
• 

• REPORT NO, 00T-T5C-05T-77-54 
' -· " 
, " ,;� -
-
· '. 

• 
, 
, 

Et£VATED GUIDEWJ1Y COST-RIDE 
QUALITY STUDIES FOR GROUP 

RAPID TRANSIT SYSTEMS 

D.N. Wormley 
J.K. Hedrick 

l. E�litis 
O. Costanza 

Department of Mechanical Engineering 
Ma ssachusetts Institute of Technology 

Cambridge MA 02139 

'A' 
. 

REPRINT 

AUGUST 1978 

DOCUMENT IS ......... II. ... SLE TO THE UJ. 'UBLIC 

THIIIOUOH THI! NATIONAL TICHNICA", 

IN'ORMATION 'I"VICE, " I'IINO"ELO. 

V'"DIN,A 22UII 

Prepared for 

U.S. DEPARTMENT OF TRANSPORTATION 

OFFICE OF THE 5ECRETARV 
Office of the Assistant Secretary for Systems Development 

and Technology 
Office of Systems Engineering 

Washington DC 20590 



NOT I C E  

This document is disseminated under the sponsorship 
of the Department of Transportation in the interest 
of information exchange. The United States Govern
ment assumes no liability for its contents or use 
thereof. 

NOT I C E  

The United States Government does not endorse pro
ducts or manufacturers. Trade or manufacturers' 
names appear herein solely because they are con
sidered essential to the object of this report. 

., 

• • 
.. � , . ..... . . 

• 

• 

• 

�" I 
• � 

� I') 
• 



" 

.. 

•• 

. - " '-"-. _v 

Technical k.,ot1 Documentation Pas. 
r-:,-. -:R:-.-po-"�N� o -. ----------r"":2;.- -;G:-o-" .�."-:-:"'-:-: .�"':- A�c:-:c-:-:.':-:.=iO'; '!"!N�0. ----""""":3'.-=R -.C�ip-,.-,,�'·-' "::C'.�,- .I:-o-. :"':No-, -------. 

! 
DOT-TSC-OST-77-54 • 

I 

•. T .,1. ond Sub",I. 5. R.po,! �Ol. , 
A
" 

� 1978"'--'-' Rep�,ln�! �$ust 
����������------.-

6. P.,I0",, ;,.. O',lIn; z."on Code 
ELEVATED GDmEWAY COST-RIDE QUAL ITY 

�_S
..,.
TUD
� _ I�

E
�
S _F_O _R _GRO _ _  UP __ BAP __ I_D _T_RAH __ S_IT_S_Y_ S_T_BMS _ _ ______ --108• P.,f .... i". O,.oni •• ,ion R.p." No. 

7. Aulh.,'.1 
D.N. Wormley, J.K. Hedrick, L. Eg1itis, D. Costanza 

9. P.,fo,,,,ln. O'lania.'io,. N.",. and Add .... 

Department of Mechanical Engineering* 
Massachusetts Institute of Technology 
Cambridge HA 02139 

----------------------� 
12. Spon.o,i". A •• ne, Nom. ""d Add .... 

U.  S.  Department of Transportation 

8t �ig:
1
gt f�: l:if:f;e� �ecretary for Systems 

ofP!�1 8¥m§;ltliB�fii!Hgi�!Kg 

DOT-TSC-OST-77-54 
10. Worlc U"i. N •• fTRAIS) 

OS749/R8505 
11. Ca""ec' 0' G, .... No. 

DOT-TSC-1206 
13. T),p. of Re,.,. ond P.,Iod Co •• ,.d 

FINAL REPORT 
September 1976-Kay 1977 

I.. Sp.".or, ... A .... c)' Cod. 

J 

Wash1nRton DC 20590 
IS. Suppl."'."'.'r No... U. S. Department of Transportation 

*Under contract to: 1 Research and Special Programs Administration 
Tra�SPQrtation

o
Sy�tems Center 

CambrIdge MA �142 l 
16, Ab.".c' 

A methodology is developed for relating cost to ride quality in elevated SUidel 
way system design, based upon directly relating suideway structural proporties and 
construction tolerances to both cost and ride quality. It is illustrated in detail 
for group-rapid-transit precast concrete elevated guideway systems . These detailed 
cost-ride quality studies include an assessment of span properties, construction
related tolerances such 8S jOint discontinuities, pier height variations, camber, 
and local surface rdughness , and the effect of vehicle properties I on cost and vehicle 
ride qual! ty. 

' 

17. IC.II Word. 

Group Rapid Transit, 
Elevated Guideways, 
Ride Quality 

19. Securltll CI."if. lof ",i. r.porl) 

Unclassified 

Form DOT F 1700.7 (8-72) 

11. Dlltrl�II." S'., ....... 

DOCUMENT II AVAILABLB TO THE u.s ... UaLIC 
THROUGH THB NATIONAL TICHNICAL 
INFO .. MATION S.RVIC •• S .... INGPIBLD 
VIRGINIA 22'.' , 

20. S.curlfr CI ... ;I, (of thll p'\I.1 
Unclassified 

Reproduction of comploted pOlle outh.,I.od 

21. No. of P.... 22. P,Ice 

2 0 2  



l'" 

" 

: 'f �' 

,'" -- . 

. . .} 

. _. r 

" . 

:,l 

� 
• 
'\ 

� � 
• 

.,. 

� .. ' L' . 

... 

.. 
. . 



, I 

. � i 

PREFACE 

. The authors wish to acknowledge the assistance of C.E . Maguire. 

Inc . ,  which performed the structural and coating studies contained in 

this report.  The detailed cost calculations were performed under the 

direction of Sam Wasfy. 

The authors also wish to acknowledge the assistsnce provided 

by representatives of the precast concrete industry, part icularly Donald 

Reeves of San-Vel Concrete Corporat ion, in providing information on the 

technical aspects of casting and cost reduction for pre-cast besm elements. 

This study was supported by the Transportation Advanced Research 

Projects (TARP) Program of the U .S .  Department of Transportation, Office 

of the Secretary, and the Transportation Systems Center . We wish to 

acknowledge the fruitful suggestions and assistQnce of the project 

technical monitors, Donald Sussman and Robert Ravera. The authors also 

acknowledge Mrs. Leslie Regan, who prepared the report manuscript • 

iii 



VI II: 
t:I ... U 
C .... 

I -

J ! 
i 
I � • 

-= 
f Ii ·1 :: 

J 
j J : ! 
:. .i : I 

I .. 

t I.' I 

filii 

'i'\i 

lu 
IIi I 

l"l) , 

•• 

Id I Jt JlltH 

1 _ _ _  .. .. , 

II 

." 

,: t:' , , 

IITIT''I'I' 'ITIT'TI' '1' 1'1'1"'1' 1' "TIT'TI' 'I'I"T''I'" "'I'IT''I'" II'I"T"I'II "'PT'T" '1'1'1'1"'1'" 

I -

: .. J i = � 
• 

I lot 

J 
! , 
I 

• 

II ,I !! .. 
',-1 I 1.1 Illi 

hu 
11111 

lV 

.1. 

i 

_Iii I I 

I. 

il1 _ _ _  .--.i � 

Hi II It ':":":-:-ill'l ! HihLh � 

· ,. 
· 

• 

· . 

A' .' 
" 

• 

• 

• 



'" 

J 

;. 

. .. 

.; 

CONTENTS 

Section 

1.  INTRODUCTION ••••••••••••••• '.' • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  1-1 

2 .  

3. 

1. 1 
1. 2 
1. 3 

1. 4 

Background ••••••••••••••••••••••••••••••••••••••••••• 
Scope and Objectives of Study ••••••••••••• •••••••• •• • 
Guideway Cost-Construction Tolerance-Ride Quality 

RelatioDships ••••••••••••••••••••••••••••••••••••••• 
Study Methodology •••••••••••••••••••••••••••••••••••• 

GUIDEWAY STRUCTURAL DESIGN AND COST ANALySIS •••••••••••••• 

2.1 Configuration Definition ••••••••••••••••••••••••••••• 
2. 2 Structural Design Basis •••••••••••••••••••••••••••••• 
2. 3 Cost Basis ••••••••••••••••••••••••••••••••••••••••••• 
2 . 4  Configuration Parametric Studies ••••••••••••••••••••• 

2 . 4. 1  Superstructure Studies •••••••••••••••••••••••• 
2 . 4. 2  Support Structure Tradeoff Studies •••••••••••• 

2. 5 Baseline Designs and Cost Summary •••••••••••••••••••• 

RtDE QUALITY ANALySIS ••••••••••••••••••••••••••••••••••••• 

3 . 1  Ride Quality Measurement ••••••••••••••••••••••••••••• 
3. 2 Vehicle-Guideway MOdel ••••••••••••••••••••••••••••••• 

3. 2. 1 Guideway Representation ••••••••••••••••••••••• 
3. 2. 2 Vehicle Representation •••••••••••••••••••••••• 
3 . 2. 3  Summary of Ride Quality Computation 

Techniques ••••••••••••••••••• . •••••••••• ••••• 

3 . 3  Summary o f  Baseline Vehicle-Guideway Parameters •••••• 

3. 4 Influence of Guideway Static Irregularities 
on Ride Quality •••• . •••••••••••••••• . ••••••••••••••• 

3. 5 Influence of Simple Span Deflection, Mean Camber 
and Irregularities on Vehicle Response ••••••••••••• • 

3 . 6  Influence of MUltiple Span Deflection. Hean camber 
and Irregularities on Vehicle Response •••••••••••••• 

v 

1-1 
1-4 

1-5 
1"';9 

2-1 

2-1 
2-1 
2-5 
2-9 

2-9 
2-18 

2-22 

3-1 

3-1 
3-3 

3-4 
3-7 

3-10 

3-13 

3-13 

3-31 

3-40 



CONTENTS (cont.) 

Section Page 

3. 7 Influence of Vehicle Suspension Properties 
on Ride Quality •••••••••••••••••••••••••••••••••••• 3-45 

4. RIDE QUALITY 
,
COST TRADEOFF STUDIES ••••••••••••••••••••••• 4-1 

4. 1 Scope of Tradeoff Studies ••••••••••••••••••••••••••• 4-1 

4. 2 Baseline Guideway Confi8uration ••••••••••••••••••••• 4-1 

4.3 Lateral Ride Quality Cost Relationships ••••••••••••• 4-2 

4.4 Vertical Ride Quality Cost Relationships •••••••••••• 4-7 

5. SUMMARY AND CONCLUSIONS •••••••••••••••••••••••••••••••••• 5-1 

6.  REFERENCES. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  6-1 

APPENDIX A 

APPENDIX 'B 

APPENDIX C 

APPENDIX D 

StoofARY OF STRUCTURAL DESIGN CALCULATIONS FOR 
SMALL GUIDEWAy •••• . ••••••••••••••••••••••••••••• A-I 

SUMMARY DESIGN COST CALCULATIONS ••••••••••••••••• B-1 

VEHICLE-GUIDEWAY MODEL DESCRIPTION ••••••••••••••• C-l 

C.l 
C.2 
C.3 

Guideway Representation •••••• ••••••••••••••• C-l 
Vehicle Representation •••••••••••••••••••••• C-18 
Computation of Vehicle Acceleration ••••••••• C-34 

REPORT OF INVENTIONS ••••• • •••••••• • •••••••••••••• D-l 

vi 

• 



LIST OF ILLUSTRATIONS 
; 

Figure 

1 . 1  Relationships of Ride Quality. Construction Tolerance 
and Guideway Cost • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • •• •  1-7 

1 . 2 Construction Generation Surface Profile Irregularities • • • • • •  1-8 

1 . 3  Cost�Construction Tolerance-Ride Quality Design 
Methodolo8Y • • • • •• • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • . • • • • • • • • • • •  1-10 

