipated in maglev applications, either explicitly or 
implicitly.

• Extension of existing published guidelines, specifically, ACI
358.1 R, to higher speed applications may lead to overly 
conservative designs with attendant costs.

• A substantial uncertainty exists for the dynamic load factors 
that should be applied in design, to existing, slower speed 
systems, raising concern that higher speed applications will 
provide even more uncertainty where dynamiG interactions 
between vehicle and guideway are expected to be a more fine 
balance of system parameters.

• Previous work. addressing high speed structures and vehicle 
interdynamics is reviewed noting proposed findings, models, 
methodologies and dynamic stability thresholds.

1 .3  O rd e r  off th e  R ep o rt

This report provides a project description first, followed by the baseline criteria 
used to develop data for the remainder of the study. The vehicle and 
guideway structures for this study are then selected and described. The 
modeling relationships for each discipline are presented, followed by the 
analytical results from the models. Data on structural costs precedes a 
discussion of the results. A summary of the principal findings and 
recommendations for extension of the work complete the report.
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2 .0  P ro je c t D e s c rip tio n

2 . 1  O b je c tiv e

The primary objective of this study is to investigate the interactive dynamic 
forces between maglev vehicles and the guideway.

To accomplish this goal, subordinate objectives are:

a. Identify/develop mathematical dynamic model(s) capable of 
evaluating vehicle/structure interactions for various structure types and 
different methods of magnetic levitation.

b. Assess the relevance of current design codes and practices for very 
high speed transportation.

c. Evaluate the need for and relative effectiveness of treatments such as 
beam support flexibility, secondary vehicle suspensions and design 
controls for corrosion on materials from maglev physics.

2 .2  P ro je c t S c o p e

The scope of this study is to provide a dynamic analysis of the interaction 
between selected guideway structures and various maglev vehicle systems.

The items of work for this study are: 1

a. Identify structures and vehicle system configurations for analysis.
b. Identify design criteria for use in evaluating the results of the analysis.
c. Identify/develop relationships and parameter values for the defined 

structures and systems.
d. Implement analytic computer model(s) for evaluating the interactive 

dynamics of the chosen systems.
e. Compare the analytic results against the foregoing design criteria.
f. Develop comparative cost estimates for the structures evaluated, 

incorporating findings from the analytic work.

An intent of the project is to develop simulations of practical systems, in a 
manner that allow as full an understanding of the maglev technology systems 
dynamics as possible within budget constraints. To meet this intent, the study 
includes three dimensional analysis o f :

' ~ • Multiple vehicle trains operating up to speeds of 800 km/h.
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• Simple span and continuous span guideway designs
• Multiple guideway spans
• 2 different guideway span lengths, (21 m and 39 m)
•  6 representative guideway designs
• 2 maglev suspension systems
• Aerodynamics including ranges of wind gusts to 115 km/h

A single vehicle configuration (length, width, weight and body flexure 
properties) is selected for all combinations of suspensions and guideways.
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3 .0  C r ite r ia  fo r  th e  S tu d y

3 .1  R id e  C o m fo rt

Many of the previous investigators cited in section 1 of this report found that 
ride comfort criteria govern the design more than structural requirements.

Ride comfort criteria establish the upper boundary of acceptable vehicle 
dynamic response. These criteria also dictate route alignment limits, such as 
maximum curvature (horizontally and vertically), spiral geometries and curve 
superelevation for steady-state operation.

The ride comfort criteria adopted for this study are listed in Table 3.1-A. These 
are intended to be compatible with Table 3.1-B and Figures 3.1-1 and 3.1-2, 
from a December, 1991 Ride Quality Workshop at Velpe National 
Transportation Systems Center. That work shop decided to set 1 hour 
comfort limits as the design goal.

TA B LE 3 .1 -A
R ID E  C O M FO R T 1 H O U R  C R ITE R IA

(all values are rms)

Maximum Vertical Acceleration - 
Maximum Lateral Acceleration -

0.036g (4 to 8 Hz) 
0.025g (1 to 2 Hz)
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TA B LE 3 .1  -B
R ID E  Q U A L IT Y  C R IT E R IA  

( F ro m : "R ide Q u a lity  W o rksh o p ")

1. Curving Performance
Average Value for Event (i.e., Spiral or Curve)

Desion Min. Rea. Seat/Belt

: Lateral Curves 
Bank Roles 24° 30° 45°
Roll Rate 5°/s 1 0 °/s
Lateral .0.1 g , 0.16g 0 .2g -
Roll Accel 15°/s2

Vertical Curves
Vertical (UP) 0.05g 0 .1g 0 .1  g
Vertical (DN) 0 .2g 0.3g 0.4g

Acceleration and Braking
Normal 0.16g 0 .2g 0 .6g

Vector Combinations
Lat/Long 0 .2g 0.3g 0 .6g
Lat/Vert 0 .2g 0.3g 0.4g

Total 0.24g 0.36g 0 .6g

2. JERK (g’s /sec filtered at 0.3 Hz.) or JOLT (peak-to-peak g's in 1 sec.)

Desian Min. Rea. Seat/Belt

Lateral 0.07g/sec 0.25g/sec 0.25g/sec
Vertical 0 .1g/sec 0.3g/sec 0.3g/sec
Longitudinal 0.07g/sec 0.25g/sec 0.25g/sec

Other Factors

T emperature 18-23°C

Noise 70-75 dba
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3 . 2  A s s u m e d  G r o s s  V e h i c l e  W e i g h t .

T h e  g r o s s  vehicle w e i g h t  a s s u m e d  for this s t u d y  is 4 5 , 3 5 9  kg. This 

v a lu e is c h o s e n  to b e  consistent with p r o p o s e d  a n d  pr ototype 

op er at in g m a g l e v  s y s t e m s  that h a v e  the c a p a c i t y  required b y  B A A  9 0  

W o r k s h o p  statements. F o r  the c o m p a r a t i v e  p u r p o s e s  of this study, the 

se le ct ed va lu e is similar to the T r a n s r a p i d  s y s t e m .

3 . 3  S t r u c t u r a l  C r i t e r i o n

T h e  structural criteria for this s t u d y  u s e s  current industry c o d e s  a n d  

practices to d e v e l o p  g u i d e w a y  de si gn s.

T h e  relevant structural c o d e s  applied to this s t u d y  a n d  a s s u m e d  

criteria are listed b e l o w :

G e n e r a l  C o d e s :

• S t a n d a r d  Specifications for H i g h w a y  Bridges, 14 t h  edition, 1 9 8 9 ,  

with interim specifications t h r o u g h  1 9 9 1 ,  A m e r i c a n  A s so ci at io ns of 

State H i g h w a y  a n d  Transportation Officials ( A A S H T O )

• A C I  M a n u a l  of C o n c r e t e  Practice, t h r o u g h  1 9 9 1 ,  T h e  A m e r i c a n  

C o n c r e t e  Institute.

3 . 3 . 1  S p e c i f i c  C r i t e r i o n

• S y s t e m  Capacity: 2 0 0 0  to 1 2 0 0 0  s e a t s  p e r  h o u r  p e r  train direction.

• M i d - S p a n  Deflection: M a x i m u m  Deflection <  S p a n

1 0 0 0

• S p a n  L e n g t h s :  2 1 m  a n d  3 9 m  b e t w e e n  piers, c o n t i n u o u s  s p a n s  

h a v e  the s a m e  pier sp ac i n g .  S p a n  a r r a n g e m e n t s  ar e illustrated in 

figure 3.3-1.
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GUIDEWAY BEAM

a. S IM PLE SPAN

b. TWO SPAN CONTINUO US

F i g u r e  3 . 3 - 1
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• L o a d  A s s u m p t i o n s :

Multi-car consist

B e a m  d e s i g n  b a s e d  o n  c o n c e n t r a t e d  l o a d s  

I m p a c t  - 3 0 %  of live lo a d  (vehicle w e i g h t ) .

D e a d  l o a d s  - G u i d e w a y  weight.

Lateral L o a d s :  4 5 k N  p e r  car.

3 . 3 . 2  E x p l a n a t i o n  o f  c r i t e r i a  s e l e c t i o n

P u b l i s h e d  M i d - s p a n  deflection criteria for b r i d g e  applications varies f r o m  

/ 9 0 0  in C a n a d i a n  Structural As so ci at io n guidelines ( w h e r e  is s p a n  length) to 

/ 6 4  in A m e r i c a n  R a i l w a y  E n g i n e e r i n g  A s s o c i a t i o n ’s  M a n u a l  for 

R e c o m m e n d e d  Practice. G e r m a n  T r a n s r a p i d  publications [80] state that the 

T r a n s r a p i d  structures ar e d e s i g n e d  to / 4 0 0 0  m i d - s p a n  deflection ratio. T h e  

m i d - s p a n  deflection v a l u e  of / 1 0 0 0  is c h o s e n  for this s t u d y  to b e  r e a s o n a b l y  

consistent with N o r t h  A m e r i c a n  practice, while limiting m i d - s p a n  deflections 

that will a p p e a r  a s  g u i d e w a y  deviations to th e vehicle a s  s p e e d s  increase.

S p a n  lengths of 2 1  a n d  3 9 m  are c h o s e n  a s  representative of a  r a n g e  of 

typical s p a n  lengths.

Simulation of multiple c a r  train consists is required to m e e t  ca pa c i t y  

r e q u i r e m e n t s  of 1 2 , 0 0 0  p a s s e n g e r s  p e r  h o u r  p e r  direction.

T h e  b e a m s  are d e s i g n e d  with c o n c e n t r a t e d  l o a d s  or point l o a d s  similar to a  

rail vehicle. M a g l e v  vehicles h a v e  b r o a d e r  l o a d  distribution patterns, 

frequently referred to a s  "pads". F o r  E D S  s y s t e m s ,  l o a d s  ar e distributed to 

the g u i d e w a y  f r o m  discrete m a g n e t s  o v e r  a  5 m  s p r e a d .  F o r  E M S  s y s t e m s ,  

m a g n e t s  ar e m o u n t e d  a l o n g  the full length of the vehicle, w h i c h  is 

a p p r o x i m a t e l y  a  u n if or m w e i g h t  distribution. B e c a u s e  only o n e  set of b e a m  

configurations c o u l d  b e  d e s i g n e d  within project resources, the point lo ad 

a s s u m p t i o n  w a s  c h o s e n  a s  a p p r o x i m a t i n g  th e discrete E D S  s y s t e m ,  

p r o m i s i n g  that the resulting d e s i g n s  w o u l d  b e  co ns er va ti ve for the E M S  

s y s t e m s ’ u n i f o r m  lo a d  distribution. Se c t i o n  8  quantifies the effects o n  b e a m  

d e s i g n  if actual lo ad distributions c o u l d  h a v e  b e e n  u s e d  in all c a s e s .

W h i l e  the b e a m s  ar e d e s i g n e d  u s i n g  point loads, the d y n a m i c  m o d e l s  u s e  

actual lo a d  distributions for the levitation s u p p o r t s  a s  ap pr op ri at e f o r - e a c h
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s y s t e m .

I m p a c t  l o a d  criteria for structural d e s i g n  is c h o s e n  a s  3 0 %  of live load, or 0 . 3 g  

in acceleration equivalent terms, b e c a u s e  it is a  c o n v e n t i o n a l  value. T h e  

uncertainty s u r r o u n d i n g  c h o i c e s  of i m p a c t  l o a d  criteria is d o c u m e n t e d  in 

S e c t i o n  1 of this report. S e c t i o n  8  of the report c o n t a i n s  further d i s c u s s i o n  of 

i m p a c t  factors.

Lateral l o a d  criteria w a s  c h o s e n  a s  a  single v a l u e  to r e p r e s e n t  cu rv in g forces 

a n d  d y n a m i c  forces. W i n d ,  e a r t h q u a k e  a n d  local c o nd it io ns a r e  additions to 

this lateral-force requirement. T h e  value c h o s e n  is consistent with other 

criteria a n d  offers a  suitably conservative v a l u e  for t a n g e n t  g u i d e w a y

structural design. This lateral lo ad is equivalent to a  0.1 g  lateral acceleration

of th e a s s u m e d  vehicle.

F o r  s t e a d y  state curving, t h e s e  criteria require that th e g u i d e w a y  c a n t  or b a n k

a n g l e  is 5.5 d e g r e e s  for equilibrium, 

c u r v e  radii to m e e t  t h e s e  criteria:

T h e  following a r e  th e al lowable m i n i m u m

S p e e d M i n i m u m

(km/h) C u r v e  R a d i u s

(m)

1 6 0 2 , 0 1 5

3 2 0 8 , 0 6 0

4 8 0 1 8 , 1 4 0

6 4 0 3 2 , 2 5 0

A n  implication in t h e s e  criteria is that the g u i d e w a y  m u s t  p r o v i d e  a  p a t h  that is 

relatively free of irregularities. A s  s p e e d  increases, g e o m e t r y  irregularities will h a v e  

greater effect o n  d y n a m i c  r e s p o n s e .  It is not r e a s o n a b l e  to a s s u m e  that aerial 

structure t o le ra nc es c a n  b e  tightened to the d e g r e e  required b y  this a s s u m p t i o n  

wi th ou t gr ea t cost. Pier settlement, b e a m  c a m b e r  c h a n g e s  with time, a n d  b e a m  

s e a s o n a l  C h a n g e s  ar e all realities that the d e s i g n  m u s t  a c c o m m o d a t e .  T h e  

a s s u m p t i o n  is, therefore, that the r e a c t a n c e  coils in the g u i d e w a y  a n d  th e g u i d a n c e  

e l e m e n t s  of th e m a g l e v  s y s t e m  that are in the g u i d e w a y  h a v e  significant a d j u s t m e n t  

features that a r e  e x p e c t e d  to b e  o n  the o r de r of 5 0 m m  f r o m  ideal design. Coils m u s t  

h a v e  a  vertical a n d  lateral a d j u s t m e n t  capability relative to t h e  g u i d e w a y ’s  m a i n  

structure. S e c t i o n  8. 0 p r o v i d e s  further disc us si on of t o l e r a n c e s  b a s e d  o n  s t u d y  

results.
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4 . 0  S e l e c t e d  S y s t e m s

4 . 1  V e h i c l e  C o n f i g u r a t i o n

This section d e v e l o p s  the vehicle p a r a m e t e r s  for u s e  in the study.

4 . 1 . 1  G e n e r a l  G u i d e l i n e s

F o r  this study, guidelines for the vehicle are:

a. Vehicle length, c r o s s  section a n d  g r o s s  w e i g h t  ar e a s s u m e d  to b e  

the s a m e  for all structures to obtain c o m p a r a b l e  d y n a m i c  results for 

various structures.

b. Interface with existing inner city transit c r o s s  sections is a d o p t e d  a s  a  

constraint. T h e  rationale for constraining the vehicle to existing transit 

c r o s s  sections is th e inner city a c c e s s  is the m o s t  difficult a n d  costly 

portion of s y s t e m  while it is also the m o s t  im po rt an t to the s u c c e s s  of 

the s y s t e m  in t e r m s  of ridership. A s s u m i n g  m a g l e v  t e c h n o l o g i e s  are 

attractive a s  a  full transportation m o d e  of the future including 

c o m m u t e r  transportation, t r an sf or mi ng existing inner city transit 

facilities to m a g l e v  is e x p e c t e d  to b e  c o s t  effective if the 

configurations c a n  b e  m a d e  co m p a t i b l e .

4 . 1 . 2  V e h i c l e  W i d t h  a n d  L e n g t h

T o  a c h i e v e  compatibility with existing corridors, the ca r m u s t  m e e t  

c l e a r a n c e s  of e a c h  existing s y s t e m .  M a n y  p r o p o s e d  m a g l e v  vehicles ar e  

o n  the o r d e r  of 3 3  m  l o n g  a n d  5  s e a t s  a c r o s s  ( ~  3.5 m  w i de ) w h e r e a s  

m o s t  existing transit vehicles are generally less t h a n  1 8  m  lo n g  a n d  3  m  

wide. T h e  length of 1 8  m  is required for compatibility with existing inner 

city transit routes to ma in ta in m i d - c h o r d  offsets in curves.

T h e  penalties of a  shorter vehicle ar e a  slight in cr ea se in p e r  s e a t  c o s t  for 

. construction a n d  m a i n t e n a n c e  b e c a u s e  of th e n u m b e r  of e q u i p m e n t  unit 

increases. Benefits include m a i n t e n a n c e  a n d  op e r a t i n g  flexibility b e c a u s e  

there ar e m o r e  ca r s  for the s a m e  n u m b e r  of s e a t s  w h i c h  aids vehicle 

replacerrient/redirection.

F r o m  a  d y n a m i c s  viewpoint, the 3 3  m  length vehicle will h a v e  a  c a r  

b e n d i n g  natural f r e q u e n c y  in the r a n g e  of 5  to 8  H z  w h i c h  ar e th e m o s t  

sensitive f r e q ue nc ie s for ride comfort. In c o m p a r i s o n ,  a n  1 8  m  vehicle 

c a n  h a v e  natural f r e q u e n c i e s  b e t w e e n  1 4  a n d  1 8  Hz, w h i c h  is ou ts id e the
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m o s t  sensitive b a n d  for h u m a n  comfort.

T h e  vehicle width of 3 . 5 m  is c h o s e n  for i n c r e a s e d  c a p a c i t y  p e r  car, 

permitting shorter station platforms. A e r o d y n a m i c  d r a g  will i n cr ea se  

a p p r o x i m a t e l y  proportionate to the a d d e d  c a p a c i t y  of 2 0 % ,  a l t h o u g h  the 

p r o p u l s i o n  p o w e r  incr ea se s non-linearly with i n c r e a s e d  drag. T h e  3. 5 m  

w i d t h  w o u l d  require s o m e  modifications to existing transit routes, s u c h  a s  

t r i m m i n g  platform wi d t h s  b y  0 . 2 5 m .  Full compatibility with existing routes 

c a n  b e  a c h i e v e d  b y  us in g 3 m  wide, 4  se a t  a c r o s s  vehicles. T h e  r e a d e r  is 

referred to the following information o n  existing c a r  d i m e n s i o n s  a n d  route 

cl ea ra nc es :

Transit c a r  d i m e n s i o n s  - R o s t e r  of N o r t h  A m e r i c a n  R a p i d  Transit

C a r s  [78]

*

Freight car. d i m e n s i o n s  - As so ci at io n of A m e r i c a n  Railroads M a n u a l

of S t a n d a r d s  a n d  R e c o m m e n d e d  

Practices, specifically plates B  a n d  C  of 

Freight C a r  D e s i g n  Data.

C l e a r a n c e s  - S t a n d a r d  c l e a r a n c e  d i a g r a m s  are

o b t a i n e d  f r o m  e a c h  transit property, or 

e a c h  railroad.

4 . 1 . 3  V e h i c l e  S t r u c t u r e

T h e  vehicle illustrated in F i g u r e s  4.1.3-1 a n d  4.1.3-2 is compatible, with 

f o r e g o i n g  rationale a n d  is p r o p o s e d  for this study. In this vehicle the m a i n  

structural e l e m e n t s  are t w o  longitudinal u n d e r  floor pairs of six inch 

a l u m i n u m  I b e a m s  providing b e n d i n g  stiffness a n d  longitudinal buckling 

resistance. T h e  c a b i n  shell h a s  1 0 0  m m  a l u m i n u m  s q u a r e  t u b e s ,  

longitudinally s u p p o r t i n g  a n  a l u m i n u m  skin. Z  s h a p e  a l u m i n u m  sections 

ring th e c a b i n  perimeter b e t w e e n  the longitudinal s q u a r e  t u b e s  o n  thirty- 

eight inch ( 9 6 5  m m )  centers to pr o v i d e  torsional restraint.

O n e  version of the vehicle h a s  a n  8  H z  vertical b e n d i n g  natural fr equency, 

a n d  a  s e c o n d  version h a s  a  1 5  H z  natural f r eq ue nc y. T h e  8  H z  vehicle is 

c h o s e n  for this s t u d y  a s  b e i n g  similar d y n a m i c a l l y  to other p r o p o s e d  

m a g l e v  vehicles.

T a b l e  4 . 1 .3-A lists t h e  vehicle properties.
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W i d t h

L e n g t h

M o m e n t s  of Inertia 

Vertical 

Lateral 

Polar

Natural B e n d i n g  Freq. 

Vertical 

Lateral

W e i g h t  of Structure

T A B L E  4 . 1 . 3 - A  

V E H I C L E  P R O P E R T I E S

8 H z  D e s i g n

3.5 m

18.0 m

4 . 4 x 1 0 6 c m 4 

4 . 4 x 1 0 6 c m 4 

8 .8x10 6 c m 4

8.3 H z

8.3 H z  

1 8 3  k N

1 5  H z  D e s i g n

3. 5 m

1 8 .0 m

4 . 2 x 1 0 6 c m 4 

4 . 4 x 1 0 6 c m 4 

8 .6x10 6 c m 4

1 4 . 7 4  H z

1 5 . 1 5  H z  

5 5  k N
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F i g u r e  4 . 1 3 - 1  V e h i c l e  T y p i c a l  C r o s s  S e c t i o n s



Lavatory

PLAN VIEW

i
wG>

1 8  m

/

(EOS System only)

ELEVATION VIEW

F i g u r e  4 . 1 . 3 - 2  V e h i c l e  P l a n  a n d  P r o f i l e



4 . 2  S e l e c t e d  S t r u c t u r e s

T h e  selection p r o c e s s  for structures a d o p t e d  in this s t u d y  r e v i e w e d  po ss ib le 

s y s t e m s  a n d  related structures, t h e n  n a r r o w e d  the field of c h o i c e s  to t h o s e  

w h i c h  potentially offered a  r a n g e  of p e r f o r m a n c e  alternatives.

T h e  initial g r o u p  of structures that w e r e  c o n s i d e r e d  for the s t u d y  included:

• Existing structures for m a g l e v :

- G e r m a n  T r a n s r a p i d

- J a p a n e s e  H S S T  (twin c o n c r e t e  box)

- J a p a n e s e  M L U  (concrete U - s h a p e )

• P r o p o s e d  s y s t e m s :

- M a g n a p l a n e  (semi-circular s h a p e )

- T - S h a p e s

- Single central b o x  s h a p e s

- "Hat" s h a p e s  (T s h a p e  with b o x  o n  t o p  for vehicle to straddle)

- "V" a n d  inverted "V" s h a p e s

- S u s p e n d e d  vehicle s y s t e m s

- C a b l e  s t a y e d  structures

Variations o n  t h e s e  in cl ud ed incorporating principles f r o m  several c o n c e p t s  

into o n e ,  s u c h  a s  "T1 g u i d e w a y s  with m a g n e t s  c a n t e d  t o w a r d  g u i d e w a y  

center line to p r o v i d e  g u i d a n c e  a n d  levitation f r o m  o n e  set of m a g n e t s .

Criteria for final selections are:

a. T h e  g u i d e w a y  m u s t  h a v e  a  safe w a l k i n g  s u r f a c e  for inspection, 

m a i n t e n a n c e  a n d  p a t r o n  d e b a r k a t i o n  in e m e r g e n c i e s .

b. T h e  g u i d e w a y  m u s t  b e  r e a s o n a b l y  e c o n o m i c a l .

c. T h e  structures m u s t  b e  inherently c o m p a t i b l e  with m a g n e t  constraints 

(primarily flux field interference).

d. T h e  structures a n d  the s y s t e m s  a s  a  w h o l e  s h o u l d  h a v e  r e a s o n a b l e  

e x p e c t a t i o n s  for n e a r  t e r m  d e v e l o p m e n t  to pr o t o t y p e  or r e v e n u e  service.

e. T h e  structures se le c t e d  c a n  b e  d e s i g n e d  a n d  a n a l y z e d  within th e b u d g e t  

of this project. ( C a b l e - s t a y e d  structures lo o k  p r o m i s i n g  b y  co nstruction
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cost, b u t  are very c o m p l e x  to d e s i g n  a n d  m o d e l ,  w h i c h  c a u s e d  this 

alternative to b e  d i s m i s s e d  f r o m  the study).

f. Several existing s y s t e m s  s h o u l d  b e  in cl ud ed a s  re ference structures.

h. F o r  this study's p u r p o s e  only, the structures c r o s s  section s h o u l d  h a v e  

the capability to b e  a d a p t e d  to either of the repulsive ( E D S )  or Attractive 

( E M S )  m a g l e v  technologies, e x c e p t  for existing m a g l e v  s y s t e m s ,  to allow 

c o m p a r i s o n  of d y n a m i c  p e r f o r m a n c e  b e t w e e n  th e t w o  s u s p e n s i o n  

s y s t e m s .

T h e  G e r m a n  T r a n s r a p i d  s y s t e m  w a s  selected a s  th e existing s y s t e m  w h i c h  

c o u l d  b e  u s e d  a s  a  b a s i s  of c o m p a r i s o n .  T h e  G e r m a n  s y s t e m - u s e s  a n  

attractive m a g n e t i c  levitation te ch no lo gy . T h e  solid steel structures b y  

T r a n s r a p i d  ar e selected b e c a u s e  full d i m e n s i o n a l  informatien h a s  b e e n  

pu b l i s h e d  [80]. T h e  project u s e s  a  vehicle of a b o u t  th e s a m e  weight, bu t  

shorter in length, p r o d u c i n g  a  higher lo a d  density, c o m p a r e d  to the actual 

T r a n s r a p i d  prototypes, a l t h o u g h  th e T r a n s r a p i d  h a s  a  s p a n  deflection/length 

ratio o f / / 4 0 0 0  c o m p a r e d  t o ^ / 1 0 0 0  for other b e a m s  in th e study.

T h e  J a p a n e s e  H S S T  ( E M S )  a n d  the M L U  J a p a n e s e  U - s h a p e  ( E D S )  are 

a d o p t e d  in c o n c e p t  b u t  t h e  structures ar e d e s i g n e d  b y  th e project t e a m  for 

the c a n d i d a t e  vehicle b e c a u s e  the J a p a n e s e  vehicle is m u c h  lighter, 

precluding the c o m p a r i s o n s  n e e d e d  b y  the study.

"V" s h a p e s  a n d  inverted "V" s h a p e s  ar e a v o i d e d  b e c a u s e  the c o n c e p t s  require 

a  single set of m a g n e t s  to p r o v i d e  lift a n d  g u i d a n c e .  T h e s e  ar e t w o  s e p a r a t e  

functions require different control r e s p o n s e  characteristics.

In the criteria a b o v e ,  a  g o a l  is to select structures that will h a v e  a  r a n g e  of 

co s t  a n d  p e r f o r m a n c e  (for s t u d y  p u r p o s e s ) .  Steel girders a n d  A A S H T O  

c o n c r e t e  girder b e a m  d e s i g n s  w e r e  initially believed to offer l o we r co s t  

alternatives, while c o n c r e t e  b o x  b e a m s  a n d  m o r e  aesthetically pleasing 

trapezoidal b o x  b e a m s  w o u l d  b e  m o r e  costly, a s  well a s  m o r e  m a s s i v e .

T h e  girder d e s i g n s  a n d  b o x  b e a m s  d e s i g n s  w e r e  e x p e c t e d  to h a v e  w e i g h t s  

a n d  b e n d i n g  stiffness v a l u e s  that c o v e r  a  b r o a d  class of structure t y p e s  a n d  

possible p e r m u t a t i o n s  s u c h  that the, b r o a d e r  d y n a m i c  e x p e r i e n c e  with t h e s e  

structures is i n t e n d e d  to p r o v i d e  insight into m o s t  anticipated future 

structures, re gardless of specifics of the design.
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T h e  c h o i c e s  for b e a m s  in this s t u d y  are therefore, in s e p a r a t e  versions for 

2 1 m  s p a n  a n d  3 9 m  s p a n :

• 4  b e a m s  to b e  d e s i g n e d  to U.S. guidelines, convertible to either 

E M S  or E D S  m a g l e v  configurations.

- 2  girder designs:

* Steel Girders

* A A S H T O  C o n c r e t e  Girders

- 2  B o x  b e a m  designs:

* R e c t a n g u l a r  B o x  B e a m

* T r a p e z o i d a l  B o x  B e a m

• 2  C o m p a r i s o n  B e a m s

- G e r m a n  T r a n s r a p i d  Steel "V", 2 4 m  length only, with E M S  

m a g l e v

- H S S T  T w i n  Bo x, mo di f i e d  to the vehicle in this study. H S S T  is 

a n  E M S  s y s t e m ,  but the s t u d y  t a k e s  s o m e  liberties analyzing 

the b e a m  with b o t h  m a g l e v  types.

All b e a m  sections, e x c e p t  the Transrapid, ar e d e s i g n e d  to the "preliminary 

engineering" level of c o m p l e t e n e s s ,  w h i c h  is d e v e l o p m e n t  of c o n c e p t s  to 

functional d i m e n s i o n s  b u t  without re fi ne me nt s a s s o c i a t e d  with site specific 

re quirements. All b e a m s  e x c e p t  the T r a n s r a p i d  B e a m  w e r e  d e s i g n e d  to the 

criteria a n d  l o a d i n g s  d e s c r i b e d  in Se ct io n 3.0, Criteria for the Study. T h e  

T r a n s r a p i d  b e a m  u s e s  p u b l i s h e d  d i m e n s i o n s  [80] f r o m  w h i c h  w e i g h t  a n d  

b e n d i n g  stiffness v a l u e s  ar e calculated b y  the study.

Structure d i m e n s i o n s  ar e d e v e l o p e d  only for s i m p l e  s p a n s .  C o n t i n u o u s  

s p a n s  will generally require lighter structures. ( S e e  S e c t i o n  8, Discussion).

T h e  girder a n d  b o x  b e a m  structures are d e s i g n e d  to b e  c o n v e r t e d  to either 

m a g l e v  s y s t e m .  Structures for E M S  h a v e  a  flat top. Structures for E D S  h a v e  

side walls. T h e  w e i g h t  of the side walls is i n c l u d e d  in th e total structure w e i g h t  

for b o t h  E D S  a n d  E M S  simulations. T h e  side wall w e i g h t  a n d  contribution to 

the structural strength is relatively small c o m p a r e d  to th e overall structure 

p a r a m e t e r  v a l u e s  without th e side walls. T h e  g u i d e w a y  c r o s s  sections u s e d  

in this s t u d y  a r e  illustrated in Figures 4,2-1 t h r o u g h  4.2-3. E a c h  illustration 

indicates th e d i m e n s i o n s  for b o t h  2 1  m  a n d  3 9  m  s p a n .  T h e s e  structures are 

d e s c r i b e d  be l o w .
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1. Steel Plate Girders

T h e  structure is a  c o m p o s i t e  steel/concrete 

structure h a v i n g  built-up steel plate girders a n d  a  

c o m p o s i t e  cast-in-place reinforced c o n c r e t e  

d e c k .  Th is d e s i g n  is preferred o v e r  the cast-in

p l a c e  c o n c r e t e  b o x e s  d e s c r i b e d  b e l o w  for 

locations with difficult b e a m  delivery 

c i r c u m s t a n c e s .

2. C o n c r e t e  R e c t a n g u l a r  Single B o x

This option consists of a  single b o x  girder of 

rectangular s h a p e  with cantilevered e x te ns io ns of* 

its u p p e r  flange f o r m i n g  the d e c k  slab. T h e  

c u r b s  ar e c a s t  at the e d g e  of the cantilevered 

slab. T h e  girder is to o large to b e  p r e c a s t  f r o m  

e n d  to e n d .  It h a s  b e e n  c o n c e i v e d  a s  cast-in

p l a c e  b o x  or a s  s e g m e n t a l  girder w h e r e  p r e c a s t  

short units ar e joined to ge th er a n d  post- 

t e n s i o n e d  with longitudinal cables.

3. C o n c r e t e  T r a p e z o i d a l  Single B o x

This op ti on is similar to the rectangular b o x  girder 

e x c e p t  it p r o v i d e s  shorter cantilevered e x te ns io ns 

of the flange f o r m i n g  the d e c k  slab. Th is b o x  

m i g h t  require internal b r a c i n g  of its t o p  flange a s  

the t o p  flange ge t s  wider.
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1 .  S T E E L  G IR D E R S  W ITH C O N C R E T E  D E C K

305 3810 305

SUPERSTRUCTURE 
& VEHICLE

v / ,V.
CAST-IN-PLACE 
POSTTENSIONED 
BOX GIRDER-

305 (TYP)

2134

vi,

12
19

203

‘

t_203
I typ) (TYP)

1524 (21336 SPAN)/
2286 (39624 SPAN)

2. B O X  BEA M

Figure 4.2-1



3 .  T R A P E Z O ID A L  B O X  B E A M

4. TW IN B O X  B E A M
REFERENCE: HSST CONFIGURATION

Figure 4.2-2
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6 .  A A SH T O  G IR D E R

Figure 4-2-3
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4. T w o  S e p a r a t e  R e c t a n g u l a r  B o x e s

( H S S T  S i m u l a t e d  Structure) T h e  t w o  b o x e s  are 

p l a c e d  directly u n d e r  the vehicle point loads. T h e  

b o x e s  h a v e  b e e n  u s e d  a s  p r e c a s t  p r e s t r e s s e d  

c o n c r e t e  girders. O n e  of th e d i s a d v a n t a g e s  to 

this t y p e  of superstructure is controlling the 

i n d u c e d  u p w a r d  c a m b e r  in the box. S i n c e  there 

is no t a  d e c k  slab, this c a m b e r  h a s  to b e  

o v e r c o m e  b y  other m e a n s  t h a n  th e o p p o s i t e  

d e a d  lo a d  deflections. T h e  t w o  b o x e s  c a n n o t  b e  

a s s u m e d  to act to ge th er or b e  m a d e  to act 

to ge th er a s  o n e  superstructure. F o r  the latter- 

reason, this structure a r r a n g e m e n t  is no t 

r e c o m m e n d e d  for hi gh s p e e d  transportation.

5. T r a n s r a p i d  Steel V

This structure is that illustrated in Figure 5,

T r a n s r a p i d  M a q l e v  S y s t e m , p a g e  28, printed b y  

H e st a- Ve rl ag D a r m s t a d t  [80].

6 . S t a n d a r d  C o n c r e t e  A A S F I T O  Girders

T h e  structure consists of t w o  A A S F I T O - t y p e  

p r e s tr es se d pr e c a s t  c o n c r e t e  girders s u p p o r t i n g  

a  cast-in-place c o m p o s i t e  reinforced c o n c r e t e  

d e c k  slab. T h e  girders ar e p l a c e d  nine feet apart 

a n d  rest o n  h a m m e r h e a d - t y p e  c o n c r e t e  pier. T h e  

2 1  m  s p a n s  a n d  the 3 9  m  s p a n s  require 

A A S F I T O  T y p e  IV a n d  T y p e  VI girders, 

respectively.