2 . 1  Guideway Configuration • • • • • • • • • • • • • • • • • • • • • • • • • • • • . • . • • • • • • •  2-2 

2 . 2  Superstructure Guideway Configurations • • • • • • • • • • • • •• • • • • • • • • 2-10 

Distribution of Prestressing Strands • • • • • •• • • • • • • • • • • • • • • • • •  2-13 

2 . 4 Small and Large Superstructure Designs • • • • • • • •• • • • • • • • • • • ••• 2-16 

2 . 5  Construction o f  Continuous Spans • • • • • • • • • • • • • • • • • • • • • •• • • • • •  2-17 

2 . 6  Pier Designs and Coats • • • • • . • • • • • • • • • • • • . • • • • • • • • •• • • • • • • ••• 2-21 

2 .7  Cost Breakdown by Structural Components • • • • • • • • • • • • • • • • • • • • •  2-23 

2 . 8  Design Cost Summal1' • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • •  2-25 
• 

2 . 9 Distribution of Guideway Costs • • • • • • • ••• • • • • • • • • • • • • • • • • • • • •  2-27 

3 . 1 Lateral I . S . 0 .  Specification • • • • • • • • • • • • • •• • • • • • • • •• • ••• • • • •  3-2 

3 . 2  Vertical 1 . $ . 0 .  Specification • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  3-2 

3. 3 Construction Generation Surface Profile Irregularities •••••• 3-5 

3 . 4 Ver tical Plane Vehicle Model • •• • • • • • • • • • • • • • • • • • • • • • •• • • • ••• 3-8 

3 . 5 Lateral Plane Vehicle Model • • • • • • • • • • • • • • • • • • • • • • • • • • ••••••• 3-9 
\ 

3 . 6  Time and Frequency Analys is Techniques • • • • • •• • • •• • • • • • • • •• •  3-12 

3 . 7  Vertical Single Span Dimensional Irregularity Input 
PSD . • • • • • . • • • • • •• . • • • • • • • • • . • • • • • • • • • • . • • • • . • . . •• . . • . . • . • . • • 3-17 

3. 8 Small Vehiclo Vertical I . S . O. Single Span Response to 
Separate Irregularities , 60 Foot Span Length, 60 MPH • • • • • • • •  3-19 

3 . 9  Large Vehicle Vertical I . S . 0. Single Span Response 
to Separate Irregularities 60 Foot Span Length, 60KPH • • • • • •  3-20 

vii 



LIST OF ILLUSTRATIONS (cont . )  
Figure 

3. 10 Maximum Vertical Construction Tolerance to Meet 2S Minute 
I . S . O. Specifications •••••••••••••••••••••••••••••• . •••• . ••• 3-22 

3.11 Large and Small Vehicle Irregularity I . S.0. Response 60 
Foot Span Length, 60 MPH •••••••••••••••••••••••••••••••••••• 3-23 

3 . 12 Lateral Single Span Dimensional Irregularity Input 
PSD • . •••• . . ••••••••••••••••••• ••••• . • . ••••••••••••• . •••••• •• 3-25 

3 . 13 Small Vehicle Lateral I.S.O. Separate Irregularity Response 
60 Foot Span Length, 60 MPH ••••••••••••••••••••••••••••••••• 3-26 

3 . 14 Large Vehicle Lateral I. S.O. Separate Irregularity Response 
60 Foot Span Length, 60 MPH ••••• •••••••••••••••••••• . ••• . ••• 3-27 

3. lS Maximum Lateral Construction Tolerance to Meet 2S Minute 
I . S . O. Specifications ••••••••••••••••••••••• . ••• . • •• . ••••••• 3-29 

3. 16 Large and Small Lateral I . S . O .  Single Span Response. 
60 Foot Span Length at 60 MPH ••••••••••••••••••••••••••••••• 3-30 

3 . 17 Small Vehicle Lateral Total RHS Response as a Function of 
Span Length and Velocity •••••••• •••••••••••••••••••••••••••• 3-32 

3 . 18 Large Vehicle Lateral TOtal RMS Response as a Function of 
Span Length and Velocity •••••••••••••••••••••••••••••••••••• 3-33 

3 . 19 Large and Small Vertical Single Span I.S . 0 .  Response 
60 Foot Span Length, 60 MPF ••••••••••••••••••••••••••••••••• 3-34 

3 . 20 Small Vehicle Vertical I.S.O. Single Span Response as a 
Function of Velocity and Span Lengt� •••••••••••••••••••••••• 3-36 

3 . 21 Large Vehicle Vertical I.S.O. Single Span Response as a 
Function of Velocity and Span Length •••••••••••••••••••••••• 3-37 

3. 22 Small Vehicle Six Span I . S.O. and Deflection Response of 
80 Foot Span Length at 60 MPH ••••••••••••••••••••••••••••••• 3-41 

3 . 23 Large Vehicle Six Span I . S.0. and Deflection Response of 
80 Foot Span Length at 60 MPH ••••••••••••••••••••••••••••••• 3-42 

3 . 24 Large Vehicle Single Span RMS Response as a Function of 
Sprung and Unsprung Natural Frequency •••••• •••••••••• • •••••• 3-46 

4. 1  Cost ·Lateral Ride Quality Tradeoff for Lateral Surface 
Profile MOdifications ••••••••••••••••••••••••••••••••• . • ••• . 4-6 

4. 2  Beam Cost , Camber, Unit Deflection, and Stiffness for 
a 60 Foot· Simple Span Large Guideway • • ••••••••• • • •• • • • ••• • •• 4-8 

viii 

• 

• 

; 



LIST OF ILLUSTRATIONS (cont.) 

Figure Page 

4. 3  Beam Cost , Camber and Unit Deflection as a Function of 
Continuity for a 100 Foot Span Large Guideway •••••••••••••• 4-12 

-. 

4 . 4 Cost-Vertical Ride Quality Tradeoff as a Function of 
Continuity for 100 Foot Span Large Guideway •••••••••••••••• 4-13 

: 
4.5 Cost-Vertical Ride Quality for MOdification of Vertical 

Surface Profile on the 60 Foot Simple Span Large Guideway •• 4-16 

C . l  General Elevated Guideway Configuration •••••••••••••••••••• C-2 

C .2  Kultispan Reinforcing Strands •••••••••••••••••••••••••••••• C-2 

C. 3 MOde Shapes for MUltispan Guideways •••••••••••••••••••••••• C-8 

C. 4 Surface Roushness Measurement Device • •••••••••••••••••••••• C-ll 

C. S Guideway Surface Roughness Profiles •••••••••••••••••••••••• C-14 

C.6 Mean Camber Profile ••••••••••••••••••••••••••••••••••••• . • . C-lS 

C . 7  Non-Dimensional Vehicle Acceleration Transfer Function 
Magnitude as a Function of Non-Dimensional Frequency ••••••• C-23 

• C. 8 Lateral Vehicle Schematic ••••••••••••••• • •••••••••••••••••• C-28 

C. 9 Small Vehicle loot Locus •••••••••••••••••••• . •••••••••••••• C-32 
.. C.lO Lar8e Vehicle Root Locus •••••••• . •• . •• . •••••••••••••••• . . •• C-33 

C . ll Vertical Vehicle Analysis Prosram •••••••••••••••••••••••••• C-39 
\ 

- -, 

Lx 



1.1 

LIST OF TABLES 

Page 

Group Rapid Transit Vehicle Characteristics •••••••••• ••••••••• • •• 1_5 

2.1 Factors Which Influence Structural Desi8n •••••••••••••••••••••••• 2-6 
2.2 Structural and Cost Characteristics of Constant and Variable 

Depth Section Simple Spans •••••••••••••••••••• •••••••••••••• • •••• 2-14 

2 . 3  Deflection, Camber and Cost for Simple and Continuous Spans •••••• 2-19 

2.4 Summary of Span Desi8n Structural Properties· ••••••••••••••••••••• 2-28 
3.1 Baseline Vehicle Parameters •••••••••• ••• ••••••••••••••••••••••••• 3-l4 

3 . 2  Baseline Construction Tolerances ••••••••••••••••••••••••••••••••• 3-l5 

3 . 3  Small Vehicle RMS Acceleration on Single Span Guideway Design 6 •• 3-38 

3 . 4  Large'Vehicle RMS Acceleration on Single Span Guideway Design 3a . 3-39 

3 . 5  RHS Vehicle Accelerations for Three Span Continuous Guideways •••• 3-43 

3 . 6  RHS Vehicle Accelerations for Six Span Continuous Guideways •••••• 3-44 

4.1 Large Vehicle Lateral Ride Quality for Selected Construction 
Tolerance Levels •••••• . •••• . •••••••••••••••••••••• • . ••• . • . ••••••• 4-5 

4.2 Large Vehicle Vertical Ride Quality for Baseline Levels of Con
struction Tolerance as a Function of Beam Depth for 60 Foot 
Simple Spans •• . . . . . . . . •• . . . . • . • . • . . ••••••••••• . . . . . . • . . • . . . •• . . . .  4-10 

C. l First NS Eigenvalues I'm sa AmR.s fllC Semicont inuous Beams • •••••• • •• C-6 
C.2 Nondtmensional Hodal Coefficients of. for Three Span Semi- . 

Continuous Beams •••••••••••••••••••••• � •••••••••••••••• • • •••••••• C-6 
C. l Vertical Vehicle Transfer Function Coefficients •••••••••••••••••• C-21 
C . 4  Lateral Vehicle Hodel Nomenclature •••••••• ••••••••••••••••••••••• C-26 

x 

;: 

• 

• 

· 
· 



. .  
. 

a 

-\ 
A m 
� 
A2 
b 
bb 
bm 
bms 
bl 
b2 
b3 
cm 
c ms 
dm 
dms 
E 
f (x, t) 

£ 
e 

LIST OF SYMBOLS I 

vehicle e.g. to front axle distance 
modal beam shape coefficient 
modal span shape coefficient 
surface roughness coefficient , also guideway cross-section area 
guideway beam cross section area 

time varying mode amplitude coefficient 
camber deviation coefficient 
camber deviation coefficient 
vehicle e.g. to rear axle distance 
vertical aecondary suspension damping 
modal beam shape coefficient 
modal span ahape coefficient 
first coefficient of Fourier sine camber shape 
third coefficient of Fourier sine camber shape 
fifth coefficient of Fourier sine camber shape 
modal beam shape coefficient 
modal span shape coefficient 
modal beam shape coefficient 
modal span shape coefficient 
Young's modulus for beam material 
vehicle force distribution acting on beam 

span encounter frequency Vl1s 
frequency response function of linear system 
beam cross section moment of inertia 
vehicle pitch moment of inertia 

12 I v vehicle nondtmensional pitch moment of inertia 2 mv 14 
vehicle yaw moment of inertia 

r-=r-
number of spans per beam in a semicontinuous guideway 

x1 



� 
k 

st' 
K 

m 

m u 

� 
M 

u 
n 

So 
Srw 
Ssr 
5 

Yf 
S 

Yr 
S6 

m 

LIST OF SYMBOLS (cont.) 

vehicle secondary suspension stiffness 

vehicle pr�ry auapenaion (tit'e) stiffness 

vehicle primary to secondary suspension atiffness 
ratio, k Ik-at' -0 

vehicle lateral steering controller overall gain 

vehicle distance between front and rear axles 

beam lensth (n .l.s) 

interval spacing distance in multivehicle trains 

irregularity characteriatic wavelength 

length of midchord deviation surface roughness mea-
surement device 

vehicle lateral controller gain on yaw angle 

mode number 

vehicle total mass 

vehicle unsprung mass 

vehicle sprung mass 

vehicle unsprung to sprung mass ratio,m 1m . . u v 
span number in multispan guideway 

angular-fixed datum irregularity single sided power 
spectral density (PSD) 

joint offset irregularity single sided PSD 
angular relative datum irregularity single sided PSD 
surface roughness irregularity single sided PSD 
front wheel input PSD 
rear wheel input PSD 
mid chord deviation PSD of surface roughnesa measure

ment device 

nondimensionsl single sided irregularity ps�s/a2.1.i 
nondimenslonal front (rear) acceleration transfer 

function due to input at front (rear) 

nondimensional front (rear) acceleration transfer 
function due to input at rear (front) 

vehicle forward velocity 

vehicle crossing velocity frequency rati� V/2wwl.l.s 
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SUMMARY 

This study has developed a methodology for relating cost to 

ride quality in elevated guideway design for automated guideway transit 

systems • .  The methodology consists of (1) a guideway configurational 

analysis in which structural design and cost�ng techniques are used to 

identify promising guideway configuTations and baseline construction 

tolerance levels, (2) a ride quality analysis in which guideway con-

8truction tolerance levels and structural properties are used directly 

with vertical and lateral plane vehicle models to compute ride quality 

as a function of operating conditions. and (3) a ride quality - cost 

sensitivity tradeoff study in which results of the two separate 

analyses are applied iteratively to determine system design tradeoffs. 

This methodology has been applied to·elevated guideways 

constructed from precast concrete beams 60 - 100 feet in length 

supporting small 10,000 Ib or large 20,OOOlh group rapid transit (GRT) 

vehicles. 

The GRT system designs have illustrated that guideway cost 

1s particularly sensitive to the following factors: 

t) The superstructure which represents 70% of the total 
structural cost: 

a) Span Configuration 

Precast box type beam construction results in a 
structure which is 75% of the cost of a similar 
structure employing standard AASHTO 1 beam 
sections. 
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b) Span Length 
As span length increases from 60 to 100 feet. 

camber, deflection, and cost increase. Thus a 
100 foot span is 10% more costly than a 60 foot 
span . 

c) Guidewsy Size 

The guideway design for the 10,000 Ib vehicle 
cost 75% of that for 20 ,000 Ib vehicle 

2) The support pier design showed that cast-in-place 
round piers were less than 60% of the cost of pre-
cast trapezoidal piers 

. 

3) A spread footins foundation. was 25% of the cost of a pile foundation. However , even when a pile foundation is required, pier plus foundat ion costs are only about 30% of the total structural. cost . 

Parametric cost-ride quality studies have shown: 

1) The use of 3 and 6 span continuous beams reduces 
the effects of both live load deflection and camber 
to a point where construction tolerances are the 
primary factors influencing ride quality. Ride 
quality for the large vehicle is increased at 60 mph 
operation from 105 to 120 minutes in terms of ISO 
exposure time while the beam cost is decreased by 
6% when 6-span continuous beams are used rather 
than simple spans. 

2) For baseline values of construction tolerance. lat
eral ride quality was good , exceeding 150 minutes of 
ISO exposure time for 60 mph operation of the small 
vehicle. 

Lateral ride quality can be improved by reducing 
jo int offset tolerance from 1/4 to 3/16 inch to 
yield an improvement in ride qual ity by a factor 
of 1 . 3  at 30 mph and 1 . 1  at 60 mph in terms of ISO 
exposure minutes at a cost increase of $0 . 27 
per foot . Reduction of angular errors in the lateral 
plane from baseline values was not found to improve 
ride quality. The cost of the lateral goidewall could 
be reduced with the use of lower quality forms. For 
a lower quality guideway in which the surface roughness 
is double the baseline value , a cost reduction of $2 . 67 
per foot , 1.3% of total guideway structural cost , is 
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3) 

achieved with a SOl reduction in ride quality to 
terms of ISO exposure minutes. 

For baseline guideway designs, vertical ride quality 
exceeded 55 minutes at 60 mph. The vertical ride 
quality can be improved by reduction of j oint off-
set tolerance from 1/4 to 3/16 inch to yield an in
crease in ride quality by a factor of 1 . 4  at 30 mph 
and 60 mph in terms of ISO exposure minutes at a cost 
of $0 . 83 per foot. It can also be improved through 
the installation of a ceramic overlay which eliminates 
j oint offset and reduces camber and which yields 
greater than a 601 improvement in ride quality at 
30 mph and 60 mph at a coat of $22 per foot. 10% of the 
total structure cost . 

This study has shown that multiple span guideways for GRT 

systems are cost effective . Ride quality for these structures is deter-

mined primarily by construction tolerances and is relatively insenaitive 

to structural properties . For the large GRr vehicle these types of 

guideways can be constructed for approximately $lm per mile and provide 

a ride quality nearly equivalent to a 55 minute ISO exposure at 60 mph. 

The Small GRT guideway can be constructed for approximately $800,000 per 

mile and provides a ride quality equal to a 90 minute ISO exposure at 

60 mph. The ride quality in these systems can be improved by reduc ing 

construction-generated irregularities or by improving vehicle suspension 

characteristics . For vertical motion, a reduction in suspension natural 

frequency from i.o to 0 . 75 hertz , or the uso of 8 ceramic overlay on the 

guideway, yielded factors of 1 . 5  in ride quality improvement in terms 

of ISO exposure .  Thus changes in both vehicle characteristics and guide-

way characteristics may have significant influences on ride quality. 
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1. INTRODUCTION 

1 .1  Background 

Group Rapid Transit (GRT) systems employing vehicles op-

era ted under automatic longitudinal and lateral control on dedicated 

guideways are under serious consideration for implementation in a 
• 

number of areas [1 ) .  Currently two GaT systems are � revenue ser-

vice-the AIRTRANS and Morgantown systems which utilize small 10-20 

passenger rubber tired vehicles operating along guideways with multi

ple stations . The potential for implementation of future GRT systems 

depends , to a significant extent , upon both the capability to provide 

safe , comfortable , timely and reliable service and also upon cost .  

For the two GRT systems in service the costs associated with guide-

ways represent more than half the system total capital cost and in an 

assessment of these systems [1) ,  identification of methods to achieve 

lower cost guideway-vehicle systems while achieving saf�ty, reliability 

and acceptable levels of ride quality was identified as a high priority 

research task. 

Guideway cost reductions for new types of systems such as 

GRT may be achieved by use of guideway specifications readily accep ted 

and understood by contractors rather than reNearch related speciflca-

tlons , relaxatlun of required construction tolerances and utilization 

of Improved construct Lon tochniques , aa well as by more efficient use 

of 8uideway materials and innovations in basic structure design. In 

• 
Numbers in [ ] refer to references listed in Section 6. 
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a number of the advanced systems built to da te , the use of stringent 

tolerances and specifications not commonly employed in construction 

have contributed to high costs [1,2]. Also potential reductions in 

cost have been limited directly by vehicle-guideway interactions , 

the loads produced on the guideway by vehicles and the associated 

vehicle ride quality requirements . 

The development of reduced cost guideways for GRT systems 

can be guided. to a significant extent, bY experience developed from 

construction of highways. However ,  for GRT systems several features 

must be specifically considered in design which are different from 

typical highway design, including : 

(1) GRT vehicles are operated under automatic lateral 
s teering and longitudinal control . Lateral steering 
control is typically achieved by measuring the vehicle 
lateral position with respect to a guiderail or side
wall and steering the vehicle to maintain a fixed 
lateral relative position, thus a sidewall reference 
is required. Also because vehicle safety must be 
assured under system failure conditions , positive 
retention of the vehicle , typically by a sidewall , 
is required. 

(2) GRT vehicles operating on a guideway are relatively 
uniform in size and weight , thus design may be based 
upon a specific vehicle in contrast to highways which 
must accomodate a wide variety of vehicle sizes and 
weights . 

(3) The vehicle-guideway system design is required to meet 
a specified level of passenger comfort in the lateral,  
vertical and longitudinal planes . Guideway character
is tics coupled with the vehicle steering dynamics and 
the vertical suspenSion elements determ�ne vertical 
and lateral ride quality while longitudinal control 
influences the l�gitudinal ride quality. 

(4) Provision is required in the guideway for control and 
communication channels and for power pick-up by the 
vehicle. 
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These features require that GRT guideway design must address 

a number of factors in addition to those normally considered in h1.ghway 

design such as re�resented by AASUTO specifications [3] . Aspects of 

these factors , particularly the requirements on designs to meet ride 

quality specifications have been discussed in [4-8] . "1hlle detailed 

analytical studies which provide methods of determining vehicle ride 

quality and the level of vehicle-guideway interactions are represented 

by [9-10] . 

In many urban areas , substantial portions of GRT guideways 

wil l be elevated to negotiate rights-of-way and to provide safety . 

To minimize the environmental impact of these elevated structures , 

small cross-section long spans are desired while to reduce cost Simple 

construction methods . not requiring stringent tolerances are required. 

To achieve good ride quality , stiff , large cros8-�ection spans built 

to minimize construction produced vertical support and lateral guidance 

surface irregularities are required . Thus, a fundamental tradeoff ex

ists between ride quality and cost.  

This report describes research to develop a methodology for 

relating guideway costs to ride quality and vehicle loading aspects 

of elevated , guideway construction and to identify, in detail , the 

cost sensitivit ies of critical vehicle-guideway parameters for CRT 

sys tems . The scope of the study is sUftllll8rtzcd in the following sec tion. 
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1 . 2  Scope and Objectives of Studl 

The specific objectives of this study include: 

(1) Establishment of a methodology which relates guideway 
cost to ride r .. lated factors 

(a) Identification of the generic guideway parameters 
which influence ride quality. 

(b) Identification of the incremental costs aS80ciated 
\ with changes in these parameters. 

(e) Development of a design methodology for achieving 
d guideway design which min�izes ride comfort 

\ related costs while meeting specifications. 

(2) Preparation of design data for typical prototype GRT 
vehicle-guideway systems 

(a) Determination of the relative incremental costs 
�ssociated with critical guideway parameters. 

( b) " Determination of the relative influence of criti
cal guideway-vehicle parameters on ride quality. 

(c) Synthesis of cost-guideway parameter ride-quality 
data into sets of trade-off curves relating costs 
for GRT systems directly to guideway parameters. 

The first objective 1s to provide a general framework for 

cost effective design of automated guideway systems while the second 

objective is to apply the methodology to several specific GRT systems. 

While the methodology can be applied to a wide variety of systems, 

specific application bas been focused on systems with the following 

characteristics: 

VEHICLES 

·Rubber tired automoti�e-type 

·Under complete longitudinal control 
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.Automatically steered by controlling the front tires 
steering angle in response to a measurement of the lat
eral position error between the guideway sidewall and 
the vehicle 

·Operating speeds of 30-60 mph 

GUIDEWAY 

.Elevated, mainline (straight) with 60-100 foot spans 

·U-shaped interior profile to provide vertical support, 
a lateral guidance reference and containment should 
the system fail 

'Constructed from concrete 

·Constructed using simple or continuouH spans 

Specific design data have been developed for guideways to 

accomodate the small and large GRT vehicles whose general cbaracter-

is tics are summarized in Table 1 . 1 . 

TABLE 1 . 1 :  GROUP. RAPID TRANSIT VEHICLE alARACTERISTICS 

Length: ft 

Width: ft 

Weight: lbs 

Speed: mph 

Small Vehicle 

15 

7 

10 ,000 

30-60 

Large Vehicle 

22 

9 

20 ,000 

30-60 

The general methodology employed to relate guideway costs 

to ride quality is described in the following section. 

1.3 Guideway Cost-Construction Tolerance-Ride Oua�ty Relationships 

The construction cost-construction specification-ride quality 

relationships for an elevated guideway system are summarized in Pigure 
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1.1. Guideway design requirements and cost are influenced by: 

(1) Parameters which directly influence ride quality 
through the guideway vertical and lateral surface. 