D e s i g n  c o n c e r n s  h a v e  b e e n  raised that steel e l e m e n t s  in th e g u i d e w a y  (rebar, 

steel plates, etc.) will interfere with m a g n e t i c  flux fields. P l e a s e  s e e  S e c t i o n  8  

of this report for a  c o m p l e t e  discussion. T h e  r e ba r d e s i g n s  h a v e  no t b e e n  

a n a l y z e d  for m a g n e t i c  flux interference, b u t  it is e x p e c t e d  that r e ba r c a n  b e  

located without significant m a g n e t i c  field interference or c h a n g e  in b e a m  

s h a p e s  a n d  properties.

M a g n e t i c  field influence o n  g u i d e w a y  m e t a l  corrosion is s u g g e s t e d  to b e  a  

p r o b l e m .  T h e  b e a m  d e s i g n s  in this s t u d y  ar e e x p e c t e d  to b e  fully c o m p a t i b l e  

with a n y  required corrosion control a n d  stray current control requirements.
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T h e  final d e s i g n  will include d e s i g n  m e a s u r e s  to control stray currents f r o m  

a p p r o p r i a t e  d e s i g n  analysis.

T h e  b e a m  properties for the selected structures ar e listed in T a b l e  4.2-A, 

B e a m  Properties. T h e  table p r o v i d e s  vertical a n d  lateral m o m e n t s  of inertia, 

areas, unit w e i g h t s  a n d  m o d u l e s  of elasticity for e a c h  b e a m  a n d  s p a n  length 

of 2 1  m  a n d  3 9  m .  T h e  natural freq ue nc ie s of e a c h  configuration ar e also 

calculated. T h e  f u n d a m e n t a l  natural f r e q u e n c y  for e a c h  b e a m  is the first 

m o d e ,  m o d e  1 in the table; the d y n a m i c  m o d e l s  include the first four m o d e s  

of vibration, also s h o w n .  Natural fr eq u e n c i e s  a r e  for s i m p l e  s p a n s  a n d  for 

c o n t i n u o u s  b e a m s  of e q u a l  length. T h e  m a x i m u m  d e s i g n  m o m e n t s  for e a c h  

structure for s i m p l e  s p a n s  are listed in T a b l e  4.2-B.
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T A B L E  4 . 2 - A  

B E A M  P R O P E R T I E S

• Description Moments of Inertia X-Sect Unit Mod. of Beam ;; Natural Freq. (Hz.)
Ixx

(cm ̂ 4 )
iyy

(cm ̂  4)
Area 

(cm ̂ 2 )
Weight
(kgf/m)

Elast
(N/cm ~  2

Length
(m)

!;!;!M6(iie:;!

!!!;!;!;;$$!;!; ;!;;!£&:; iijiSSff;;!;!
1 Steel Girders 6.82E+06 3.8E+07 2180.6 2976.2 2.0E+07 21.336 Vertical:':'-: 7.39 29.56 66.51 118.24

w / concrete deck !• tatejral;;; :;: 17.50 69.98 157.46 279.92

sr 1.46E+07 4.9E+07 2748.4 3437.5 20E +07 39.624 Vertical::::: ;!: 291 11.65 26.22 46.62
I I1 :l#teFal;;; :;! 5.35 21.40 48.16 85.61

2 Concrete Box 6.05E+07 2.3E+08 19896.7 4776.8 3.0E+06 21.336 Vertical::-: ;; 6.78 27.12 61.02 108.48

5 i s •.Lateral;:::: :;: 13.31 53.26 119.83 213.03
4ir1 1.65E+08 2.6E+08 22993.5 5520.9 3.0E+06 39.624 Vertical;;: ;; 3.02 1206 27.14 48.25m

:Lateral;;; :;: 3.81 15.23 34.27 60.92

3 Trapezoidal Box 5.90E+07 24E +08 17296.7 4151.8 3.0E+06 21.336 .Vertical:;; :;! 7.18 28.72 64.63 114.89
L u :L êril|:;;: ;; 14.53 58.13 130.79 23252
v F 1.56E+08 3.1E+08 21019.3 5044.7 3.0E+06 39.624 Vertical;;:-;; 3.07 1227 27.61 49.08

•- :;. 4.33 17.30 38.93 69.21
4 Twin Box 

(HSST) ' n n 217E +07 1.2E+07 11561.3 2767.9 3.0E+06 21.336 Vertical:;;-■:•: 5.33 21.33 48.00 85.34
Lateral:;;: ;; 3.90 15.62 - 35.14 6247

6.40E+07 1.8E+07 16103.2 3869.1 3.0E+06 39.624 Vertical:;;: :;: 225 8.98 20.21 35.93
Lateral:;;; ;; 1.19 4.76 10.70 19.02

5 Steel V

V
3.47E+06 1.1E+07 1450.3 1041.7 20E +07 24 Vertical:;;::;! 7.04 28.16 63.36 11264

(Transrapid) Lateral;;;: :x  1264 50.55 113.75 20221

6 AASHTO Concrete 5.24E+07 1.2E+08 17516.1 4598.2 3.0E+06 21.336 Vertical:;; X: 6.43 25.72 57.86 10286
Girders s u

*• Lat'erai-;;; 9.78 39.13 88.04 156.52

Trf 1.10E+08 1.2E+08 21335.4 5520.9 3.0E+06 39.624 Vertical:;;::;: 247 9.86 2219 39.44
. i * tateral:;!:!:;; 262 10.49 23.59 41.94



T A B L E  4 . 2  - B

M a x i m u m  S t r u c t u r a l  D e s i g n  F o r c e s  &  M o m e n t s

Structure Description
21 m Span 39 m Span

Momenl
Total

(kN-m)

Shear-
Dead
Load
(kN)

Shear-
Live
Load
(kN)

Moment
Total

(kN-m)

Shear-
Dead
Load
(kN)

Shear-
Live
Load
(kN)

1 Steel Girders 
w/ concrete deck 5,732 574 574 17,923 1,139 738

2 Concrete Box

V
6,605 752 574 21,921 •*1,539 738

3 Trapezoidal Box
6,180 703 574 20,965 1,446 738

4 Twin Box
(HSST) {1-1-3

t'l
4,311 320 574 14,675 810 738

5 Steel "V" 
(Transrapid)

not
avail.

not
avail.

not
avail.

not
avail.

not
avail.

not
avail.

6 AASHTO Concrete
Girders j i j

t T l
6,372 703 574 21,288 1,477 738

NOTES:
1. Total Moment =  Total Maximum Moment

— Sum of Moments from
Dead Loads +  Live Loads +  impact Loads.

2. Maximum Moments are at Mid-span between piers.

3. Maximum Shear Forces are at Piers.
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5 .0  M o d e ls

5 .1  M a g n e tic  L e v ita tio n  S u s p e n s io n  C h a ra c te r is t ic s

5 .1 .1  C h a ra c te r is t ic s  o f A ttra c t iv e  M a g le v  S u s p e n s io n s  
(E M S )

5 .1 .1 .1  G e n e ra l

Attractive m a g l e v  m a k e s  u s e  of th e m a g n e t i c  attractive force 

that exists b e t w e e n  t w o  essentially parallel iron s u r f a c e s  w h e n  a  

m a g n e t i c  field is present.

Figure 5.1.1.1 is a  simplified b l o c k  d i a g r a m  of a  o n e  

d i m e n s i o n a l  attractive s u s p e n s i o n .

T h e  m a g n e t  is s u s p e n d e d  u n d e r  a n  iron track. W h e n  current is 

s u p p l i e d  to the m a g n e t ,  a n  attractive force is g e n e r a t e d  in a  

direction that will t e n d  to c l os e t h e  g a p  b e t w e e n  th e m a g n e t  

po l e  a r e a  a n d  the track. T h e  m a j o r  d e s i g n  p a r a m e t e r s  relating 

force g e n e r a t e d  b y  coil current to m a g n e t i c  field, m a g n e t  po le 

area, a n d  a m p e r e  turns in the m a g n e t  are i n c l u d e d  in the 

following Se ct io n 5.1.1.2.

A n  attractive s y s t e m  of this sort is unstable. Co nt ro ls are 

n e c e s s a r y  for stable operation. S e n s o r s  m e a s u r e  th e g a p  

b e t w e e n  the m a g n e t  a n d  the vehicle positions a n d  their rates of 

c h a n g e .  T h e  f e e d b a c k  f r o m  the s e n s o r s  controls the voltage 

a p pl ie d to the coil terminals to appropriately control th e coil 

current a n d  k e e p  the g a p  constant.

Attractive s y s t e m s  us in g resistive coils h a v e  small g a p s  typically 

o n  the o r d e r  of 1 0  m m  or slightly less. S u p e r  c o n d u c t i n g  

s y s t e m s  are b e i n g  c o n s i d e r e d  with g a p s  of the o r d e r  of 5 0  m m .

T h e s e  s y s t e m s  are limited b y  the c a p a c i t y  a n d  reaction ti me of 

th e p o w e r  supply.

T h e  attractive m a g n e t i c  s u s p e n s i o n  s y s t e m  characteristic is 

that of a  negative spring c o n s t a n t  that m u s t  b e  o v e r c o m e  b y  

active control of the coil currents.
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T h e  following tables repr es en t s t e a d y  state initial a n d  e n d  

conditions. T h e  transient b e t w e e n  t h e s e  d e p e n d s  o n  the 

characteristics of the controller a n d  its ability to r e s p o n d  rapidly.

T a b l e  5.1.1.1 - A  is of n o r m a l i z e d  force v e r s u s  n o r m a l i z e d  g a p  

a n d  current. This table s h o w s  that at c o n s t a n t  current a  force 

in c r e a s e s  rapidly with smaller g a p s  [a large negative spring 

constant]. T a b l e  5.1.1.1-B s h o w s  force v e r s u s  g a p  a n d  control 

current settings for 3 6 , 2 8 7  k g  a n d  4 5 , 3 6 0  k g  vehicles with 

n o m i n a l  1 c m  g a p .
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T A B L E  5 . 1 . 1 . 1 - A

N O R M A L I Z E D  F O R C E  F O R  A T T R A C T I V E  S Y S T E M

L E V I T A T I O N  F O R C E / V E H I C L E  W E I G H T

Normalize
Gap
Z/Zo Normalized Current (N /NIO)

0.4 0.6 0.8 1 1.2 1.4 1.6

1.6 0.062 0.141 0.250 0.391 0.562 0.766 1.000

1.4 0.082 0.184 0.326 0.510 0.735 1.000 - 1.306

1.2 0.111 0.250 0.444 0.694 1.000 1.36)• 1.778

1.00 0.160 0.360 0.640 1.000 1.440 1.960 2.560

0.8 0.250 0.562 1.000 1.562 2.250 3.062 4.000

0.6 0.444 1.000 1.778 2.780 4.000 5.444 7.111

0.4 1.000 2.250 4.000 6.250 9.000 12.250 16.000

T h i s  t a b l e  i l l u s t r a t e s  t h e  r e la t iv e  f o r c e s  r e q u i r e d  in  a n  a t t r a c t i v e  m a g le v  s y s t e m .

T h e  l e v i t a t io n  f o r c e  i s  d e s ig n e d  t o  e q u a l  t h e  V e h ic le  W e ig h t  f o r  a  s p e c i f ie d  g a p ,  Z o ,  

w it h  a  r e q u i r e d  c u r r e n t ,  N io .  W h e n  t h e  a c t u a l  c u r r e n t  a n d  g a p  a r e  a t  t h e  d e s i g n  v a lu e s ,  

t h e i r  n o r m a l i z e d  v a l u e s  a r e  1 .0  ( s h a d e d  v a l u e s  in  t h e  t a b l e ) .  T h e  le v i t a t io n  f o r c e  a t  

t h e  d e s i g n  v a l u e  a l s o  n o r m a l iz e s  t o  1 ,  e q u a l  t o  t h e  v e h ic le  w e ig h t .  A s  t h e  g a p  c h a n g e s  

a s  a  r e s u l t  o f  d y n a m i c s  o r  o t h e r  e x t e r n a l  f o r c e ,  t h e  t a b l e  i l l u s t r a t e s  h o w  t h e  c o i l  

c u r r e n t ,  t h e  g a p ,  a n d  t h e  f o r c e  le v e ls  c h a n g e .

E x a m p le :

I f  t h e  g a p  d i s t a n c e  d e c r e a s e s  t o  4 0 %  o f  t h e  d e s ig n  g a p  ( 0 . 4  in  t h e  f i r s t  c o lu m n ) ,  a n d  t h e  

c o i l  c u r r e n t  I s  c o n s t a n t ,  t h e n  t h e  a t t r a c t i v e  f o r c e  in  t h e  g a p  is  6 . 2 5  t i m e s  t h e  d e s i g n  

f o r c e  ( 5 t h  c o l u m n ,  b o t t o m  r o w ) .
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T A B L E  5 . L 1 . 1 - B  

L E V I T A T I O N  F O R C E  ( k N )

ATTRACTIVE (EMS) LEVITATION

GAP
(cm)

for Vehicle Weight 
= 45,360 kgf

for Vehicle Weight 
= 36,287 kgf

Levitation Current 
(% of design value)

Levitation Current 
(% of design value)

80% 120% 80% ::;:::::;i00%::: 120%
1.2 20.1 31.5 45.4 16.1 25.2 36.3

29.0 ::::::;45;4:: 65.3 23.2 522
0.8 45.4 70.8 102.1 36.3 56.7 81.6

This table is the same as the preceeding table (Table 5.1.1.1-A) using assumed 
values for the designed gap (=  1.0 cm) and for the vehicle weights. The 
design values are shaded. The table illustrates the instability of the 
attractive (EMS) levitation system where changes in gap dimensions generate 
levitation forces that accentuate the change if no other control is exerted 
on the magnetic levitation forces.
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5 .1 .1 .2  A ttra c t iv e  M a g le v  C h a ra c te r is t ic s

In attractive m a g l e v  s y s t e m s ,  ap pr op ri at e vehicle p a r a m e t e r s  

ar e m e a s u r e d  a n d  c o m p a r e d  with de si re d v a l u e s  a n d  fe d b a c k  

with suitably a d j u s t e d  control g a i n s  a s  control vo lt ag es to the 

levitation m a g n e t s .

A  suitably ge n e r a l  m o d e l  of the s y s t e m  with controls follows.

P o l e  a r e a  is a d j u s t e d  to p r ov id e required lift force:

F  =  B 2  / (2M o ) * (Ap) =  2 o 2 / (pa A p) =  (Mo (Nl)2  A p ) / (8Z p 2 )- -

W h e r e

F  =  Levitation lift force (N)

B  =  A v e r a g e  field in g a p  (Tesla)

A p  =  Total f a c e  a r e a  of poles, ( m 2)

B  =  M o  (Nl) / 2 Z 0

M o  =  4  x  1 0'7 H / m  =  permeability c o n s t a n t  of air 

Nl =  A m p e r e  turns in vehicle coil 

Z Q  =  N o m i n a l  op erating g a p

M a g n e t i c  Flux:

0  = ( B  Ap) / 2 = (Mo Nl Ap)/(4Z0) = 7 (m0 Ap F)/2

Individual levitation el em en ts , or m a g n e t s ,  will h a v e  s e p a r a t e  

controls. In general, vehicle is s u s p e n d e d  b y  at least four 

levitation e l e m e n t s  (two o n  e a c h  side of vehicle); T h e  G e r m a n  

T r a n s r a p i d  S y s t e m  h a s  7  m a g n e t s  p e r  side of the vehicle 

c o n t a i n e d  in 4  m a g n e t  s u p p o r t  f r a m e s  ( u n s p r u n g  m a s s e s )  

w h e r e  th e intermediate m a g n e t s  s h a r e  a d j a c e n t  frames.
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The individual control elements are characterized by:

V = iR + L di/dt - L l0 /  ZQ dz/dt

=  IR + (mo N2 Ap)/(4Zo) di/dt - (mo N2 10 Ap)/(4Z02)dz/dt

For steady state:

v0 =  i0r

where:
V = voltage
i - current (amperes)
R = resistance (ohms)
L = inductance (Henrys)

nominal or design current to lift vehicle 
to design elevation, Zq, with the design 
voltage, VQ

N = number of conductors in coil
0  = Magnetic Flux (Webers or Tesla -m2)

Normalizing:

V/V0 = i/l0 + (Mo N2 Ap)/(4Z0 R l0) di/dt- 

(Mo N2 Ap)/(4Zo2 R) dz/dt

V/V0 = i/l0 + L7(R l0) di/dt - L/(R Z0) dz/dt

Inductance:

L =  in0 N2 Ap)/4Zo =  N0/!o =  (N/l0) y<n0 Ap F)/2

The relationship between individual conductor area, the number of 
conductors in a coil and the magnetic field is shown in Table 5.1.1.2-A for 
levitating a vehicle weighing 45,350 kg.
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T A B L E  5 .1 .1 .2 -A

P O L E  A R E A  A N D  A M P E R E  T U R N S  R E Q U IR E D  
T O  LE V IT A TE 4 5 ,3 5 0  k g f

ATTRACTIVE (EMS) LEVITATION SYSTEM

B
(Flux

Density)

Ap 
(Total 

Pole Area)

Ampere Turns [NI] 
Required

for for
[Tesla] [sq.m] 5cm GAP 10cm GAP

0.1 111.800 7.95 15.90
0.2 28.000 15.90 31.80
0.5 4.470 39.80 79.50
1.0 1.118 79.50 159.00
1.5 0.497 120.00 239.00

The table illustrates the design trade-offs between magnet power 
and magnet dimensions that are required to achieve the flux densities 
to cany the design load in attractive (EMS) levitation systems.
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5 . 1 . 2  C h a r a c t e r i s t i c s  o f  S u p e r c o n d u c t i n g  R e p u l s i v e  

( E D S )  M a g l e v  S u s p e n s i o n

5 . 1 . 2 . 1  G e n e r a l

Repulsive systems use superconducting coils on the vehicle. 
As the vehicle moves over appropriately configured conductors 
in the guideway, currents are induced providing levitation and 
guidance forces.

The simplest configuration is shown in Figure 5.1.2.1-1, which 
has the coils on the bottom of the vehicle. The guideway could 
be made up of individual coils, continuous conducting sheets, 
or ladder-like continuous strips under each vehicle conductor 
with periodic cross connections.

An exact 3D solution is possible once vehicle and guideway 
conductors are specified; however, a two-dimensional model 
was assumed to be representative for purposes of determining 
vehicle and guideway dynamics.

The resistance of the track coils or sheets is an important 
design parameter. Due to electrical resistance, the induced 
track currents decay with time. For higher vehicle speeds, this 
decay is small. Increasing the conductor area allows higher 
currents but decreases the electrical resistance while increasing 
the time for the currents to decay as well as increasing cost. 
Conductor cross-sectional area also influences the system 
damping coefficients which occurs from track coil resistance.

For super conducting coils on the vehicle and resistive 
conductors in the track, conductor cross section determines 
the magnetic drag force, an additional force in the direction of 
motion that must be overcome by the propulsion system.

5 . 1 . 2 . 2  A p p r o a c h

In order to allow some generality in the results, the following 
approach was taken for each configuration:

a) A two-dimensional analysis of each configuration was 
carried out.
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b) Track currents and normalized forces versus position were 
computed assuming high speed or small decay of track 
currents.

c) Forces per unit length for the various configurations were 
then used to provide forces versus relative vehicle position 
(deflection) for actual vehicle weights.

d) Magnetic drag, damping were computed assuming 
negligible decay of track currents.

Table 5.1.2.2-A shows the levitation force as a function of 
distance from the center of the vehicle coil to the center of the 
track current for the configuration shown in Figure 5.1.2.1-1.

»

The table assumes a nominal center to center distance of
0.2m. For this center to center distance, a physical separation 
(gap) of 0.1m from the vehicle surface to the track coil surface 
results. The +/- .06m variation presented in the table 
represents a dynamic physical gap variation from .04m to 
.16m.

This table is a vehicle supported from below with vehicle and 
track coils in the horizontal plane. If the force is interpreted as 
force normal to the coil plane, the table is valid for coils with 
tilted guideways at any angle.

The table shows three sets of forces versus center to center 
distances. These were all computed using a conductor to 
conductor distance of 0.5m for both the vehicle and track coils. 
The first set is normalized with respect to the nominal force, F, 
=  vehicle weight, W at a separation of 0.2m. This increases to 
F=2.03W at 0.14m and decreases to F=.548W at 0.26m.

The difference in load (AF/W) divided by the difference in 
separation A  h(m) is also shown in the table.

Scaling to any nominal value is appropriate to deal with a single 
magnet or the whole vehicle.

Also shown are forces and effective spring constants for 
nominal loads of 45,360 kg and 36,287 kg.
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T A B L E  5 .1 .2 .2 -A

Design

E Q U IV A L E N T  S P R IN G  R A T E  (F o rce  v s. D e fle c tio n )  
S IM P L E  R E P U L S IO N  (E D S )

[Nominal Center to Center Distance =  0.2m]

For 45,360 kg Vehicle For 36,287 kg Vehicle
Magnet Normalized Levitation Equivalent Levitation Equivalent

Center to Force Force Spring Force Spring
Center Rate Rate

Distance r .
{Note 1 ] [Note 2] [Note 3] [Note 4] [Note 3] [Note 4]

(cm) F/W <kN) (kN/cm) (kN) (kN/cm)

14.00 2.03 903.0
102.3

722.5
81.9

16.00 1.57 698.4
71.2

558.8
56.9

18.00 1.25 556.0
55.6

444.9
44.5

20.00 1.00 444.8 355.9
42.0 33.6

22.00 0.811 360.8'
32.7

288.6
26.2

24.00 0.664 295.4
25.8

236.3
20.6

26.00 0.548 243.8 195.0

NOTES:
1. Center to Center Distance is the distance between the vehicle and track 

coll centers. The actual levitated distance or height is the center to 
center distance minus half the thickness of the track and vehicle coils, 
which may total 10 to 12 cm.

2. Normalized Force: Levitating Force, F, divided by the Vehicle Weight, W.

3. Levitation Force required to suspend the vehicle at the center to 
center distance shown, where the design center to center height is 
20 cm.

4. Equivalent Spring Rate Is the force/deflectlon characteristic of the 
magnetic suspension that Is analogous to a mechanical spring.
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5 . 1 . 2 . 3  N u l l  F l u x  L e v i t a t i o n

Levitation of the vehicle from underneath makes use of simple 
repulsion. In this case, vehicle coils and guidance coils are 
essentially lined up facing each other with forces normal to the 
plane of the coils. In contrast, null flux levitation on the vehicle 
sides (see Figure 5.1.2.3-1) makes use of the fact that when 
coils are offset, forces parallel to the coil plane are also 
generated. The null flux configuration in Figure 5.1.2.3-1 is 
being used by the Japanese, and makes use of figure-eight 
shaped coils in the guideway.

When the vehicle coil is centered vertically with respect to the - 
figure-eight magnet shape, there is no current flow because the 
flux induced in the upper half is equal and opposite to the lower 
half. As the vehicle coil moves away from the center of the 
figure eight shape, current flows in the coil generating vertical 
levitation forces (guidance forces are also generated).

Table 5.1.2.3-A presents the force versus distance (effective 
spring rate) for a system with center to center distance of 0.2m, 
with vehicle and track conductor bundles spaced 0.5m apart. 
Three sets of numbers are presented: normalized with respect 
to a general normalized (non-dimensional) vehicle weight, W 
and for W = 445 kN and W = 356 kN.

The force is zero when centered vertically and reaches a peak 
value at 0.2m vertical displacement. This peak is set to 2W for 
the computations, meaning that at a maximum dynamic load of 
2W the deflections are at the extreme of the magnet 
geometries.

If the maximum deflection is exceeded, the vehicle will drop out 
of the magnetic suspension field (and crash). This behavior is 
quite different from the simple repulsion where the force 
continues to grow with displacement.

Because no currents flow unless vertical lift is required, the 
resistive losses and magnetic drag is considerably lower for a 
configuration of this type.
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F ig u re  5 .1 .2 .3 -1  Null Flux Levitation Figure *8“ Shaped Track Coils
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T A B L E  5 .1 .2 .3 -A

E Q U IV A L E N T  S P R IN G  R A T E  (F o rce  v s. D e fle c tio n )  
N U L L  F L U X  L E V IT A T IO N  (E D S )

[Nominal Center to Center Distance =  0.2m]

For 45,360 kg Vehicle For 36,287 kg Vehicle
Relative Normalized Levitation Equivalent Levitation Equivalent
Vertical Force Force Spring Force Spring
Position Rate Rate

[Note 1] [Note 2] [Note 3] [Note 4] [Note 3] [Note 4]
(cm) F/W (kN) (kN/cm) (kN) (kN/cm).

0 0 0
72.9

0.0
58.4

5.00 0.82 365
72.9

292
58.4

10.00 1.64 729
32.0

584
25.6

15.00 2.00 890 712

20.00 1.70 756 \ 605

25.00 0.72 320 256

NOTES:
1. Relative vertical position is the distance the vehicle is displaced 

vertically from the center, or null position, of the track’s  figure-eight 
coils. For this example, a load of twice the vehicle weight is arbitrarily 
assummed to cause a displacement of 15 cm from the null position.

2. Normalized Force: Levitating Force, F, divided by the Vehicle Weight, W.

3. Levitation Force required to suspend the vehicle at the displaced position 
shown in column 1.

4. Equivalent Spring Rate is the force/deflection characteristic of the 
magnetic suspension that is analogous to a mechanical spring. Note that 
the vehicle “falls out* of the magnetic field once the maximum displacement 
is exceeded, and there is no longer a levitation suspension and therefore 
no spring rate.
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5 . 1 . 3  L a t e r a l  G u i d a n c e

A lateral guidance system is shown in Figure 5.1.3-1.

In operation, track coils on each side of the guideway keep the 
vehicle positioned in the center. The basic operation is very 
similar to simple repulsive levitation (Figure 5.1.2.1-1). Table
5.1,2.2-A applies to this case, also.

When centered, equal repulsive forces exist on each side and 
there is no net force. If the vehicle moves laterally, the repulsive 
force on the side with the smaller gap increases and the force 
on the side with the larger gap decreases. The net effect i& a 
lateral restoring force.

Table 5.1.3-A shows the guidance force per unit length for 
displacement from 0 to -0.06 m. For a practical system with
0.10 m physical gap, lateral motion of 0.04 m under non
emergency conditions is probably an upper limit and is so 
indicated on the table.

The computed values of normalized guidance force/per unit 
length are presented in the second column of the table.

The guidance design will generally select a total magnet length 
and ampere turns in order to achieve the proper guidance 
force for each vehicle.

For illustrative purposes, the table also shows the nominal 
restoring forces at 0.04 m lateral displacement of 5,000 to
50,000 lbs. While the force at 0.02 m is not exactly one half of 
the 0.04 m value, a constant spring is a good approximation.

One of the disadvantages of a simple guidance system is that 
the next guidance force is produced by opposing two large 
forces. In the central position, large currents produce large 
forces with no net force - a very inefficient condition.

A more efficient approach to guidance is shown in Figure 5.1.3-
2. Track coils on each side of the guideway are connected in 
series opposition. If the vehicle is centered, no net current 
flows. With the vehicle offset laterally, the same magnitude of 
current now flows on both sides resulting in repulsion on one
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side and attraction of the other. In addition to the currents 
being lower, the forces are more equally distributed on both 
sides of the vehicle.

The null flux system does reduce the load per unit length so 
that larger coils or more ampere turns are required to achieve 
the same lateral restoring force as the simple repulsive lateral 
guidance.

The scaled characteristics of forces versus distance presented 
in Table 5.1.3-A are also valid for the null flux case.
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T A B L E  5 .1 .3 -A

L A T E R A L  G U ID A N C E  F O R C E

Lateral 
Displace

ment from 
Center 
Position 
[Note 1 ] 

(cm)

Normalized
Force

[Note 2]

Design Lateral Force @ 4 cm Lateral Displacement [Note 5]
22,241 SI 44,482 N 88,964 N

Magnetic
Force

[Note 3] 
(kN)

Equivalent 
Spring 
Rate 

[Note 4] 
(kN/cm)

Magnetic
Force

[Note 3] 
(kN)

Equivalent 
Spring 
Rate 

[Note 4] 
(kN/cm)

Magnetic
Force

[Note 3] 
(kN)

Equivalent 
Spring 
Rate 

[Note 4] 
(kN/cm)

0 0 0.0 0.0 0.0
5.3 10.6 21.1

2.00 0.3955 10.6 21.2 42.3 *
5.8 11.6 23.4

4.00 0.8287 22.2 44.5 89.0
8.1 16.2 32.2

6.00 1.4351 38.5 77.0 153.5

Notes:

1. This table provides lateral spring equivalents for the guidance magnets 
assuming the lateral allowable displacement from a central position
is about 4 cm. The table also assum es the maximum lateral force imposed 
by the vehicle at the 4 cm displacement (see Note 5).

2. Normalized force: Imposed force from the vehicle per unitlength of 
the magnet divided by the force produced by the coil. The force 
produced by the vehicle will comply with the relation

Magnetic guidance force =  (4*pi*10 ~ -7)*(Coil Current** 2)

3. Magnetic Force: Force produced by magnetic coila

4. Equivalent Spring Rate: Lateral force/deflection characteristic of the 
magnetic field that is analogous to a mechanical spring.

5. The table assumes a maximum Imposed force from the vehicle due to  
curving or dynamics. The coil design would in practice be designed to 
produce the force shown for the design displacement From this, the proper 
lateral spring constant can be derived, as illustrated in this table
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G U I D A N C E

Figure 5 .1 .3 -2  Null Flux Repulsive Guidance
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5.1 .4 M agnetic Drag

In a  s y s t e m  consisting of s u p e r  c o n d u c t i n g  coil a n d  track 

c o n d u c t o r s  only, the only dissipation of e n e r g y  is th e resistive 

lo ss es in track c o n d u c t o r s .  T h e s e  le ad to a  m a g n e t i c  d r a g  

force that m u s t  b e  su pp li ed b y  the p r op ul si on s y s t e m .  

M a g n e t i c  d a m p i n g  of vehicle m o t i o n  also is directly d e p e n d e n t  

o n  the resistive losses in the track c o n d u c t o r s .  If track 

c o n d u c t o r s  h a d  z e r o  resistance, there w o u l d  b e  n o  m a g n e t i c  

d r a g  a n d  n o  m a g n e t i c  d a m p i n g  of vehicle m o ti on . T h e  

m a g n e t i c  d r a g  a n d  d a m p i n g  are related effects.

In a  t w o - d i m e n s i o n a l  m o d e l  of the s y s t e m ,  track currents c a n  - 

b e  c o m p u t e d  a s s u m i n g  negligible current d e c a y  while the 

vehicle is p a s s i n g  b y  (high s p e e d  limit). F o r  a  g i ve n 

configuration of track c o n d u c t o r s ,  the resistive p o w e r  c a n  b e  

c o m p u t e d .  B e c a u s e  at the hi gh s p e e d  limit th e track current is 

i n d e p e n d e n t  of s p e e d ,  the resistive lo s s e s  a r e  also 

i n d e p e n d e n t  of s p e e d  a n d  a p p e a r  a s  a  m a g n e t i c  drag.

B e c a u s e  at hi gh s p e e d  the resistive p o w e r  is i n d e p e n d e n t  of 

s p e e d ,  the m a g n e t i c  d r a g  force F D  t i m e s  th e velocity v  is also 

constant:

F D  * v  =  I2 R  ; M a g n e t i c  D r a g  P o w e r  

F d  =  I2 R / v  ; M a g n e t i c  D r a g  F o r c e

Th is l e a d s  to the c o n c l u s i o n  that at h i g h  s p e e d s ,  m a g n e t i c  

d r a g  p o w e r  is i n d e p e n d e n t  of s p e e d  a n d  m a g n e t i c  d r a g  force 

varies a s  1/v. T h e s e  are valid at all s p e e d s  w h e r e  current d e c a y  

is small, a n d  current fully pene tr at es track c o n d u c t o r s .

T h e  m a g n e t i c  d r a g  p o w e r  a n d  forces a r e  p r e s e n t e d  in t w o  

tables (Table 5.1.4-A a n d  -B) for 4 5 , 3 6 0  k g  a n d  3 6 , 2 8 7  k g  

vehicles for the various configurations of m a g l e v .

T h e  s i m p l e  s u s p e n s i o n  results in m a g n e t i c  d r a g  p o w e r  of a b o u t

1.1 M W  for a  4 5 , 3 6 0  k g  vehicle. A n  3 6 , 2 8 7  k g  vehicle h a s  

proportionately lower m a g n e t i c  d r a g  p o w e r  of 0 . 8 8  M W  in the 

s a m e  track.

T h e  m a g n e t i c  d r a g  force c o r r e s p o n d i n g  to s p e e d  of 1 6 1  to 4 8 3
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k m / h  is al so p r e s e n t e d  in the table. T h e  null flux figure-eight 

si de levitation s y s t e m  u s e s  c o ns id er ab ly lo we r p o w e r  t h a n  the 

s i m p l e  s u p p o r t e d  configuration for the s a m e  vehicle weight.

T w o  s i d e d  s i m p l e  g u i d a n c e  h a s  m a g n e t i c  d r a g  p o w e r  of 0 . 5 2 1  

M W  (at 0 . 0 4 m  di sp la ce me nt ), c o m p a r e d  with 0 . 0 3 9  M W  at the 

s a m e  force a n d  d i s p l a c e m e n t  for a  null flux g u i d a n c e  s y s t e m .  

Th i s  clearly illustrates th e higher'effectiveness of the null flux 

a p p r o a c h .
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T A B L E  5 .1 .4 -A

M A G N E T IC  D R A G  C H A R A C T E R IS T IC S

EDS, Simple Suspension
[Nominal Center to Center Coil Distance = 20 cm]

Vertical 
Displace
ment from

Magnetic Drag Power 
(MW)

Magnetic Drag Force (kN)

Null Vehicle Weight
Position 45,359 kgf 36,287 kgf Vehicle Wt = 45,359 kgf Vehicle Wt = 36,287 kgf

(cm) 161
km/hr

322
km/hr

483
km/hr

161
km/hr

322
km/hr

483
km/hr

Simple
Susp. 

.2m center 
to center

1.106 0.885 25 12 8 20 10 7

Two sided
2 0.408 0.326 9 5 3 7 4 2

Guidance 4 0.521 0.417 12 6 4 9 5 3

- 6 0.571 0.457 13 6 4 10 5 3

Null Flux
2 0.0096 0.0077 0.21 0.11 0.07 0.17 0.08 0.06

Two sided 
Guidance

4 0.039 0.031 0.88 0.44 0.29 0.70 0.35 0.24

6 0.092 0.074 2.06 1.03 0.69 1.65 0.82 0.55

* Guidance adjusted for 0.2g at .04m
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T A B L E  5 .L 4 -B

M A G N E T IC  D R A G  C H A R A C T E R IS T IC S
(NULL FLUX LEVITATION)

Vertical 
Displcmnt 
from Null 
Position 
[Note 1]

(cm)

Drag Power 
(MW)

Magnetic Drag Force
m

Vehicle Weight Vehicle W t =  45,359 kgf Vehicle W t =  36,287 kgf
45,359 kgf 36,287 kgf 161

km/hr
322

km/hr
483

km/hr
161

km/hr
322

km/hr
'483

km/hr
5.00 0.194 0.155 4.3 2.2 1.4 3.5 1.7 .* 1.2

10.00 0.881 0.705 19.7 9.9 6.6 15.8 7.9 5.3

15.00 1.820 1.460 40.8 20.4 13.6 32.6 16.3 10.9

Notes:

1. Vertical position is relative to th e vertical center, or null, position of the track’s  figure-eight coils. 

T h e r e  is n o  d r a g  at the null position for the Null Flux levitation technique.

2. T h e  table is constructed a s s u m i n g  th e d e s i g n  of the m a g n e t i c  levitation s y s t e m  will a c c o m o d a t e  

twice the vehicle w e i g h t  a n d  th e coil g e o m e t r y  will p r o d u c e  the required levitation force at 1 5  c m  

di s p l a c e m e n t  of the vehicle f r o m  th e null position.
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5.1 .5  Damping

A s  d i s c u s s e d  in the pr ev i o u s  sections, m a g n e t i c  d a m p i n g  of 

vehicle m o t i o n  is a  result of resistive lo s s e s  in track c o n d u c t o r s  

a n d  is related to m a g n e t i c  d r a g  p o w e r .

T h e  e s t i m a t e d  d a m p i n g  coefficients p r e s e n t e d  in T a b l e  5.1.5-4 

m a k e  u s e  of the m a g n e t i c  d r a g  p o w e r  a n d  th e d e c a y  ti m e  

c o n s t a n t  of the track currents. T h e  b a s i c  c h a r a c t e r  of the 

d a m p i n g  is a  c o n s t a n t  d a m p i n g  coefficient C o  at l o w  

frequencies. At higher frequencies, the d a m p i n g  coefficient 

d e c r e a s e s  a s  the s q u a r e  of the f r eq ue nc y. Th is h i g h  f r e q u e n c y  

characteristic results in c o n s t a n t  d a m p i n g  p o w e r  for a  fixed - 

a m p l i t u d e  of oscillation.

-6 2 -



T A B L E  5 .1 .5 -A

E S T IM A T E D  D A M P IN G  C O E F F IC IE N T

Co [sec/m]
Levitation
Simple Propulsion 179000

Null Flux
Side Levitation 700000

Simple Guidance 15000

Null Flux
Guidance 200000

N O T E S :

1. D a m p i n g  is d e t e r m i n e d  f r o m  p o w e r  loss. P o w e r  loss Is a  result of track resistance. 

Vehicle motion, Sv, is a s s u m e d  to b e  sinusoidal, w h e r e  a  d a m p i n g  c o n s t a n t  c a n  

b e  d e t e r m i n e d  f r o m  th e a v e r a g e  p o w e r .

M o t i o n  =  S v  =  [Delta S v ] * e ' v (j*Omega*t)

Velocity =  V  =  J * O m e g a *  [Delta S v ] * e  ~  (j*Omega*t) 

F o r c e  =  C * V  =  C * j * O m e g a * [ D e l t a  Sv] * e  ~  (J*Omega*t) 

P o w e r  =  Force[F] * Velocity[V] =  C  * V A 2  

A v e r a g e  P o w e r  =  1/2 ( C *  [Delta Sv]  ̂ 2  * O m e g a yv2)

w h e r e  [Delta S v ]  =  vehicle d i s p l a c e m e n t  f r o m  the n o m i n a l  position (m) 

O m e g a  =  F r e q u e n c y  of oscillation of m o t i o n  (Hz) 

e  =  exponential co ns ta nt =  2.7182818 
j =  s q u a r e  root of (-1) 

t =  ti me (sec)

2. D a m p i n g  Coefficients, C, are calculated u s i n g  the a b o v e  table va l u e s  for 

C o ,  a  coefficient d e t e r m i n e d  b y  track coil geometries, a n d  t h e  following 

relation:

C  =  Co/(1 + 0 . 0 4 1 3 * O m e g a  A  2)

C o  =  a  c o n s t a n t  related to track coil configuration (N ~  2 / O m e g a )

0 . 0 4 1 3  is a  t i m e  co ns ta nt for track coils, w h i c h  is d e p e n d e n t  

o n  c o n d u c t o r  size.
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5.2 Aerodynam ics

5.2.1 General

Th is section p r e s e n t s  the a e r o d y n a m i c s  characteristics of a  

c a n d i d a t e  m a g l e v  vehicle. T h e  vehicle m o d e l e d  is a  generic, 

t w o - c a r  m a g l e v  configuration, with s e p a r a t e  a e r o d y n a m i c  

e x p r e s s i o n s  d e v e l o p e d  for repulsive ( E D S )  a n d  attractive ( E M S )  

s u s p e n s i o n  s y s t e m s ,  since th e g u i d e w a y  c l e a r a n c e  for e a c h  

s u s p e n s i o n  s y s t e m  differs. Q u a s i - s t e a d y  force a n d  m o m e n t  

coefficient functions of vehicle s p e e d  a n d  w i n d  g u s t  are 

d e v e l o p e d .  W h i l e  t h e s e  results ar e configuration specific, the 

representations are sufficiently g e n e r a l  for tailoring to other 

m a g l e v  vehicles. T h e  representations of the a e r o d y n a m i c  

characteristics are f o r m u l a t e d  to facilitate u s e  within the m a g l e v  

v e h i c l e / g u i d e w a y  d y n a m i c  m o d e l s  b y  Battelle.

A s s u m i n g  vehicle velocities r a n g i n g  to 8 0 0  k m / h ,  definition of 

the a e r o d y n a m i c  forces o n  the vehicle is of p a r a m o u n t  

i m p o r t a n c e .  A s  s h o w n  in Figure 5.2.1-1, vehicle p o w e r  

required for s t e a d y  travel i n c r e a s e s  with the s q u a r e  of the 

velocity. W i n d  g u s t s  u p  to 1 1 5  k m / h  ar e a s s u m e d  at r a n d o m  

i n c i d e n c e  a n g l e s  to the vehicle trajectory. E x t r e m e l y  strict 

to le ra nc es o n  the d i s t a n c e  b e t w e e n  the train b o t t o m  a n d  the 

g u i d e w a y  s u r f a c e  at t h e s e  h i g h  s p e e d s  require a  vehicle b o t h  

l o w  in a e r o d y n a m i c  d r a g  a n d  highly resistant to buffeting 

effects in c r o s s w i n d .  F r o m  t h e s e  constraints a n d  th e additional 

size limitations p r o v i d e d  b y  Battelle a n d  P a r s o n s  Brinckerhoff 

Q u a d e  &  D o u g l a s ,  the following vehicle evolved.

5.2 .2  Vehicle Description

T h e  vehicle u n d e r  s t u d y  (please refer to S e ct io n 4.1) is a  

s y m m e t r i c ,  t w o - c a r  magn et ic al ly levitated train, with e a c h  c a r  

h a v i n g  a  length (L) of 1 8  meters, wi dt h (w) of 3.5 meters, a n d  

height b e t w e e n  3.3 a n d  4  m e t e r s  (Figure 5.2.2-1).

T h e  vehicle is a s s u m e d  to h a v e  a n  ellipsoidal n o s e  c o n e  of axis 

ratio 3:1 oblate parallel to the g u i d e w a y  surface. T w o  t y p e s  of 

levitation a r e  u n d e r  study, attractive a n d  repulsive s u s p e n s i o n ,  

w h i c h  yield slightly different cr os s- se ct io ns (Figure 5.2.2-2).
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Figure 5.2.2-1 MftGLEV Vehicle Configuration
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F o r  p u r p o s e s  of the a e r o d y n a m i c  analysis, the significant 

difference b e t w e e n  th es e configurations lies in th e air g a p  

height b e t w e e n  the train b o t t o m  surface a n d  the g u i d e w a y ;  a  

1 3  m m *  se paration is e x p e c t e d  for the attractive s u s p e n s i o n  

while the repulsive s y s t e m  allows a  1 3 0  m m *  air g a p .  S i n c e  

p a ra me te ri zi ng this effect in s i d e w i n d  is difficult, the d a t a  is 

p r e s e n t e d  in t w o  sets, o n e  for e a c h  s u s p e n s i o n  s y s t e m .

T h e  vehicle is a s s u m e d  to h a v e  z e r o  pitch angle, a  

c o n s e q u e n c e  of the extremely strict tolerances in g a p  height 

w h i c h  allow little deviation in pitch, a n g l e  f r o m  z e r o  d e g r e e s .  

Also, all su rf ac es are a s s u m e d  a e r o d y n a m i c a l l y  s m o o t h ,  with 

s o m e  a l l o w a n c e  for s t a n d a r d  plate r o u g h n e s s .  T h e  g a p  

b e t w e e n  ca r s  is a s s u m e d  small a n d  c o v e r e d  b y  s o m e  flexible 

m e m b r a n e ,  therefore the- vehicle s u rf ac e is treated a s  

co nt i n u o u s .  Results f r o m  this analysis are ex t r e m e l y  sensitive 

to vehicle cross-section in side wind, a n d  significant alterations 

of the gi ve n s h a p e s  (Figure 5.2.2-1) c a n  result in deviations 

f r o m  the results provided.

5.2 .3  Definition of Forces and Moments

F o r  the t w o - c a r  configuration, the a e r o d y n a m i c  forces a n d  

m o m e n t s  ar e applied at t w o  s e p a r a t e  center-of-gravity 

locations (Figure 5.2.3-1). T h e  location of t h e s e  centers, w h i c h  

a r e  n e a r  the g e o m e t r i c  centroid, ar e d e t e r m i n e d  b y  the 

d y n a m i c  analysis g r o u p  at Battelle. Positive side force a n d  

m o m e n t  directions are indicated b y  arrows; similarly, the 

positive relative w i n d  angle, 6, is s h o w n .  T h e  following list 

s u m m a r i z e s  the coefficients a n d  their definitions, relative to 

s t a n d a r d  a e r o d y n a m i c  forces a n d  m o m e n t s .

Lift f o rc e coefficient C l =  Lift/(qA)

D r a g  force coefficient Cd =  D r a g / ( q A )

S i d e  force coefficient C y  =  Sideforce/(q A)

* A p p r o x i m a t i o n s u s e d  in this study. Actual d e s i g n  v a l u e s  for G e r m a n  T r a n s r a p i d  
T R - 0 7  is 8 m m  (attractive m a g l e v  s y s t e m s )  a n d  for J a p a n e s e  M L U X  is a b o u t  1 0 0 m m  
(repulsive m a g l e v  sy st em ). P r o p o s e d  G e r m a n  C o r p  S y s t e m  h a s  a  5 0 m m  g a p  in a n  

attractive m a g l e v  c o n c e p t .
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Rolling m o m e n t  coefficient Ci =  Rolling M o m e n t  /(q A  D )

Pitching m o m e n t  coefficient C m  =  Pitching M o m e n t / ( q  A  D)

Y a w i n g  m o m e n t  coefficient Cn =  Y a w i n g  M o m e n t / ( q  A  D)

5.2 .4 Wind Gust C haracterization

F o r  p u r p o s e s  of this analysis, a  w i n d  g u s t  is de f i n e d  a s  a n  air 

velocity perturbation in the vehicle f r a m e  of reference w h i c h  h a s  

a  k n o w n  s p e e d  a n d  direction. F o r  e a s e  of analysis the g u s t  

strength (VG ) a n d  direction ( )  a r e  m e a s u r e d  relative to the 

vehicle g u i d e w a y ,  a n d  ar e a s s u m e d  c o n s t a n t  at a n y  g i v e n  time 

instant (Figure 5.2.4-1). This q u a s i - s t e a d y  analysis allows for 

variable g u s t s  to b e  input irr a  ti me -s te pp in g fashion. N o t e  that 

the direction of the g u s t  m a y  result in a n  increase (or d e c r e a s e )  

in the a i r s p e e d  relative to the vehicle (VtrUe) or a  c h a n g e  in the 

w i n d  a n g l e  (6). T h e  following e q u a t i o n s  relate the vehicle track 

s p e e d  (Voo ), g u s t  a n g l e  a n d  strength to the d e ri ve d vehicle 

s p e e d  a n d  relative w i n d  angle:

Vtrue = Vcq + VG COS# [5.2 (1)]
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5 . 2 . 5  R e s u l t s

The results shown for the maglev vehicle configuration consider 
a variety of aerodynamic phenomenon and are correlated from 
numerous sources. Included are the effects of skin friction, 
vehicle pressure field (most notably base drag), length-to- 
diameter ratio, gap height, and side wind.

Given the complex three-dimensional nature of the flowfield, 
especially in side wind, theoretical results are difficult to obtain. 
Without the benefit of extensive computational fluid dynamic 
analysis and experiment, the best correlations for the current 
maglev vehicle are found from previous experimental results. 
All the aerodynamic effects are included in the given analysis 
with the exception of gap height, which is reflected by the 
separate data sets, for repulsive and attractive suspension 
systems.

The calculation of forces and moments consists of two parts. 
First, the drag coefficient at zero relative wind angle is 
computed for a given condition. Then, the relative wind angle, 
6, is found from the given velocities [Equation 5.2(1)], and the 
true force and moment coefficients are computed using the 
algebraic curve fits given at the end of this section. Once the 
coefficients are known, calculation of forces and moments 
proceeds from the definitions of the coefficients since the 
reference area, diameter, and dynamic pressure are known 
(see table below).

The Table 5.2.5-A gives the symbol definitions for the required 
inputs:
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T a b l e  5 . 2 . 5 - A

A E R O D Y N A M I C  I N P U T  V A R I A B L E S

L =  Total vehicle length
Vo© = Vehicle forward speed relative to the guideway 
A =  Vehicle maximum cross-sectional area 
D = Effective diameter (hydrodynamic diameter); defined as the 

. diameter of the vehicle if the given cross sectional area {A) 
were circular, given by eq. [5.2(2)]

D =
4 A 
7T [5.2 (2)]

S =  Vehicle surface area exposed to moving airflow (including 
vehicle underbody)

P = Local atmospheric density 
Ms =  Local atmospheric viscosity 
Vq = Gust velocity . .
X =  Gust angle relative to track centerline 
£ =  Relative wind angle 
q =  Dynamic pressure, q =  0 .5 p V trUe2
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5 . 2 . 5 . 1  D r a g  C o e f f i c i e n t  C o m p u t a t i o n

5 . 2 . 5 . 1 . 1  Z e r o  R e l a t i v e  W i n d  A n g l e

The drag calculation at zero relative wind angle is based on 
turbulent boundary layer theory, with modification for length-to- 
diameter ratio and base drag. The basic equation is:

~PV tm eC \ - ° 2

_ M J [5.2(3)]

For standard sea level density and viscosity, this becomes:

Cf = .0099325 (VW_)-°-2 [5.2 (4)]

For practical plate roughness, an absolute minimum value for 
CF is set at 0.003, any results below this are unrealistic.

Cf = 0.074

The drag coefficient, corrected for variation in L/D is:

Cd w= C f [ 1 + 1 . 5  (UD)-3'2] s/A  

Finally, correcting for base drag gives the result:

Cdb=o =  0.5 C d w  +
0.029

/C dw

[5.2(5)]

[52(6)]

5 . 2 . 5 . 1 . 2  I n c l u d i n g  R e l a t i v e  W i n d  A n g l e  E f f e c t s

The drag coefficient is increased when the relative wind 
deviates from the vehicle path; i.e.. contains a side component 
in velocity. For the slender vehicles under consideration this 
additional drag is accounted for as below.

Co =  Cdb=o +  0.00011 B2

5 . 2 . 5 . 2  F o r w a r d  C a r  F o r c e  a n d  M o m e n t  

C a l c u l a t i o n

Force and moment coefficients of the forward car are shown in 
graphic form (Figures 5.2.5.2-1 to -4) and in functional curve 
fits for computer modeling.
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M A G L E V  V e h i c l e  F o r c e  C o e f f i c i e n t s  v s .  G u s t  A n g l e  
C l .C o .Cy  v s . B e ta

Figure 5.2.5.2-1 Attractive Suspension Forces

M A G L E V  V e h i c l e  M o m e n t  C o e f f i c i e n t s  v s .  G u s t  A n g l e  
Ci.Cm.Cn v s . B e ta

Attractive suspension

o
o

F ig u re  5 .2 .5 .2 -2  A ttra c tiv e  Suspension Manents
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M A G L E V  V e h ic l e  F o r c e  C o e f f i c i e n t s  v s .  G u s t  A n g le  
C l .C d .C y v s . B e ta

Figure 5.2.5.2-3 Repulsive Suspension Forces

M A G L E V  V e h i c l e  M o m e n t  C o e f f i c i e n t s  v s .  G u s t  A n g l e  
Ci.Cm.Cn v s .  B e ta
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Figure 5.2.4.2-4 Repulsive Suspension Moments
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There are two sets of curves, one for the attractive suspension 
and one for the repulsive suspension. Where a piecewise- 
smooth curve is required, a prescribed slope is given at the 
junction points. Also, note the coefficient modifications for the 
rear car, listed after the forward car relationships.

5 . 2 . 5 . 3  C u r v e  F i t s  f o r  a l l  D a t a

=  0.351045 - 0.0574275 l6l + 0.003459 62 \R\ > 10
[Note: slope at 6 = 10 is 0.0197]

Cd =  Cd6= o T 0.00011 R2
*

CY = - 0.027542 R - 0.000011 63 

Ci= -0.008767 6 + 0.000020 63 

Cm = -0.044723 - 0.000532 R2 

Cn = -0.093979 6 + 0.00005 63

Attractive Suspension

CL = -0.07658 + 0.001991 62 -1 0  <  6  <  1 0

Repulsive Suspension

CL = - 0.109192 + 0.002097 62 
= -0.096 + 0.0012725B2 

[slope at 6 =  4 is 0.0185]

-4 < 6 < 4 
l6l > 4

Cd — Cdj3=0 + 0.000265 B2 
=  Cd6=0 + 0.001991 I6l - 0,00005 62 

[slope at 6 = 6 is 0.00089]

-  6  <  6  <  6  

Ib I > 6

CY = -0.027004 6 - 0.000015 63

Ci= - 0.006904 6 + 0.000024 63 
= -0.11309 + 0.009175 l6l - 0.00023762 

[slope at 6 = 10 is - 0.0007375]

- 1 0  <  6  <  1 0  

Ib I > 10

Cm= 0.056040-0.000545 62

Cn = - 0.083013 6 + 0.000022 63
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A numerical example of the application methodology is provided in 
Section 5.2.5.5.

5 . 2 . 5 . 4  R e a r  C a r  F o r c e  a n d  M o m e n t  C o e f f i c i e n t s

Due to the nature of the dynamic model developed at Battelle, force and 
moment coefficients are specified at the center of gravity of each car. 
Previously, these coefficients were specified for the forward car, but due to 
the symmetry of the vehicle, these coefficients need only be modified 
slightly to represent the rear car. The modifications below reflect the 
pressure field alteration due to the vehicle wake and the sign reversal due 
to vehicle symmetry. All coefficients not shown are identical for both front 
and rear cars.

■'mrear ----0.5 Cmfront

-----0 .8  Cmfront

5 . 2 . 5 . 5  N u m e r i c a l  E x a m p l e

For the following representative vehicle, both suspension types and three 
gust loading conditions are computed exemplifying the force variation in a 
variety of sidewinds. For simplicity, the comparison is made at a vehicle 
track speed of 400 km/h, with wind gusts of 0 km/h at 0° incidence, 50 
km/h at 45° incidence and 115 km/h at 90° incidence. These gust 
conditions span the expected design range for this vehicle. The 
computation of the 50 km/h gust is shown as an example, with the results 
for all three cases summarized in Tables 5.2.5.5-A and -B.

Vehicle Parameters
Repulsive and Attractive Suspension

Length = 50 m Weights 350,000 N

v = 400 km/h (track speed) ? =  1.225 kg.m3 (sea level)

/ t  = 1.789 x 10-5 kg/m/s S = 580 m2

Arepulsive = 10.4 m2, thUS D = 3.64 ITI

Attractive =  10.88 IT)2, D =  3.72 171

Vgusi =  0, 50,115 km/h = 0, 45, 90 degrees
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Computation for 50 km/h Gust

Vtrue — Vco + Vgusi cos# =  400 +  50 cos 45 =  435 km/h 
= 120.8 m/s

= tan -1[V Gust sin# )/V trUe] = tan -1 [(50 sin 45)/435] =  4.65 
degrees

CF =  0.0099325 (Vtme L)-°-2 =  0.0099325 (120.8 x 50)-°-2 
= 0.00135

since this is below realistic estimates, Ci =  0.003

Cow =  Cf [1 +1 -5 (L/D)-1 -5]S/A = 0.003 [1+1.5 (50/4.3)--1 -5] 
580/14.54 

=  0.1242

Cds=o =  0.5 (Cow+0.029/sqr(CDw)) =  0.5 
(0.1242+0.029/sqr(0.1242))

= 0.10325

From the functional forms for repulsive vehicle suspension, we get the 
coefficients:

CL =  -.096 + 0.0012725 62 = -0.096 + 0.00127725 (4.65)2 
= - 0.0685

CD =  Cds=o + 0.000265 62 =  0.10325 + 0.000265 (4.65)2 
= 0.10895

CY = - 0.027004 6 - 0.000030 B3 = -0.027004 (4.65) - 0.00003 
(4.65)3 

=  -0.127

Ci =  - 0.006904 B + 0.000024 B3 = - 0,006904 (4.65) +
0.000024(4.65)3 

= - 0.0297

Cm =  - 0.05604 - 0,000545 62 =  - 0.05604 - 0.000545 (4.65)2 
= - 0.0678

Cn =  - 0.0830136 + 0.000022 B3 = -0.083013 (4.65) +
0.000022 (4.65)3 

=  - 0.384 *
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Actual forces and moments are calculated from the equations below: 

Force = C. q A 

Moment = C. q A D

Where C. is the coefficient of the force to be calculated.

Results for all three cases are tabulated in Tables 5.2.5.5-A and B.
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N U M E R I C A L  E X A M P L E  R E S U L T S

T a b l e  5 . 2 . 5 . 5 - A

R e p u ls iv e V q  =  0  k m /h V g  -  5 0  k m /h V g  = 1 1 5  k m /h
S u s p e n s io n 4 5  d e g r e e s 9 0  d e g r e e s

F O R C E S  (N ) -

Lift - 8 5 8 0 - 6 3 7 0 1 8 ,0 6 0

D r a g 8 1 2 0 1 0 ,1 3 0 1 3 ,2 7 0

S id e fo rc e 0 - 1 1 ,8 0 0 - 4 3 ,8 0 0

M O M E N T S  (N -m )

R o ll 0 - 1 0 ,0 5 0 - 3 3 6 0

F ro n t P itch - 1 6 ,0 4 0 - 2 2 ,9 5 0
»

- 5 5 ,9 9 0

R e a r  P itc h 8 0 2 0 1 1 ,4 7 0 2 7 ,9 9 0

F ro n t Y a w 0 - 1 3 0 ,0 5 0 - 3 5 4 ,5 8 0

R e a r  Y a w 0 1 0 4 ,0 0 0 2 8 3 ,6 6 0

T a b l e  5 . 2 . 5 . 5 - B

A ttra c tiv e
S u s p e n s io n

V q  =  0  k m /h V g  =  5 0  k m /h  
4 5  d e g r e e s

V g  =  1 1 5  k m /h  
9 0  d e g r e e s

F O R C E S  (N )

L ift - 6 2 8 5 - 3 2 5 0 2 6 ,3 1 0

D r a g 8 4 9 0 1 0 ,2 7 0 1 0 ,8 2 0

S id e fo rc e 0 - 1 6 ,7 8 0 - 4 0 ,0 8 0

M O M E N T S  (N -m )

R o ll 0 - 1 4 ,0 1 0 - 1 7 ,7 5 0

F ro n t P itch - 1 3 ,6 8 0 - 2 0 ,3 4 0 - 5 5 ,5 7 0

R e a r  P itc h 6 8 4 0 1 0 ,1 8 0 2 7 ,7 7 0

F ro n t Y a w 0 - 1 5 6 ,2 7 0 - 3 9 8 ,2 0 0

R e a r  Y a w 0 1 2 5 ,0 3 0 . 3 1 8 ,5 6 0
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5 . 2 . 6  D i s c u s s i o n

Considering the overall design requirements for a maglev 
system from an aerodynamic standpoint, as represented in the 
preceding numerical example, several important trends can be 
observed. First, the most important driver in vehicle drag 
minimization at a given velocity is the vehicle cross-sectional 
area (given a fixed length). The smaller the area, the lower the 
drag. Comparing attractive and repulsive systems yields a 
similar result, larger intercept area means higher drag. For this 
reason it is likely that an attractive system would yield slightly 
higher drag for a fixed cabin size given the expected extra area 
due to the suspension system location under the track (Figure
5.2.2-2). Another observation is the effect of configuration in 
crosswind. The attractive systems are more susceptible* to 
buffeting in crosswind than the repulsive systems, especially for 
repulsive systems with solid sidewalls partially covering the 
vehicle. All of these effects, however, are severely outweighed 
by the effect of velocity (Figure 5.2.1-1). Since all the forces, 
most notably drag, vary with the square of the forward velocity, 
a modest decrease in velocity can easily outweigh the 
difference between attractive and repulsive systems. Also, 
audible noise varies directly with at least the cubic power of 
forward velocity, thus noise increases drastically with velocity. 
For this reason, very serious consideration of the velocity 
requirement should be the primary aerodynamic design driver.

Modification of the vehicle guideway would certainly impact the 
aerodynamic forces on the vehicle. One suggestion is to cover 
the vehicle and guideway with a low-cost shell, with some 
allowance for venting along the sidewalls. This concept could 
significantly reduce the sizing of the control magnet, as natural 
crosswinds would be eliminated, thus greatly improving ride 
quality. Also, concerns about track debris, bird strikes, or other 
impediments would be significantly reduced. The shell would 
also act as a noise barrier, reducing the impact of the maglev 
operation on the surrounding community. The side vents 
would be necessary to relieve some of the high pressure 
created by the "bow wave" ahead of the vehicle. Without this 
relief, the drag of the vehicle would increase significantly. Also, 
some oversizing of the shell relative to the vehicle size is 
merited to reduce vehicle drag. Overall, the additional cost of a 
shell of this type may be saved in reduced control magnet size
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and operations cost. Certainly this concept is worth further 
study.

Within the assumed parameters, a model of the aerodynamic 
forces on a two-car maglev vehicle has been created. Since 
the aerodynamic flowfield around a vehicle of this type is highly 
shape dependent, significant deviations from the given 
configuration may give misleading results. For reasonable 
sidewind angles, less than 20 degrees, the model will provide 
estimates of force deviation from the quiescent case. As in the 
numerical example, a variety of wind gust strengths and 
directions can be computed for the candidate vehicle. 
Consideration of the maximum force and moment envelope - 
provides the guidelines for guideway and suspension design.

5 . 2 . 7  S u m m a r y

The aerodynamic forces and moments for a generic, two-car 
maglev configuration have been modeled as a function of 
vehicle velocity and wind gust. The models presented here 
provide estimates for the assumed vehicle configuration at 
speeds up to 800 km/h in wind gusts ranging from 0-155 km/h, 
separately for attractive (EMS) and repulsive (EDS) 
suspensions systems. The work is formulated in a manner 
suitable for dynamic modeling of the vehicle’s entire expected 
aerodynamic envelope. Without further experimental testing 
and/or more complex computational analyses, the precise 
nature of the three-dimensional flowfield of the candidate - 
vehicle cannot be determined. Thus the models presented 
represent the best correlation of aerodynamic theory and 
historical data possible at this time.
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5 . 3  D y n a m i c  M o d e l s

Several modeling approaches have been taken to analyze the 
effects of moving loads over elastic beam type guideways. 
Generally the Bernoulli-Euler equations for a fixed uniform beam 
are used in conjunction with a moving-force vehicle model. 
Solution techniques include lumped-parameter approximations, 
modal analysis methods, finite difference models (FDM), or 
finite-element models (FEM).

The modal analysis method provides a relatively efficient means 
of addressing the dynamic interactions of a flexible guideway 
span with a moving vehicle load. The assumed space-related - 
vibration modes of the span interact with the vehicle primary 
suspension (the magnets) through the time-dependent modal 
amplitudes. This technique was used by Battelle in a recent 
study of bridge span vibrations induced by impact loads under 
freight car wheel flats.' The method has somewhat limited 
applicability, since it is restricted to a uniform beam.

For this study, a time-domain solution of the vehicle/guideway 
system differential equations was chosen. This is a 
straightforward (although perhaps a crude) method of analysis.
It allows the inclusion of nonlinear elements when these are of 
importance.

The resulting mathematical models of different vehicle and 
guideway configurations have been programmed for solution 
on”a 486 PC. Program inputs are vehicle and guideway 
physical characteristics, vehicle speed, guideway geometry 
errors, wind gust parameters, and specific run-related elements 
such as distance run and integration time step. Output formats 
include optional input parameter printouts, optional time-history 
printouts or plot files, and maximum/minimum value summary 
tables for key response variables per speed run.

5 . 3 . 1  M a g l e v  V e h i c l e  M o d e l

To control the total number of degrees of motion freedom 
(DOF) in the vehicle/guideway model, the vertical 
(bounce/pitch) and lateral (roll/yaw/lateral) motions were 
separated into different models. This is a practical and 
legitimate approach if small angular motions are assumed and
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if there are no significant nonlinearities within the frequency 
range of interest (about 0.5 to 50 Hz).

The two radically different types of maglev vehicles were 
considered. First, the attractive electromagnetic system (EMS) 
such as the German Transrapid TR-07 and the Japanese HSST 
designs. These vehicles utilize a magnetic suspension that 
wraps around the active, guideway elements, achieving 

. levitation by attraction upward toward the guideway surface. 
The second electrodynamic system (EDS) such as the, 
Japanese MLU-002 vehicle achieves levitation through 
repulsive eddy currents generated in guideway-mounted coils. 
Relatively high speed (150 km/h or more) is required lor - 
sufficient induction to levitate.

These two systems produce radically different models. For the 
EMS vehicle, four magnet support frames (unsprung masses) 
were assumed per car, and 15 magnet pairs (seven shared 
between frames) were assumed per two-car trainset. This 
approximates the TR-07 vehicle. Since each magnet must 
operate within a nominal 10 to 13 mm gap, the effective 
magnetic stiffness is high (in a closed-loop gap control system) 
and the dynamic coupling to the guideway structure is strong. 
Without a secondary suspension system, the car body bounce 
and pitch natural frequenices would be in the 10 to 13 Hz 
range, far too stiff for passenger comfort. A secondary 
suspension between frame arid car body is therefore 
necessary.

The EDS-type vehicle was assumed to have two magnet -' 
frames (unsprung masses) per car body and two magnet pairs 
per frame. This makes the EDS more similar in configuration to 
a standard two-bogie rail vehicle. Variants on this arrangement 
were noted in the literature: Two frames at the front end of the 
power car and one shared frame between power and trailer 
car, for example. Typically, the EDS magnetic suspension 
operates at a nominal gap of 100 to 130 mm with an effective 
vertical stiffness nearly an order of magnitude less than the 
EMS magnetic stiffness. Without a secondary suspension, car 
body bounce and pitch natural frequencies are in the 1.5 to 2.5 
Hz range. This is still too stiff for good ride quality, so a 
secondary suspension between frame and, car body is 
included in the model.
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1

In the bounce/pitch configuration, each frame is modeled in the 
vertical and pitch motions. Although the magnets are attached 
to the frames by complex suspension and linkage elements, 
these masses have been combined with the frame masses for 
simplicity. Each car body is modeled in vertical and pitch rigid- 
body and first vertical (free-free) bending modes, coupled to 
the adjacent car body through shear and torsional springs and 
damping. The EMS vehicle model (22 DOF) is sketched in 
Figure 5.3.1-1, while the EDS vehicle model (14 DOF) is shown 
in Figure 5.3.1-2.
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SKETCH OF MODEL OF TYPICAL MAGLEV VEHICLE 
ON MULTI-SPAN GUIDEWAY SYSTEM

Figure 5.3.1 -1 Model of EMS-Type Maglev Vehicle on Guideway

SKETCH OF MODEL OF TYPICAL MAGLEV VEHICLE 
ON MULTI-SPAN GUIDEWAY SYSTEM

Figure 5 .3 .1 -2  Model of EDS-Type Maglev Vehicle on Guideway
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A similar approach was applied to the lateral models. Magnet 
frames were modeled in lateral and roll motions. Each car 
body was modeled in lateral, yaw, and roll rigid-body motions, 
coupled through shear and torsion to the adjacent car body. 
Since the car body lateral and torsional bending natural 
frequencies are substantially higher than the vertical bending 
frequency, these modes were not included. This again results 
in a 22-DOF EMS-type vehicle model and a 14-DOF EDS-type 
vehicle model.

5.3.2 Guideway S tructure Model

The guideway structure was modeled as a series of longitudinal - 
beams, each beam represented by the Bernoulli-Euler 
equations [74]. A time-domain solution of these equations is 
implemented by the mode acceleration method in response to 
vehicle interactive loads.

In the vertical plane, each guideway span is represented in five 
degrees of motion freedom: rigid body bounce and pitch (on 
column stiffness and damping), and the first three modes of 
vertical bending. Two methods for representing the flexibility of 
the guideway beams are used. First, the traditional method of 
modeling was used, considering the span a pinned-pinned 
beam (at the end columns). In the second, the beams are 
considered "free-free", resting at the ends on resilient column 
stiffness and damping elements for vertical motion. In each 
method, the first three vertical bending modes are modeled by 
using the mode acceleration method. Mode influence 
coefficients are calculated for the resilient connection points. 
These include the moving locations of the individual 
electromagnetic pads. Pad forces are introduced onto (and off 
from) beam ends as a function of exposed area. Pad and 
guideway vertical motions, as well as geometry errors such as 
beam camber, influence coupling forces through changes in 
the effective electromagnetic gap size. Geometry errors are 
averaged over the length of the pad.

A check on these two methods for representing the vertical 
guideway beam is given in Figure 5.3.2-1 by a comparison of 
mid-span acceleration response to a passing EDS-type vehicle. 
The nominal span bearing stiffness is 2 x 108 N/m, which is a 
typical catalog value for commercially available elastomeric
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"sandwich" bearings. By increasing this value by an order of 
magnitude, the "free-free" beam response approaches that of 
the pinned-pinned configuration.
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A similar guideway structure model was developed to represent 
the lateral degrees of freedom. Each span included the lateral, 
yaw, and roll rigid-body motions, plus the first lateral and 
torsional free-free bending modes. Since the lateral bending 
mode natural frequency is substantially higher than the vertical 
and torsional frequencies, this mode was eliminated (after a few 
runs) in favor of the second (symmetrical) torsional bending 
mode.