(2) Parameters not influencing ride quality but which 
are required to determine cost and to insure that 
general strength and safety requirements are met as 
set by vehicle live load, dead load , wind loads and 
earthquake lORds and soil conditions. 

Guideway parameters which directly influence vehicle ride 

quality that are attributed to guideway construction methods are 11-

lustrated in Figure 1. 2 for the lateral and vertical reference planes. 

Each of the parameters is assumed to be random,varying in value be-

tween levels established by construction tolerance specifications. 

The resultant guideway static profile is repreaented as a surface 

generated by the superposition of the individual random irregularity 

profiles. 

In addition to tbe random construction tolerances, vehicle 

'" 
ride quality in the vertical plane is influenced by deterministic 

camber and by guideway deflection due to vehicle loads. The dynamic 

deflections are a function of the beam cross-section properties-

specifically the rigidity, area and span length-while determin-

istic camber is primar1ly a function of the detailed pre-

,stressing steel design. Ride quality constraints place requirements 

on and establish bounds for these structural parameters and construc-

tion tolerance related parameters. However, because ride quality is 

a composite specification, many possible combinations of guideway and 

'" 
The parapet walls are considered rigid with no camber. 
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vehicle parameters can result in a system which meets ride quality and 

a primary design goal is to develop a system design meeting these speci-

fications in a cost effective manner. 

A large number of detailed guideway design parameters do 

not directly influence ride quality but are required for specification 

of parapet walls, the main support beam, the pier and the foundation to in-

sure that appropriate design codes are met and to compute guideway 

costs . Thus , to perform ride quality - cost tradeoff studies, es-

sentially the structural design of a complete guideway must be con-

sidered. 

1.4 Study Methodology 

In order to systematically study cost-ride quality relation-

ships the methodology illustrated in Figure 1. 3 has been developed • 

The methodology consists of the following components . 

(1) A Configurational Analysis in which the guideway super-

structure, piers and footings are designed to accomodate a vehicle of 

given speed , size and weight. The detailed design is based upon en-

gineering practice, codes , and economy. Cost data is based upon 1976 

New England area unit labor and material costs related to span con-

struction and transportation, earthwork, footing and pier construction 

* 
nnd final installation, alignment and finishing. This configurational 

analysis result. in the definition of span structural properties and 

constructiun tolerance levels for span vertical support and lateral 

* 
The cost does not include land acquisition, power and communication 

equipment installation or contractor profit . 
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guidance surfaces. The costs of construction and sensitivity of design 

alterations to cost are also identified. The detailed description of 

this configurational analysis is contained in Section 2. 

(2) Vehicle-Guideway Ride Quality Analysis in which span 

structural properties (rigidity, natural frequency and length), camber 

and construction tolerances are used as inputs to vehicle vertical and 

lateral plane computer simulation dynamic models to compute ride quality. 

The construction tolerances are represented as producing random irregu

larities which excite a lateral plane two degree of freedom vehicle 

mode� and which together with guideway camber and dynamic deflection 

due to vehicle traveling weight excite a vertical four degree of 

freedom vehicle model. Ride quality is determined using these models 

by computing the total or one third octave band (ISO ride quality cri

teria) rms vehicle accelerations as the vehicle travels along a pre

scribed guideway. The detailed ride quality analysis results in 

determination of ride quality sensitivity to guideway and vehicle 

parameters. The analysis method and sensitivity study results are 

described in Section 3. 

(3) Ride Quality-Cost Sensitivity Assessment in which re

sults of the structurnl design-cost analyses are coupled with the 

ride quality analyses and through successive system design-cost 

computation-ride analysis iterations a ''minimUDltl cO,st system is 

achieved which meets desired ride quality. These ride quality-cost 

tradeoff studies are summarized in Section 4 • 
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2 .  GUIDEWAY STRUCTURAL DESIGN AND COST ANALYSIS 

2 .1 Confiauration Definition 

In this chap�er the structural design and costing of guide-

�ay configurations is described. Single lane . elevated guideways con-

sisting of precast.  prestressed concrete beams ranging in spsn length 

from sixty to one hundred feet and erected as simple , three or six 

spsn continuous structures have been considered as shown in Figure 2 . 1 .  

In the designs the guideway vertical support beam serves as the prime 

structural member . Parapet sidewalls , either cast-in-place or cast 

integrally with the beams , provide the sidewall reference surfaces 

to guide and restrain the vehicles . Straight sections of guideway 

with a nominal sixteen foot vertical clearance are considered for the 

detailed pier and footing design . Factors such as curvature , varia

tion in topography , skewed crossings and variable soil conditions 

have not been considered. 

2. 2 Structural Design Basis 

At present specific design codes and specificat ions have not 

been developed for CRT guideways.  However, except for the factors 

listed in Section 1 .1 concerning (1) sidewall gutdance reference re-

quirements (2) uniformity of vehicles , (3) design for passenger com

fort and (4) provision for ancillary power pick-up , control and com-

munication channels , GRT guideway design is similar to elevated high-
\ 

way structure design. A review of specifications cited in the American 

Associated of State Highway Transportation Officials (AASHTO) Standard 
\ 
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Specifications (3) has· indicated that the general design and material 

quality specifications are directly applicable to the design of ele

vated GRT structures . Because these specifications have evolved over 

a period of yesrs and are familiar to engineers and contractors ,  they 

provide a well-understood basis for the design of a structure which 

can be built practically . A specific review of the codes was con-

ducted to determine if for GRT structures, the utilization of the 

applicable parts of the code would lead to increased guideway cost 

in comparison to other design methods based upon sound engineering 

practice . No areas were found in which use of the codes would ar-

tificially increase costs . 

The detailed design of the structure concrete members has 

been based upon the T.oad Factor Des ign Methud (11]. Specific loads 

considered include the structure dead weight, the vehic le static and 

dynamic loads and environmental loads including wind, earthquake, 

ice, snow and thermal loads . In addition to these standard loadings , 

special conditions proposed for GRT vehicles have been considered : 

(1) The span shall be capable of supporting a series of 
fully loaded vehicles parked end-to-end . 

(2) The parapet sidewalls shall withstand a full speed 
crash of a fully loaded vehicle. 

The parked vehicle condition was found in all design cases 

to be more restrictive than a single vehicle dynamic load and thus the 
* 

parked vehicle condition limited all the design cases considered. 

* 
This parked vehiclo condition increases the cost of the guideways con-
sidered in comparisun to a s ingle vehicle condition from $2 . 00 per lin
ear foot for 60 foot spans to $7 . 50 per linear foot for 100 foot spans . 
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The maj or construction materials and the appl l cahle stresses used in 

the structural design ore listed below: 

Reinforced Concrete : 3000 ps i ul timate strength , with 
allowable compressive strength of 
1200 psi .  

Prestressed Concrete : 5000 ps i u1t1mate strength , with 
allowable compressive strength 
of 2000 psi under design loads . 

?restressing Steel : 1/2" Dia . , Grade 270 strands conforming 
to ASTK-A4l6 with a final effective 
stress after losses of 160,000 psi .  

Reinforcing Bars : Grade 60 conforming to ASTK-A615 
with an allowable tensile stress 
of 24 ,000 psi. 

These are standard cons truction materials and were selected 

after consideration of both light-weight and high strength concrete . 

Since n large portion of a beam load capacity is utilized by its self-

weight , lightweight aggregate was evaluated for precast beam sections . 

The chief advantage of lightweight structural concrete is that a beam 

of reduced cross-section may be used to support the same live load as 

standard concrete . This advantage is useful when design is governed 

by stress rather than stiffness and has been employed economically in 

high-rise buildings where span lengths are relatively short and deflec-

tions do not limit design. Por guideway spans in the sixty to one hun-

dred foot range , no struc tural advantage is gained with the use of 

lightweight concrete and the increase in material unit cost by 30 to 

50% in comparison to standard concrete does not Justify ,the use of 

lightweight aggregates . In addition, the decreased modulus of elas-
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ticity in lightweight aggregates results in increased deflections in 

comparison to standard concrete. 

No justification was found to use high strength concrete in 

excess of 5000 psi ul timate strength , because the increase in unit 

material costs could not be balanced by decreases in other unit costs . 

The influence of design load factors, material properties. 

construction tolerances and soil conditions on each of the guideway 

main structural elements in the design process is summarized in Table 

2 . 1 .  The detailed design calculations which lead to the guideway 

structural definition are illustrated in Appendix A for simple and 

continuous span small vehicle guideway structures . DeSign procedures 

similar to those outlined were employed for all designs developed in 

this study . Basic designs have been developed to accomodate the en

velopes and weights of the small and large GRT vehicles cited in Table 

1 . 1 .  The specific deSigns were developed in parallel with guideway 

costs and in several cases , a number of desisn iterations were per

formed to achieve a mintmum cost structure wh1ch could meet require

ments .  

2 . 3  Cost Basis 

In addition to the structural design and construction mat

erials , overall construction costs are also influenced by factors such 

as construction scheduling, erection techniques and required construc

tion tolerances . Many factors which may hsve a substantial effect on 

guidewaY 'costs are site related such 8S sub-soil conditions , existing 
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TABLE 2. 1 :  FACTORS WHICH INFLUENCE STRUCTURAL DESIGN 

(!:J z z == a: � �  w a: ::;'  X C  w "'"  i a  ;: 8  A. u.  

WEIGHT (DEAD LOAD) P P P 

VEHICLE LIVE LOAD S S P 

WIND LOAD P P -

EARTHQUAKE P P -

THERMAL (EXP. at CONTR.) S· S· p. 

CONCRETE - P P 

PRESTRESSING STEEL - - P 
. 

REINFORCEMENT P P S 

TOLERANCES at WORKMANSHIP S S P 

SOl L CONDITIONS P - S· 

LEGEND: 

P III PRIMARY INFLUENCE 

S III SECONDARY INFLUENCE 

• III CONTINUOUS SPANS ONLY 
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structures, streets. utilities, s ite accessibility and the availabil

ity of equipment ,  materials and manpower . In order to achieve a con

sistent basis for the evaluation of alternate guideway configurations 

the following tenets have been adopted. 

1. Local ity. The Metropolitan Boston Area has been sel

ected as a basis for cost studies . thus setting local lsbor rates , 

material cos ts , and standard practices of construc tion. The assump-

tion that a precast concrete plant is located within a radius of 20 

miles from the site was made. 

2 .  Time Factor. The second half of 1976 was chosen a s  a 

base for applying the various cost factors , such as labor rates , mat-

erial prices , equipment costs and labor productivity . As the study 

progressed. cost escalation factors with time were not applied to 

maintain a constant basis for comparing the various designs • 

3.  Construction Finishes . Color additives , special con-

crete treatmants or other aesthetic features which add to the cost 

have not been considered . 

4 .  Soil Conditions . Standard dry earth excavation was 

computed in the cost but such other costs as rock excavation, removal 

of street paving , relocation of exist ing utilities , dewatering of 

excavation which are site related have DOt been considered. 

S .  Right-of-way, Land ACquisition and State or Local 
Permits bave not been considered. 

6.  Contractor ' s General Conditions, Overhead and Profit 

are cost factors , however because of the great variation in these 
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factors for dif ferent localiti�s and mar ket conditions , they were not 

considered in the cos t .  , Typica l ly they may vary from 15% to 25% of 

the total construction cos t .  

7 .  �eather Conditions . Winter protection , heating of con-

crete , snow removal and s imilar factors were not considered in the 

computations . 

8. £�rvature has not been conBider�d and only straight 

guideway costs have bec·n cOlDPut�d .  

9 .  ��l�_���unical SYB te� hBve not been con

sidered in develop ing guideway cos t .  

The specific struc ture elements considered i n  the deve lopment o f  the 

costs includ e :  

' Earthwork consisting of earth excavation and backfill 
and a one foot crushed stone base under the

'
concrete 

footing. 

' Cast-in-place concrete spread footing. 