Two consecutive guideway beams are represented in the 
"working" version of the model, which results in a total 
vehicle/guideway model of 32 DOF for the EMS-type vehicle, 
and 24 DOF for the EDS-type vehicle. These guideway beams - 
may be simply supported or may be "continuous" (two spans) 
with a supporting column in the center.

An expanded version of the model was generated on the 
computer using.the Advanced Computer Simulation Language 
(ACSL). This model includes six consecutive spans for a total 
of 52 DOF with an EMS-type vehicle. By using a "daisy-chain" 
solution routine, resetting Span #1 to zero and putting it in the 
Span # 7  position, an effectively continuous guideway may be 
simulated. Because of increased computation time, this version 
was used only to "spot check" vehicle/guideway response at 
selected speeds to assure that a stable response was 
achieved. An example of guideway beam acceleration 
response at the first and sixth beams is shown in Figure 5.3.2- 
2 , confirming that a two span representation is adequate for 
simply supporting beams. Four spans are used for two-span- 
continuous guideways.
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5.3 .3  Vehicle/G uidew ay Model Param eters

The design of maglev vehicles and guideways is at present in a 
state of flux, so to speak. A German trainset, the Transrapid 
TR-07, is currently under test. The Japanese MLU-002 test 
program is temporarily on hold as the vehicle is rebuilt. A range 
of vehicle and guideway systems are under review in the four 
DOT/FRA System Concept Definition Studies. As a result, few 
of the vehicle parameters are known currently with any degree 
of certainty. Therefore engineering estimates of values were 
used for the maglev vehicle models in this study.

A 45-tonne vehicle with an overall length of 18 meters, 36 m for 
the two-car train, was assumed (Section 4.1). The TR-07 is 
roughly this same weight, but has a car body length of *25 
meters. A secondary suspension providing a 1.2 Hz bounce 
natural frequency with 20 percent of critical damping was 
modeled. This is not an optimal vehicle design, but gives 
conservative results for analysis. Finally, an 8-Hz vertical body 
bending frequency was chosen. Published reports on the TR- 
07 vehicle cite a calculated 6.5-Hz bending mode for this 
longer vehicle. [75]

Effective magnetic stiffnesses for levitation and guidance were 
based on the work of Dr. Stekly under this BAA study (Section 
5.1). The attractive EMS configuration results in a "negative 
stiffness", which requires a closed-loop gap control system. An 
effective stiffness sufficient to maintain position within th e lO - 
mm gap was calculated for the model.

The "baseline" sets of vehicle, parameters are given in Tables
5.3.3-A (EMS vehicle) and 5.3.3-B (EDS vehicle). Guideway 
structural parameters for the model, given in Table 5.3.3-C, 
were based on the PBQ&D structural evaluation (Section 4.2).

5.3 .4  Evaluation C riteria

The different vehicle/guideway structure combinations were 
evaluated by three basic criteria:

• Passenger ride comfort.
•  Loads and bending moments on the beam.
• Peak acceleration response of the beam.
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Ride comfort limits were based on the International Standards 
Organization (ISO 2681) one-hour reduced comfort limits in the 
most sensitive frequency range [76]. These are summarized 
from Section 3.1:

•  Vertical -  0.036 g rms (4 to 8 Hz)
•  Lateral -- 0.025 g rms (1 to 2 Hz)

These values refer to one-third octave band rms values of 
random vibration. If the response is relatively discrete 
sinusoids, as it indeed appears to be, it is reasonable to 
increase these levels to peak values:

• Vertical -  0.051 g peak (4 to 8 Hz)
• Lateral -  0.036 g peak (1 to 2 Hz)

Beyond these frequency ranges, human sensitivity to vibration 
decreases rapidly (roughly an order of magnitude per decade 
increase in frequency).

Maximum bending moments for each guideway beam 
configuration were established by PBQ&D in their structural 
evaluation. These are given in Tables 4.2-B and repeated in 
Table 6.2-A. A maximum beam acceleration level of 0.3 g was 
established as a desirable limit on structural dynamic response. 
(Section 3.5).
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TABLE 5.3.3-A
Input Param eters for EMs-Type M aglev Vehicle Model

CAR #1 BODY MASS, MCAR1 = 35700. KG
CAR # 2  BODY MASS, MCAR1 = 35700. KG
UNSPRUNG MASS, PER FRAME, MUNS - 2440. KG
CAR #1 MASS MOMENT IN PITCH, PJCAR1 = 0.1010E+07 KG-M2
CAR # 2  MASS MOMENT IN PITCH, PJCAR2 = 0.1010E+07 KG-M2
UNSPRUNG MASS MOMENT IN PITCH, PER FRAME, PJUNS = 0.2745E+04 KG-M2

LEVITATION MAGNET PAIR STIFFNESS, KZE = 0.2500E+08 N/M,
SECONDARY SUSPENSION STIFFNESS, PER FRAME, KZS = 0.5070E+06 N/M
SECONDARY SUSP. PITCH STIFFNESS, PER FRAME, KTHES = 0.1260E+07 N-M/RAD
COUPLING VERTICAL STIFFNESS, KZC - - 0;5000E+05 N/M
COUPLING TORSIONAL (PITCH) STIFFNESS, KTHEC = 0.5000E+06 N-M/RAD

LEVITATION MAGNET (PAIR) DAMPING, CZE = 0.4940E+05 N-SEC/M
SECONDARY SUSPENSION DAMPING, PER FRAME, CZS = 0.2690E+05 N-S/M
SECONDARY SUSP.PITCH DAMPING, PER FRAME, CTHES = 0.1350E+06 N-M-S
COUPLING VERTICAL DAMPING, CZC = 0.5000E+04 N-S/M
COUPLING TORSIONAL (PITCH) DAMPING, CTHEC - 0.5000E+05 N-M-S

CAR OVERALL LENGTH, LOV . =  ' 18.00 M
FRONT END, CAR #1, TO C.G., LCG1 9.20 M
COUPLING, CAR #2, TO C.G., LCG2 = 8.80 M
MAGNET CENTER-TO-CENTER, LMAG ' = 2.25 M
EFFECTIVE LENGTH OF MAGNET, PODL = 2.00 M

DISTANCE FORWARD, CG1 TO FRAME 1 = 6.95 M
DISTANCE FORWARD, CG1 TO FRAME 2 - 2.45 M
DISTANCE FORWARD, CG1 TO FRAME 3 = -2.05 M
DISTANCE FORWARD, CG1 TO FRAME 4 : -6.55 M
DISTANCE FORWARD, CG2 TO FRAME 5 — 6.55 M '
DISTANCE FORWARD, CG2 TO FRAME 6 = 2.05 M
DISTANCE FORWARD, CG2 TO FRAME 7 = -2.45 M
DISTANCE FORWARD, CG2 TO FRAME 8 = -6.95 M

CAR BODY FIRST BENDING MODE DAMPING RATIO, ZETC = 0.0200
CAR BODY FIRST BENDING MODE NATURAL FREQ., FNC = 8.0000 HZ

CALCULATED STEADY-STA TE LOADS -

NO. 1 MAGNET VERTICAL LOAD = 70.61 kN
NO. 7 MAGNET VERTICAL LOAD = 70.61 kN
NO. 8 MAGNET VERTICAL LOAD = 70.61 kN
NO. 15 MAGNET VERTICAL LOAD = 70.61 kN
NO. 1 SUSPENSION VERTICAL LOAD = 82.86 kN
NO. 4 SUSPENSION VERTICAL LOAD = 92.20 kN
NO. 5 SUSPENSION VERTICAL LOAD = 92.20 kN
NO. 8 SUSPENSION VERTICAL LOAD = 82.86 kN

-9 3 -



I

TABLE 5.3.3-B
Input Param eters for EDS<Type M aglev Vehicle Model

CAR #1 BODY MASS, MCAR1
CAR # 2  BODY MASS, MCAR1
UNSPRUNG MASS, PER FRAME, MUNS
CAR #1 MASS MOMENT IN PITCH, PJCAR1
CAR #2  MASS MOMENT IN PITCH, PJCAR2
UNSPRUNG MASS MOMENT IN PITCH, PER FRAME, PJUNS

=  35700. KG 
=  35700. KG 
=  4000. KG 
=. 0.1010E+07 KG-M2 
=  0.1010E+07 KG-M2 
=  0.5600E+04 KG-M2

LEVITATION STIFFNESS (PER MAGNET PAIR), KZE 
SECONDARY SUSPENSION STIFFNESS, PER FRAME, KZS 
SECONDARY SUSP. PITCH STIFFNESS, PER FRAME, KTHES 
COUPLING VERTICAL STIFFNESS, KZC 
COUPLING TORSIONAL (PITCH) STIFFNESS, KTHEC

=  0.1100E+07 N/M 
=  0.1010E+07 N/M 
=  0.2500E+07 N-M/RAD 
=  - a.5000E+05 N/M 
=  . 0.5000E+06 N-M/RAD

LEVITATION DAMPING (PER MAGNET PAIR), CZE 
SECONDARY SUSPENSION DAMPING, PER FRAME, CZS 
SECONDARY SUSP.PITCH DAMPING, PER FRAME, CTHES 
COUPLING VERTICAL DAMPING, CZC 
COUPLING TORSIONAL (PITCH) DAMPING, CTHEC

=  ' 0.3100E+05 N-SEC/M 
=  . 0.5370E+05 N-S/M 
=  0.1330E+06 N-M-S 

0.5000E+04 N-S/M 
=  0.5000E+05 N-M-S

CAR OVERALL LENGTH, LOV 
FRONTEND, CAR #1, TO C.G., LCG1 
COUPLING, CAR #2, TO C.G., LCG2 
MAGNET CENTER-TO-CENTER, LMAG 
EFFECTIVE LENGTH OF MAGNET, PODL

=  18.00 M 
9.20 M 

=  8.80 M 
=  3.00 M 
=  2.50 M

DISTANCE FORWARD, CG1 TO FRAME 1 
DISTANCE FORWARD, CG1 TO FRAME 2 
DISTANCE FORWARD, CG2 TO FRAME 3 
DISTANCE FORWARD, CG2 TO FRAME 4

=  6.00 M 
=  -5.90 M 
=  . 5.90 M 
=  -6.00 M

CAR BODY FIRST BENDING MODE DAMPING RATIO, ZETC 
CAR BODY FIRST BENDING MODE NATURAL FREQ., FNC

=  0.0200 
=  8.0000 HZ

CALCULATED STEADY-STATE LOADS -

NO. 1 MAGLEV VERTICAL LOAD, FZE1 
NO. 2 MAGLEV VERTICAL LOAD, FZE3 
NO. 3 MAGLEV VERTICAL LOAD, FZES 
NO. 4 MAGLEV VERTICAL LOAD, FZE7 
NO. 1 SUSPENSION VERTICAL LOAD, FZS1 
NO. 2 SUSPENSION VERTICAL LOAD, FZS2 
NO. 3 SUSPENSION VERTICAL LOAD, FZS3 
NO. 4 SUSPENSION VERTICAL LOAD, FZS4

=  106.41 kN 
=  107.88 kN 
=  107.88 kN 
=  106.41 kN 
=  173.58 kN 
=  176.53 kN 
=  176.53 kN 

173.58 kN
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T A B L E  5 .3 .3 -C
L ist  o f  G u id ew ay  M o d el P a ram eters

Parameter Description Guideway Number
1 2 3 4 5 6

LS Span Length, m 21.33 21.33 21.33 21.33 24.00 21.33
MS Mass/Unit 

Length (kg/m) 2976 4777 4152 2768 1042 4598
EIxx Beam Bending 

Rigidity (N-m^ 2) 1.364E+10 1.839E+10 1.794E+10 6.597E+09 6.940E+09 1.593E+10
Elyy Beam Bending 

Rigidity (N-m~2) 7.640E+10 7.083E+10 7.357E+10 3.526E+09 2240E+10 3.678E+10
GK Beam Torsion 

Rigidity (N-m ~ 2) 3.470E+08 8.420E+09 1.550E+10 1.150E+09 3.850E+10 4.380E+09
PJS Beam Mass Moment 

in Pitch (kg-m ̂  2) 2.41E+06 3.86E+06 3.36E+06 2.24E+06 1.20E+06 3.72E+0 6
RJS Beam Mass Moment 

in Roll ( k g - m 2) 1.70E+05 1.96E+05 2.00E+05 2.21E+05 3.27E+04 1.27E+05
KZP Bearing Pad Vertical 

Stiffness (N/m) 1.75E+08 1.75E+08 1.75E+08 1.75E+08 1.75E+08 1.75E+08
CZP Bearing Pad Vertical 

Damping (N-s/m) 2.00E+06 2.00E+06 2.00E+06 2.00E+06 2.00E+06 2.00E+06
KYP Bearing Pad Lateral 

Stiffness (N/m) 9.63E+06 9.63E+06 9.63E+06 7.00E+06 9.63E+06 9.63E+06
CYP Bearing Pad Lateral 

Damping (N-s/m) 1.10E+05 1.10E+05 1.10E+05 •9.40E+04 1.10E+05 1.10E+05
KPHIP Bearing Pad Roll 

Stiffness (N/m) 3.29E+08 2.50E+07 2.50E+07 7.41EH-08 1.38E+08 3.29E+08
CPHIP Bearing Pad 

Damping (N-s/m) 3.76E+06 7.60E+05 7.60E+05 8.47E+06 1.58E+06 3.76E+06



6 . 0  D Y N A M I C  A N A L Y S I S  R E S U L T S

6 . 1  V e h i c l e / G u i d e w a y  A n a l y s i s  M a t r i x

The PBQ&D structural engineers evaluated a range of elevated 
guideway-supporting structures as candidates for a maglev system. 
Five guideway beam configurations were chosen for the dynamic 
analysis in both 21 and 39 meter span lengths. A sixth configuration 
approximating the Transrapid steel structure was also chosen in a 24 
meter length. In addition, both single-span (simply supported) and 
two-span continuous beam configurations were to be considered for a 
total of 22 possible guideway structural combinations. Cross-sectional 
outlines of the six basic guideway structures are shown for reference In 
Figure 6.1-1.

•

Using the baseline parameters for the two different vehicles (EDS and 
EMS) and the two separate models (vertical/pitch and roll/yaw/lateral), 
a 22 by 4 matrix of 88 baseline runs was possible. This presented a 
formidable computation and analysis task. A pragmatic approach 
was taken to reduce this number by sampling the matrix. Certain runs 
were eliminated based on analysis of some of the earlier computer 
runs. A more complete survey was conducted with the EDS vehicle 
which (at 24 DOF) completed a run in less than 40 percent of a 
comparable EMS vehicle run. Three of the structures were found to 
respond in a dynamically similar way, reducing the number of 
combinations necessary with both the EMS vehicle and with two-span 
continuous beam configurations.

Because typical guideway structures are more rigid in lateral bending 
and twist, the primary dynamic action of a vehicle on an elevated 
structure is in the vertical bending response. For this reason, much 
more emphasis was given in this study on the vertical/pitch model. 
Representative runs were made with, the roll/yaw/lateral model 
including a simulation of a "worst case" wind gust condition.

Computer runs were made over a 200 to 600 km/h speed range at 
increments of 25 km/h. Where lower-speed resonances were 
suspected, runs were made to as low as 50 km/h. The final matrix of 
runs completed versus possible combinations is shown in Table 6.1-A. 
Because of time and cost constraints, only a few additional runs were 
made to explore variations in vehicle and guideway support 
parameters.
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F ig u r e  6 .1  -1 . Outline Sketches of Guideway Structures.
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T A B L E  6 . 1 - A

M a t r i x  o f  C o m p u t e r  S i m u l a t i o n  R u n s .

EMS-Type Vehicle EDS-Type Vehicle

Guideway

Run No. 
(Vertical 

Model)

Run No. 
(Lateral 
Model)

Run No. 
(Vertical 

Model)

Run No. 
(Lateral 
Model)

1* 651 821 251 451
2 652 252 r

3 653 253
4 654 824 254 454
5 655 825 255
6 660 826 260 460

IP*5 656 256

2P 257

3P 258

4P 259

6P 661 261

ID * • 271

2D 272

3D 273

4D 674 274

5D 675 275

6D 676 276

N otes: a  — O ne-span sim ply supported  beam , 2 1 3 3  m  length  (G uidew ay
5 is  24 m  length ).

b  — O ne-span sim ply supported  beam , 39.62 m  length .

c  — T w o-span "continuous” beam  (center support), 4 2 £ 7  m  
length .
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6 . 2  E f f e c t s  o f  G u i d e w a y  C o n f i g u r a t i o n s

The matrix of computer runs (Table 6.1-A) were made simulating a 
two-car maglev vehicle passing over two elevated guideway spans 
(two beams, four spans in the case of the center-supported beams). 
Example time histories of car body vertical accelerations are given in 
Figures 6.2-1 and 6.2-2 for an EMS-type maglev vehicle at 300 km/h 
crossing Guideway #1, the steel beam with concrete deck guideway 
support structure. After an initial transient, the vehicle car body 
assumes steady state response with slight modulation from lower- 
frequency body modes. The primary frequency is at about 4 Hz plus 
the 8-Hz body bending frequency. Here, in terms of ride comfort, the 
desired limit of 0.051 g peak has been exceeded at the rearward 
locations, of both leading and trailing cars. Since the, vehicle 
suspension parameters have not been optimized, these acceleration 
levels can undoubtedly be reduced.

The comparable example of guideway structure mid-span vertical 
acceleration and beam bending moment response is given in Figure
6.2-3 Peak guideway mid-span vertical accelerations are less than the 
design limit of 0.3 g; and the peak bending moments are well below 
the design maximum of 5,732 kN-m. This vehicle and guideway are 
therefore (at this speed) a satisfactory combination. Note, however, 
that an essentially smooth (but flexible) guideway has been simulated: 
only 2 mm of positive (upward) camber has been added.

To provide an evaluation "of vehicle/guideway combinations over a 
broad speed range, we relied on the summary maximum/minimum 
value tables, these tables reflect the peak transient response values. 
As seen in Figures 6.2-1 through -3, however, the car body transient 
peak iis little different from repeated peak values over a number of 
spans. Guideway structure response is, on the other hand, a transient 
value by its very nature. A modest 5 mm positive camber was used for 
all of these runs, so that the response values reflect primarily the 
vehicle and structure dynamic interactions due to system flexibilities. ,

Car body acceleration peak values are shown in Figure 6.2-4 
according to position in the car. For the EDS-type vehiclej the rear of 
the car is consistently rougher than the front over the whole speed 
range. The EMS-type vehicle may be rougher in the front position, 
depending on the speed range. The car center, in spite of the 8-Hz 
bending mode, is a consistently smoother ride except, with the EMS- 
type vehicle, at speeds above 500 km/h. On the lighter-weight
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F ig u re  6.2-1 Typical Car Body Response, EM S-Type Vehicle.
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Guideways 4 and 5, the car center position had the highest 
acceleration levels at speeds over 500 km/h (not illustrated).

For subsequentcar body acceleration plots, we have used the highest 
peak value, regardless of position or polarity.

Car body and guideway vertical acceleration response levels for the 
six 21-meter guideway structures (see Figure 6.1-4) are shown in 
Figure 6.2-5 for the EMS-type vehicle. Guideways 1, 2, 3, and 6 
provide almost identical ride quality, a monotonic increase in peak car 
body acceleration level with increasing speed. At speeds above about 
500 km/h, the desired one-hour decreased comfort limit is exceeded. 
Much rougher ride is indicated for the lighter-weight Guideways4  and
5. Guideways 4 and 5 also exceed the design mid-span acceleration 
limit of 0.3 g, particularly at higher speeds.

Similar response curves for the six 21-meter guideways under the 
EDS-type vehicle are shown in Figure 6.2-6 Here the salient resonant 
peak is seen produced by the "bogie vehicle" in the 250 to 350 km/h 
speed range. This phenomenon is reported in most technical 
publications on vehicle/guideway dynamic interactions. It is a product 
of beam bending and vehicle bounce/pitch dynamics. Car 
accelerations exceed the one-hour reduced comfort limit in this speed 
range; and mid-span beam accelerations exceed the design 0.3 g 
limit by substantial margins. The heavier-weight Guideways 2, 3 and 6 
provide the best control of the resonance. These guideways range 
from 89 to 102 tonnes per span (compared with a 45-tonne vehicle), 
while Guideway 4 is 59 tonnes per span and Guideway 5 a mere 25 
tonnes per span. These guideways (particularly Guideway 5) are 
dominated by the mass of the passing vehicle and respond 
accordingly. This is evident by mid-span accelerations of almost 2.5 g 
peak on Guideway 5. Although the structure is quite stiff, designed to 
a 1/4000 static deflection criterion, its light mass is overwhelmed by a 
vehicle/span mass ratio of almost two to one. (This structure was not, 
however, designed for an EDS-type vehicle.)

Longer (39-meter) span lengths are evaluated in Figures 6.2-7 and -8. 
Ride quality for the EMS-type vehicle, Figure 6.2-7, is seen to be 
unacceptable" on representative Guideways 1 and 6, particularly at 
speeds above 250 km/h. For "the EDS-type vehicle, ride quality is 
acceptable except for marginal ride at a resonant peak near 150 km/h. 
The other three guideways exhibit poor ride quality below about 200 
km/h on the longer length spans. Mid-span acceleration plots in this
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figure show multiple peaks with speed as higher (second and third) 
beam bending modes come into resonance.

The effects of "continuous" two-span beams are explored in Figures
6.2-9 through 6.2-11. In Figure 6.2-9, the response of the one-span 
(21-meter) simply-supported Guideway 5 beam is compared with a 
two-span (43-meter) continuous beam with center column under an 
EMS-type vehicle. Substantial reductions in car body vertical 
accelerations are realized.

Mid-span (between columns) beam accelerations are also reduced 
except at a two-span beam resonance near 550 km/h.

The comparison of one-span and two-span guideway structures 
under an EDS-type vehicle, however, resulted in a "mixed bag" at best. 
Response of representative heavier structures, Guideways 1 and 6, 
are shown in Figure 6.2-10 While the two-span (center column) 
configuration resulted in reduced mid-span (between columns) 
acceleration levels, it also resulted in substantially reduced vehicle ride 
quality. Basically similar results were noted for the two lighter weight 
structures (Guideways 4 and 5) in Figure 6.2-11. It should be noted 
that the 5 mm camber for the two-span guideway extended over the 
full 43 meters with maximum amplitude over the center column.

Maximum guideway structure bending moments from the simulation 
runs and the speeds at which these occur are given in Table 6.2-A 
These values of dynamic maxima are listed for both the EMS and 
EDS-type vehicles. Static bending moments (no vehicle loading) and 
design maximum bending moments are also listed for reference. (No 
design maximum was given for Guideway 5, the triangular steel 
section.) The computer models show that the multiple-magnet EMS 
configuration generates higher maximum loads than the "two bogie" 
EDS arrangement. Maximum bending moments for most of the 
structures are comfortably within the design maxima. The exception is 
Guideway 4 (and probably 4P) under the EMS-type vehicle. We 
cannot judge Guideway 5, for which no design maximum is currently 
available. The two-span guideway structures (42.67 m in length with a 
center column) appear to be subjected to consistently lower bending 
moments than the comparable one-span (21.33 m length simply 
supported) structures.
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a. Maximum Car Body Vertical Accelerations.

2 5 0 3 0 0  3 5 0  4 0 0  4 5 0  5 0 0
VEHICLE SPEED (KPH)

5 5 0  6 0 0

b. M aximum Guidcway Mid-Span Vertical Accelerations.

F i g u r e  6 . 2 - 5  S h o r t  G u i d e w a y  S p a n  I n t e r a c t i o n s  E M S - T y p e  V e h i c l e .

-107-



O u tlin e  S k e t c h e s  o f  G u id e w a y  S t r u c t u r e s .

1  S t e e l  G i r d e r s  

w /  c o n c r e t e  d e c k

2  C o n c r e t e  B o x

3  T r a p e z o i d a l  B o x

4  T w i n  B o x  

( H S S T )

5  S t e e l  " V "  

( T r a n s r a p i d ) V
6  A A S H T O  C o n c r e t e  

G i r d e r s

-108-



PE
A

K
 M

ID
-S

PA
N

 V
ER

TI
C

A
L 

A
C

C
EL

ER
A

Tl
dN

 (G
) 

PE
A

K
 C

A
R

 B
O

D
Y 

VE
R

TI
C

A
L 

A
C

C
EL

ER
A

TI
O

N
 (G

) E F F E C T S  O F  G U ID E W A Y  C O N F IG U R A T IO N S

VEHICLE SPEED (KPH)

b .  M a x i m u m  G u i d e w a y  M i d - S p a n  V e r t i c a l  A c c e l e r a t i o n s .  

F i g u r e  6 . 2 - 6  S h o r t  G u i d e w a y  S p a n  Interactions with E D S - T y p e  Vehicle.

-109-



O u tlin e  S k e tc h e s  o f G u id e w a y  S tru c tu re s .

1 S t e e l  G i r d e r s  
w / c o n c r e t e  d e c k

"rtf

2  C o n c r e t e  B o x
n i n

3  T r a p e z o id a l  B o x

4  T w in  B o x  
( H S S T )

5  S t e e l  "V "  
( T r a n s r a p id ) V

6  A A S H T O  C o n c r e t e  
G i r d e r s

-110-



PE
A

K
 C

A
R

 B
O

D
Y 

VE
R

TI
C

A
L 

A
C

C
EL

ER
A

TI
O

N
 (G

)

(

E F F E C T S  O F  G U ID E W A Y  C O N F IG U R A T IO N S

F i g u r e  6 - 2 - 7  L o n g  G u i d e w a y  S p a n  Interactions with E M S - T y p e  Vehicle.

-111-



I

O u tlin e  S k e tc h e s  off G u id e w a y  S tru c tu re s .

I

1 S t e e l  G i r d e r s  
w /  c o n c r e t e  d e c k

ii

2  C o n c r e t e  B o x

y |
3  T r a p e z o id a l  B o x

)
4  T w in  B o x  

(H S S T )
J

5  S t e e l  "V "  
( T r a n s r a p id ) V

6  A A S H T O  C o n c r e t e  
G ir d e r s

I

U J  i TJf j
_________________ i

-112-



F i g u r e  6 . 2 - 8  L o n g  G u i d e w a y  S p a n  Interactions w i t h  E D S - T y p e  Vehicle.
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T A B L E  6 . 2 - A

M a x im u m  G u id e w a y  B e a m  D y n a m i c  B e n d in g  M o m e n t s .

EM S-iype Vehicle EDS-Type Vehicle

Guideway

Design
Maximum

(kN-m)
Static1
(kN-m)

Dynamic
Maximum

(kN-m)
Speed
(km/h)

Dynamic.
Maximum

(kN-m)
Speed
(km/h)

1* 5,730 1,660 3,855 6003 3,068 325
2 6,600 2,664 4,983 600 4,046 300
3 6,180 2415 4450 600 3,684 300

4 4,300 1444 4464 600 3,132 275

5 736 3,700 600 2425 375

6 6470 2^64 4,952 600 3,993 275

IP4* 17,900 6,616 14,180 500s 10,016 150

2P 21,900 10,624 14,114 150

3P 20,960 9,708 13,118 ISO

4P 14,670 7,445 11486 125

6P 21490 10,624 19411 600 14,062 125

ID 0 934* 1330 375

2D 1,449 2478 350

3D .1403 2,174 375

4D 868 2,475 1,837 300

5D 414 2,192 1470 « s

6D 1,443 2376 1 2442 1 325 1

N o t e s  a —  O n o - s p a n  l i m p l y  s u p p o r t e d  b e a m ,  2 1 4 3  m  length ( G u i d e w a y  

5  is 2 4  m  length).

b —  O n e - s p a n  s i m p l y  s u p p o r t e d  b e a m ,  3 9 .6 2 m  length.

c —  T w o - s p a n  " c o n t i n u o u s "  b e a m  (center support), 4 2 ^ 7  m  

length.

1  —  b e n d i n g  m o m e n t  u n d e r  g u i d e w a y  structure weight.

2  —  M a x i m u m  a s s u m e d  at 3/8th distance t o  c e n t e r  support.

3 —  H i g h e s t  s p e e d  r u n  o n  c o m p u t e r .
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Lateral a n d  torsional d y n a m i c  v e h i c l e / g u i d e w a y  l o a d s  ar e i n t r o d u c e d  

b y  g u i d e w a y  g e o m e t r y  errors, b y  w i n d  loads, a n d  b y  c u r v e  

negotiation. C u r v i n g  b e h a v i o r  is b e y o n d  the s c o p e  of this current 

study, a n d  only g e o m e t r y  or w i n d - i n d u c e d  l o a d s  h a v e  b e e n  

c o n s i d e r e d .

A  representative g u i d e w a y  g e o m e t r y  error w a s  u s e d  to investigate 

vehicle a n d  structural r e s p o n s e .  This g e o m e t r y  error c o n s i s t e d  of a  5  

m m  versine a l i g n m e n t  error a n d  a n  0.5 d e g r e e  versine c r o s s  level (roll) 

error o n  a  2 0 - m e t e r  w a v e l e n g t h .  T h e s e  errors w e r e  p h a s e d  in a  d o w n -  

a n d - o u t  relationship w h i c h  w a s  f o u n d  to p r o d u c e  m a x i m u m  r e s p o n s e .  

E x a m p l e s  of c a r  b o d y  lateral accelerations p r o d u c e d  in th e E M S  a n d  

E D S - t y p e  vehicles b y  this d i s t u r b a n c e  are s h o w n  in Figure 6.3-1. 

R e s p o n s e s  of the vehicle laterally a n d  torsionally are m u c h  l o we r t h a n  

the vertical r e s p o n s e s .  T h e  following d e s c r i b e s  the results of the 

lateral a n d  torsional analysis without a  g r a p h  of the data.

C a r  b o d y  lateral acceleration r e s p o n s e  (at the b o d y  c.g. height) of the 

m u l t i - m a g n e t  E M S - t y p e  m a g l e v  vehicle to this ty p e  of g e o m e t r y  error is 

nearly identical o n  the different g u i d e w a y s .  It consists of a  slight p e a k  

n e a r  1 2 5  k m / h ,  b u t  in ge n e r a l  a  m o n o t o n i c  in c r e a s e  in p e a k  

acceleration with s p e e d  to 0 . 0 6 6  to 0 . 0 6 8  g  at 6 0 0  k m / h ,  the highest 

s p e e d  c o m p u t e d .  Similarly, roll accelerations r a n g e  f r o m  0 . 4 4 6  to

0 . 4 9 2  r a d / s e c 2 p e a k .  P e a k  lateral l o a d s  at the b e a m / c o l u m n  b e a r i n g  

p a d s  r a n g e  f r o m  1 7  to 2 2  kN . T h e  only significant differences in 

r e s p o n s e  a p p e a r  to b e  the p e a k  g u i d e w a y  lateral accelerations, w h i c h  

r a n g e  f r o m  0 . 0 4 1  g  ( G u i d e w a y  4) to 0 . 0 7 6  g  ( G u i d e w a y  6).

R e s p o n s e  of the E D S - t y p e  vehicle is a g a i n  the s a m e  for t h e  different 

g u i d e w a y s ,  b u t  m a r k e d l y  different f r o m  the E M S - t y p e  vehicle. A  p e a k  

lateral acceleration of 0 . 0 3 6  g  o c c u r s  at 7 5  k m / h ,  d r o p p i n g  to 0 . 0 2 0  g  

at higher s p e e d s .  Roll accelerations r a n g e  f r o m  0 . 2 8 6  r/s2  ( G u i d e w a y  

1 , 3 2 5  k m / h )  to 0 . 2 9 6  r/s2  ( G u i d e w a y  6, 4 2 5  km/h). P e a k  lateral l o a d s  

o n  the b e a m / c o l u m n  b e a r i n g  p a d s  r a n g e  f r o m  6.6 k N  ( G u i d e w a y  1, 

6 0 0  k m / h )  to 1 2  k N  ( G u i d e w a y  6, 5 0 0  kN). G u i d e w a y  b e a m  lateral 

accelerations r a n g e  f r o m  0 . 0 2 0  to 0 . 0 3 0  g

In general, variations in lateral a n d  torsional d y n a m i c s  w e r e  m o r e  

p r o n o u n c e d  f r o m  o n e  vehicle to the other t h a n  f r o m  o n e  g u i d e w a y  

configuration to another.

6 .3  E ffe c ts  o f L a te ra l a n d  T o rs io n a l D y n a m ic s
W ith o u t W in d  G u s ts
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Magtev Vehicle/Guideway Interaction
E M S - T Y P E  M A G L E V  V E H I C L E  A T 3 0 0  K P H

a . EMS-Type M aglev Vehicle.

E D S - T Y P E  M A G L E V  V E H I C L E  A T 3 0 0  K P H

b . EDS-Type M aglev V eh icle .

F igure 6.3-1 Car Body Lateral Response to Geometry Errors.
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6.4  Effects of Wind Gusts on Lateral and Torsional 
Dynamics

Steady-state wind loads and moments on the maglev vehicles were 
calculated by Gregorek and Boyd of Ohio State University. 
Information on the spatial change in wind gust velocity was not, 
however, readily available1.

A worst-case condition was therefore assumed. Steady-state loads 
and moments on the two-car vehicle for a 115 km/h side wind gust for 
a 400 km/h vehicle speed were calculated. A sharply defined gust 
boundary was then assumed, and the vehicle simply allowed to enter 
the gust across this boundary. Loads and moments on leading and 
trailing cars were then modulated by exposed area and position of the 
assumed center of pressure. Lateral accelerations at different 
locations in the leading car and the resulting lateral loads on the 
beam/column bearing pads are plotted in Figure 6.4-1 showing the 
strong car yaw response to this disturbance. The ride is 
uncomfortable, but the vehicle is stable.

6 .5  Effects of Guideway Structure Support Stiffness

A few computer runs were made to explored the effects of guideway 
beam bearing pad vertical stiffness with both the baseline EMS and 
EDS vehicle parameters. The results are, to say the least, interesting. 
Runs over a wide speed range were conducted with both types of 
simulated vehicles using Guideway 6, the standard AASHTO design, 
and stiffness ranging from one-third to three times the nominal bearing 
pad stiffness. With the EDS-type vehicle, Figure 6.5-1, substantial 
reductions in beam mid-span acceleration response are realized with 
safety bearing pads. This reduction, however, is not translated into a 
comparable reduction in car body vertical accelerations. The resonant 
peak can be reduced in speed from about 275 to 200 km/h by 
lowering the stiffness. However, the peak amplitude at this resonance 
is not reduced appreciably.

Predictions with the EMS-type vehicle are shown in Figure 6.5-2. Both 
beam response and ride quality are significantly worsened by reducing 
the bearing pad stiffness. Increasing the stiffness by a factor of three 
improves ride quality of the EMS vehicle, although beam response 
now exhibits a resonance at 300 km/h. These results show that

1 See, for example, Peter Sachs, Wind Forces in Engineering, 2nd Edition, Pergamon Press,. 1978
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F ig u r e  6 .4 -1  Response to a Worst-Case 115 km/h Wind Gust.

E D S - T Y P E  M A G L E V  V E H I C L E  A T  4 0 0  K P H

a. Car Body Accelerations
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F ig u r e  6 .5 -1  Variations of Bearing Pad Stiffness, EDS-Type. Vehicle.
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F igure 6.5-2 Variations of Bearing Pad Stiffness, EMS-Type Vehicle.
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caution must be exercised in considering choice of bearing pads and, 
simultaneously, the characteristics of the guideway and the vehicle.

6 .6  Effects of Vehicle Configuration

While an extensive variation of vehicle parameters was beyond the 
scope of this study, two additional runs were made to determine the 
influence of vehicle overall length on ride ..quality. The baseline runs 
were made with an EDS-type vehicle with an 18-meter car body. 
These additional runs were conducted with 21 and 24-meter overall 
car body lengths. Results are shown in Figure 6.6-1. These plots 
show that for the EDS-type vehicle (a "two-bogie" configuration), an 
overall length close to that of the most commonly-used span length-is 
beneficial. This means that the pitch mode of car body oscillation is 
minimized, reducing the 250-km/h resonance.
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7.0 S tructural Cost Analysis

7.1 Basis of th e  Estim ates

This estimate develops a conceptual cost for the construction of maglev 
transit structures including beams/girders, piers with driven pile foundations, 
pile caps, column and cap beam. The beam/girder configurations are those 
illustrated in Section 4.2.

This estimate uses unit costs in-place derived from the 1992 R. S. Means 
Building Construction Costs Data. All piers are assumed to be 7.6 m (25 ft.) 
tall.

All quantities were derived either by direct measurement and calculation or 
from computer analysis. Those activities not detailed are from similar previous 
projects.

The estimates include 10% of the construction cost for mobilization and a 
15% contingency. The level of contingency will decrease as the design level 
raises.

These estimates are considered to be accurate to within ±20% for the 
conditions cited, which is typical of estimating errors at the preliminary 
engineering level of design development.

7.2 Estim ate Exclusions and Assumptions

1. No engineering or construction management cost has been allowed.

2. No right of way cost has been allowed.

3. All costs are in 1992 Dollars; no escalation is included.

4. No magnets, propulsion hardware or systems related hardware has been 
included.

5. The Transrapid steel structure is not included in the estimates. Published 
data indicates that structure costs $15 million per kilorheter($24 million per 
mile).
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7.3  Comments on the Proposed Designs

• The twin box (i.e. HSST) configuration is too slender to handle as single 
boxes and difficult to handle if the boxes are cross connected. The costs 
of extraordinary handling are not included in the estimate.

• Delivery of any precast unit in excess of 21 meters to any site not directly 
over a navigable waterway will require special handling. Highway 
transportation of girders 39 meters long weighing in excess of 100 tons 
will require very special haul units as well as restrictive travel permits, all

. being major cost factors which are not included in the estimate..

7 .4 Cost Summary

Table 7.4-A summarizes the results of the structural Cost Analysis. The costs 
of structures in this study is between $9 million and $10 million per route 
kilometer excluding the Tranrapid Steel V beam and the HSST Twin Box. This 
difference is less than the ±20% estimating error and therefore we conclude 
there is no significant difference between costs of these designs.
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TABLE 7.4-A 
STRUCTURE COSTS

Description Beam Unit Cost/km Cost/km
Length Cost [One Gdwy] [Dual Gdwy]

(m) ($ /m ) ($ ) ($)
1 Steel Girders 21.336 $5,090 $5,089,690 $10,179,380

w/ concrete deck p i %

«rjff 39.624 $4,809 $4,809,470 $9,618,940

2 Concrete Box 21.336 $4,401 $4,400,980 $8,801,960
ji

39.624 $4,943 $4,942,970 $9,885,940

3 Trapezoidal Box 21.336 $4,920 $4,920,220 $9,840,440

39.624 $4,957 $4,957,430

•

$9,914,860

4 Twin Box 21.336 $3,422 $3,422,230 $6,844,460
(HSST) Pl.1- 5 -

- 39.624 $3,216 $3,216,330 $6,432,660
5 Steel "V" 

(Transrapid) V 24 Costs not estimatec l

6  AASHTO Concrete 21.336 $4,622 $4,622,360 $9,244,720
Girders

w 39.624 $4,372 $4,372,440 $8,744,880

Cost Estimates include:
1. 7.6m pier height
2. Complete substructure from piles upward
3. 10% mobilization cost and 15% contingency
4. Costs In 1992 dollars, based on 1992 R.S. Means Building 

Construction Costs Data
Cost Estimates do not include:

a. Magnetic Reaction coils/plates in guideway
b. Engineering costs, Construction Management costs
c. Right of Way acquisition or preparation
d. Non-structural system components (power, signal facilities)
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8.0 Discussion

8.1 D irect Comparison of M aglev Vehicle System s

Two fundamentally different types of Maglev vehicle systems have been 
developed by the German and Japanese research and development teams. 
The first of these is the attractive electromagnetic system (EMS) such as the 
German Transrapid TR-07 and the Japanese HSST designs. These vehicles 
employ a magnetic suspension that wraps around the active guideway 
elements, achieving levitation by attraction upward toward the guideway 
surface. The second, the electrodynamic system (EDS) such as the 
Japanese MLU-002 vehicle, achieves levitation through repulsive eddy 
currents generated in guideway-mounted coils. Some relatively high speed 
(150 km/h or more) is required for sufficient induction to levitate.

For the typical EMS-type vehicle, four to five magnet support frames 
(unsprung masses) are mounted over the length of the car, and a number of 
magnet pairs are mounted to or shared by these frames. Since each magnet 
must operate within a nominal 10 to 13 mm gap, the effective magnetic 
stiffness is high (in a closed-loop gap control system) and the dynamic 
coupling to the guideway structure is strong. The EDS-type vehicle, on the 
other hand, assumes the more typical "bogie" vehicle configuration with two 
magnet frames (unsprung masses) per car body, one at each end, and two 
(or more) magnet pairs per frame. Typically, the EDS magnetic suspension 
operates at a nominal gap of 100 to 130 mm with an effective vertical stiffness 
nearly an order of magnitude less than the EMS magnetic stiffness.

Because of these differences in configuration and in coupling stiffness, the 
two different Maglev systems produce quite different vehicle and guideway 
interactive responses. Ride quality of the two vehicle types on the 21-meter 
simply-supported guideway spans is compared in Figures 8.1-2 through 8.1- 
6 . (Guideways 2 and 3 are dynamically similar, therefore results for Guideway 
3 have not been plotted.) On the more standard guideway designs 
(Guideways 1, 2, 3 and 6), the ride of the EDS-type vehicle is characterized 
by a resonance in vertical car body accelerations in the 200 to 300 km/h 
speed range with amplitudes somewhat higher than the desired one-hour 
reduced comfort limit of 0.051 g peak. Above 300 km/h, these acceleration 
levels drop well below this limit. Acceleration levels for the EMS-type vehicle, 
on the other hand, remain below the desired limit up to about 400 km/h. 
Above this speed, the EMS-type vehicle exhibits a monotonic increase in 
acceleration levels with increased speed.
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Similar response is seen on the two light-weight Guideways 4 and 5. On 
Guideway 4, the EDS-type vehicle produces a vertical acceleration resonance 
at 250 km/h that is more than twice the desired ride comfort limit. On 
Guideway 5, the resonance is broader, peaking about 350 km/h at about
0.08 g. On both Guideways 4 and 5 (and particularly Guideway 5), the EMS- 
type vehicle generates vertical acceleration levels well above the desired limit 
over the whole speed range of 200 to 600 km/h.
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Figure 8.1 -1 Guideway Structures
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The effect of a longer (40-meter) simply-supported guideway span is 
illustrated in Figure 8.1-7 for Guideway 6P (the standard AASHTO design). 
The EDS-type vehicle generates a resonant peak in vertical car body 
acceleration at 125 km/h. At higher speeds, acceleration levels decrease. 
However, higher modal resonances (above the third bending mode) of the 
longer span not included in the model may be excited at these speeds, again 
decreasing ride comfort. The EMS-type vehicle generates high levels of 
vertical acceleration across the speed range well above the desired ride 
comfort limits.

The effects of two-span "continuous" beams on ride quality (a 43-meter beam 
with a center column support) are shown for Guideways 5D and 6D in 
Figures 8.1-8 and 8.1-9. In both cases, improvements are noted-over the 
simply-supported 21-meter beam. The light-weight Guideway 5 still presents 
marginal ride quality, particularly with the EMS-type vehicle. On Guideway 6D 
the ride quality for both vehicles is marginally acceptable over much of the 
speed range.
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A companion set of plots of mid-span vertical beam accelerations is shown 
for these cases in Figures 8.1-10 through 8.1-17. For the 21-meter simply- 
supported guideway beams, response under the EDS-type vehicle is typified 
by a pronounced resonance in the 250 to 400 km/h speed range. For the 
standard guideway configurations (Guideways 1, 2, 3 and 6), peak 
accelerations of 0.5 to 0.8 g are developed at the resonant speed. The light
weight guideways (Guideway 4 and 5) are simply overwhelmed by the more 
massive vehicle, and peak midspan acceleration levels over 1g (Figure 8.1- 
12, Guideway 4) and over 2 g (Figure 8.1-13, Guideway 5) are predicted. 
The EMS-type vehicle, with its distributed load, produces much lower levels of 
guideway vertical acceleration. In general, the midspan response remains 
below the desired 0.3 g peak level.

The response of the longer (40-meter) simply-supported beam, Guideway 6P, 
is shown in Figure 8.1-15. Here the response for both vehicles remains within 
the desired limit of 0.3 g peak up to 400 km/h. Above this speed, the EMS- 
type vehicle generates progressively higher response levels. It must be 
noted, however, that higher modal resonances of the beam not included in 
the current model (4th bending mode and higher) may come into play at 
these higher speeds.

The effects of two-span "continuous" beams (a 43-meter beam with a center 
column support) on guideway beam response are shown in Figures 8.1r16 
and 8.1-17 for Guideways 5D and 6D. In both cases, reductions in response 
level are achieved over the simply-supported spans. On light-weight 
Guideway 5D, the EDS-type vehicle develops midspan acceleration levels 
well above the desired 0.3 g limit. The EMS-type vehicle stays below this limit 
up to about 450 km/h. On Guideway 6D, both vehicles stay below the limit, 
although the EDS-type vehicle again produces generally higher response 
levels.
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8 . 2  I m p l i c a t i o n s  f o r  D e s i g n  o f  A e r i a l  S t r u c t u r e s

T h is  s t u d y  d e v e l o p s  f o u r  b e a m s  ( b e a m s  n u m b e r e d  1 , 2 ,  3 ,  a n d  6 )  d e s i g n e d  

t o  c o n v e n t i o n a l  U .S .  g u id e l in e s  a n d  p r a c t ic e .  It  is  o n ly  p a r t ia l  c o m f o r t  t h a t  

t h e s e  b e a m s  p r o v i d e  g e n e r a l l y  b e t t e r  d y n a m i c  r e s p o n s e  t h a n  t h e  c o m p a r i s o n  

g u i d e w a y  ( T r a n s r a p i d )  s in c e  t h e  U .S .  d e s ig n  g u i d e l i n e s  o f f e r  n o  c r i t e r ia  f o r  

o p t im iz in g  t h e  d y n a m i c  r e s p o n s e  o f  s t r u c t u r e s  f o r  h ig h  s p e e d s .  T h e  f o l lo w in g  

s u b s e c t i o n s  r e v ie w  t h e  im p l ic a t io n  o f  t h e s e  r e s u l ts  f o r  s t r u c t u r a l  d e s ig n  o f  

f u t u r e  s y s t e m s .

8 . 2 . 1  I m p a c t  F a c t o r s

I m p a c t  f a c t o r  d e s i g n  g u id e l in e s  v a r y  o v e r  a  w i d e  r a n g e  f o r  e x is t in g  t r a n s i t  

a e r ia l  s t r u c t u r e s  a s  o b s e r v e d  in  S e c t io n  1 . 0  o f  th is  r e p o r t .  T h e  v a r ie t y  o f  

g u id e l in e s  r e f l e c t s  d iv e r g e n t  d e f in i t io n s  o f  i m p a c t .  F o r  e x a m p le ,  A A S H T O  

p r o v id e s  i m p a c t  f a c t o r s  t h a t  a r e  q u a l i f ie d  f o r  t y p e s  o f  s e r v ic e  b u t  l e a v e  t h e  

a c t u a l  s e le c t io n  o f  a  v a lu e  t o  t h e  j u d g e m e n t  o f  t h e  d e s i g n e r .  W o r m le y ,  e t  a l  - 

[ 6 8 ]  a n d  [ 6 9 ]  s u g g e s t  t h e  i m p a c t  f a c t o r  is  t h e  r a t io  o f  t h e  p e a k  d y n a m i c  

d e f le c t io n  t o  t h e  s t a t ic  d e f le c t io n .  T h is  r e p o r t  u s e s  a c c e l e r a t i o n  a s  t h e  

m e a s u r e  o f  i m p a c t ,  o r  d y n a m i c  lo a d  in c r e a s e  o v e r  s t a t i c  lo a d .  A n d  A C I

3 5 8 . 1  R  u s e s  t h e  c r o s s in g  f r e q u e n c y  r a t io  t o  d e t e r m i n e  a n  i m p a c t  f a c t o r .

F r o m  t h e  r e s u l t s  s h o w n  in  th is  s t u d y ,  t h e  d y n a m i c  a c c e l e r a t i o n s  e x c e e d  t h e  

3 0 %  d e s i g n  i m p a c t  f a c t o r s  in  m a n y  c a s e s  b u t  t h e  m a x i m u m  b e a m  b e n d i n g  

m o m e n t s  a r e  n o t  e x c e e d e d  in  a n y  c a s e  ( fo r  b e a m s  w h e r e  t h e  m a x i m u m  

v a l u e  is  k n o w n ) ,  s u g g e s t i n g  a  h ig h e r  a c t u a l  i m p a c t  f a c t o r  is  p e r m is s ib le  f o r  

t h e s e  d e s i g n s .

F r o m  a  s t r u c t u r a l  d e s i g n  v ie w p o in t ,  i m p a c t  f a c t o r s  m u s t  b e  s t a t e d  a s  %  

i n c r e a s e  in  l iv e  l o a d  f o r  d y n a m i c  l o a d  a m p l i f i c a t io n .  T h e  d e f in i t io n  o f  d y n a m i c  

l o a d  a m p l i f i c a t io n  f o r  h ig h  s p e e d  s y s t e m s  r e q u i r e s  a  r a t io n a l  m e t h o d  f o r  

a s s e s s i n g  a n d  d e s i g n i n g  f o r  d y n a m i c  i n t e r a c t io n s  b e t w e e n  v e h ic le  a n d  

g u i d e w a y .  M e t h o d s  s u c h  a s  p r o p o s e d  b y  W o r m l e y  [ 6 9 ]  p r o v id e  a  t e c h n ic a l  

b a s i s  w h ic h  w ill r e m o v e  t h e  d iv e r g e n c e  o f  i m p a c t  f a c t o r  d e f in i t io n .  W i t h o u t  

s u c h  d e s i g n  m e t h o d o l o g y ,  t h e  f u t u r e  d e s i g n s  m a y  b e  a t  r is k  e v e n  t h o u g h  t h e  

d e s i g n s  in  th is  s t u d y ,  d e v e l o p e d  t o  e x is t in g  g u id e l in e s ,  p r o v i d e d  a c c e p t a b l e  

d y n a m i c  p e r f o r m a n c e  in  m o s t  c a s e s .

8 . 2 . 2  M a s s  R a t i o s  a n d  C r o s s i n g  F r e q u e n c y  R a t i o s

T h e  r e s u l ts  i n d i c a t e  t h a t  t h e  h ig h e s t  a c c e l e r a t i o n s  f o r  a n y  v e h ic le  a n d  

g u i d e w a y  c o n f ig u r a t i o n  o c c u r s  in  t h e  T r a n s r a p i d  c o n f ig u r a t i o n  [ B e a m  n u m b e r  

5  in  th is  r e p o r t ] . T h e  d i f f e r e n c e  is  a t t r ib u t e d  in  p a r t  t o  t h e  l o w e r  b e a m  m a s s  o f
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I

t h e  T r a n s r a p i d  g u i d e w a y  c o m p a r e d  t o  t h e  o t h e r  d e s i g n s  in  th is  s tu d y .

R ic h a r d s o n  a n d  W o r m l e y  [ 6 3 ]  s t a t e  t h a t  t h e  v e h ic le  a n d  g u i d e w a y  d e f le c t io n s  

o r  m o t io n s  " b e c o m e s  e s s e n t ia l ly  i n d e p e n d e n t  o f  M  [ t h e  r a t io  o f  t h e  v e h ic le  

s p r u n g  m a s s  t o  t h e  g u i d e w a y  m a s s ]  w h e n  M  is  l e s s  t h a n  0 . 2 5 .  O t h e r s  [ 4 7  

a n d  7 7 ]  s u g g e s t  b e a m s  w i th  m a s s  r a t io s  o f  0 . 3 0  u s in g  t h e  t o t a l  m a s s  o f  a ll  

v e h ic le s  o n  t h e  s p a n  w ill h a v e  n e g l ig ib le  r e s o n a n c e  if t h e  c r o s s in g  f r e q u e n c y  

r a t io  is  le s s  t h a n  0 . 2 .  N o t e  t h a t  t h e  c r o s s in g  f r e q u e n c y  r a t io ,  C F R ,  is

C F R  = V / t s h

V  =  v e h ic le  s p e e d

l s =  s p a n  le n g t h

f-i =  s p a n  f u n d a m e n t a l  n a t u r a l  f r e q u e n c y

M a s s  r a t io s  o f  e a c h  o f  t h e  c o n f ig u r a t io n  is  s h o w n  in  T a b l e  8 . 2 . 2 - A .  

C o m p a r i n g  t h e  M a s s  r a t io s  t o  p e a k  g u i d e w a y  a c c e l e r a t i o n s  in  F ig u r e s  6 . 2 - 5 ,  

t h r o u g h  6 . 2 - 8 ,  t h e  o r d e r in g  o f  t h e  g u i d e w a y s  b y  m a x i m u m  a c c e l e r a t i o n  ( fo r  a ll  

s p e e d s )  c a n  b e  s h o w n  t o  b e  t h e  s a m e  a s  t h e  o r d e r  o f  i n c r e a s in g  m a s s  r a t io .

-154-



T a b l e  8 . 2 - A  

M a s s  R a t i o s

[ V e h ic le  S p r u n g  M a s s ,  m v =  3 5 , 7 0 0  k g ]

G u i d e w a y  L e n g t h  G u i d e w a y  . M a s s  N a t ’ l M a x  b e a m

D e s c r ip t io n  [ A  s ] R a t io  F r e q .  A c c e l e r a t i o n

( m )  ( k g )  m v/ A s  ( H z )  ( g )

E M S  E D S

1 . S t e e l  G i r d e r 21 6 3 , 5 0 0 0 . 5 6 7 . 4  ' 0 . 2 5 0 . 7 3

3 9 1 3 6 , 2 0 8 0 . 2 6 2 . 9
★

0 . 4 0

2 .  C o n c r e t e  B o x 21 1 0 1 , 9 1 8 0 . 3 5 6 .8 0 . 1 4 0 . 4 0

3 9 2 1 8 , 7 6 0 0 . 1 6 3 . 0 N A (5 .2 6

3 .  T r a p e z o i d a l 21 8 8 , 5 8 3 0 . 4 0 7 . 2 0 . 1 5 0 . 4 9

B o x 3 9 1 9 9 ,8 9 1 0 . 1 8 3 .1 N A 0 . 2 8

4 .  T w in  B o x 21 5 9 , 0 5 6 0 . 6 0 5 . 3 0 .3 1 1 .0 0
( H S S T ) 3 9 1 5 3 , 3 0 9 0 . 2 3 2 .2 N A 0 . 4 7

5 .  S t e e l  "V"

T r a n s r a p i d 2 4 2 5 , 0 0 1 1 . 4 3 7 . 0 0 . 5 0 N R

6 . A A S H T O 21 9 8 , 1 0 7 0 . 3 6 6 . 4 0 . 1 5 0 . 4 8

G i r d e r s 3 9 2 1 8 , 7 6 0 0 . 1 6 2 . 5
★ 0 . 2 7

N A  =  N o t  A n a l y z e d  

N R  =  N o t  R e le v a n t

*  i n c r e a s e d  a c c e l e r a t i o n  a b o v e  4 0 0 - 5 0 0  k m /h .

In  th is  s t u d y  f o r  E M S  S y s t e m s ,  t h e  d e s i r e d  0 . 3 g  i m p a c t  f a c t o r  is  n o t  e x c e e d e d  

o n  2 1  m  s p a n s  f o r  m a s s  r a t io s  le s s  t h a n  0 . 6  u n t il  s p e e d s  a b o v e  a p p r o x i m a t e l y  

5 0 0  k m / h  w h e r e  a c c e l e r a t i o n  g e n e r a l l y  in c r e a s e d .  T h e  3 9 m  s p a n  le n g t h  w ith  

E M S  is  a n a l y z e d  o n ly  f o r  b e a m s  1 a n d  6  w i th  0 . 2 6  a n d  0 . 1 6  m a s s  r a t io s ,  

r e s p e c t iv e ly ,  n e i t h e r  p r o d u c i n g  a c c e le r a t io n s  a b o v e  0 . 3 g  u n t i l  a p p r o x i m a t e l y  

4 0 0  t o  4 5 0  k m / h  w h e r e  t h e  m a x im u m  a c c e l e r a t i o n s  i n c r e a s e d  n o n - l in e a r ly  

w ith  s p e e d  f o r  b o t h  b e a m s .

F o r  t h e  E D S  S y s t e m ,  t h e  0 . 3 g  lim it  w a s  e x c e e d e d  b y  a l l  2 1 m  le n g t h  b e a m s  

w h e r e  t h e  m i n i m u m  m a s s  r a t io  is  0 . 3 5  a n d  i n c r e a s e d  w i th  s p e e d  a b o v e  2 5 0
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k m / h .  F o r  3 9 m  s p a n s  w ith  t h e  E D S  s y s t e m ,  t h e  0 . 3 g  l im it  is  n o t  e x c e e d e d  b y  

m a s s  r a t io s  le s s  t h a n  0 . 1 8  u n t il  s p e e d s  o f  a p p r o x i m a t e l y  5 0 0  k m / h  f o r  s o m e  

b e a m s  ( o t h e r  b e a m s  d id  n o t  e x c e e d  t h e  l im it  a t  a n y  s p e e d  a n a l y z e d ) .

N e a r ly  a ll  s y s t e m s  e x h ib i t  i n c r e a s in g  p e a k  s p a n  a c c e l e r a t i o n s  a t  h ig h e r  

s p e e d s .  T h e  c r o s s in g  f r e q u e n c y  r a t io  ( C F R )  is  u s e d  b y  m a n y  r e s e a r c h e r s  a s  

a n  e x p r e s s io n  o f  th is  e f f e c t ,  w h ic h  is  t h e  c o i n c i d e n c e  o f  p a s s i n g  s p e e d  o v e r  a  

s p a n  le n g t h  w i th  b e a m  n a t u r a l  f r e q u e n c y ,  s o m e t h i n g  o f  a n  in d i c a t o r  o f  

r e s o n a n c e .  W o r m l e y ,  in  s e v e r a l  p a p e r s ,  s u g g e s t s  t h a t  d e f le c t io n  a m p l i t u d e s  

i n c r e a s e  a s  C F R  a p p r o a c h e s  a  v a l u e  o f  1 . 0  a n d  t h e  m a x i m u m  r e s o n a n c e  

o c c u r s  a b o v e  a  v a l u e  o f  1 . 0  ( b e t w e e n  1 . 2  a n d  1 . 4 ,  g e n e r a l l y ,  d e p e n d i n g  o n  

p a r a m e t e r  v a l u e s )  f o r  s im p le  s p a n s  a n d  2 . 0  f o r  2 - s p a n  c o n t in u o u s  s t r u c t u r e s .

W it h  t h o s e  i d e a s  in  m in d ,  t h e  C F R  is  c a l c u l a t e d  in  T a b l e  8 . 2 - B  f o r  t h e  s p e e d s  

a t  w h ic h  t h e  0 . 3 g  lim it  is  c r o s s e d  o n  t h e  h ig h  s p e e d  e n d  o f  t h e  r e s p o n s e  

( ig n o r in g  lo w e r  s p e e d  r e s o n a n c e s ) .  T a b l e  8 . 2 - B  is  d e v e l o p e d  f r o m  F ig u r e s

6 . 2 - 5  t o  6 . 2 - 8 .  T h e  r e s u l ts  t e n d  t o  c o n f i r m  W o r m l e y ’s  c o n c e p t ,  a l t h o u g h  

r e s u l ts  a r e  s c a t t e r e d .  B e a m  # 5  is  p r o b l e m a t i c  b e c a u s e  m o s t  o f  t h e  r e s p o n s e  

is  a b o v e  t h e  0 . 3 g  l im it  e x c e p t  a t  s lo w e r  s p e e d s .

In  a ll  c a s e s ,  b e a m s  w i th  C F R  le s s  t h a n  1 . 0  a p p e a r s  t o  in d i c a t e  c o n d i t i o n s  f o r  

d y n a m i c  a c c e l e r a t i o n s  le s s  t h a n  t h e  0 . 3 g ,  ig n o r in g  lo w e r  s p e e d  r e s o n a n c e s  

w h ic h  a p p e a r  t o  b e  d o m i n a t e d  b y  m a s s  r a t io s .
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T a b l e  8 . 2 - B

C F R  a t  w h i c h  0 . 3 g  i s  e x c e e d e d  f o r  s p e e d s  o v e r  4 0 0  k m / h

C F R  &  S p e e d  a t  w h ic h  0 . 3 g  e x c e e d e d  

B e a m  M a s s  N a t ’ I S p a n  E M S  E D S

R a t io  F r e q .  L e n g t h  S p e e d  S p e e d

____________________________________________________k m / h  C F R  k m / h ___________  C F R

1 0 . 5 6 7 . 4 21 > > 6 0 0 > > 1 . 0 7 5 5 0 0 . 9 8

0 . 2 6 2 . 9 3 9 4 4 0 1 . 0 8 > 5 0 0 > 1 . 2 2

( 6 0 0 ) _

2 0 . 3 5 6 .8 21 > > 6 0 0 > > 1 . 1 7 5 5 0 1 . 0 7

0 . 1 6 3 . 0 3 9 N A > > > 5 0 0 > > > 1 . 1 9

3 . 4 . 0 0 7 . 2 21 > > 6 0 0 > > 1 . 1 0 5 5 0 1.01
0 . 1 8 3 .1 3 9 N A > > > 5 0 0 > > > 1 . 1 5

4 . 0 . 6 0 5 . 3 21 4 7 5 1 . 1 8 5 5 0 1 . 3 7

0 . 2 3 2 .2 3 9 N A  . 5 0 0 1 . 6 2

5 . 1 . 4 3 7 . 0 2 4 2 5 0 0 . 4 1 ? N A

6 . 0 . 3 6 6 . 4 21 > 6 0 0 1 . 2 4 5 5 0 1 . 1 4

0 . 1 6 2 . 5 3 9 4 2 0 1 .2 0 > > 5 0 0 > > 1 . 4 2

N A  =  r e s p o n s e  n o t  a n a l y z e d

>  =  v a l u e  is  u n k n o w n  b u t  g r e a t e r  t h a n  t h a t  s h o w n

>  >  =  v a l u e  is  m u c h  g r e a t e r  t h a n  t h a t  s h o w n

>  >  >  =  v a l u e  is  v e r y  m u c h  g r e a t e r  t h a n  t h a t  s h o w n

T h e  t w o  p a r a m e t e r s  o f  m a s s  r a t io  a n d  c r o s s in g  f r e q u e n c y  r a t io  a p p e a r  t o  

p r o v i d e  r e a s o n a b l e  in d ic a t io n s  o f  d y n a m i c  t h r e s h o ld s ,  b a s e d  o n  th is  s t u d y ’s  

r e s u l t s .

S u m m a r i z i n g  f o r  t h e  b e a m s  a n d  c o n d i t io n s  in  th is  s t u d y ,  b e a m  a c c e l e r a t i o n s  

c a n  b e  e x p e c t e d  t o  b e  le s s  t h a n  t h e  0 . 3 g  l im it  w h e n  t h e  c r o s s in g  f r e q u e n c y  

r a t io  is  le s s  t h a n  1 . 0  a n d  t h e  m a s s  r a t io  is  le s s  t h a n  t h a t  s h o w n  in  T a b l e  8 . 2 - C
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T a b l e  8 . 2 - C  

M a s s  R a t i o  L i m i t s

S p a n

L e n g t h

M a g L e v  S y s t e m  

E M S E D S

2 1

3 9

0 . 6

0 . 3  N o t e  1

0 . 3  N o t e  2  

0 . 1 8

N o t e s :

1 . T h e  m a x i m u m  m a s s  r a t io  v a l u e  a v a i l a b l e  in  t h e  s t u d y  is

0 . 2 6  a n d  d id  n o t  g e n e r a t e  0 . 3 g  a c c e l e r a t i o n s  b e l o w  

C F R = 1 . 0 .

»

2 .  T h e  m in im u m  m a s s  r a t io  v a l u e  a v a i l a b l e  in  t h e  s t u d y  is

0 . 3 5  w i th  a ll  b e a m s  in c lu d in g  t h e  o n e  w ith  a  0 . 3 5  v a lu e  

e x c e e d e d  t h e  0 . 3 g  a c c e l e r a t i o n  lim it .  T h e r e f o r e  s o m e  

lo w e r  v a l u e  is  n e e d e d  t h a n  0 . 3 5 .

T a b l e  8 . 2 - C  s h o w s  t h a t  f u t u r e  d e s i g n  r e q u i r e m e n t s  c o n s i d e r  m a g l e v  s y s t e m  

t y p e ,  s p a n  le n g t h  a s  w e l l  a s  m a s s  r a t io s  a n d  c r o s s in g  f r e q u e n c y  r a t io s .

8 . 2 . 3  V e h i c l e  L e n g t h

T h is  s t u d y  c h o o s e s  a n  1 8 m  v e h ic le  l e n g t h  b e c a u s e  it a l lo w s  s o m e  m a r g in a l  

b e n e f i t  in  a c c e s s i n g  e x is t in g  in n e r  c i t y  t r a n s i t  t u n n e ls  a n d  s t r u c t u r e s  

c o m p a r e d  t o  p r o p o s e d  m a g l e v  v e h i c l e s  w h i c h  a r e  o n  t h e  o r d e r  o f  3 0 m - i n  

l e n g t h .  T h e  s h o r t e r  1 8  m .  v e h i c l e  c a n  h a v e  n a t u r a l  f r e q u e n c i e s  in  t h e  r a n g e  

o f  1 4  t o  2 0  H z ,  r e d u c i n g  t h e  p o t e n t ia l  g u i d e w a y / v e h i c l e  r e s o n a n c e  a t  t h e  

f r e q u e n c i e s  o f  h ig h e s t  r id e  c o m f o r t  s e n s i t iv i t y .

L o n g e r  v e h ic le s  w ill h a v e  lo w e r  n a t u r a l  f r e q u e n c i e s  a n d  l a r g e r  m i d - o r d i n a t e  o f f  

s e t s  t h a t  r e q u i r e  e i t h e r  l a r g e r  r a d iu s  c u r v e s  o r  w i d e r  c l e a r a n c e s  in  c u r v e s .

T h e  s t u d y  r e s u l ts  a p p e a r  t o  in d i c a t e  t h a t  lo w e r  a c c e l e r a t i o n s  o c c u r  w h e n  t h e  

v e h ic le  le n g t h  is  n e a r  t h a t  o f  t h e  s p a n  le n g t h .  T h e  l im it e d  s a m p l in g  o f  

p a r a m e t e r s  d o e s  n o t  a l lo w  c o n c l u s i o n s  t o  b e  d r a w n  h o w e v e r .

D e s i g n  p a r a m e t e r s  f o r  v e h i c l e - s t r u c t u r e  d y n a m i c  in t e r a c t io n  in v o lv in g  v e h ic le  

l e n g t h  h a v e  b e e n  s u g g e s t e d  [ 6 8 ]  , [ 6 9 ]  w h e r e  t h e  s p e e d  a t  w h ic h  r e s o n a n t  

c o n d i t io n s  e x is t  is  e s t im a t e d :
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V Cr =  R e s o n a n t  S p e e d  =  1 / k  [ c  f i

k  =  in t e g e r  [ 1 , 2 , 3 .......]

l c  =  c a r  le n g th

f-i =  s p a n  f irs t  m o d e  o f  n a t u r a l  f r e q u e n c y  ( H z )

U n f o r t u n a t e ly ,  t h e  p e a k  a c c e l e r a t i o n s  in  th is  s t u d y  f o r  t h e  v a r io u s  

c o n f ig u r a t i o n s  ( F ig u r e s  6 . 2 - 5 ,  - 6 ,  - 8 ,  - 9 )  d id  n o t  a p p e a r  t o  c o r r e l a t e  w i th  t h e  

s p e e d s  e s t i m a t e d  b y  V cr f o r  e i t h e r  E M S  o r  E D S  s y s t e m .  M a s s  r a t io s ,  

d a m p i n g  c o e f f ic ie n t s  a n d  s u s p e n s io n  s p r in g  r a t e s  c a n  s h i f t  r e s o n a n t  

f r e q u e n c i e s  s ig n i f ic a n t ly .

8 . 2 . 4  G u i d e w a y  I r r e g u l a r i t i e s  a n d  T o l e r a n c e s

G u i d e w a y  c o n s t r u c t io n  t o l e r a n c e s  f o r  m a g l e v  a r e  e x p e c t e d  t o  b e  in  

a c c o r d a n c e  w i th  c u r r e n t  p r a c t i c e s  s u m m a r i z e d  in  T a b l e  8 . 2 . 4 - A .