· Precast or cast-in-place concrete p ier . 

' Cas t-in-place concrete cap over pier . 

' Precast ,  prestressed concrete box beams . 

· Cast-in-place concrete sid ewalls . 

' Elastomeric bearings under the superstructure. 

' Joint sealer between units of superstructure . 

The cost is based on es timated quantities and unit prices . The unit 

prices were derived by considering factors such as material s , labor 

productivity and rates , fringe benefits , equipment rental ,  transporta-
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tion and erection. 

In addition to in house construction cos t  data, local con

tractors, fabricators and suppliers have been consulted for up to 

date costs .  References [ 12-16) are commonly used in our commerical 

cost estimations and have been used in this study to determine unit 

coats. 

The manner in which detail ed costs are computed for a guide

way configuration is illustrated in Appendix B .  This procedure was 

used in the computation of all costs reported in this study . 

2 .4  Configuration Parametric Studies 

Parametric studies have been conducted to identify cost ef

fective suideway candidates for ride quality analysis . The studies 

have considered (1) the superstructure and parapet sidewalls , (2) the 

pier supports and (3) the foundation. Since the major cost component 

of the guideway is the superstructure , major effort was focused on it. 

2 . 4 . 1  Superstruc ture Studies 

The basic supers tructure confisurations shown in Figure 2 . 2  

have been considered . These configurations encompass the use of stan

dard beam sections for vertical support with a precast U-ahaped member 

to contain the vehicle a8 shown in (a) and (b) and a variety of precast 

box-type beams either with integrally cast or cast-in-place parapet 

walts . For guideways which extend in 1enath over several miles , con

f lgu�ation9 which employ standard beams with a U-shaped section in

stalled on top were found to be more costly than other sBctions be-

2-9 
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FIGURE 2.2: SUPERSTRUCTURE GUIDEWAY CONFIGURATIONS 
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cause of the field labor required to place the beams, the diaphragms 

connecting the beams and the U-shaped section. For example, config-

uration (a) was found to be 37% mqre expensive than configurations (g) 

and (h) . Configurations (c) and (d) also were found to be ineffic

ient in compariaon to (e) through (g) because these sections have a 

relatively low ratio of inertia to area (l/A) wh�ch is a measure of 

efficiency of material utilization. The box type of beam with cast-

in-place parapet walls was finally selected as most effective . The 

parapet walls were selected to be cast in place because casting them 

integrally with the beam for the size guideways considered resulted 

in an overall envelope which was difficult and costly to transport 

from the precast factory to the site. The basic box type of beam 

serves as both the prime structural member and the riding surface . 

It is a rigid structure with a high l/A ratio and has high resistance 

to a torsional moments , thus making ' it applicable to curved as well as 

straight sections of guideway . 

The basic box beam and subsequent design refinements are 

represented as configurations (e) throush (h) . The final configurations 

selected for the small and large gUideway designs �e respectively cmfigurations (g) 

and (h) . These are a basic box with sloping exterior sidewalls . Slop-

ing thesa walls permits the use of a permanent form for casting 

since the beam can be lifted out of the form without disassembly. In 

* 
addition , these designs use fiber forms to shape the interior voids • 

The sloping sidewalls and use of fiber forms in (g) and (h) result in 

* 
The use of a fiber form requires the additional center mterior vertical 
element in the large configuration of (h) compared to the small con
figuration (g) . 
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a cost savings of approximately $22 per foot in comparison to the 

straight ' box of configuration (e) which is cast with removable plywood 

forms . 

Using the generic box section, detailed designs were devel-

oped for 60 , 80 and 100 ft simple span guideways for the large vehicle . 

As the span length is varied , the basic design parameters reduce to the 

Rection depth and the amount of prestressing steel. The distribution 

of prestressing steel in the 100 ft. span design is shown in Pigure 2 .3 .  

Two types of designs were developed : 

(1) For each span length , the design is developed to 
use the minimum section depth (minimum amount of 
concrete) permissible . 

(2) The same section is used for each span length and 
the prestressing steel is reduced as span length 
decreases .  

The structural characteristics and cost of the designs 

developed are summarized in Table 2 . 2 .  The data show that for the 

60 and 80 foot span lengths , employing a larger section with a re-

duced number of prestressing cables results in a cost penalty which 

is less than 3% of the total superstructure cos t ,  because while the 

cost is increased due to additional concrete , it is reduced by use of 

less steel. Since in an urban environment many different span lengths 

are required, the use of a constant section for a range of span lengths 

is advisable and very likely will result in a net cost reduction in 

comparison to using a different span depth for each length. Thus , 

the two basic cross-section shapes illustrated in Figure 2 . 4  have 
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TABLE 2 .2 :  STRUCTURAL JOO) COST CHARACTERISTICS OF CONSTANT AND VARIABLE 
DEPTH SECTION SIKPLE SPANS 

SPAN NUMBER OF 1/2 
LENGTH DEPTH AREA INERTIA INCH PRESTRESSING 

Ft Inches In2 In4 CABLES 

60 22 1333 80, 044 40 

80 28 1399 148,919 52 

100 36 1524 287 , 766 64 

60 36 1524 287,766 22 

80 36 1524 287 ,766 40 

100 36 1524 287,766 64 

" 

BEAM COST 
DOLLARS 
PER FOOT 

111 

124 

139 

113 

124 

139 

" (I 
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been ampted in this study for the small and large vehicle spans varying 

in length from 60 to 100 feet ,  These designs employ the tapered box 

sections with C8at-in-place parapet walls. Structural design calcu-

lations for the sidewalls have indicated that a six inch thick para-

pet wall provides the strength to restrain the vehicle under crash 

conditions . However , to provide accommodation for the power pick-up 

and control hardware embedded in the sidewall, the wall has been 

designed with a seven , inch width at the base and an eight inch width 

• 
at the top. 

The final factor considered is the use of continuity at 

span j oints. Both three and six span continuous beam systems have 

been studied . For GRT precast beam guideways the joints have been 

made live load continuous by extending reinforcing steel across the 

joints and filling the j oints with concrete after assembly as ahown 

•• 
in Figure 2. 5. This means of achieving continuity allows transfer 

of the moments generated by live loads across the joint and also el

�inates expansion joints and one half of the bearings . The use of 

continuity also permits a reduction in prestressing steel when com-

pared to s�p1e spans and leads to a reduct ion in span camber . The 

disadvantage of continuous structures include the generation of secon-

• 
This added width allows better placement of the reinforcina bars con-
necting the wall to the support beams and thua should avoid a number 
of the problema encountered in current GRT system sidewalls . 

•• • 

A preliminary analysis has indicated that complete continuity in 
which the dead load is carried across span j oints is not cost effec
tive for the GRT guideways considered in this study . It is pri
morily useful for long span cast-in-place monolithic structures . 
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FIGURE 2 . 4: SMALL AND LARGE SUPERSTRUCTURE DESIGNS 
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I 

I Cl Pier I 

... ---+- Anchor bolt 

FIGURE 2. 5 :  CONSTRUCTION OF CONTINUOUS SPANS 
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dary stresses due to shrinkale , creep, temperature and settlement of 

supports, as well as the additional labor required to achieve the 

continuous joint . 

The costs of simple, three span continuous and six span 

continuous structures desilned for the larle GaT vehicle alonl with 

unit deflections and camber achieved are summarized in Table 2 . 3  for 

the 100 ft.  span system. For this system the total superstructure 

cos ts of the continuous structures are less than that of the Simple 

span because the decrease in prestressing steel required reduces the 

cost more than it is increased by the additional labor required to 

achieve continuity . The maximum end span unit deflections and cambers 

in the continuous structures are less than one half those of the simple 

span s tructure. Thus 3 and 6 span continuous luideways for this class 

of system can be constructed to reduce unit deflection and camber with 

no cost penalty in comparison to simple span guideways . 

2. 4 . 2 Support Structure Tradeoff Studies 

In order to generate realistic cost estimates for the guide

way system, studies of the support structure were conducted. Tbree 

parameters were considered which affect the substructure desiln and 

cos t :  (1) delree of restraint (connection) between beam and pier , 

(2) configuration of pier column and (3) foundation. 

A rigid connection between the superstructure and supportinl 

structure makes the whole structure behave as a unit which enhances 

the stability of the structure and also provides better resistance 
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TABLE 2 . 3 :  DEFLEClION, CAMBER AND COST FOR SIMPLE AND CONTINUOUS SPANS 

SPAB UNIT 
DBFLBCTION CAMBER: Inches LENG'l1l Inches 

Pt END SPAB INTERIOR END SPAN INTERIOR 

60 -3 7 . 5  x 10 -3 7 . 5  x 10 + 0 . 20 + 0. 20 

SO 19 . 8  x 10
-3 19.8 x 10

-3 + 0. 67 + 0.67 

100 -3 38. 6  x 10 3S. 7  x 10-3 + 1 . 62 + 1 . 62 

60 3 . 3  x 10
-3 -3 1 . 9  x 10 + 0. 0 - 0.04 

SO 8. S x 10-3 -3 4 . 9  x 10 + 0.23 + 0.02 

100 -3 16. 9 x 10 9. 7 x 10-3 + 0.82 + 0.49 

60 -3 3 . 3  x 10 
-3 1. 9 x 10 + 0. 0 - 0.04 

80 8 . 5  x 10-3 -3 4 . 9  x 10 + 0.23 + 0.02 

100 16;9 x 10-3 9 . 7  x 10-3 + 0.87 + 0.49 

." .. 

lEAH COST 
DOLLABS 

PER FOOT 

86 
I 
I 

97 I 

113 

85 

95 

109 

8S 

95 

109 



against wind and earthquake loads . This type of monolithic construc

tion is natural for cast-in-place concrete or s tructural steel . how

ever it is not well suited for precast concrete elements since a cum

bersome mechanical connec tion is required between the girder and pier . 

Therefore for the precast beams considered in this study , tho beam is 

connected to the support pier by bearing pads and steel dowels . 

Three types of 16 foot high piers were designed to support 

the superstructure. These designs and their resulting costs are sum

marized in Pigure 2. 6. The circular cast-in-place pier is the least 

expensive since with the use of fiber forms its labor and form costs 

are lower than the cast-in-place trapezoidal pier. The trapezoidal 

cast-in-place pier is aomewhat more pleasing aesthetically than the 

circular pier , however , it requires the use of more extensive forms 

and ,thus costs more than the circular pier . The precast pier is al

most twice the cost of the circular cast-in-place p ier because the 

cost of transportation and erection are greater than the savings 

achieved from casting it 1n a plant . In addition, the mechanical 

connection of the pier to the foundation is relatively complex and 

allows the possibility for incomplete load transfer to the foundation. 

In the tradeoff studies cited in the following section the circular 

cast-in-place pier has been used since it is the most economical and 

provides a reliable pier-foundation connection . 

For all of the design studies conducted in detail , it has 

been aS8umed tbat 80il conditions permit tbe use of  a cast-in-place 

concrete foundation. This type of foundation is commonly used for 
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* 
good soil conditions . If condit ions are poor 8S is common with peat 

or clay , then a pile foundation may be required . The additional cost 

of emp loying a pile foundation and the fraction of foundation costs in 

comparison to superatructure costs are summarized in Figure 2 . 7 .  These 

data show that the pile foundation increasel the cost by $47 per foot 

for the 80 foot simple span guideway in comparison to the concrete; however, 

foundation plus pier costs are only about 30% �f the total cost and the 

supers tructure represents the most significant cost item. 

2 . S · !!!!line DesignS and Cost SUDlllary 

Designs have been performed for s�ple and continuous 60, 80, 

and 100 foot spans to accommodate the small and large GRT vehicles . 