T a b l e  8 . 2 . 4 - A

G u i d e w a y  C o n s t r u c t i o n  T o l e r a n c e s

C o n c r e t e  A e r ia l  S t e e l  S t r u c t u r e s  

S t r u c t u r e s  [ 4 4 ]  [ 7 9 ]

D e v ia t io n  f r o m  d e s i g n  . + / -  2 5 m m  + / -  9 . 5 m m

R e la t iv e  D e v ia t io n  p e r  s p a n  + / - 1 2 m m  in  1 8 m  

L o c a l  i r r e g u la r i t y  + / -  6 m m  in  3 m  + / - 1 : 5 0 0

C r o s s  le v e l  + / - 6 r n m i n 3 m  + / - 1 : 5 0 0

G u i d e w a y  i r r e g u la r i t ie s  c a n  b e  e x p e c t e d  t o  i n c r e a s e  w i th  t i m e  in  r e s p o n s e  t o  

s e r v ic e ,  a n d  lo c a l  c o n d i t io n s  ( p ie r  s h i f t in g ,  s e t t l e m e n t ,  c h a n g e  o f  c a m b e r ) ,  a s .  

w e l l  a s  d a i l y  c h a n g e s  in  g e o m e t r i e s  f r o m  t h e r m a l ly  i n d u c e d  f o r c e s .  T h i s  s t u d y  

a s s u m e s  g u i d e w a y  i r r e g u la r i t ie s  o f  + 2 m m  s p a n  c a m b e r  a s  a  v e r t ic a l  

d e v i a t i o n ,  a n d  5 m m  v e r s in e  la te r a l  a l i g n m e n t  e r r o r  c o m b i n e d  w i t h  0 . 5  d e g r e e  

v e r s i n e  c r o s s  le v e l  d e v ia t io n  f o r  la te r a l  d e v ia t io n s .  T h e s e  d e v i a t i o n s ’ p u r p o s e  

is  s i m p l y  t o  " t r ig g e r "  a  r e s p o n s e  in  t h e  s y s t e m ,  w i t h o u t  w h i c h  t h e  i d e a l i z a t io n  in  

t h e  m o d e l s  w o u ld  r e m a in  a t  t h e  s t e a d y  s t a t e  le v e l .  T h e s e  d e v ia t io n s ,  

h o w e v e r ,  a r e  m u c h  le s s  t h a n  t h o s e  e x p e c t e d  in  c o n s t r u c t io n .

T h e  p r i m a r y  q u e s t io n s  a r e  w h a t  i r r e g u la r i t ie s  c a n  b e  a l l o w e d  a n d  h o w  c a n  t h e  

i r r e g u la r i t ie s  b e  c o n t r o l le d  t o  t o l e r a n c e s  r e q u i r e d  b y  m a g l e v  s y s t e m s .

In  t h e  c a s e  o f  a t t r a c t iv e  m a g l e v  s y s t e m s  w ith  le v i t a t io n  g a p s  o n  t h e  o r d e r  o f
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t h e  c o n s t r u c t i o n  t o l e r a n c e s  s h o w n  in  T a b l e  8 . 2 . 4 - A ,  t h e  g u i d e w a y  t o l e r a n c e  

c o n t r o ls  m u s t  b e  e x p l ic i t ly  d e s i g n e d  in t o  t h e  c o n s t r u c t io n  t o l e r a n c e s ,  a n d  in t o  

f u t u r e  m a i n t e n a n c e  a d j u s t m e n t  f e a t u r e s  F o r  e x a m p le ,  t h e  T r a n s r a p i d  

p o s i t io n in g  o f  b e a m  s e a t s  o n  t o p s  o f  p ie r s  is  to :

+ / -  2 m m  in  t h e  x - d i r e c t io n  

+ /-1  m m  in  t h e  y - d i r e c t io n  

+ /-1  m m  in  t h e  z - d i r e c t io n

T h e  b e a m s  a r e  t h e n  s e t  a n d  g r o u t e d  t o  t h e  f o l lo w in g  t o le r a n c e s :

+ / -  0 . 5 m m  la te r a l  p o s i t io n  

+ / -  0 . 3 m m  v e r t ic a l  p o s i t io n

[ T r a n s r a p id  t o l e r a n c e s  a r e  f o u n d  in  R e f  8 0 }

It  is  n o t  k n o w n  if t h e  T r a n s r a p i d  d e s i g n  i n c lu d e s  t h e  m e a n s  t o  a d j u s t  

g u i d e w a y  m a g n e t  c o i ls  a n d  l in e a r  m o t o r  s t a t o r  p a c k s  f o r  la te r a l  a n d  v e r t ic a l  

a l i g n m e n t  a f t e r  in s ta l la t io n .

V a r ia n t s  o n  t h e  a t t r a c t iv e  m a g l e v  s c h e m e  i n c lu d e  G r u m m a n ’s  p r o p o s e d  

5 0 m m  g a p  E M S  s y s t e m ,  w h ic h  l a r g e ly  m i t ig a t e s  t h e  e x c e p t io n a l l y  c l o s e  

t o l e r a n c e s  w i t n e s s e d  in  t h e  T r a n s r a p i d  a p p l i c a t i o n  f o r  g u i d e w a y  i n t e r f e r e n c e .

T h e  E D S ,  o r  r e p u ls iv e  m a g l e v  s y s t e m ,  p e r m i t s  a  1 0 0 m m  g a p  b e t w e e n  v e h ic le  

a n d  g u i d e w a y ,  w h ic h  r e l e g a t e s  g u i d e w a y  i n t e r f e r e n c e  t o  a  le s s e r  c o n c e r n .

I r r e s p e c t iv e  o f  t h e  g a p  d is t a n c e ,  t h e  t o l e r a n c e s  t o  c o n t r o l  o f  d y n a m i c  

r e s p o n s e  is  e x p e c t e d  t o  b e  n a r r o w  f o r  a n y  o p e r a t i o n  a b o v e  2 0 0  k m / h ,  a s  

w i t n e s s e d  in  th is  s t u d y  w h e r e  t h e  s m a l l  i r r e g u la r i t ie s  p r o d u c e d  e x c e e d a n c e s  

in  b o t h  r id e  c o m f o r t  a n d  b e a m  i m p a c t  c r i t e r ia  f o r  b o t h  E M S  &  E D S  s y s t e m s .

T h e  s t u d y  r e s u l ts  f o r  t h e  lo n g  w a v e  s u r f a c e  d e v ia t io n s  u s e d  in  t h e  m o d e l s  

s h o w  e x c e s s i v e  a c c e l e r a t i o n s  in  t h e  T r a n s r a p i d  ( G u i d e w a y  5 )  a n d  H S S T  

( G u i d e w a y  4 )  s y s t e m s  o v e r  t h e  r a n g e  o f  s p e e d s  a n a l y z e d .  A ls o ,  a l l  E D S  

c o n f ig u r a t i o n s  p r o d u c e  a c c e l e r a t i o n s  g r e a t e r  t h a n  t h e  r id e  c o m f o r t  c r i t e r ia  

b e t w e e n  2 0 0  k m / h  a n d  4 0 0  k m / h  f o r  2 1  m  s p a n s  a n d  b e t w e e n  1 2 5  k m / h  a n d  

2 5 0  k m / h  f o r  3 9  m  s p a n s .  L o n g  s p a n  E M S  a c c e l e r a t i o n s  e x c e e d  t h e  r id e  

c o m f o r t  c r i t e r io n  a s  w e l l .  N o t in g  t h a t  t h e  v e h ic le  s e c o n d a r y  s u s p e n s i o n  is  n o t  

o p t i m i z e d ,  r e d u c t io n  in  t h e s e  a c c e l e r a t i o n s  c a n  b e  a n t i c i p a t e d  f o r  a  p r o p e r l y  

d e s i g n e d  s e c o n d a r y  s u s p e n s i o n .  H e d r i c k  e t  a l  [ 7 0 ]  a n d  S n y d e r  [ 1 7 ]  d e v e l o p  

m e t h o d s  f o r  a n a ly z in g  a n d  d e s i g n i n g  v e h ic le  r e s p o n s e  t o  g u i d e w a y  

r o u g h n e s s  t o  m e e t  r id e  c o m f o r t  c r i t e r ia .
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T h e s e  r e s u l t s  s u g g e s t  t h a t  m a g n e t  a l i g n m e n t  t o l e r a n c e  m u s t  b e  o n  t h e  o r d e r  

o f  t h e  i r r e g u la r i t ie s  u s e d  in  t h e  m o d e l  w h ic h  is  + / -  2 m m .  A t t a in in g  t o l e r a n c e  

c o m p l i a n c e  o f  t h a t  o r d e r  is  e x p e c t e d  t o  b e  c o s t ly  a n d  m a y  n o t  b e  p o s s ib le  

w i t h o u t  s o m e  a d ju s t a b i l i t y  b e t w e e n  m a g n e t s  a n d  g u i d e w a y .

If  in s t a l la t io n  a n d  lo n g  t e r m  m a i n t e n a n c e  o f  a  p r e c is io n  a l i g n m e n t  is  n o t  l ik e ly  

t o  b e  a t t a i n e d  w ith  c o n v e n t io n a l  c o n s t r u c t io n  p r a c t i c e  ( T a b le  8 . 2 . 4 - A ) ,  t h e  

m a g n e t  m o u n t i n g  d e s i g n s  s h o u l d  c o n s i d e r  a d j u s t m e n t  c a p a b i l i t i e s  t h a t  

p e r m i t  f u t u r e  r e a l ig n m e n t  o f  t h e  m a g n e t s  t o  d e s i g n  g e o m e t r i e s .  T h e  r a n g e  o f  

m a g n e t  a d j u s t m e n t  s h o u ld  b e  d e s i g n e d  t o  a c c o m m o d a t e  t h e  fu ll  r a n g e  o f  

g u i d e w a y  c o n s t r u c t io n  t o l e r a n c e s  s h o w n  in  T a b l e  8 . 2 . 4 - A .

8 . 2 . 5  B e a r i n g  P a d s

T h e  a n a ly s is  r e s u l ts  s u g g e s t  t h a t  b e a m  b e a r i n g  p a d  s t i f f n e s s  h a s  a  s ig n i f i c a n t  

i n f lu e n c e  o n  t h e  v e h ic le  a n d  g u i d e w a y  r e s p o n s e .  T h e  a n a ly s is  t r e a t e d  

b e a r i n g  p a d  s t i f f n e s s  r a n g in g  f r o m  5 2 5  k N / c m  t o  5 2 5 0  k N / c m .  S u b s e q u e n t  

a n a ly s is  w a s  c o n d u c t e d  t o  d e t e r m i n e  t h e  m in im u m  a n d  m a x i m u m  p r a c t ic a l  

b e a r i n g  p a d  s t i f f n e s s  t h a t  a r e  c o m p a t i b l e  w i th  d e s i g n  c o d e s  a n d  o t h e r  d e s i g n  

g u id e l in e s .

A s s u m i n g  a  t y p ic a l  b e a r i n g  p a d  m a t e r ia l  ( n e o p r e n e )  a n d  a  t e m p e r a t u r e  

v a r ia t io n  o f  4 4  d e g s  C ,  t h e  a l l o w a b l e  b e a r i n g  p a d  t h ic k n e s s  a n d  s t i f f n e s s  f o r  

g u i d e w a y s  in  t h is  s t u d y  a r e  s h o w n  in  T a b l e  8 . 2 . 5 - A .

T a b l e  8 . 2 . 5 - A  

B e a r i n g  P a d  P r o p e r t i e s

M i n i m u m M a x i m u m  

B e a r in g  P a d  

S t i f fn e s s

B e a m  B e a r i n g  P a d

L e n g t h  T h i c k n e s s

2 1 m

3 9 m

3 8 . 1 m m

6 3 . 5 m m

2 9 7 7  k N / c m  

2 0 7 3  k N / c m

M a x i m u m  M in im u m

B e a m  B e a r i n g  P a d  B e a r in g  P a d

L e n g t h  T h i c k n e s s  S t i f fn e s s

2 1 m

3 9 m

1 3 0 m m

1 3 0 m m

8 2 0  k N / c m  

8 2 0  k N / c m
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T h e  b e a r i n g  p a d  t h ic k n e s s  a r e  t h e  m in im u m  p e r m i t t e d  b y  A A S H T O  [ 8 1 ] ,  

p a r a g r a p h s  1 4 . 2 . 3  a n d  1 4 . 2 . 6 ,  t o  a c c o m m o d a t e  b e a m  m o v e m e n t  c a u s e d  b y  

t h e r m a l  e x p a n s io n ;  a s  a  r e s u lt ,  t h e  p a d  s t i f f n e s s  v a l u e s  a r e  t h e  m a x i m u m  t h a t  

c a n  b e  p e r m i t t e d .

T h e  m a x i m u m  b e a r in g  p a d  t h i c k n e s s  f o r  b o t h  b e a m s  in  T a b l e  8 . 2 . 5 - A  is  o n  

t h e  o r d e r  o f  1 3 0 m m  t h ic k  if s a n d w i c h e d  p a d  c o n s t r u c t io n  m e t h o d  is  u s e d .  

T h e  t h ic k n e s s  is  g o v e r n e d  b y  p a d  p r o p o r t io n s  r e q u i r e d  t o  m a i n t a i n  s h a p e  

f a c t o r s .

F o r  t h e  c o n d i t io n s  s t u d ie d ,  t h e  p r a c t i c a l  b e a r in g  p a d  s t i f f n e s s  r a n g e  is  a b o u t  

8 0 0  k N / c m  t o  3 0 0 0  k N / c m ,  a  s o m e w h a t  n a r r o w e r  r a n g e  t h a n  a s s u m e d  in  t h e  

a n a ly s is  ( S e c t io n  6 . 0 ) .

8 . 3  I m p l i c a t i o n s  o f  M a g n e t i c  F i e l d s  o n  B e a m  D e s i g n

8 . 3 . 1  D i s r u p t i o n  o f  M a g n e t i c  F i e l d s  b y  G u i d e w a y  S t e e l

U s e  o f  i r o n  r e in f o r c in g  b a r s  in  c o n c r e t e  in  m a g l e v  s y s t e m s  m a y  h a v e  a n  e f f e c t  

o n  t h e  m a g n e t i c  f o r c e s  g e n e r a t e d .

T w o  e f f e c t s  c a n  r e s u lt .  E d d y  c u r r e n t s  a r e  t h e  m a j o r  e f f e c t .  T h e  o t h e r  e f f e c t  is  

t h e  f a c t  t h a t  t h e  r e b a r s  a r e  f e r r o m a g n e t i c  a n d  m a y  a f f e c t  t h e  lo c a l  v a l u e  o f  

f ie ld .

E d d y  c u r r e n t s  c a n  b e  in d u c e d  in  c l o s e d  e le c t r ic a l  c i r c u i t s  m a d e  u p  o f  t h e  

r e b a r  a n d  a n y  c o n d u c t i n g  w i r e  u s e d  t o  h o l d  r e b a r s  in  p la c e .  A n y  c o n d u c t i n g  

m e d i u m  w ill a l lo w  e d d y  c u r r e n t s  t o  f lo w  s u c h  a s  g u i d e w a y  s u r f a c e  w a t e r  t h a t  

c o n t a i n s  s a lt .

E d d y  c u r r e n t s  c a n  b e  m in im iz e d  e i t h e r  b y  r e p l a c i n g  r e b a r s  w i th  

n o n c o n d u c t i n g  f ib e r s  ( f ib e r g la s s  is  r o u t in e ly  u s e d  in  M R I  in s t a l la t io n s  f o r  th is  

r e a s o n ) .  A n o t h e r  a p p r o a c h  is  t o  s p a c e  t h e  in d iv id u a l  r e b a r s  w i th in  t h e  

c o n c r e t e  w i th  e n o u g h  s p a c e  b e t w e e n  b a r s  t o  p r e v e n t  a n y  c u r r e n t  f lo w .

H o w e v e r ,  t h e s e  m i t ig a t io n  m e a s u r e s  m a y  b e  u n n e c e s s a r y .  F o r  e x a m p l e ,  t h e  

f e r r o m a g n e t i c  m a t e r ia l  in c r e a s e s  t h e  p e r m e a b i l i t y  o f  t h e  c o n c r e t e  a n d  is  n o t  

n e c e s s a r i l y  a  d e t r im e n t a l  e W c t r i t l h a y " e n h a n c e  t h e  c o u p l in g '  b e t w e e n  v e h ic le  

a n d  t r a c k  c o i ls ,  in c r e a s in g  lift a n d  g u i d a n c e  f o r c e  p o t e n t ia l  w i t h  n o  i n c r e a s e  in  

p o w e r .
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M o s t  c o n c e r n  w i th  th is  e f f e c t  a r i s e s  f o r  r e p u ls iv e  s y s t e m s .  In  a t t r a c t i v e  

s y s t e m s ,  t h e  e d d y  c u r r e n t s  a r e  n e a r ly  a ll  ^ c o n ta in e d  w i th in  t h e  a i r  g a p .  A n  

e s t i m a t e  o f  t h e  m a g n i t u d e  o f  t h e  e f f e c t  in  r e p u ls iv e  s y s t e m s  w a s  a r r i v e d  a t  a s  

f o l lo w s :  t h e  m a g n e t i c  f o r c e  w a s  c o m p u t e d  a s s u m in g  n o  e d d y  c u r r e n t s  o r  

m a g n e t i c  p e r m e a b i l i t y  in  t h e  c o n c r e t e .  T h e  m a g n e t i c  f o r c e  w a s  t h e n  

c o m p u t e d  a s s u m in g  n o  t r a c k  c u r r e n t s  f o r  e d d y  c u r r e n t s  f lo w in g  o n  t h e  

s u r f a c e  o f  t h e  c o n c r e t e .

T h e  r a t io  o f  t h e  e d d y  c u r r e n t  f o r c e  o n  t h e  c o n c r e t e  t o  t h e  t r a c k  c u r r e n t  f o r c e  is  

p r e s e n t e d  a s  t h e  f o r c e  r e d u c t io n  r a t io  in  T a b l e  8 . 3 . 1 - A .  T h e  t a b l e  s h o w s  t h e  

r e d u c t i o n  o f  m a g n e t i c  f o r c e  w ith  d is t a n c e  o f  t h e  c o n c r e t e  s u r f a c e  f r o m  t h e  

t r a c k  c o i ls .

T h e  t a b l e  o v e r e s t i m a t e s  t h e  e f f e c t  s in c e  in  a n  a c t u a l  c a s e  w h e n  b o t h  t r a c k  

c u r r e n t s  a n d  c o n c r e t e  e d d y  c u r r e n t s  f lo w ,  t h e  e f f e c t  is  r e d u c e d ?  T h e  t a b l e  is  

a l s o  a  g o o d  e s t i m a t e  o f  t h e  m a x i m u m  e f f e c t  d u e  t o  t h e  p e r m e a b i l i t y  o f  t h e  

i r o n .

T h e  s e c o n d  c o l u m n  s h o w s  t h e  d is t a n c e  f r o m  t r a c k  c o i l  t o  c o n c r e t e  d iv i d e d  b y : 

t h e  s e p a r a t i o n  b e t w e e n  t h e  s u p e r c o n d u c t i n g  c o n d u c t o r s  o n  t h e  v e h i c l e  a n d  

t h e  t r a c k  c o i ls .  T h e  th ir d  c o l u m n  s h o w s  t h e  a c t u a l  d is t a n c e  in  m e t e r s  f o r  w  -

0 . 5 m .  T o  a c h i e v e  a  r e d u c t io n  t o  .0 1  ( 1 % )  t h e  c o n c r e t e  s u r f a c e ,  if l a d e n  w ith  

s a l t s  a n d  w a t e r ,  o r  a  c o n d u c t i v e  s t r u c t u r a l  m e m b e r  s u c h  a s  r e b a r  o r  s t e e l  

s t r u c t u r a l  s h a p e s  m u s t  b e  a t  l e a s t  . 3 6 6 m  f r o m  t h e  t r a c k  c o i ls .  A ll d is t a n c e s  

a r e  t o  t h e  c e n t e r  o f  c o n d u c t o r s ,  a n d  t h e  r e a c t in g  s u r f a c e  o r  r e a c t in g  

g u i d e w a y  s t e e l  m e m b e r .  F o r  e x a m p le ,  a  5 c m  r a d iu s  t r a c k  c o i l  s h o u l d  b e  

a b o u t  0 . 3 1 5 m  f r o m  a  g u i d e w a y  c o n d u c t o r  t h a t  is  2 . 5 c m  in  d ia m e t e r .

C l e a r l y  t h e  l im i t a t io n  s p e c i f i e d  in  th is  t a b l e  a r e  f o r  t h e  c a s e  w h e r e  e d d y  

c u r r e n t s  o r  h ig h ly  p e r m e a b l e  m a t e r ia ls  a r e  p r e s e n t .
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T a b l e  8 . 3 . 1 - A

D I S T A N C E  O F  T R A C K  C O I L S  T O  I R O N  R E I N F O R C E D  C O N C R E T E

F o r c e

R e d u c t io n

R a t io

N o r m a l i z e d  

D is t a n c e  

/ c o i l  g a p  

( d e f le c t io n /c o i l  

g a p )

D i s t a n c e

b e t w e e n  g u i d e w a y  

c o i l  a n d  r e b a r  

( m )

1 .0 0 .0 0 0 0 .0 0 0

0 . 5 0 . 1 1 0 3 0 . 0 0 5

0 .2 0 . 2 5 6 1 0 . 1 2 8
»

0.1 0 . 3 6 6 5 0 . 1 8 3

0 . 0 5 0 . 4 7 6 8 0 . 2 3 8

0 .0 2 0 . 6 2 2 6 0 . 3 1 1

0 .01 0 . 7 3 2 9 0 . 3 6 6

0 . 0 0 5 0 . 8 4 3 3 0 . 4 2 2

0 .0 0 2 0 . 9 8 9 1 0 . 4 9 5

0 .001 1 . 0 9 9 4 0 . 5 5 0

0 . 0 0 0 5 1 . 2 0 9 7 0 . 6 0 5

0 .0 0 0 2 1 . 3 5 5 6 0 . 6 7 8

0 .0 0 0 1 1 . 4 6 5 9 0 . 7 3 3
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8 . 3 . 2  M a g n e t i c  F i e l d  E f f e c t s  o n  G u i d e w a y  C o r r o s i o n

C o n c e r n s  h a v e  b e e n  r a is e d  b y  o t h e r s  r e g a r d i n g  t h e  p o s s ib i l i t y  t h a t  m a g n e t i c  

f ie ld s  m a y  i n c r e a s e  t h e  r a t e  o f  c o r r o s io n ,  o r  in c r e a s e  t h e  p o t e n t ia l  f o r  

c o r r o s io n ,  in  g u i d e w a y  c o m p o n e n t s .  T h e  c o n c e r n  h a s  o b v i o u s  im p l ic a t io n s  

f o r  d e s i g n s  o f  s t r u c t u r e s  c o n t a in in g  o r  m a d e  f r o m  s t e e l  o r  o t h e r  c o n d u c t o r s .

T h e r e  a r e  s e v e r a l  a s p e c t s  o f  th is  q u e s t io n  w h ic h  w ill b e  t r e a t e d  s e p a r a t e l y .

T h e  f i r s t  a p p e a r s  t o  b e  a  p e r c e p t io n  t h a t  m a g n e t i c  f ie ld s  w ill i n d u c t iv e ly  

g e n e r a t e  c u r r e n t s  in  r e b a r  o r  o t h e r  c o m p o n e n t s ,  o r  l e a v e  a  n e t  c h a r g e  o n  

t h e s e  c o m p o n e n t s  w h ic h  w ill t h e n  a c t iv a t e  c o r r o s iv e  m e c h a n i s m s .  C o r r o s io n  

o c c u r s  w h e n  t h e r e  is  a  n e t  f lo w  o f  c u r r e n t  b e t w e e n  o b j e c t s .  C u r r e n t  f lo w s  

w ith in  r e b a r  d o e s  n o t  in i t ia te  c o r r o s io n  u n le s s  t h e  f lo w  e x i ts  t o  g r o u n d  a t  s o m e  

p o in t ;  c o r r o s i o n  w ill t h e n  o c c u r  a t  t h a t  e x it  p o in t .  K n o w n  m e t h o d s  o f  d e s i g n  

a n d  c o n s t r u c t i o n  p r o v id e  m u lt ip le  m e t h o d s ,  w i th  la y e r s  o f  p r o t e c t i o n ,  t o  

m it i g a t e  t r a n s f e r  o f  r e b a r  c u r r e n t s  t o  g r o u n d .

A c c u m u l a t i o n  o f  c h a r g e  o n  m e t a l  s u r f a c e s  f r o m  m a g n e t i c  f ie ld s  is  u n l ik e ly  in  

m a g l e v  s y s t e m s  b e c a u s e  r e b a r  ( a n d  o t h e r  f ix e d  g u i d e w a y  c o m p o n e n t s )  w ill  

r e c e i v e  c y c l i c  f ie ld s  a s  t h e  t r a in  p a s s e s  m u c h  lik e  A C  c u r r e n t  in  w h ic h  h a l f  t h e  

c y c le  is  p o s i t iv e  a n d  t h e  o t h e r  h a l f  n e g a t iv e ,  c a n c e l i n g  a n y  r e s id u a l .

A  s e c o n d  is s u e  is  d i r e c t  c u r r e n t  l e a k a g e  f r o m  g u i d e w a y  c o i ls  o r  p la t e s  t o  

g r o u n d .  C o n s i d e r  a  r e p u ls iv e  ( E D S )  s y s t e m  b e c a u s e  it h a s  t h e  h ig h e r  

g u i d e w a y  c o i l  c u r r e n t s .  A n  in d iv id u a l  g u i d e w a y  c o i l  w ill h a v e  a b o u t  3 5 0  a m p s  

o f  i n d u c e d  c u r r e n t  f o r  a  5 c m  c o i l  b u n d l e  t h a t  is  0 . 5 m  w i d e  a n d  2 m  lo n g  

d u r in g  a  0 . 1 g  a c c e l e r a t i o n  o f  t h e  t r a in .  T h e  c o i l  t o  g r o u n d  v o l t a g e  u n d e r  t h a t  

c o n d i t i o n  is  a b o u t  1 v o lt .  It  is  a s s u m e d  t h a t  t h e  g u i d e w a y  c o i l  is  a p p r o p r i a t e l y  

i n s u la t e d  a n d  m o u n t i n g  h a r d w a r e  is  s u i t a b ly  i s o la t e d  f r o m  t h e  c o i l .  B y  

c o m p a r i s o n ,  e x is t in g  t r a n s i t  s y s t e m s  g e n e r a t e  9 0 0  t o  1 3 6 0  a m p s  o f  c u r r e n t  in  

r e t u r n  ra il  a t  v o l t a g e s  o f  6 0 0  t o  1 5 0 0  v o lts .

B e c a u s e  g u i d e w a y  le v i ta t in g  c o i ls  a r e  n o t  c o n t in u o u s ly  a c t i v e  ( e x c e p t  in  t h e  

s y s t e m s  d e s i g n e d  t o  p r o v id e  le v i ta t io n ,  g u i d a n c e  a n d  p r o p u ls io n  w i th  t h e  

s a m e  c o i ls ) ,  c u r r e n t  l e a k a g e  f r o m  o n e  c o i l  w ill h a v e  o n ly  a  s h o r t  t im e  

o p p o r t u n i t y  t o  d is t r ib u t e  t h e  s t r a y  c u r r e n t .  F u r th e r ,  t h e  u n i n t e n d e d  l e a k a g e  

p a t h  is  e x p e c t e d  t o  b e  a  p o o r  c o n d u c t o r ,  d is a l lo w in g  fu ll  c u r r e n t  d r a in  f r o m  

t h e  c o i l .  C u r r e n t  f lo w  f r o m  a  c o i l  t o  g r o u n d  is  t h e r e f o r e  e x p e c t e d  t o  b e  h ig h ly  

l o c a l i z e d ,  in t e r m i t t e n t  a n d  a  w e a k l y  t r a n s m i t t e d  o c c u r r e n c e ,  w i th  a  v e r y  lo w  

p o s s ib i l i t y  o f  o c c u r r e n c e  in  t h e  f irs t  p la c e .

T h e  t h i r d  a s p e c t  o f  t h e  c o r r o s io n  q u e s t io n  is  t h e  p r o p u ls io n  s y s t e m  w h i c h  in

-165-



a n y  d e s i g n  h a s  c o n d u c t o r s  r u n n in g  t h e  l e n g t h  o f  t h e  g u i d e w a y  t o  p r o v id e  

b o t h  p o s i t iv e  p o w e r  s u p p l y  a n d  n e g a t i v e  r e t u r n .  T h e s e  s u p p l y  a n d  r e tu r n  

l in e s  f o r  m a g l e v  s y s t e m s  a r e  e x p e c t e d  t o  b e  fu l ly  i n s u la t e d  in  c o m p l i a n c e  w ith  

p o w e r  d is t r ib u t io n  n o r m s  f o r  a t - g r a d e  in s t a l la t io n s ,  a e r ia l  s t r u c t u r e s  n o t 

w i t h s t a n d in g .  U n l ik e  d is c r e t e  is o la t e d  c o i ls ,  t h e s e  c a b l e s  a r e  c o n t in u o u s ,  w ith  

v a r ia t io n s  o f  p o w e r  s w i t c h in g  t h a t  a r e  s y s t e m  d e p e n d e n t .

C o m p a r i n g  t h e s e  in s u la t e d  p o w e r  c a b l e s  t o  t h e  o p e n  a i r  th i r d  ra il  s u p p l y  a n d  

r u n n in g  ra il r e tu r n  o f  m a n y  t r a n s i t  s y s t e m s ,  t h e  c u r r e n t  l e a k a g e  p o t e n t ia l  o f  

m a g l e v  p r o p u ls io n  s y s t e m s  is  f a r  le s s  t h a n  t h e  o p e n  a i r  t r a n s i t  s y s t e m  w h ic h  

a r e  s u c c e s s f u l ly  m i t ig a t e d .  It  is  a  r e a s o n a b l e  a s s u m p t i o n  t h a t  t e c h n o l o g y  

e x is t s  t o  m in im iz e  c o r r o s iv e  s t r a y  c u r r e n t s  in  m a g l e v  p r o p u ls io n  s y s t e m s  t h a t  

h a v e  lo w e r  v o l t a g e s  a n d  m o r e  in s u la t io n  t h a n  e x is t in g  t r a n s i t  s y s t e m s .

W h i le  a n a ly s is  o f  a n y  p la n n e d  t r a n s i t  s y s t e m  f o r  c o r r o s io n  p o t e n t ia l  a n d  s t r a y  

c u r r e n t  c o n t r o l  is  r e q u i r e d  f o r  f u t u r e  m a g l e v  s y s t e m s ,  t h e  d e s i g n s  o f f e r e d  in  

t h is  s t u d y  a r e  c o m p a t i b l e  w i th  a n y  s t r a y  c u r r e n t  a n d  m i t ig a t io n  c o n t r o l  

m e a s u r e s  w h ic h  m a y  b e  i m p l e m e n t e d ,  u n d e r  t h e  e x p e c t a t i o n  t h a t  c o r r o s io n  

i n f lu e n c e s  f r o m  m a g l e v  p h y s ic s  a r e  n o  w o r s e  t h a n  c o n d i t i o n s  e x p e r ie n c e d  in  

e x is t in g  D . C .  t r a n s i t  s y s t e m s .

8 . 4  B e n e f i t s  o f  C o v e r i n g  t h e  G u i d e w a y

E n c l o s e d  g u i d e w a y s  a r e  u n d e r  c o n s i d e r a t i o n  t o  r e d u c e  h a z a r d s  t o  h ig h  

s p e e d  t r a in s  f r o m  e n c r o a c h i n g  o b j e c t s  ( b i r d s ,  w e a t h e r ,  m o s t  f o r m s  o f  

v a n d a l is m ,  e t c . . ) .

S e c t i o n  5 . 2  o f  t h e  s t u d y  d is c u s s e s  a e r o d y n a m i c  b e n e f i t s  a n d  t r a d e  o f f s  f r o m  

a n  e n c l o s e d  g u id e w a y ,  a n d  is  s u m m a r i z e d  h e r e .

. E n c l o s e d  G u id e w a y s :

•  R e d u c e  s id e  w in d  e f f e c t s  o n  v e h ic le s

•  C o n t r o l  o v e r a l l  d r a g  if t h e  e n c l o s u r e  is  p r o p e r l y  v e n t e d  a n d  h a s  

s u i t a b le  s id e  c l e a r a n c e s .

F u ll  p n e u m a t i c  ( v a c u u m )  t u b e  s y s t e m s  a r e  c o n s i d e r e d  u n l ik e ly  c a n d i d a t e s  

b e c a u s e  t h e  c o m p le x i t y  a n d  p o w e r  r e q u i r e m e n t s  o f  s u c h  a  s y s t e m  m a y  n o t  

h a v e  a  p o s i t iv e  c o s t / b e n e f i t  r a t io .  ‘ ................

F r o m  a  s t r u c t u r a l  v ie w p o in t ,  t h e  a d d i t i o n  o f  a  l ig h t w e ig h t  e n c l o s u r e  w ill 

i n c r e a s e  t h e  p e r m a n e n t  s i d e  w i n d  e x p o s u r e  a r e a ,  w h i le  e l im in a t in g  la te r a l
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w i n d - i n d u c e d  t r a in  d y n a m ic s .  T h e  la te r a l  g u i d e w a y  s t r u c t u r a l  p r o p e r t i e s  

w o u l d  p r o b a b l y  n o t  b e  a f f e c t e d  s in c e  t h e  v e r t ic a l  r e q u i r e m e n t s  g o v e r n e d  t h e  

d e s i g n .  T h e  s t r u c t u r e s  d e v e l o p e d  in  th is  s t u d y  h a v e  e x c e s s  la te r a l  c a p a c i t y .

T h e  a d d e d  d e a d  lo a d  o f  l ig h tw e ig h t  e n c lo s u r e s  is  e x p e c t e d  t o  h a v e  m in im a l  

e f f e c t  o n  t h e  d e s i g n s  u s e d  in  th is  s tu d y .

8 . 5  E f f e c t s  o f  B e a m  D e s i g n  A s s u m p t i o n s  o n  R e s u l t s

8 . 5 * 1  E f f e c t s  o f  L o a d  D i s t r i b u t i o n  A s s u m p t i o n s  o n  B e a m  

D e s i g n

T h e  f o u r  b e a m s  d e s i g n e d  in  th is  s t u d y  ( c o n f ig u r a t io n s  n u m b e r e d - 1 , 2 r3  a n d  6 )  

a n d  t h e  d im e n s i o n s  d e r iv e d  f o r  t h e  H S S T  b e a m  ( b e a m  n o .  5 )  a s s u m e  p o in t  

l o a d i n g  a s  in  r a i l r o a d  w h e e l  lo a d in g  w ith  t w o  " a x le s "  f o r e  a n d  t w o  a f t  o n  t h e  

v e h ic le .  In  r e a l i t y ,  M a g l e v  lo a d s  a r e  d is t r ib u t e d  o v e r  " p a d s "  r o u g h ly  t h e  l e n g t h  

a n d  w id t h  o f  t h e  o n - b o a r d  m a g n e t s .  In  t h e  E M S  s y s t e m ,  m a g n e t s  a r e  p l a c e d -  

a t  u n i f o r m  s p a c i n g  a l o n g  t h e  v e h ic le  le n g th  t o  p r o v i d e  a  c l o s e  a p p r o x i m a t i o n r  

t o  a  u n i f o r m  l o a d  d is t r ib u t io n  t o  t h e  g u id e w a y .  In  t h e  E D S  s y s t e m ,  m a g n e t  

p a i r s  a r e  p l a c e d  a t  t h e  f o r w a r d  e n d  a n d  r e a r  e n d  o f  t h e  c a r  s im i la r  t o  r a i l r o a d  

b o g ie s  b u t  t h e  m a g n e t - p a i r  le n g t h  is  4  t o  5  m e t e r s  in  le n g t h  w i th  a  f a ir ly  

u n i f o r m  l o a d  d is t r ib u t io n  o v e r  t h a t  d is t a n c e .