The designs include structures constructed from AASHTO beams (1) and 

straightsided box beams (2a) for which the section depth is increaseu 88 the 

span length increases from 60 to 80 to 100 foot in length as well as 

designs (2, 3a and 4-7) which use the same section depth for all span 

lengths but use a reduced number of prestressing cables for shorter spans . 

Designs 3a through 7 represent the tapered box beams constructed with 

permanent exterior and fiber interior forms which form the basis for 

the large and small guideway recommended designs . All designs are 

based upon a round cast-in-place pier and spread footing. The struc-

tural properties of the designs are summarized in Table 2 . 4 .  

The cost o f  these designs have been calculated assuming that 

s tandard construction tolerances are met in both plant and field fab-

* 
Prior to construction borings are taken and analyzed to determine soil 
properties such as bearing capacity. 
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rication. The standard levels of tolerance have been established by 

consulting field fabricators , prestressed concrete manufacturers and 

tolerance specifications of the Prestressed Concrete Institute ( 1 7 J . 

The specifications are summarized in Table 3. 2 of Section 3 in terms 

of guideway parameterH which influence ride quali ty . Variations of 

tolerance levels from these baseline values are considered in Section 

4. 

The costs for the designs are summarized in Figure 2 . 8. 

These data show that : 

* 

(1) For every desiSO, the costs increase with increasing 
span length . The superstructure cost , which repre
sents more than 70% of the total structure cos t ,  in
creases faster than the pier and foundation costs 
decrease as span length is increased. The minimum 
cost span length is the 60 foot span. * For the large 
guideway simple span design 3a, the 100 foot span de
sign is a factor of 1 . 11 more expensive than the 60 
foot span. 

(2) Por a given span length , the tapered box, using per
manent exterior and fiber interior forma yields a min
imum cost structure. Por the 100 foot simple span large 
guideway , the straight box design 2 is a factor of 1 . 15 
and AASHTO I-beam design 1 is a factor of 1 . 36 more ex
pensive than design 3a. 

(3) For a given span length , the cost of constructing a 
guideway with live load continuity varies very lit tle 
from simple span construction, i .e . , costs of a 3 or 6 
span continuous structure are within 3% of the Simple 
span costs. 

(4) The small vehicle guideway design for any given span 
length is about 75% of the cost of the large vehicle 
guideway partially because of its reduced width and par
tially due to the lighter live load which must be ac
commodated. 

Structural costs would decrease somewhat below the 60 foot span cost , 
if spans were made shorter. However, as the span length is decreased 
further a point 1s finally reached for which costs begin to increase . 
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The distribution of costs for these designs is summarized 

in Figure 2 . 9  and indicates about 50% of the total cost is attributed 

directly to labor , while only 34% is attributed to material , with the 

remaining allocated to transportation and erection. Thus , the cost 

of installing a guideway is strongly dependent upon local labor costa . 

The designs summarized in Table 2.4  and Figure 2 . 8  provide 

the definition of basic structures for ride quality analysis . Theae 

designs represent large guideways with structural costs of approxi

mately 1 . 05 million dollars per mile and small guideways with struc

baal costs of approximately $820, 000 per mile. 
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TABLE 2.4:  SUMMARY or SPAN DESIGN STRUCTURAL PROPERTIES 

SPAN AllEA INERTIA CAMBER: Inch 
DESIGN LENGTH 

In2 In4 Ft Enel Span Interior 

1 60 738 101 , 960 N.C. N. C. 

I 80 1120 250, 180 N.C. N.C. 

I 100 1578 521,460 N. C. N.C. 

2 60 1524 287, 766 +0. 23 +0 . 23 

2 80 1524 287 . 766 +0.81 +0.81 

2 100 1524 287 , 766 +2 . 04 +2. 04 

2a 60 1333 80,044 +0. 86 +0 . 86 

2a 80 1399 148, 919 +1. 51 +1 . 51 

2a 100 1524 287 , 766 +2 . 04 +2 . 04 

3a 60 1557 258 ,684 +0. 20 +0 . 20 

3a 80 1557 258 , 684 +0 . 67 +0 . 67 

3a 100 1557 258, 684 +1. 62 +1 . 62 

4a ,5  60 1557 258 . 684 +0 . 00  -0. 04 

4a, 5 80 1557 258 . 684 +0.23 +0 . 02 

4a, 5  100 1557 258, 684 +0.82 +0.49 

6 60 1126 192 ,859 +0.19 +0 . 19 

6 80 1126 192. 859 +0.77 +0 . 77 

6 100 1126 192,859 +1. 58 +1. 59 

7 60 1126 192.859 +0.08 +0 . 03 

7 80 1126 192..859 +0. 36 +0 . 16 

7 100 1126 192 .859 +1. 00 +0 . 69 

N.C. m not calculated 

Material Properties 

Elastic Modulus a 4 X 106 Ib/ in2 Unit Weisht a 150 lb/ft3 
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3 .  RIDE QUALITY ANALYSIS 

3 . 1  Ride quality Measurement 

In this chapter the performance measures and specific vehicle

guideway models used to determine th
,
e ride quality performance of base

line vehic1e··guideway systema are sUllllll8rized . 

While ride quality is difficult to define precisely and 

its quantitative definition is the subj ect of a number of  current 

research efforts , many of  the useful indices developed through past 

* research [18] have measured ride quality in terms acceleration per-

ceived by a passenser in one or several orthogonal directiona. One 

of the commonly used specifications bas been issued by the Interna

tional Orsanization for Standardization - the ISO ride quality speci

fication for vertical . lateral and lonsitudinal motion [19] . In this 

s tudy the ISO lateral and vertical specifications are used respective-

ly as the principal means of assessing vehicle-guideway system ride 

quality in the lateral and vertical planes of motion. 

The detailed ISO specifications are displayed in Figures 

3 . 1  and 3. 2.  In the specification the acceleration time history at 

a point on the vehicle is analyzed to determine the rms accelerations 

in prescribed 1/3 octave frequency bands . These resultant accelerations 

are compared with the ISO reduced comfort criteria illustrated in the 

fisures which are siven as a series of curves with time in minutes as 

* In I',ae instances j erk. the first derivative of acceleration with 
respect to time bas also been used . 
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a parameter . If the vehicle accelerations lie just below the 16 min

ute curve then the vehicle is said to meet the ISO 16 minute reduced 

comfort criteria, while if they lie just below the 60 minute curve 

then the vehicle is said to meet the ISO 60 minute reduced comfort 

criteria. As the number of minutes in the criteria increases the gen

eral level of acceleration is reduced. 

The reduced comfort curves for the lateral direction have 

a minimum in the 1-2 hertz range while the curves for the vertical 

direction · have a min imum in the 4-8 hertz range to reflect the .in

fluence of frequency and direction upon the physiological aspects of 

discomfort.  Also in the vertical direction, a low frequency extension 

curve for motions below 1 . 0  hertz is shown which has been proposed to 

l�it the tendency for low frequency motion sickness .  

In addition to the detailed ISO ride quality criteria, 

for a number of general parametric studies , total rms acceleration 

in either the vertical or lateral motion plane has been used to es

tablish general trends. 

3 . 2 Vehicle-Guideway Model 

Vehicle-guideway analytical models have been formulated 

so that the lateral and 'vertical plane ride quality of a system may 

be computed from the guideway structural specif ications , con�truction 

�olerances and vehicle specifications . 
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3 . 2 . 1  Guideway Representation 

The guideway is reprelented al providing a vertical support 

surface and a lateral guidance lurface to the vehicle. The vertical 
* 

support surface is assumed to be uniform across the guideway width 

and to be represented by the profile : 

where : Yt • total vertical profile 

Ys a static vertical profile 

Yd • dynamic vertical profile 

x • distance along guideway 

t • time 

(3. 1) 

The lateral profile presented is assumed to cons ist only of a static 

component since deflection of the sidewall due to vehicle steering 

reference loads is negligible .  

where :  z • total lateral profile o 

Z a static lateral profile s 

(3. 2) 

The static profile of the guidewRY generated during construction 

may be decomposed into four basic types of irregularity which are re--

lated to construction practice as shown in Pigure 3 . 3 :  

(1) Joint offset in which a discontinuity is 
generated between two adjacent spans. 

(2) Angular misalignment in which the two end points of 
a span are offset from a straight datum. 

* 
Vehicle roll motion is not excited. 
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(3) Camber deviation in which a span assumes a maj or 
camber curvature. 

(4) Surface roughness in which local irregularities 
generate a rough local surface . 

In the construction process , each of these four quantities 

varies from span to span . Thus , the guideway model assumes that each 

of the measurable quantities varies randomly and a mod�l is adopted 

in which the vertical static plane is represented by : 

(1) Ver tical joint offset as a random variable with a 
uniform probability density contained between toler
ance levels ± Eo . 

(2) Span vertical angular misalignment is represented by 
pier height variation which is a random variable with 
a uniform probability density between tolerance 
levels ± en . This irregularity may be considered from 
a fixed datum or from a datum in which each new value 
is referenced to the previous pier height . 

(3) Surface roughneas in which the local surface roughness 
amplitude is a Gaussian random variable whose amplitude 
is specified by measuring the maximum deviation under 
a ten foot straight edge laid along the guideway. 

(4) Camber in which the midspan amplitude of the camber 
shown is represented by a random variable with uni
form distribution between the tolerance levels ± ec 
with respect to a mean camber amplitude. The camber 
shape and mean camber amplitude are determined from struc
tural analysis of the beam. 

The lateral static plane prof ile is represented in a manner 

analogous to the vertical and consists of lateral joint offset , lateral 

* 
span angular misalignment and lateral surface roughness .  'lbe total vertical 

and lateral static profiles are generated by summing together the eontribu-

tions of the random functions listed above as described in [7] . 

* 
camber is not present in the lateral surface profile . 
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Guideway dynamic deflections in the vertical plane Yd (x , t )  

are generated by the vehicle traversing a span. The guideway dynamic 

deflection 1s computed using a modal analysis technique described in 

Appendix C. In the analysis the assumption is made that the vehicle 

loads on the guideway are the traveling constant vehicle static axle 

loads and the vehicle inertial loads due to vertical accelerations 
* 

are neglected compared to vehicle weight. 

3 . 2 . 2  Vehicle Representation 

The motion of the rubber-tired GRT vehicle traveling along 

the guideway is represented as two independent ,  uncoupled vehicle 

motions - (1) a vertical plane motion excited 80lely by the guideway 

vertical profile Yt (x, t) and a lateral plane motion excited solely 

by the guideway lateral profile l.t(x) . The vertical motion vehicle model 

1s a four degree of freedom model illustrated in Pigure 3 . 4 .  The 

model includes vehicle sprung mass heave and pitch, unsp�ng front 

and rear suspension masses , and primary tire stiffness as well as 

secondary suspension stiffness and damping. The dynamic equations 

describing this model are summarized in Appendix C .  

The lateral motion model i s  illustrated in Figure 3 . 5  where 

vehicle yaw and lateral motion are the two degrees of freedom repre-

sented. Vehicle roll motion induced by lateral steering (roll-steer 

e"ffect) has been neglected since for prototype GRT vehicles it is 

desirable and practical to eliminate roll-steer effects by inherent 

'.-' 
For vehicles which meet good ride quality Btanllards , the accelerations 

are typically le8s than O. IS and vehicle iner tia loads may be neglected 
in comparison to woight , in computing guideway deflections . 
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vehicle suapenaion deslsn. In the model the vehic le restorins forces 

are generated by tire lateral forces which are assumed to increase 

l inearly with tire slip angle. The vehicle is guided with a sensor 

arm Which steers the front axle wheels with steering ansle 6 in 

response to the measured lateral error between a point on the vehicle 

and the guldepath :  

tIr 
'" -K [ (L d. + (Z - z ) ]  c "  0 (3. 3) 

where :  6 • steering angle 

K a steering gain c 
tIr L • sensor location in front of vehic le center of mass 

tjI • vehicle yaw ansle 

Z D vehicle lateral displacement 

Based upon the detailed study of lateral vehic le dynamics 

summarized in Appendix C where the lateral dynamic equations are 
* 

summarized, values of steer ins sain K and sensor location L have been c 

selected to provide a good working compromise between ride quality and 

track1ns error . * 
As reference [20] has shown , when L is located at the 

front of the vehicle as Kc is increased the vehicle tracking error de

creases and the rma lateral acceleration increases. Thus, a value of 

Kc must be selected which provides a good compromise between tracking 
* 

error and relative acceleration. 