T h e  d i f f e r e n c e  in  b e a m  d e s ig n  lo a d s  b e t w e e n  u n i f o r m  liv e  l o a d  a n d  

c o n c e n t r a t e d  w h e e l  lo a d s  is  a n a l y z e d  in  T a b l e  8 . 5 . 1 - A .
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1
6

8

T A B L E  8 . 5 . 1 - A

C o m p a r i s o n  o f  D e s i g n  M o m e n t s  B e t w e e n  

C o n c e n t r a t e d  a n d  D i s t r i b u t e d  L o a d  A s s u m p t i o n s

Structure Type

!===*=

f  2  C o n c r e t e  B o x

i

T 3  T r a p e z o i d a l  B o x

f  4  T w i n  B o x

21 m Span
!~ _ i"
; Concentrated; Uniform ;

39m Span, Multiple Cars
Change ; Moments (kN-m)

r~~-----  -------
(%)  ; Concentrated

S t e e l  G i r d e r s  

w /  c o n c r e t e  d e c k U J I

y

y

i

i 5 , 7 3 2  i 5 , 2 7 8  j
i i i

- 7 . 9 %  i 1 8 , 3 3 9

6 , 6 0 5  i 6 , 1 5 1  i - 6 . 9 %  i 2 2 , 3 3 7

6 , 1 7 9  i 5 , 7 2 5  j - 7 . 3 %  i 2 1 , 3 8 2

^  ^  f”
I t

( H S S T )  ; 4 , 3 1 1  i 3 , 8 5 7  i - 1 0 . 5 %  i 1 5 , 0 9 1

[ 5 ........ W e e f ''V ,,= = =

Uniform

i _ 39m Span, 2 car-consist
Change ;r Moments (kN-m) [ Change

i------------------------------- r ----------------------------1
; Concentrated; Uniform [ (%)

1 8 , 0 4 9

2 2 , 0 4 7

2 1 , 0 9 1

1 4 , 8 0 1

{%)

I

■ 1 .6 %  ; 1 7 , 9 2 3  ■ 1 7 , 8 8 8  j - 0 . 2 %

- 1 . 3 %  i 2 1 , 9 2 1  i 2 1 , 8 8 6  j - 0 . 2 %

=t=========£===i

- 1 . 4 %  i 2 0 , 9 6 5  i 2 0 , 9 3 0  j - 0 . 2 %

- 1 . 9 %  i 1 4 , 6 7 5  j 1 4 , 6 3 9  j - 0 . 2 %

( T r a n s r a p i d ) Designed by others

f  6  A A S H T O  C o n c r e t e

G i r d e r s

=====1========

6 , 4 4 0  i 5 , 9 1 8  i - 8 . 1 %  | 2 1 , 7 0 4  | 2 1 , 4 1 4  i - 1 . 3 %  i 2 1 , 2 8 8  i 2 1 , 2 5 3  i - 0 . 2 %



T h e  r e s u l ts  s h o w :

•  F o r  t h e  2 1 m  s p a n ,  t h e  c r i t ic a l  t o t a l  d e a d  l o a d  p lu s  l iv e  lo a d  

m o m e n t  f o r  t h e  u n i f o r m  lo a d  is  7 %  t o  1 0 %  le s s  t h a n  f o r  t h e  

c o n c e n t r a t e d  lo a d  a s s u m p t io n .

•  F o r  3 9 m  s p a n ,  t h e  c r i t ic a l  t o t a l  d e a d  l o a d  p lu s  l iv e  l o a d  f o r  t h e  

u n i f o r m  lo a d  a s s u m p t i o n  is  2 %  le s s  t h a n  t h e  c o n c e n t r a t e d  l o a d  

a s s u m p t i o n .

T h e  b e a m  d e s i g n s  in  th is  s t u d y  a r e  t h e r e f o r e  s l ig h t ly  c o n s e r v a t i v e  f o r  E M S  

a p p l i c a t i o n s .  T h e  b e a m s  a r e  c lo s e ly  r e p r e s e n t a t iv e  o f  t h e  d e s i g n  r e q u i r e d  f o r  

E M S  m a g l e v  s y s t e m s .  -  - ■

8 . 5 . 2  A s s u m p t i o n  o f  S i m p l e  S p a n  P r o p e r t i e s  f o r  C o n t i n u o u s  

S p a n  A n a l y s i s

T o  p r e s e r v e  p r o j e c t  r e s o u r c e ,  t h e  s im p le  s p a n  b e a m  p r o p e r t i e s  a r e  u s e d  in  

th is  s t u d y  t o  r e p r e s e n t  c o n t in u o u s  s p a n s  b y  a l lo w in g -  m o m e n t s  t o  b e  

t r a n s m i t t e d  a t  t h e  p ie r  in  t h e  m i d d l e  o f  t h e  c o n t in u o u s  s p a n .

T h e  c o n t in u o u s  s p a n  is  e x p e c t e d  t o  h a v e  s m a l le r  s e c t i o n s  t h a n  a  s im p le  s p a n  

a t  t h e  s a m e  p ie r  s p a c i n g .  T h e  b e a m  w e ig h t  a n d  n a t u r a l  f r e q u e n c y  w o u l d  b e  

m a r g in a l ly  r e d u c e d  f o r  c o n t in u o u s  s p a n s  c o m p a r e d  t o  s in g le  s p a n s .

T h e  r e s u l ts  in  t h e  s t u d y  f o r  c o n t in u o u s  s p a n s  is  e x p e c t e d  t o  b e  w ith in  t h e  

o v e r a l l  v a r i a n c e  t h a t  e x is ts  in  a c t u a l  c o n s t r u c t io n .  T h e  s p e e d s  a t  w h ic h  p e a k  

a c c e l e r a t i o n s  o c c u r  w ill s h if t  s l ig h t ly  f r o m  t h o s e  s h o w n  in  t h e  a n a ly s is .  O t h e r  

d i f f e r e n c e s  a r e  d if f ic u l t  t o  q u a n t i f y  w i t h o u t  p e r f o r m i n g  a  fu ll d e s ig n ,  b u t  a r e  

e x p e c t e d  t o  b e  s m a l l .

8 . 6  C o m p u t e r  M o d e l  V a l i d a t i o n  R e q u i r e m e n t s

T h e  c o m p u t e r  m o d e l s  d e v e l o p e d  f o r  th is  s t u d y  u s e  p u b l i s h e d  v a l u e s  o r  

d e r i v e d  v a l u e s  t h a t  a r e  a  r e a s o n a b l e  r e f le c t io n  o f  w h a t  is  k n o w n  o f  e a c h  

s y s t e m .

V a l id a t in g  t h e  m o d e l s  r e q u i r e s  c o m p a r i s o n  w i th  t e s t  d a t a .  T e s t  d a t a  f o r  

m e c h a n i c a l  d y n a m i c s  m u s t  c o m e  f r o m  a c t u a l  o p e r a t i o n  o f  a  m a g l e v  v e h ic le  

a t  fu ll s p e e d .  A e r o d y n a m i c  a s p e c t s  o f  t h e  v a l id a t io n  c a n  b e  o b t a i n e d  f r o m  

s c a le  m o d e l i n g  a n d .  w i n d  t u n n e l  e v a lu a t io n s .  P r im a r y  d a t a  f o r  v a l id a t io n  is  

l is te d .
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Required Data:

V e h ic le  P a r a m e t e r s

•  D e t a i l e d  G e o m e t r y

-  le n g th ,  w id t h ,  c r o s s  s e c t io n  d im e n s io n s .

-  m a g n e t  f r a m e  s i z e s  a n d  m o u n t in g  p o in t  l o c a t io n  o n  v e h ic le .

-  c e n t e r s  o f  g r a v i t y  f o r  c a r  b o d y  m a g n e t  f r a m e s .

•  V e h ic le  M e c h a n i c a l  C h a r a c t e r is t i c s

-  S e c o n d a r y  m a g n e t  d a m p i n g  a n d  s p r in g  r a t e

-  M a g n e t  o p e r a t i n g ,  c h a r a c t e r is t i c s

-  f o r c e / d e f l e c t i o n  c h a r a c t e r is t i c

-  d r a g / d a m p i n g

-  C a r  b o d y  b e n d i n g  s t i f f n e s s ,  m a s s .

-  M a g n e t  f r a m e  m a s s .

•  G u i d e w a y

-  G e o m e t r y  -  l e n g t h ,  c r o s s  s e c t io n  d im e n s io n s

-  W e i g h t  p e r  u n i t  l e n g t h

-  V e r t ic a l  &  la t e r a l  b e n d i n g  s t i f f n e s s

-  C o n n e c t i n g  d e t a i l s  -  b e a r i n g  p a d  s t i f f n e s s

-  P ie r  c h a r a c t e r is t i c s

•  T e s t  D a t a

-  F o r c e s

' -  g u i d e w a y  m id  s p a n  a n d  e n d s

-  v e h ic le  a t  s u p p o r t  p o in t s

-  A c c e le r a t io n s

-  g u i d e w a y ,  m id  s p a n  a n d  e n d

-  v e h ic le ,  m a g n e t  f r a m e s ,  c a r  b o d y  m i d d l e

a n d  e n d s  a n d  o v e r  s u p p o r t s

-  D e f le c t io n s

-  g u i d e w a y  m id  s p a n

-  p ie r  t o  g u i d e w a y

•  O p e r a t i o n a l  D a t a

-  T r a in  s p e e d

-  b r a k in g

-  p o w e r  c o n s u m p t i o n ,  c u r r e n t

-  a m b i e n t  c o n d i t io n s  o f  t e s t  -  w in d ,  t e m p e r a t u r e ,  h u m id i t y .
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9 . 0  S U M M A R Y

T h is  s t u d y  in v e s t ig a t e s  t h e  d y n a m i c  in t e r a c t io n s  b e t w e e n  m a g n e t i c a l l y

le v i t a t e d  v e h ic le s  a n d  e l e v a t e d  g u id e w a y s .

G e n e r a l  -  V e r t i c a l  D y n a m i c s

•  T h e  d y n a m i c  l o a d  d id  n o t  e x c e e d  t h e  m a x i m u m  a l l o w a b l e  b e n d i n g  

m o m e n t  f o r  a n y  g u i d e w a y  d e s i g n e d  t o  e x is t in g  U . S .  g u id e l in e s ,  

a l t h o u g h  t h e  d y n a m i c  a c c e le r a t io n  e x c e e d e d  t h e  3 0 %  d e s i g n  i m p a c t  

f a c t o r  in  m a n y  c a s e s .

•  B e a m s  d e s i g n e d  t o  e x is t in g  U .S .  g u id e l in e s  e x p e r ie n c e  lo w e r - d y n a m ic  

a c c e l e r a t i o n s  t h a n  t h e  c o m p a r i s o n  b e a m  d e s i g n s . .  T h e  lo w e r  

d y n a m i c s  in  t h e  b e a m s  d e s i g n e d  t o  U .S .  g u id e l in e s  a r e  a t t r ib u t e d  t o  

t h e i r  s ig n i f ic a n t ly  l a r g e r  m a s s  e v e n  t h o u g h  t h e  s p a n  d e f l e c t i o n  t o  s p a n  

l e n g t h  r a t io  u s e d  in  t h e  U .S .  d e s i g n s  is  1 / 1 0 0 0  w h e r e a s  t h e  

c o m p a r i s o n  b e a m s  u s e  a  s t i f fe r  1 / 4 0 0 0  r a t io .  T h e  b e a m  u s e d  f o r  

c o m p a r i s o n  is  a ll  s te e l  w h e r e a s  t h e  o t h e r  d e s i g n s  a r e  c o m p o s i t e  s t e e l -  

c o n c r e t e  o r  a ll  c o n c r e t e  d e s ig n s .

•  M i d - c a r  a c c e l e r a t i o n s  a r e  lo w e r  t h a n  t h e  f o r w a r d  e n d  o f  t h e  c a r  w h ic h ,  

in  t u r n ,  a r e  g e n e r a l l y  lo w e r  t h a n  t h e  r e a r  e n d  o f  t h e  c a r  f o r  b o t h  E M S  

a n d  E D S  m a g l e v  s y s t e m s .

•  M i d - c a r  p e a k  a c c e l e r a t i o n s  e x c e e d  r id e  c o m f o r t  c r i t e r ia  f o r  t h e  E D S  

s y s t e m  o n  a ll  g u i d e w a y  c o n f ig u r a t io n s  f o r  s p e e d s  b e t w e e n  2 0 0  a n d  

3 5 0  k m / h  o n  s h o r t e r  s p a n s ,  a n d  b e t w e e n  1 0 0  a n d  2 5 0  k m / h  o n  

l o n g e r  s p a n s .

•  M i d - c a r  p e a k  a c c e l e r a t i o n s  e x c e e d  r id e  c o m f o r t  c r i t e r ia  f o r  t h e  E M S  

s y s t e m  o n  a l l  g u i d e w a y  c o n f ig u r a t io n s  a b o v e  a p p r o x i m a t e l y  5 0 0  

k m / h  o n  s h o r t  s p a n  le n g t h s ,  a n d  f o r  a ll  s p e e d s  o n  l o n g e r  s p a n s .  T h e  

a n a ly s is  o f  l o n g e r  s p a n s  w ith  E M S  s y s t e m s  o n ly  i n c l u d e d  a  s t e e l  g i r d e r  

d e s i g n  a n d  a  A A S H T O  c o n c r e t e  g i r d e r  s p a n  d e s i g n .

•  E M S  s y s t e m s  o n  s h o r t ,  l ig h t  s t r u c t u r e s  g e n e r a t e  v e r t ic a l  c a r  b o d y  

a c c e l e r a t i o n s  w e l l  a b o v e  t h e  d e s i r e d  c o m f o r t  l im it  o v e r  t h e  e n t i r e  

s p e e d  r a n g e  a n a l y z e d .

•  W h e r e  r id e  c o m f o r t  c r i t e r ia  is  m a r g in a l ly  e x c e e d e d ,  o p t im iz a t io n  o f  t h e  

v e h i c l e 's  s e c o n d a r y  s u s p e n s i o n  is  e x p e c t e d  t o  p r o v i d e  c o m p l i a n c e .
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C o m p a r i s o n  o f  C o n t i n u o u s  S p a n  S t r u c t u r e s  t o  S i m p l e  S p a n s

In  E M S  s y s t e m s ,  c o n t in u o u s  s p a n  s t r u c t u r e s  g e n e r a l l y  o f f e r  

s ig n i f ic a n t  r e d u c t io n s  in  v e r t ic a l  c a r  b o d y  a n d  b e a m  a c c e l e r a t i o n s  

c o m p a r e d  t o  s im p le  s p a n s  ( e x c e p t io n s  a r e  e x p e c t e d ;  a  5 0 0  t o  5 5 0  

k m / h  e x c e p t io n  is  d o c u m e n t e d  in  g u i d e w a y  a c c e l e r a t i o n s  f o r  t h e  

s in g le  c o n f ig u r a t io n  a n a l y z e d ) .

In  E D S  s y s t e m s ,  c o n t in u o u s  s p a n  s t r u c t u r e s  r e d u c e d  v e r t ic a l  b e a m  

a c c e l e r a t i o n s  w h i le  r e d u c in g  r id e  q u a l i t y  ( t h a t  is , a d v e r s e l y  a f f e c t in g  

r id e  c o m f o r t )  in  t h e  b e a m s  a n a l y z e d .

L a t e r a l  a n d  T o r s i o n a l  D y n a m i c s

»

•  . A ll o f  t h e  s y s t e m s  a n d  c o n f ig u r a t io n s  a n a l y z e d  o n  t a n g e n t  g u i d e w a y

p r o d u c e d  a c c e p t a b l e  la te r a l  r id e  c o m f o r t  a n d  b e a m  a c c e l e r a t i o n s .  In  

t h e  w o r s t  c a s e  a n a l y z e d  w ith  v e h ic le  s p e e d s  o f  4 0 0  k m / h  a n d  1 1 5  

k m / h  s id e  w in d  g u s t ,  t h e  v e h ic le  w a s  s t a b l e  b u t  t h e  r id e  is  r o u g h .  

C u r v e d  g e o m e t r i e s  r e m a in  t o  b e  a n a l y z e d .

G u i d e w a y  S u p p o r t  S t i f f n e s s  -  B e a r in g  P a d s

•  A t  h ig h  s p e e d s ,  t h e  b e a m  b e a r i n g  p a d  s t i f f n e s s  is  o b s e r v e d  t o  b e  a  

l a r g e r  i n f lu e n c e  o n  v e h i c l e / g u i d e w a y  in t e r a c t io n  t h a n  p r e v io u s ly  

d o c u m e n t e d .  F o r  a  2 1  m  A A S H T O  c o n c r e t e  g i r d e r  a n d  w ith in  t h e  

p r a c t ic a l  r a n g e s  o f  b e a r i n g  p a d  s t i f f n e s s ,

E M S  s y s t e m ’ s  r id e  c o m f o r t  b e c o m e s  u n a c c e p t a b l e  w h e n  

t h e  s o f t e s t  b e a r in g  is  u s e d ,  w h i le  t h e  E D S  s y s t e m ’ s  r id e  

c o m f o r t  is  u n a f f e c t e d  b y  b e a r i n g  p a d  s t i f f n e s s  v a lu e ;

E M S  s y s t e m ’ s  b e a m  a c c e l e r a t i o n  is  u n a f f e c t e d  b y  b e a r i n g  

s t i f f n e s s ,  w h i le  E D S  s y s t e m ’ s  b e a m  a c c e l e r a t i o n s  d e c r e a s e  

a s  t h e  b e a r i n g  is  m a d e  s o f t e r .

D e s i g n  C r i t e r i a  a n d  G u i d e l i n e s  

f o r  H i g h  S p e e d  A e r i a l  S t r u c t u r e s

•  T h e r e  a r e  n o  U . S .  d e s i g n  c o d e s ,  g u id e l in e s  o r  f o r m a l i z e d  m e t h o d s  f o r  

a s s e s s i n g  d y n a m i c  lo a d s  a n d  d e f l e c t i o n s  o n  a e r ia l  s t r u c t u r e s  f o r  

s p e e d s  o v e r  2 0 0  k m / h .
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•  T h e  a m p l i t u d e  o f  p e a k  g u i d e w a y  a c c e l e r a t i o n s  in c r e a s e s  w ith  t h e  r a t io  

o f  v e h i c l e  m a s s  t o  g u i d e w a y  m a s s  ( m a s s  r a t io )  f o r  a  g iv e n  s p a n  le n g t h  

f o r  b o t h  E M S  a n d  E D S  m a g l e v  s y s te m s .

•  T h e  m a s s  r a t io  a n d  t h e  c r o s s in g  f r e q u e n c y  r a t io  ( t h e  r a t io  o f  c r o s s in g  

f r e q u e n c y ,  V / / s , t o  f u n d a m e n t a l  s p a n  f r e q u e n c y )  a p p e a r  t o  p r o v id e  

r e a s o n a b l e  i n d ic a t io n s  o f  d y n a m i c  t h r e s h o ld s .

•  U n d e r  c o n d i t io n s  s t u d ie d ,  b e a m  a c c e l e r a t i o n s  a r e  e x p e c t e d  t o  b e  le s s  

t h a n  t h e  3 0 %  i m p a c t  f a c t o r  w h e n  t h e  c r o s s in g  f r e q u e n c y  r a t io  is  le s s  

t h a n  1 . 0  a n d ,  s im u l t a n e o u s ly ,  w h e n  t h e  m a s s  r a t io  is  le s s  t h a n  t h e  

f o l lo w in g  v a lu e s :

M a x im u m  A l lo w a b le  

M a s s  R a t io

fo r fo r

2 1 m 3 9 m

s c a n s s p a n s

E M S  S y s t e m s 0 .6 0 . 3 *

E D S  S y s t e m s 0 . 3 * 0 . 1 8

*  a p p r o x i m a t e

C o n s t r u c t i o n  I s s u e s  E f f e c t i n g  D e s i g n

•  G u i d e w a y  s t e e l  s u c h  a s  r e b a r  w ill in t e r f e r e  w i th  m a g n e t i c  f ie ld s  o n ly  in  

E D S  S y s t e m s  a n d  o n ly  w h e n  t h e  s te e l  is  s u f f ic ie n t ly  c l o s e  t o  t r a c k  c o i ls .  

M a g n e t i c  f o r c e  lo s s  o f  1 %  is  e x p e c t e d  w h e n  g u i d e w a y  s te e l  is  w i th in

0 . 3 7  m  o f  t h e  t r a c k  c o i l  c e n t e r  a n d  a  5 %  lo s s  f o r  0 . 2 4  m  c l e a r a n c e ,  

u s in g  c o n s e r v a t i v e  e s t im a t e s .  H o w e v e r ,  r e b a r  m a y  b e  p l a c e d  a t  

n o r m a l  2 5 m m  t o  5 0 m m  c o n c r e t e  c o v e r  t o  t r a c k  c o i ls  if t h e  r e b a r  is  

e le c t r ic a l ly  d is c o n t in u o u s .

•  P u b l i s h e d  s t r u c t u r a l  c o n s t r u c t io n  t o l e r a n c e s  a r e  l a r g e  c o m p a r e d  t o  t h e  

e x p e c t e d  a l i g n m e n t  i r r e g u la r i t y  a l lo w a n c e s  f o r  m a g l e v .  C o n s id e r a t io n  

is  u r g e d  f o r  g u i d e w a y  m a g n e t  m o u n t in g  d e s i g n s  t h a t  p e r m i t  

c o n s t r u c t i o n  a n d  m a i n t e n a n c e  a d ju s t m e n t .

•  T h e  d e s i g n  o f  t h e  b e a m s  is  e f f e c t e d  b y  r e q u i r e m e n t s  f o r  t r a n s p o r t a t io n  

o f  b e a m s  t o  c o n s t r u c t io n  s i te s  a n d  h a n d l i n g  r e q u i r e m e n t s  o f  t h e
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beam s during construction.

• Design analysis for corrosion effects from magnetic fields and stray 
current control is required for maglev system s as is the current 
practice for new transit systems. There is no concern at this time that 
magnetic flux fields will have any more corrosive effect on conductive 
structural elements than is currently experienced in existing DC 
powered transit systems with proper design using existing technology.

O th e r  I s s u e s

The report also d iscusses effects of vehicle length on dynamic performance, 
the benefits of covering or enclosing the guideway, the requirements for 
validating the computer models developed for this study, and the variances in 
the results associated with the study’s assumptions. Additional topics for 
research are also offered.

O v e r a ll S u m m a r y

This study offers insights on the nature of increased dynamics that can be 
expected in high speed maglev systems. Future vehicle and guideway 
designs for these system s require detailed dynamic analysis to accomplish 
cost effective configurations with acceptable ride quality. The'guidelines and 
methodology for executing these designs is unavailable in accepted U.S. 
standards and criteria. It is important that suitable design guidelines for high 
speed  applications are validated early in the development of maglev 
technology.
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1 0 .0  R e c o m m e n d a t io n s  fo r  F u tu r e  D e v e lo p m e n t

Recommended Additional Vehicle/Guideway Dynamics Computer Model
Runs and/or Areas for Further Investigation

1. Effects of different amplitudes of beam camber: run -5, 0 +2, (+ 5  
already used), + 10  m and +15  mm camber; EMS and EDS vehicles; 
Guideways 1 ,2 , 6, 1D, 2D, 6D. (Suffix D =  two-span beam).

2. Effects of other wavelengths, amplitudes, and shap es of guideway 
geometry errors: EMS and EDS vehicles, representative guideways.

3. Effects of longer vehicle (25 m overall length) with lower-frequency (6.5
Hz) body vertical bending mode; also effects of 18 m vehicle.with 15 Hz 
body vertical bending frequency. , .

4. Effects of wind gusts: EMS vehicle at 400 km/h, 115 km/h wind gust at 
0, 45, and 90 degrees; EDS vehicle at 400 km/h wind gust at 0 and 45 
degrees.

5. Fill in more of the two-span run matrix: EMS vehicle on Guideway 1D, 
2D, and 3D.

6. Effects of torsional disturbances (line and cross level geometry errors) 
on two-span guideways, both EMS and EDS vehicles.

7. Effects of torsional disturbances with different geometry wavelengths 
and amplitudes, both EMS and EDS vehicles, representative guideways.

8. Vary som e of the vehicle parameters such as vehicle car body m ass 
(empty, half-load, crush load), secondary suspension stiffness and 
damping, magnet frame position, magnet effective stiffness and 
damping. Representative guideways.

9. Introduce guideway spiral and curve, vehicle banking into the simulation.

10. Develop beam bearing pad, stiffness criteria to mitigate vehicle and 
beam accelerations for incorporation into design guidelines.

11. Identify structure design parameters for dynamics such as m ass ratios 
and crossing frequency ratios and develop design limit criteria.

12. Investigate dynamic design methods for high speed  aerial structures.
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A PPE N D IX  A

STRU CTURAL ESTIMATE C O ST DETAIL

Paae

Summary A -1 ,-2

AASHTO Type IV, 21m A-3

AASHTO Type VI, 39m span A-4

Steel Girder, Concrete Deck, 21 m span A-5

Steel Girder, Concrete Deck, 39m span A-6

Single Box - Prestressed, 21m span A-7

Single Box - Prestressed, 39m span A-8

Trapezoidal (CIP) Box, 21m A-9

Trapezoidal (CIP) Box, 39m span A-10

HSST System, 21m span A-11

HSST System, 39m span A-12

Quantity take-offs A-13 to A-23
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D E C K  S L A B  FO R M 3 0 9 . 9 8 6  N 2 $ 8 0 . 2 8 $ 2 4 , 8 8 5 . 7 1 $ 1 , 1 6 6 . 3 7
U A L L  F O R M S Z 3 7 . 8 5 5  M 2 $ 8 5 . 1 2 $ 2 0 , 2 4 6 . 2 1 $ 9 4 8 . 9 2
R E IN F O R C IN G  S T E E L 5 3 0 2 . 0 9 5  K g $ 2 . 1 0 $ 1 1 , 1 3 4 . 4 0 $ 5 2 1 . 8 6

S U P E R S T R U C T U R E  T O T A L 3 9 . 6 2 4  N $ 9 6 , 6 3 8 . 8 8 $ 2 , 4 8 9 . 3 7

S U B  T O T A L  C O S T /S P A N 3 9 . 6 2 4  M $ 9 6 , 6 3 8 . 8 8 $ 2 , 4 8 9 . 3 7

M O B I L IZ A T IO N 1 0 . 0 0 X $ 9 , 8 6 3 . 8 9

C O N T IN G E N C Y 1 5 .0 0 % $ 1 4 , 7 9 5 . 8 3

T O T A L  C O S T /S P A N 3 9 . 6 2 4  M $ 1 2 3 , 2 9 8 . 6 0 $ 3 , 1 1 1 . 7 2

O E S C R IP T IO N

S U B S T R U C T U R E

D O U B L E  T E E  -  A A S H T O  T Y P E  V I  3 9 . 6 2 4  M  S P A N “ A *

D R IV E N  P I L E S  1 0 0 T 0 N 2 4 0 . 0 0 0  N $ 1 0 5 . 0 0 $ 2 5 , 2 0 0 . 0 0

P I L E  C A P  E X C A V A T IO N 6 0 . 9 7 2  M 3 $ 2 3 . 5 4 $ 1 , 4 3 5 . 2 8

P I L E  C A P  C O N C R E T E -P L A C E 3 6 . 2 4 6  M 3 $ 3 3 . 7 4 $ 1 , 2 2 2 . 9 3

P I E R  C O L U M N  C O N C R E T E -P L A C E 8 . 8 9 6  M 3 $ 4 5 . 3 1 $ 4 0 3 . 0 8

P I E R  C A P  B E A N  C O N C R E T E -P L A C E 2 . 5 8 8  M 3 $ 6 4 . 9 3 $ 1 6 8 . 0 6
P I L E  C A P  FO R M 2 6 . 7 5 6  M 2 $ 6 2 . 3 0 $ 1 , 6 6 6 . 9 0
P I E R  C O L U M N  FO R M 2 9 . 1 8 6  M . 2 $ 8 7 . 7 1 $ 2 , 5 5 9 . 9 3
P I E R  C A P  B E A M  FO R M 5 . 1 4 5  M 2 $ 9 2 . 1 2 $ 4 7 3 . 9 3
R E IN F O R C IN G 3 2 5 4 . 2 2 5  K g $ 2 . 1 0 $ 6 , 8 3 3 . 8 7

S U B S T R U C T U R E  T O T A L 1 . 0 0 0  E A $ 3 9 , 9 6 3 . 9 9 $ 3 9 , 9 6 3 . 9 9

S U B  T O T A L  C O S T / P IE R 1 . 0 0 0  E A $ 3 9 , 9 6 3 . 9 9 $ 3 9 , 9 6 3 . 9 9

M O B I L IZ A T IO N 1 0 . 0 0 % $ 3 , 9 9 6 . 4 0
C O N T IN G E N C Y 1 5 . 0 0 % $ 5 , 9 9 4 . 6 0

T O T A L  C O S T / P IE R 1 . 0 0 0  E A $ 4 9 , 9 5 4 . 9 9 $ 4 9 , 9 5 4 . 9 9
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KAGLEVLM.XLS

DESCRIPTION
SUPERSTRUCTURE
STEEL GIRDER U/ CONCRETE DECK 21.336 SPAN "B"

TOTAL GIRDER Kg 14746.496 Kg $1.76 $25,957.36 $1,216.60

DECK
DECK SLAB CONCRETE-PLACE 19.170 M3 $52.70 $1,010.29 $47.35
UALL CONCRETE-PLACE 16.849 M3 $59.24 $998.11 $46.78
DECK SLAB FORMS 166.916 $80.28 $13,400.00 $628.05
UALL FORMS 128.076 $85.12 $10,901.81 $510.96
REINFORCING STEEL 2455.777 Kg $2.10 $5,157.13 $2.10
SUPERSTRUCTURE TOTAL 21.336 M $57,424.69 $2,691.45

SUB TOTAL COST/SPAN 21.336 N $57,424.69 $2,691.45
MOBILIZATION 10.00X $5,742.47
CONTINGENCY 15.00X $8,613.70
TOTAL COST/SPAN 21.336 M $71,780.86 $3,364.31

DESCRIPTION
SUBSTRUCTURE
STEEL GIRDER U/ CONCRETE DECK 21.336 SPAN "S"

DRIVEN PILES 10OTON 160.000 M $105.00 $16,800.00
PILE CAP EXCAVATION 47.147 M3 $23.54 $1,109.83
PILE CAP CONCRETE-PLACE 27.184 M3 $33.74 $917.19
PIER COLUMN CONCRETE-PLACE 8.896 M3 $45.31 $403.08
PIER CAP BEAM CONCRETE-PLACE 2.588 M3 $64.93 $168.06
PILE CAP FORMS 23.783 M2 $62.30 $1,481.69
PIER COLUMN FORMS 29.186 M2 $87.71 $2,559.93
PIER CAP BEAN FORMS 5.145 M2 $92.12 $473.93
REINFORCING 2636.419 Kg $2.10 $5,536.48
SUBSTRUCTURE TOTAL 1.000 EA $29,450.20 $29,450.20

SUB TOTAL COST/PIER 1.000 EA $29,450.20 $29,450.20
MOBILIZATION 10.00X $2,945.02
CONTINGENCY 15.00% $4,417.53
TOTAL COST/PIER 1.000 EA $36,812.75 $36,812.75

A-6



MAGLEVLM.XLS

DESCRIPTION
SUPERSTRUCTURE
STEEL GIRDER U/ CONCRETE DECK 39.624 FT SPAN “B"

TOTAL Kg 30711.884 Kg S1.76 $54,052.92 $2,533.41

DECK
DECK SLAB CONCRETE-PLACE 35.602 M3 $52.70 $1,876.24 $87.94
UALL CONCRETE-PLACE 31.290 M3 $59.24 $1,853.63 $86.88
DECK SLAB FORMS 309.966 M2 $80.28 $24,885.71 $1,166.37
UALLFORMS 237.855 M2 $85.12 $20,246.21 $948.92
SUPERSTRUCTURE TOTAL 39.624 N $112,492.24 $2,838.99

SUB TOTAL COST/SPAN 39.624 M $112,492.24 $2,838.99
MOBILIZATION 10.00* $11,249.22
CONTINGENCY 15.00* $16,873.84
TOTAL COST/SPAN 39.624 M $140,615.30 $3,548.74

DESCRIPTION
SUBSTRUCTURE
STEEL GIRDER U/ CONCRETE DECK 39.624 FT SPAN ■B"

DRIVEN PILES 100TON 240.000 M $105.00 $25,200.00
PILE CAP EXCAVATION 60.972 M3 $23.54 $1,435.28
PILE CAP CONCRETE-PLACE 36.246 M3 $33.74 $1,222.93
PIER COLUMN CONCRETE-PLACE 8.896 M3 $45.31 $403.08
PIER CAP BEAM CONCRETE-PLACE 2.588 M3 $64.93 $168.06
PILE CAP FORM 26.756 M2 $62.30 $1,666.90
PIER COLUMN FORM 29.186 M2 $87.71 $2,559.93
PIER CAP BEAM FORM 5.145 M2 $92.12 $473.93
REINFORCING 3254.225 Kg $2.10 $6,833.87
SUBSTRUCTURE TOTAL 1.000 EA $39,963.99 $39,963.99

SUB TOTAL COST/PIER 1.000 EA $39,963.99 $39,963.99
MOBILIZATION 10.00* $3,996.40
CONTINGENCY 15.00* $5,994.60
TOTAL COST/PIER 1.000 EA $49,954.99 $49,954.99
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D E S C R I P T I O N

SUPERSTRUCTURE
SINGLE BOX -PRESTRESSED CONCRETE 21.336 SPAN "C«

SOX
NOT DECK SLAB CONC-PLACE 9.296 M3 $52.70 $489.88
BOX WALL CONCRETE-PLACE 10.626 M3 $59.24 $629.34
TOP SLAB CONCRETE-PLACE 22.741 M3 $52.70 $1,198.43
UALL CONCRETE-PLACE 18.502 M3 $59.24 $1,096.04
BOT DECK SLAB FORM 45.522 M2 $80.28 $3,654.55
BOX UALLFORKS 104.051 M2 $85.12 $8,856.86
TOP SLAB (B) FORMS 94.297 M2 $80.28 $7,570.13
UALL FORMS 121.402 M2 $85.12 $10,333.72
REINFORCING STEEL LBS 2908.561 KB $2.10 $6,107.98
PRE STRESSING LBS 1628.760 Kg $4.75 $7,736.61
GROUT M3 0.125 M3 $1,000.00 $124.53
TOTAL SUPERSTRUCTURE 21.336 N $47,798.07 $2,240.25

SUB TOTAL COST/SPAN 21.336 M $47,798.07 $2,240.25
MOBILIZATION 10.00% $4,779.81
CONTINGENCY 15.00% $7,169.71
TOTAL COST/SPAN 21.336 M $59,747.59 $2,800.32

DESCRIPTION
SUBSTRUCTURE
SINGLE BOX -PRESTRESSED CONCRETE 21.336 SPAN «c«

DRIVEN PILES 100T0N 160.000 M $105.00 $16,800.00
PILE CAP EXCAVATION 47.147 M3 $23.54
PILE CAP CONCRETE-PLACE 27.184 M3 $33.74 $917.19
PIER COLUMN CONCRETE-PLACE 11.259 M3 $45.31 $510.15
PILE CAP FORM 23.783 M2 $64.93 $1,544.24
PIER COLUMN FORM 32.835 M2 $62.30 $2,045.60
REINFORCING 2621.055 KB $2.10 $5,504.22
TOTAL SUBSTRUCTURE 1.000 EA $27,321.40 $27,321.40

SUB TOTAL GOST/PIER 1 EA $27,321.40 $27,321.40
MOBILIZATION 10.00% $2,732.14
CONTINGENCY 15.00% $4,098.21
TOTAL COST/PIER 1 EA $34,151.74 $34,151.74

A-8



MAGLEVLM.XLS

DESCRIPTION
SUPERSTRUCTURE
SINGLE BOX -PRESTRESSED CONCRETE 39.624 N SPAN "C«

BOX
BOT DECK SLAB CONC-PLACE 17.263 M3 $52.70 $909.78
BOX WALL CONCRETE-PLACE 43.466 M3 $59.24 $2,574.93
TOP SLAB CONCRETE-PLACE 42.233 M3 $52.70 $2,225.66
UALL CONCRETE-PLACE 34.360 M3 $59.24 $2,035.50
BOT DECK SLAB FORM 84.542 M2 $80.28 $6,787.01
BOX UALLFORKS 425.720 M2 $85.12 $36,237.31
TOP SLAB (B) FORMS 175.122 M2 $80.28 $14,058.81
UALL FORMS 225.461 M2 $85.12 $19,191.20
REINFORCING STEEL LBS 7019.961 KB $2.10 $14,741.92
PRE STRESSING LBS 3931.096 Kg $4.75 $18,672.70
GROUT M3 0.301 M3 $1,000.00 $300.56
TOTAL SUPERSTRUCTURE 39.624 M $117,735.39 $2,971.32

SUB TOTAL COST/SPAN . 39.624 M $117,735.39 $2,971.32
MOBILIZATION 10.00% $11,773.54
CONTINGENCY 15.00% $17,660.31
TOTAL COST/SPAN 39.624 M $147,169.23 $3,714.14

DESCRIPTION
SUBSTRUCTURE
SINGLE BOX -PRESTRESSS) CONCRETE 39.624 M SPAN "C"

DRIVEN PILES 100T0N 240.000 M $105.00 $25,200.00
PILE CAP EXCAVATION 60.972 M3 $23.54 $1,435.28
PILE CAP 36.246 M3 $33.74 $1,222.93
PIER COLUMN 11.259 M3 $45.31 $510.15
PILE CAP FORM 26.756 M2 $64.93 $1,737.27
PIER COLUMN FORM 32.835 M2 $62.30 $2,045.60
REINFORCING 3238.861 KB $2.10 $6,801.61
TOTAL SUBSTRUCTURE 1.000 EA $38,952.83 $38,952.83

SUB TOTAL COST/PIER 1 EA $38,952.83 $38,952.83
MOBILIZATION 10.00% $3,895.28
CONTINGENCY 15.00% $5,842.92
TOTAL COST/PIER 1 EA $48,691.04 $48,691.04
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DESCRIPTION
SUPERSTRUCTURE
CIP POST TENSIONED SINGLE BOX 21.336 M SPAN ■D"

BOX
SOT DECK SLAB 13.380 M3 $52.70 $705.11
BOX WALLS 13.221 M3 $59.24 $783.21
TOP SLAB (A) 1.806 M3 $52.70 $95.15
TOP SLAB <B) 19.170 M3 $52.70 $1,010.29
WALLS 15.857 M3 $59.24 $939.39
BOT DECK SLAB FORM 43.897 M2 $80.28 $3,524.03
BOX WALL FORMS 130.064 M2 $85.12 $11,071.07
TOP SLAB (A) FORMS 67.473 M2 $80.28 $5,416.73
TOP SLAB (B) FORMS 94.297 M2 $80.28 $7,570.13
WALL FORMS 104.051 M2 $85.12 $8,856.86
REINFORCING STEEL Kg 3243.786 Kg $2.10 $6,811.95
POST TENSIONING LBS 1816.482 Kg $4.75 $8,628.29
GROUT CT 0.139 M3 $1,000.00 $138.88
TOTAL SUPERSTRUCTURE . 21.336 M $55,551.09 $2,603.63

SUB TOTAL COST/SPAN 21.336 M $55,551.09 $2,603.63
MOBILIZATION 10.00% $5,555.11
CONTINGENCY 15.00% $8,332.66
TOTAL COST/SPAN 21.336 N $69,438.86 $3,254.54

DESCRIPTION
SUBSTRUCTURE
CIP POST TENSIONED SINGLE BOX 21.336 N SPAN «D»

DRIVEN PILES 100TON 160.000 N $105.00 $16,800.00
PILE CAP EXCAVATION 47.147 M3 $23.54 $1,109.83
PILE CAP 27.184 M3 $33.74 $917.19
PIER COLUMN 11.259 M3 $45.31 $510.15
PILE CAP FORM 23.783 M2 . $64.93 $1,544.24
PIER COLUMN FORM 32.835 M2 $62.30 $2,045.60
REINFORCING 2621.055 Kg $2.10 $5,504.22
TOTAL SUBSTRUCTURE 1.000 EA ' $28,431.23 $28,431.23

SUB TOTAL COST/PIER 1 EA $28,431.23 $28,431.23
MOBILIZATION 10.00% $2,843.12
CONTINGENCY 15.00% $4,264.68
TOTAL COST/PIER 1 EA $35,539.03 $35,539.03
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MAGi.EVLM.XLS

D E S C R I P T I O N

S U P E R S T R U C T U R E

C I P  P O S T  T E N S I O N E D  S I N G L E  B O X 3 9 . 6 2 4  M S P A M M Q «

B O N

B O T  D E C K  S L A B 2 4 . 8 4 3  M 3 $ 5 2 . 7 0 $ 1 , 3 0 9 . 4 9

B O N  W A L L S 3 6 . 8 3 0  M 3 $ 5 9 . 2 4 $ 2 , 1 8 1 . 8 1

T O P  S L A B  ( A ) 3 . 3 5 3  M 3 $ 5 2 . 7 0 $ 1 7 6 . 7 1

T O P  S L A B  C B ) 3 5 . 6 0 2  M 3 $ 5 2 . 7 0 $ 1 , 8 7 6 . 2 4

W A L L S 2 9 . 4 5 0  M 3 $ 5 9 . 2 4 $ 1 , 7 4 4 . 5 9

B O T  D E C K  S L A B  F O R M 8 1 . 5 2 2  M 2 $ 8 0 . 2 8 $ 6 , 5 4 4 . 6 2

B O X  W A L L  F O R M S 3 6 2 . 3 2 2  M 2 $ 8 5 . 1 2 $ 3 0 , 8 4 0 . 8 4

T O P  S L A B  ( A )  F O R M S 1 2 5 . 3 0 7  M 2 $ 8 0 . 2 8 $ 1 0 , 0 5 9 . 6 4

T O P  S L A B  ( B )  F O R M S 1 7 5 . 1 2 2  M 2 $ 8 0 . 2 8 $ 1 4 , 0 5 8 . 8 1

W A L L  F O R M S 1 9 3 . 2 3 8  M 2 $ 8 5 . 1 2 $ 1 6 , 4 4 8 . 4 5

R E I N F O R C I N G  S T E E L  K g 6 8 6 1 . 1 9 7  K g $ 2 . 1 0 $ 1 4 , 4 0 8 . 5 1

P O S T  T E N S I O N I N G  L B S 3 8 4 2 . 1 9 0  K g $ 4 . 7 5 $ 1 8 , 2 5 0 . 4 0

G R O U T  C Y 0 . 2 9 4  M 3 $ 1 , 0 0 0 . 0 0 $ 2 9 3 . 7 6

T O T A L  S U P E R S T R U C T U R E 3 9 . 6 2 4  N $ 1 1 8 , 1 9 3 . 8 8 $ 2 , 9 6 2 . 8 9

S U B  T O T A L  C O S T / S P A N 3 9 . 6 2 4  M $ 1 1 8 , 1 9 3 . 8 8 $ 2 , 9 6 2 . 8 9

M O B I L I Z A T I O N 1 0 . 0 0 % $ 1 1 , 8 1 9 . 3 9

C O N T I N G E N C Y 1 5 . 0 0 % $ 1 7 , 7 2 9 . 0 8

T O T A L  C O S T / S P A N 3 9 . 6 2 4  N $ 1 4 7 , 7 4 2 . 3 4 $ 3 , 7 2 8 . 6 1

D E S C R I P T I O N

S U B S T R U C T U R E

C I P  P O S T  T E N S I O N E D  S I N G L E  B O X 3 9 . 6 2 4  M S P A N « Q H

D R I V E N  P I L E S  1 0 0 T 0 N 2 4 0 . 0 0 0  M $ 1 0 5 . 0 0 $ 2 5 , 2 0 0 . 0 0

P I L E  C A P  E X C A V A T I O N 6 0 . 9 7 2  M 3 $ 2 3 . 5 4 $ 1 , 4 3 5 . 2 8

P I L E  C A P 3 6 . 2 4 6  M 3 $ 3 3 . 7 4 $ 1 , 2 2 2 . 9 3

P I E R  C O L U M N 1 1 . 2 5 9  M 3 $ 4 5 . 3 1 $ 5 1 0 . 1 5

P I L E  C A P  F O R M 2 6 . 7 5 6  M 2 $ 6 4 . 9 3 $ 1 , 7 3 7 . 2 7

P I E R  C O L U M N  F O R M 3 2 . 8 3 5  M 2 $ 6 2 . 3 0 $ 2 , 0 4 5 . 6 0

R E I N F O R C I N G 3 2 3 8 . 8 6 1  K g $ 2 . 1 0 $ 6 , 8 0 1 . 6 1

T O T A L  S U B S T R U C T U R E 1 . 0 0 0  E A $ 3 8 , 9 5 2 . 8 3 $ 3 8 , 9 5 2 . 8 3

S U B  T O T A L  C O S T / P I E R 1 E A $ 3 8 , 9 5 2 . 8 3 $ 3 8 , 9 5 2 . 8 3

M O B I L I Z A T I O N 1 0 . 0 0 % $ 3 , 8 9 5 . 2 8

C O N T I N G E N C Y 1 5 . 0 0 % $ 5 , 8 4 2 . 9 2

T O T A L  C Q S T / P I E R 1  E A $ 4 8 , 6 9 1 . 0 4 $ 4 8 , 6 9 1 . 0 4
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DESCRIPTION
SUPERSTRUCTURE
TWO PRESTRESSED BOX GIRDERS U/o DECK 21.336 N SPAN •E*

BOX
DOT SLAB CONCRETE-PLACE 7.933 M3 $52.70 $618.05
BOX WALL CONCRETE-PLACE 8.808 M3 S59.26 $521.76
TOP SLAB CONCRETE-PLACE 7.933 M3 $52.70 $618.05
BOT SLAB FORM 39.019 M2 $80.28 $3,132.67
BOX WALL FORMS 138.701 M2 $85.12 $11,806.23
TOP SLAB FORM 56.370 M2 $80.28 $6,525.36
REINFORCING STEEL Kg 1682.188 Kg $2.10 $3,532.60
PRE STRESSING STEEL Kg 962.006 Kg $6.75 $6,676.53
GROUT M3 0.072 M3 $1,000.00 $72.02
TOTAL SUPERSTRUCTURE 21.336 N $28,901.06 $1,356.57

SUB TOTAL COST/SPAN 21.336 N $28,901.06 $1,356.57
MOBILIZATION 10.00% $2,890.11
CONTINGENCY 15.00% $6,335.16
TOTAL COST/SPAN 21.336 M $36,126.33 $1,693.21

DESCRIPTION
SUBSTRUCTURE
TWO PRESTRESSED BOX GIRDERS W/o DECK 21.336 H SPAN M£M

DRIVEN PILES 100T0N 160.000 N $105.00 $16,800.00
PILE CAP EXCAVATION 36.266 K3 $23.56 $853.22
PILE CAP CONCRETE-PLACE 27.186 K3 $33.76 $917.19
PIER COLUMN CONCRETE-PLACE 11.259 M3 $65.31 $510.15
PIER CAP BEAM CONC-PLACE 3.617 M3 $66.93 $221.86
PILE CAP FORMS 23.783 M2 $66.93 $1,566.26
PIER COLUMN FORMS 32.835 M2 $62.30 $2,065.60
PIER CAP BEAN FORMS 6.802 M2 $92.12 $626.58
REINFORCING 2856.000 Kg $2.10 $5,993.60
TOTAL SUBSTRUCTURE 21.336 M $29,512.22 $1,383.21

SUB TOTAL GOST/PIER 1 EA $29,512.22 $29,512.22
MOBILIZATION 10.00% $2,951.22
CONTINGENCY 15.00% $6,626.83
TOTAL COST/PIER 1 EA $36,890.28 $36,890.28
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DESCRIPTION
SUPERSTRUCTURE
IIO PRESTRESSED BOX GIRDERS W/o DECK 39.624 M SPAN "E“

BOX
DOT SLAB CONCRETE-PLACE 14.732 M3 $52.70 $776.38
BOX WALL CONCRETE-PLACE 34.353 M3 $59.24 $2,035.07
TOP SLAB CONCRETE-PLACE 14.732 M3 $52.70 $776.38
BOT SLAB FORM 72.464 M2 $80.28 $5,817.44
BOX WALL FORMS 450.826 M2 $85.12 $38,374.31
TOP SLAB FORM 104.687 M2 $80.28 $8,404.24
REINFORCING STEEL Kfl 4351.040 Kg $2.10 $9,137.18
PRE STRESSING Kg 2436.531 Kg $4.75 $11,573.52
GROUT M3 0.186 M3 $1,000.00 $186.29

39.624 N $77,080.81 $1,945.31
DESCRIPTION
SUBSTRUCTURE
TWO PRESTRESSED BOX GIRDERS U/o DECK 39.624 N SPAN "E«

DRIVEN PILES 100T0N 240.000 M $105.00 $25,200.00
PILE CAP EXCAVATION 60.972 M3 $23.54 $1,435.28
PILE CAP 36.246 K3 $33.74 $1,222.93
PIER COLUMN 11.259 M3 $45.31 $510.15
PIER CAP BEAM 3.417 M3 $64.93 $221.84
PILE CAP FORMS 26.756 M2 $64.93 $1,737.27
PIER COLUMN FORMS 32.835 M2 $62.30 $2,045.60
PIER CAP BEAM FORMS 6.802 M2 $92.12 $626.58
REINFORCING 3471.805 Kg $2.10 $7,290.79
TOTAL SUBSTRUCTURE 39.624 N $40,290.44

SUB TOTAL COST/PIER 1 EA $40,290.44 $40,290.44
MOBILIZATION 10.00X $4,029.04
CONTINGENCY 15.00% $6,043.57
TOTAL COST/PIER 1 EA $50,363.05 $50,363.05
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■ID SUMMRY
PROJECT NAME MAGLEV SUPERSTRUCTURE STUDIES
JOS MO._____________ 4232F101
DATE________________ MARCH 25,1992
ESTIMATOR_________  R.ROBERTS
QUANTITY TAKEOFF

DESCRIPTION NO. U T AREA SPAN VOL M3/M AREA FORMUORK
SUPERSTRUCTURE M2 M M3 M2 M2/M
DOUBLE TEE - AASHTO TYPE IV 21.336 N SPAN "A"

UEB 2 0.2033 1.3716 0.56 21.336 11.90 0.56 0.56 58.53
TOP BULB 4 0.2795 0.1524 0.17 21.336 3.64 0.17 0.17 31.22
LOWER BULB 4 0.3176 0.2286 0.29 21.336 6.20 0.29 0.29 5.28
TOTAL GIRDER 21.73f” 1.0211.0184891 95.03

DIAPHRAGMS 3 0.3048 1.2192 2.4384 2.72
END DIAPHRAGMS 2 0.9144 1.2192 2.4384 5.44

8.16
DECK »

DECK SLAB 1 4.42 0.20 0.90 21.336 19.17 0.90 0.90 166.92
UALLS 2 0.30 1.22 0.74 21.336 15.86 0.74 0.74 112.73
FILLETS 2 0.15 0.15 0.05 21.336 0.99 0.05 0.05 15.35

TOTAL DECK 1.69 36.02J 1.69| 243.101 294.99

Kg
REINFORCING STEEL IN SLAB 2456
REINFORCING STEEL IN DIAPHRAGMS 556
TOTAL REINFORCING Kg

CMS

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMUORK
SUBSTRUCTURE H M M2 M M3 M2 M2/M
DOUBLE TEE - AASHTO TYPE IV 21.336 M SPAN "A"

DRIVEN PILES 10OTON 8 20 160
PILE CAP EXCAVATION 1 4.1576 6.596 27.42353 1.7192 47.146532
PILE CAP 1 3.6576 6.096 22.29673 1.2192 27.184173 23.78318
PIER COLUMN 1 1.2192 1.167454 7.62 8.8959997 29.18635
PIER CAP BEAM 1 0.6858 3.81 2.612898 0.9906 2.5883368 5.144725

TOTAL CONCRETE 38.668509 58.11425
REINFORCING 2636.419 Kg
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DESCRIPTION NO. U  T AREA SPAN VOL M3/M AREA FORMWORK
SUPERSTRUCTURE M2 M M3 M2 K2/M
DOUBLE TEE - AASHTO TYPE VI 39.624 N SPAN "A*

UEI 2 0.2033 1.3716 0.56 39.624 22.10 0.56 0.56 108.70
TOP BULB 4 0.4317 0.2159 0.37 39.624 14.77 0.37 0.37 57.98
LOUER BULB 4 0.3303 0.254 0.34 39.624 13.30 0.34 0.34 209.37
TOTAL GIRDER 50.17j 1.271 1.2660931 376.05

DIAPHRAGMS 6 0.3048 1.2192 2.4384 5.44 17.84
END DIAPHRAGMS 2 0.9144 1.2192 2.4384 5.44 5.95

10.87 24
OECK
DECK SLAB 1 4.42 0.20 0.90 39.624 35.60 0.90 0.90 309.99
UALLS 2 0.30 1.22 0.74 39.624 29.45 0.74 0.74 209.35
FILLETS 2 0.15 0.15 0.05 39.624 1.84 0.05 0.05 

»
28.51

TOTAL OECK 1.69 66.89| 1.691 243.101 547.84

Kg
REINFORCING STEEL IN SLAB 4561
REINFORCING STEEL IN DIAPHRAGMS 741
TOTAL Kfl 1 53021KB

DESCRIPTION NO. U  L AREA DEPTH VOL AREA FORMUORK
SUBSTRUCTURE M M M2 M M3 M2 K2/N
DOUBLE TEE - AASHTO TYPE VI 39.624 M SPAN "A" •

DRIVEN PILES 100TON 12 20 240
PILE CAP EXCAVATION 1 5.3768 6.596 35.46537 1.7192 60.972069
PILE CAP 1 4.8768 6.096 29.72897 1.2192 36.245564 26.75608
PIER COLUMN 1 1.2192 1.167454 7.62 8.8959997 29.18635
PIER CAP BEAM 1 0.6858 3.81 2.612898 0.9906 2.5883368 5.144725

TOTAL CONCRETE 47.7299 61.08715
REINFORCING 3254.225 Kg
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DESCRIPTION NO. T H UT/SF UT/LF SPAN FT TOTAL WT UT/LF AREA
SUPERSTRUCTURE INCHES FT LBS LBS LBS SQ IN
STEEL GIRDER W/ CONCRETE DECK 21.336 SPAN "G"

WEB 4 0.375 4 17.85 71.40 21.336 6093.56 285.60 72.00
TOP FLANGE 4 2 1.333 102.00 135.97 21.336 11603.88 543.86 127.97
STIFFNERS 8 10 C-C 60 0.375 4 17.85 71.40 0.75 3213.00 150.59 0.00
LOWER FLANGE 4 2 1.333 102.00 135.97 21.336 11603.88 543.86 127.97
TOTAL GIRDER LBS 32514.33 1523.92 327.94
TOTAL GIRDER Kg 1 14748.50|Kg

NO. U T AREA SPAN VOL K3/M AREA FORMUORK
DECK N N M2 N M3 M2 M2/M
DECK SLAB 1 4.42 0.20 0.90 21.336 19.17 0.90 0.90 166.92
WALLS 2 0.30 1.22 0.74 21.336 15.86 0.74 0.74 112.73
FILLETS 2 0.15 0.15 0.05 21.336 0.99 0.05 0.05 15.35

TOTAL DECK 1.69 36.02] 1.691 243.10 294.99

KB
REINFORCING STEEL IN SLAB 2456
TOTAL Kg 2456 Kg

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMUORK
SUBSTRUCTURE N N K2 N M3 M2 K2/M
STEEL GIRDER U/ CONCRETE DECK 21.336 SPAN «B«

DRIVEN PILES 100TOH 8 20 160
PILE CAP EXCAVATION 1 4.1576 6.596 27.42353 1.7192 47.146532
PILE CAP 1 3.6576 6.096 22.29673 1.2192 27.184173 23.78318
PIER COLUMN 1 1.2192 1.167454 7.62 8.8959997 29.18635
PIER CAP BEAN 1 0.6858 3.81 2.612898 0.9906 2.5883368 5.144725

TOTAL CONCRETE 38.668509 58.11425
REINFORCING 2636.419 Kg
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DESCRIPTION ' NO. T H WT/SF UT/LF SPAN FT TOTAL UT UT/LF AREA
SUPERSTRUCTURE INCHES FT LBS LBS LBS SQ IN
STEEL GIRDER U/ CONCRETE DECK 39.624 FT SPAN “8"

WEB 4 0.4375 3.9167 17.85 69.91 39.624 11080.95 279.65 82.25
TOP FLANGE 4 2.50 1.667 102.00 170.03 39.624 26949.71 680.14 200.04
STIFFNERS 8 10 C-C 52 0.4375 3.9167 17.85 69.91 0.75 2726.61 68.81 0.00
LOWER FLANGE 4 2.50 1.667 102.00 170.03 39.624 26949.71 680.14 200.04
TOTAL GIRDER | 67706.971 1708.741 482.33
TOTAL Kg 30711.88 Kg

NO. U T AREA SPAN VOL H3/M AREA FORMWORK
DECK SLAB 1 4.42 0.20 0.90 39.624 35.60 0.90 0.90 309.99
UALLS 2 0.30 1.22 0.74 39.624 29.45 0.74 0.74 209.35
FILLETS 2 0.15 0.15 0.05 39.624 1.84 0.05 0.05- 28.51

TOTAL DECK 1.69 66.89j 1.69| 1.69| 547.84

REINFORCING STEEL IN SLAB 115.10
**

4561
TOTAL Kg 4561kg

DESCRIPTION NO. W L AREA DEPTH VOL AREA FORMWORK
SUBSTRUCTURE H N M2 M K3 M2 M2/M
STEEL GIRDER W/ CONCRETE DECK 39.624 FT SPAN "B"

DRIVEN PILES 100T0N 12 20 240
PILE CAP EXCAVATION 1 5.3768 6.596 35.46537 1.7192 60.972069
PILE CAP 1 4.8768 6.096 29.72897 1.2192 36.245564 26.75608
PIER COLUMN 1 1.2192 1.167454 7.62 8.8959997 29.18635
PIER CAP BEAM 1 0.6858 3.81 2.612898 0.9906 2.5883368 5.144725

TOTAL CONCRETE 47.7299 61.08715
REINFORCING 3254.225 Kg
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DESCRIPTION NO. U T AREA SPAN VOL K3/M AREA FORMUORK
SUPERSTRUCTURE M N M2 N M3 M2 M2/M
SINGLE BOX -PRESTRESSS) CONCRETE 21.336 SPAN "C"

BOX
SOT DECK SLAB 1 2.13 0.20 0.44 21.336 9.30 0.44 0.44 45.52
BOX UALLS 2 - 0.20 1.22 0.50 21.336 10.62 0.50 0.50 104.05
TOP SLAB (A) 2 0.10 0.80 0.16 21.336 3.49 0.16 0.16
TOP SLAB (B) 1 4.42 0.20 0.90 21.336 19.26 0.90 0.90 94.30
UALLS 2 0.30 1.42 0.87 21.336 18.50 0.87 0.87 121.40

TOTAL DECK 2.00 42.66| 2.00| 2.00| 365.27

REINFORCING STEEL LBS 136.32 2909 Kg -
PRE STRESSING LBS 76.34 1629 Kg -
GROUT M3 0.12 M3

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMUORK
SUBSTRUCTURE N M M2 H M3 M2 M2/M
SINGLE BOX 'PRESTRESSED CONCRETE 21.336 SPAN "C«

DRIVEN PILES 100T0N 8 20 160
PILE CAP EXCAVATION 1 4.1576 6.596 27.42353 1.7192 47.146532
PILE CAP 1 3.6576 6.096 22.29673 1.2192 27.184173 23.78318
PIER COLUMN 1 1.3716 1.477559 7.62 11.259 32.83464

TOTAL CONCRETE 38.03172
REINFORCING 2621.055 Kg
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DESCRIPTION NO. W T AREA SPAN VOL M3/M AREA FORMWORK
SUPERSTRUCTURE N H M2 M M3 M2 H2/M
SINGLE BOX -PRESTRESSED CONCRETE 39.624 N SPAN •C"

BOX
DOT DECK SLAB 1 2.13 0.20 0.44 39.624 17.26 0.44 0.44 84.54
BOX UALLS 2 0.20 2.69 1.10 39.624 43.47 1.10 1.10 42S.72
TOP SLAB (A) 2 0.10 0.80 0.16 39.624 6.47 0.16 0.16
TOP SLAB (B) 1 4.42 0.20 0.90 39.624 35.76 0.90 0.90 175.12
UALLS 2 0.30 1.42 0.87 39.624 34.36 0.87 0.87 225.46

TOTAL DECK 2.60 102.96| 2 .6o| 2.60 910.84

REINFORCING STEEL LBS 7020 Kg
PRE STRESSING LBS 3931 Kg
GROUT CY 0.30 M3

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMWORK
SUBSTRUCTURE M N M2 M M3 M2 H2/M
SINGLE BOX -PRESTRESSS) CONCRETE 39.624 M SPAN ■c«

DRIVEN PILES 100T0N 12 20 240
PILE CAP EXCAVATION 1 5.3768 6.596 35.46537 1.7192 60.972069
PILE CAP 1 4.8768 6.096 29.72897 1.2192 36.245564 26.75608
PIER COLUMN 1 1.3716 1.477559 7.62 11.259 32.83464
TOTAL CONCRETE 47.504563 59.59072
REINFORCING 3238.861 Kg
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DESCRIPTION NO. U T AREA SPAN VOL M3/M AREA FORMUORK
SUPERSTRUCTURE N N M2 M M3 M2 H2/M
CIP POST TENSIONED SINGLE I0K 21.336 N SPAN "0"

BOX
GOT DECK SLAB 1 2.06 0.30 0.63 21.336 13.38 0.63 0.63 43.89669
BOX UALLS 2 1.52 0.20 0.62 21.336 13.22 0.62 0.62 130
TOP SLAB (A) 2 0.42 0.10 0.08 21.336 1.81 0.08 0.08 67
TOP SLAB (B) 1 4.42 0.20 0.90 21.336 19.17 0.90 0.90 94
UALLS 2 0.30 1.22 0.74 21.336 15.86 0.74 0.74 104

TOTAL DECK 2.23 47.5s| 2.23| 2.23| 439.7819

REINFORCING STEEL Kfl 3244 Kg .
POST TENSIONING Kg 1816 Kg -
GROUT CY 0.14 M3

DESCRIPTION NO. U L AREA DEPTH VOL AREA ** FORMUORK
SUBSTRUCTURE M M M2 N K3 M2 M2/M
CIP POST TENSIONED SINGLE BOX 21.336 NSPAN D"

DRIVEN PILES 100TON 8 20 160
PILE CAP EXCAVATION 1 4.1576 6.596 27.42353 1.7192 47.146532
PILE CAP 1 3.6576 6.096 22.29673 1.2192 27.184173 23.78318
PIER COLUMN 1 1.3716 1.477559 7.62 11.259 32.83464
TOTAL CONCRETE 38.*43172
REINFORCING 2621.055 Kg
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DESCRIPTION NO. W T AREA SPAN VOL K3/M AREA rrw nB  m r  nJHW UKfc.
SUPERSTRUCTURE N M M2 N M3 M2 H2/M
CIP POST TENSIONED SINGLE BOX 39.624 MSP AN "D"

BOX
DOT DECK SLAB 1 2.06 0.30 0.63 39.624 24.85 0.63 0.63 81.52242
BOX WALLS 2 2.29 0.20 0.93 39.624 36.83 0.93 0.93 362
TOP SLAB (A) 2 0.42 0.10 0.08 39.624 3.35 0.08 0.08 125
TOP SLAB (B) 1 4.42 0.20 0.90 39.624 35.60 0.90 0.90 175
WALLS 2 0.30 1.22 0.74 39.624 29.45 0.74 0.74 193

TOTAL DECK 2.54 100.63| 2.54| 2.54| 937.5118

REINFORCING STEEL LBS 173.16 6861 Kfl
POST TENSIONING LBS 96.97 3842 Kg -
GROUT CT 0.29 M3
PRE STRESSING LBS 0.00 a
GROUT CY 0 .0 ft

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMWORK
SUBSTRUCTURE N N M2 M M3 M2 H2/M
SINGLE BOX ~PR£STRESSED CONCRETE 39.624 M SPAN ■0“

DRIVEN PILES 100T0N 12 20 240
PILE CAP EXCAVATION 1 5.3768 6.596 35.46537 1.7192 60.972069
PILE CAP 1 4.8768 6.096 29.72897 1.2192 36.245564 26.75608
PIER COLUMN 1 1.3716 1.477559 7.62 11.259 32.83464

TOTAL CONCRETE 47.504563
REINFORCING 3238.861 Kg
GROUT CY 0.25 M3

REINFORCING STEEL LBS 0
PRE STRESSING LBS 0
GROUT CY 0.00
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DESCRIPTION NO. U T AREA SPAN VOL M3/M AREA FORMWORK
SUPERSTRUCTURE N M M2 M M3 M2 M2/N
TWO PRESTRESSED BOX GIRDERS H /o  DECK 21.336 N SPAN -E"

BOX
BOT SLAB 2 0.91 0.20 0.37 21.336 7.93 0.37 0.37 39
BOX WALLS 4 0.81 0.13 0.41 21.336 8.81 0.41 0.41 139
TOP SLAB 2 0.91 0.20 0.37 21.336 7.93 0.37 0.37 56

TOTAL DECK 1.16 24.67j -  1.1«l 1.16) 234.0901

REINFORCING STEEL Kfl 1682 Kg
PRE STRESSING Kfl 942 Kg
GROUT M3 0.07 M3

DESCRIPTION NO. U L AREA DEPTH VOL AREA FORMWORK
SUBSTRUCTURE M M M2 M K3 M2 .* M2/M
TUO PRESTRESSED BOX GIRDERS H/o DECK 21.336 N SPAN "E" 9

DRIVEN PILES 100TON 8 20 160
PILE CAP EXCAVATION 1 4.1576 6.596 27.42353 1.7192 47.146532
PILE CAP 1 3.6576 6.096 22.29673 1.2192 27.184173 23.78318
PIER COLUMN 1 1.3716 1.477559 7.62 11.259 32.83464
PIER CAP BEAM 1 0.6858 5.0292 3.449025 0.9906 3.4166045 6.801825

TOTAL CONCRETE 
REINFORCING

41.859777
2854 Kg
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DESCRIPTION NO. U T AREA SPAN VOL M3/M AREA FORMUORK
SUPERSTRUCTURE INCHES FT M2 M M3 M2 N2/M
TWO PRESTRESSED BOX GIRDERS v /o  DECK 3 9 .6 2 4  M SPAN "E"

BOX
ROT SLAB Z 0 .9 1 0.20 0 .3 7 39 .62 4 1 4 .73 0 .3 7 0 .3 7  72
DON WALLS 4 1 .4 2 0 .1 5 0 .8 7 3 9 .62 4 3 4 .3 5 0 .8 7 0 .8 7  451
TOP SU B 2 0 .9 1 0.20 0 .3 7 39.6Z 4 14 .73 0 .3 7 0 .3 7  105

TOTAL DECK 1.61 6 3 .8 2 | 1.61 1 .6 l| 627 .977

REINFORCING STEEL LBS 4351 Kg
PRE STRESSING LBS 2437 Kg
GROUT CY 0 .1 9  M3

DESCRIPTION NO. U L AREA DEPTH VOL AREA -FORMUORK
SUBSTRUCTURE M M M2 M M3 M2 M2/H
TWO PRE STRESSED 80X GIRDERS U/O DECK 3 9 .6 2 4  M SPAN "E" »••

DRIVEN PILES 100T0N 12 20 240
PILE CAP EXCAVATION 1 5 .3 76 8 6 .5 9 6 3 5 .46537 1 .7192 60.972069
PILE CAP 1 4 .8 7 6 8 6 .0 9 6 2 9 .72897 1 .2192 36.245564 26.75608
PIER COLUMN 1 1 .3716 _ 1.477559 7 .6 2 11 .259 32.83464
PIER CAP BEAM 1 0 .6 85 8 5 .0 29 2 3.449025 0 .9 90 6 3.4166045 6.801825

TOTAL CONCRETE 50.921168 66.39255
REINFORCING 3471.805 Kg
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