* 

3. 2.3 Summary of Ride Qual ity Computation Technigues 

Two primary ride quality computation techniques may be 

Large tracking errors are undesirable since the guideway lane width 
would have to be increased to accomodate large vehicle lateral ex
cursions from the nominal path. 
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developed from the guideway and vehicle analytical models described 

above-the time domain and direct frequency domain techniques illustrated 

in Figure 3 . 6. In the time domain technique , a static guideway pro

file is synthesized using a random number generator. This static 

profile is then superimposed on the guideway dynsmic profile generated 

by a vehicle passage and input to the vehicle. The vehicle time his-

tory accelerations and other motions are computed stmultaneously with 

the guideway dynamic motions through numerical integration of the 

vehicle-guideway system differential equations. The acceleration 

time histories, which are similar to the experimental time histories 

which would be recorded on a test vehicle . are then analyzed using 

Fast Fourier Trsnsfer (rrT) techniques to determine the rms accel

erations in 1/3 oc tave frequency bands a8 pre8cribed by ISO. This 

type of analysis i8 applicable to either linear or nonlinear vehicle

guideway models • 

For systems which are linear and in which the guideway 

equations may be partially decoupled from the vehicle equation8 (as 

is the case when the influence of vehicle inertial acceleration forces 

are neglected in comparison to vehicle weight in computing guideway 

loads) a direct frequency domain computation of rms accelerations 

is pnRqib1.e .  In this method . the guideway random irregularities are 

represented by spectral den8ities and the guideway mean camber 

and dynamic deflection profile , which are deterministic . by Fourier 

aeries. Then with the vehicle models represented in tran8fer func

tion form, the output vehicle accelerations in each frequency band 
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may be computed directly and the total rma acceleration computed by 

summing the contributions in an appropriate manner over all frequencies . 

This frequency domain analysis technique is described in Appendix C. 

Since it provides results in much shorter computation t�es than the 

time domain analysis technique , .  it is used in this study for computa-

tion of rms accelerations . In reference ( 7 ) , the rms acceleration 

in 1/3 octave bands computed for the vehicles described above are 

shown to be equal when computed using either the time domain or fre-

. quency domain methods. 

3 . 3  Summary of Baseline Vehicle-Guideway Parameters 

A number of parameters require specification to define the 

vehicle-guideway system for ride quality analysis. The basel ine 

small and large GRT vehicle parameters are summarized in Table 3 . 1 ,  

. while the guideway construction tolerances a,re summarized in Table 

3 . 2 .  These baseline vehicle-guideway paraMeters are used unless 

otherwise specified in the discussion of specific results . 

3.4  Influence of  Guideway Static Irregularities on · Ride Quality 

In this section the influences of vertical and lateral ran-

dam guideway static irregularities on ride quality are determined, 

including the effects of vertical and lateral joint offset, angular 

misalignment and surface roughness as well as random vertical camber 

• 
deviation. First the vertical irregulari ties are considered in terms 

• 
Beam deflection and determinislic camber are l:onsidered in a follow-
ins section . 
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TABLE 3 . 1 :  BASELINE VEHICLE PARAMETERS 

SMALL 
PARAMETER VEHICLE 

Weight : 1bs 10,000 

Length x Width : ft x ft 15 x 7 

Wheelbase: ft 12 

Sprung Mass Frequency : Hz 1 . 0  

Inertia Ratio ,  i v 1 . 0  

Unsprung to Sprung Mass Ratio , "u 0 . 25 

Primary to Secondary Suspension Ratio 10. 0  

Suspension Damping Ratio, (v 0 . 25 

C . G. to Front Axle Distance : ft 6 . 0  

C. G. to Rear Axle Dis tance: f t 6 . 0  

Yaw MOment of Inertia, x,: Ib-ft-sec2 5065 

Front Axle Total Tire Stiffness : Ib/rad 38, 200 

Rear Axle Total Tire Sitffness : lb/rad 38 ,200 

Distance from C.G.  to Sensor , • 
L : ft 7 . 5  

Steering Gain: Kct r&d/ft 0 . 3  
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CONSTBUCTION 
TOLEIWICB 

a e :  Inches 

t 
I: STAIIIWlD 

DEVIATION 
a: laches 

w 
� 
VI I CONSTRUCTION 

TOI..ERANCE 

I 
e: Inches 

STABDARD 
DEVIATION 
a: Inches 

. '  � 
• 

• 

TABLE 3 . 2 :  BASELINE CONSTRUCTION toLERANCES 

JOINT DEVIATION UNDER 

OFFSET ANGULAR 10 fOOT STRAIGHT 
EDGE 

0 . 25 0.5  0. 125 

0. 144 0. 289 0.042 

0 . 25 0.33 0. 125 

0.144 0. 289 0. 042 

• 
'! 

CAMBER 

I 0. 5 I 

I 
I 
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of the amplitude power spectral density (PSD) of each individual ir-

regularity . 
,!!!!!.CAL PROFILE STATIC IlUlEGULARITr RESPONSE 

The total static vertical irregularity power spectral den

sity consists of four irregularity types. Camber veriations are due 

to inaccurate prestressing techniques and are assumed to have a mid-

span deviation of 0 . 5, inches or 1e8s from the mean camber shape . The 

camber deviation irregularity has a characteristic wavelength, ts ' 

which is equal to t�e span length of the guideway and may be scaled a8 

guideway span length is altered. Angular misalignment in the vertical 

plane 1s represented as a variation from one p ier height to the next . 

The tolerance for the successive pier misalignment is assumed to be 

0. 5 inches and its characteristic wavelength is also equal to the span 

length. Surface roughess is assumed to be limited to an eighth 

inch under a ten foot chord as described in detail in Appendix C.  

Vertical j oint offset occurs only at beam ends 'and therefore bas a 

characteristic wavelength which is a function of the number of spans 

per beam. The construction tolerance for the j oint offset is 0. 25 inches . 

, The amplitude PSD of each irregularity for baseline con-

struction tolerances on a 60 foot simple span system is plotted versus 

spatial frequency , n 12rr GO l/A , (A co wavelength) in Figure 3. 7. These 

data show that at long wavelengths A > 150 f t  angular deviations dominate .  

while in the region 150 > A > 2 5  f t  camber ,and joint offset dominate and 

for A < 25 ft surface roughness and j oint offset dominate .  
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The total power spectral density due to the sum of irregu

larities is also plotted in Figure 3 . 7  for 60, 80 and 100 foot stmple 

spans . 

This plot shows that only in the range 150 < A < SO feet 

do the PSD'.  for the three apan lensthl differ with the shorter spans 

having groater ,amplitude and that overall the PSD ' a  for all three span 

lengths may be approximated by the form: 

. .  � v 0
2 ( 3 . 4 ) 

where� .v D vertical static irregularity PSD 

A ·  roughness factor : l. 2 x 10-6 ft-rad
* 

o ·' wavenumber - radian/ft 

To determine the relative influence of each irregularity 

to vehicle acceleration , the small and large vehicle front and rear 

vertical accelerations in 1/3 octave frequency banda were computed 

for the vehicle traveling at 60 mph acroaa 60 ft stmp�e spana. These 

data are compared in Figures 3 . 8  and 3. 9 with the ISO 2S minute speci-

fication and show that in both cases , angular misalignment generates 

accelerations which are small compared to those generated by surface 

roughness , joint offset and random camber. The data also show for 

this speed that camber has a major contribution in the 1 hertz fre

quency ranse corresponding to the secondary suspension natural fre-

quency' for both vehicles while joint offset has a major contribution 

in 6-8 hertz range corresponding to the suspension unsprung mass nat-

ural frequency of both vehicles . Surface roughness has major con-

* 
This roughness level is equivalent to that measured on the tracked 
air cushion guideway i1 Pueblo , Colorado. 
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tributions in the 2-8 hertz range for the small vehicle and in the 

6-8 hertz range for the large vehicles . 

A summary of the individual irregularity results are shown 

in Figure 3 . 10 where for each irregularity the following are tabu-

lated : 

(1) The level of baseline tolerance used to compute 
vehicle accelerations 

(2) The level of irregularity tolerance which can be 
used to meet a 25 minute ISO ride quality criteria 
for the small and large vehicles . 

These data show tha t when each irregu larity is considered 

individually . the angular and camber irregular i ty tolerance could be 

increased significantly while j oint offset and surface roughness could 

be increased only mOderately before the 25 minute ISO specification 

is exceeded. These data show that since the angular irregularity does 

not inf luence ride quality as s trongly as the other types of irregu-

larities , its baseline tolerance level could be increased with little 

degradatio� of ride quality. 

Figure 3 . 1� summarizes response data of the small and large 

vehicles to a vertical s tatic profile which is the Sum of all the 

baseline static lrr�gularltie8 . Both vehic l es meet a 25 minute ISO 

specification when operating at 60 mph . The large vohiele response is 

a maximum at 6-8 hertz which 1s a resonance dUt, to unsprun8 maSS vibra-

tion. In the small vehicle the unsprun8 mass n'ltural frequency is 

identical to the 1ar8e vehicle , however at 60 mph speed , the vehicle 

has a p itch cancellation frequency due to the length between the front 
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and rear suspensions of f • vt � 8 hertz which counteracta the un-p a 

sprung mass amplification effect . 

LAT£RAL PROFILE STATIC IRREGULARITY RESPONSE 

In the la�eral profile joint offset is assumed to be within 

± 1/4 inch at beam j oints while the maxtmum angular misalignment error 

allowed is one third inch. and is measured relative to the mean guide

wall position, which is a fixed datun. Surface roughness measured by 

the midchord deviation from a ten foot straight edge is limited to an 

eighth of an inch. 

The individual lateral irregularity PSDl s  are plotted in 

Fi8ure 3 . 12, for baseline values of tolerance for a 60 foot simple 

span guideway. These plots show that for wavelengths above 150 feet 

an8ular misalignment has a major contribution to total irregularity 

and for wavelengths below 50 feet surface roughness and joint offset 

have major contributions to the lateral static profile . Data showing 

the total static irregularity profile PSD for 60, 80 and 100 foot 

spans are also plotted in Figure 3 . 12 .  The data for the three span 

lengths are stmilar and for wavelen8ths less than 50 feet may be ap-

proximated accurately with equation (3 . 3) used to represent the vertical 

profile where the roughness coefficient A is stmilar in value to the 

vertical case. 

The response of the small and lar8e vehicles to each in-

d1v1dual irregularity are displayed in Figures 3 . 13 and 3 . 14 for 

60 mph operation on 60 foot spans . These figures show for both vehicles 
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that the maximum contribution of the surface roughness occurs in the 

1-2 hertz range , the joint offset in the 0 . 7  - 3 hertz range and the 

angular response in the 0 . 3  - 1 . 0  hertz range . A summary of these 

data i8 contained in Figure 3 . 15 which displays the baseline tolerance 

levels and the maximum tolerance levels which could be used before 

the acceleration generated by each individual irregularity results 

in the small and large vehicles exceeding a 25 minute ISO specifica

tion . The data show that the angular tolerance level could be in-

creased by a factor of almost eight before it would exceed the spec1-

fication . The joint offset and surface roughness tolerances could be 

increased by factors of four before they exceed the specification; 

thus , in the lateral case, all baseline tolerance levels are consider-

ably below values which would result in an individual irregularity 

exceeding the 25 minute ISO specification. 

The responses of the small and large vehicle running at 60 mph 

along a 60 foot span guideway lateral profile conSisting of the sum of 

the irregularities are displayed in Figure 3 . 16 .  Both the small and 

large vehicle lateral responses meet a very good ride quality specifica-
I 

tion , in excess of a 150 minute ISO specification. Thus , the lateral 

ride quality with baseline values of tolerance is quite good . 

In lateral vehicle performance assessment, both ride quality 

and vehicle tracking error are important . The lateral rms tracking 
* error and total rms accelerations for the small and large vehicles run-

ning along the baseline guideways are summarized in Figures 3 . 17 and 3 . 18 

* 
For these vehicles the maximum tracking error occurs at the rear of the 

vehicle. 
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which show as vehicle speed is increased from 30 to 60 mph that the 

rma tracking errors increase nearly proportionally ; however.  the maxi-

mum rms tracking error is less than 0 . 36 inches . Tbe rms accelerations 

also increase with speed with the large vehicle rms accelerations QOre 

than doubling and the small vehicle rms accelerations almost doubling 

as the speed is doubled .  As span length i s  decreased , both rma track-

ing error and acceleration increase because of the increased number of 

j oints per unit distance. 

'3. 5  Influence o f  Simple Span Deflection. Mean Camber and Irregularities 
on Vehicle Response 

The vertical response of  vehicles on s ingle span guideways 

with mean deterministic camber, dynamic deflections due to vehicle 

passage and surface prof lie irregularit ies are determined in th1s 

section . Mean camber for the basel ine stmple spans is upward while 

span deflection is downward , thus these two effects tend to cancel 

for the speed ranges and span configurations of typical Gar systems . 

The vertical acceleration responses of the small and large 

vehicles running at 60 mph along 60 foot beam designs are summarized 

in Figure 3. 19. The span crossing frequency is v/ts - 1 . S  herta. The 

effects of guideway camber and deflection occur at this frequency and 

multiplies of this frequency . Comparison of this response with the 

response due to only irregularities illustrated in Figure 3 . 11 tndi-

cates that the influence of deflection and mean camber is Btrona only 

in the frequency range of v/ts to 2v/l. and above this frequency ir

tegularities dQl\lnat(' . For this 60 foot span the response in the 6-8 Hertz 
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region is a maximum and thus the 60 foot span design ride qual ity 

is primarily limited by irregularities . 

The ISO responses of the small and large vehicles for 

60, 80 and 100 foot span lengths are summarized in Figure. 3 . 20 and 

3 . 2 1 .  These Figures show that as the span length increases ,  and 

the corresponding camber and deflection increase , the response due 

to camber and irregularity in the frequency range vIta to 2vlts ' 

becomes increasingly significant in comparison to the irregularity 

response in the higher frequency range . For the 80 foot span the 

response at v/ts equals the maximum irregularity response, and 

for the 100 foot span the response at vita exceeds the higher fre

quency irregularity response .  

Summaries of the rms vehicle accelerations o n  60, 80. and 

100 foot spans for 30, 45 and 60 mph are contained in Tables 3 . 3  and 

3 . 4 .  These data show for the 60 foot spans the total vehicle accel

eration is due primarily to the irregularities and as span length 

increases to 100 feet. the total rms acceleration is due about equally 

to the camber and deflection component and to the irregularity compon

ent .  For all the cases, the beam maximum deflection is less than the 

mean camber . This tabular data shows that the camber and deflection 

associated with longer spans reduces ride quality . An increase 

in acceleration for 60 mph operation from 0. 068 g' 8 to 0. 119 g ' s  for 

the small vehicle and from 0. 077 g ' s  to 0. 122 g' . for the large vehi

cle occurs ss the span length is incresed from 60 to 100 feet . 
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TABLE 3 . 3 :  SMALL VEHICLE RKS ACCELERAnON ON SINGLE SPAN GUIDEWAY DESIGN 6 

HAXIMUK 
LENGTH SPEED DEFLECTION PEAK 1/3 OCTAVE BAND RKS ACCELERATION : g t 8 

RKS ACCELERATION (g'8) * 
Ft. MPH Inches @ FREQUENCY (HZ) IBIEGULARITIES TOTAL 

30 0. 115 0 . 022 @ 8.0 0 . 041 0. 042 

60 45 0 . 120 0. 022 @ 8.0  0.061 0. 063 

60 0. 120 0.024 @ 1 . 59 0. 065 0. 068 

30 0 . 564 0.019 @ 1 . 59 0. 034 0.044 

80 45 0. 550 0.042 @ . 8 .0  0. 058 0.016 

60 0. 550 0 . 046 @ 1 . 0  O. OSS 0. 087 

30 1. 141 0. 023 @ 0.79 0 . 034 0.053 

100 45 1. 164 0.043 @ 8.0  0 . OS5 0. 091 

60 1 . 185 0. 064 @ 1 . 59 0. 050 0. 119 

* 
Value with Rigid Beam and Construction Irregularity 

II 



W I W .0 

.. 

SPAR 
LERGi1I 

P't 

60 

80 

100 

, 

I ·  

TABLE 3.4:  LAllGE VEHICLE RMS ACCELERATION ON SINGLE SPAN GUIDEWAY DESIGN 3a 

., 

KAXIHUK PEAK 1/3 OCTAVE BAND RMS ACCELERATION : g '  s 

---

SPEED 

L _ _  

HPIl 

30 

45 

60 

30 

45 

60 

30 

45 

60 
- - � - ---

DEFLECTION 
Incbes 

0. 124 

0. 126 

0. 129 

0. 430 

0.449 

0.425 

1 .07 

1 . 06 

1.05 --- ------ ------ -

IMS ACCELERATION (g's) 
@ FREQUENCY (Hz) IRREGULARITY TOTAL 

0.035 @ 8.0 0.046 0.047 J 
0. 023 @ 8.0  0. 041 0.043 

0.044 @ 8.0  0 . 074 0.077 

0.022 @ 8.0 0.030 0. 035 

0 . 031 @ 1 . 59 0.037 0.051 

0. 039 @ 2.0 0. 051 0. 072 

0. 030 @ 8.0 0 .039 0. 057 

O�04S @ 1 . 26 0.036 0 .076 I 
0. 077 @ 1. 59 0. 058 0. 122 I - -- -- -



3 . 6  Influence of Multiple Span Deflection. Mean Camber and 
Irre8ularities on Vehicle Response 

Two multiple span guideway configurations have been analyzed -

three and six continuous span systems in which live load continuity 

1s achieved across interior joints. The primary foatures of the 

multispan case are : 

(1) In mult ispan design. at all interior j oints it is 
possible to essentially eliminate j oint offset. thus 
it is only considered at  end spans . 

(2) The continuity across j oints allows a reduction in 
prestressing steel which in turn results in reduced 
camber in multispan systems. 

The rms one third octave frequency band accelerat ion 

responses of small and large vehicles running across a 6-span 80 foot 

span length guideway at 60 mph are il l ustrated in Figures 3 . 22 and 

3 . 23 along with the beam deflections that occur under the front axle. 

of the vehicles . The responses illustrate that with the reduced 

beam deflection and camber of these continuous spans . the maximum 

acceleration response amplitudes are primarily due to irregularities . 

Summaries of the rms acceleration responses for small and 

large vehicles to crossing three and six span guideways are contained 

in Tables 3 . 5  and 3 . 6. These results show that except for 100 foot 

and 80 foot 60 mph cases . the maximum 1/3 octave band acceleration 

occurs in a frequency range where only irregularities contribute to 

the response. Comparison of multispan rms accelerations with those 

generated solely by irregularities ind icates that in all cases less 
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TABLE 3 . 5 :  RMS VEHICLE ACCELERATIONS FOR THREE SPAN CONTINUOUS GUIDEWAYS 

SPAN SPEED 
PEAK 1/3 OCTAVE BAND 

LENC11l MPH BMS ACCELERATION (g' s) 

Ft @ PIEQUERCY (Ra) 

30 0. 03S @ 8.0 
60 60 0.043 @ 8.0 

30 0.022 @ 8 . 0  
80 60 0.037  @ 8.0 

3 0  0 . 029 @ 8.0  
100 

60 0.041 @ 1 . 59 

• . 

TOTAL RMS 
ACCELERATION 

(g 's) 

0. 046 

0. 075 

0 .035 

0. 064 

0.04l 

0 . 074 

• 



w 
! .1:'00 

• 

TABLE 3 . 6: RHS VEHICLE ACCELERATIONS FOR SIX SPAN CONrINUOUS GUIDEWAYS 

VEHICLE-
GUIDEWAY 

,... 

� a 
u.a u.a 

! 

til JI3 

3 � ! 

". 

" 

SPAN 
LENGTH SPEED 

Ft MPH 

30 
60 60 

30 
80 60 

30 
100 60 

30 
60 60 

30 
80 60 

30 
100 60 

" 

PEAK 1/3 OCTAVE BARD 
RMS ACCELERATION (8 ' e) 

@ FREQUENCY (Hz) 

0 . 022 @ 8 . 0  

0.022 6 8 . 0  

0. 015 @ 8 . 0  

0. 020 @ 4 . 0  

0. 018 @ 8 . 0  

0.036 @ 1.59 

0. 035 @ 8.0 

0. 043 @ 8.0 

0.022 @ 8. 0 

0. 037 @ 8 . 0  

0.029 @ 8 . 0  

0 . 039 @ 8 . 0  

TOTAL RHS 
ACCELERATION 

(8'e) 
0.041 

0.068 

0. 035 

0. 058 
. 

0. 040 

0.074 

0. 047 

0.076 

0.035 

0. 064 
i 

0.040 

0.070 
L...-

,. " 
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than 15% of the total rms acceleration is attributed to camber and 

deflection. Thus , use of multispan guideways essentially reduces 

the influence of guideway camber and deflection on vehicle ride 

quality to a small effect in comparison to the baseline static sur

face profile effects. 

3 . 7 Influence of Vehicle Suspension Propertiea on Ride quality 

The influence of changing vehicle suspension sprung and 

unspruns natural frequencies on ride quality is summarized in Pigure 

3. 24 for the larse vehicle crossins a 100 foot s�ple span system 

at 60 mph. As the suspension sprung mass natural frequency Is re

duced from 1 . 0  to 0 .75 hertz the rms acceleration is reduced by 

50% while as the suspension natur41 frequency 1s increased from 

1.0  to 1 . 5  hertz the rms acceleration is increased by nearly 50%. 

This reduction of vehicle sprung mass suspension natural frequency 

directly reduces rms accelerations. In vehicle design sprung mass 

suspension natural frequencies are generally selected to be as low 

as possible within the ltmits of available suspension travel aDd 

ltmits " imposed by vehicle body deflection and roll due to centrifugal , 

wind and cargo loading. 

The influence of unsprung II8SS natural frequency on total 

rms acceleration is relatively weak and variations in frequency from 

5 to 7 . S  hertz change rms acceleraFion by about lSI. While for the 

baseline vehicles , variations in unspruna natural frequency over the 

range cited show a small influence on vehicle acceleration, in the 
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general case the unsprung suspension design , particularly the amount 

of unsprung mass can have a significant effect on vehicle performance 

(21) . For GRT vehicles with drive motors mounted on drive axles , 

the unsprung mass values are relatively high approaching and in some 

cases exceeding 25% of the sprung mass . 
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4.  RIDE QUALITY COST TRADEOFF STUDIES 

4 . 1  Scope of Tradeoff S tudies 

In this section the principal results of the structural design

cos t analyses and the ride quality analyses are combined to generate 

ride quality-cost tradeoff data. While a large number of parameters 

influence both ride quality and cost,  the detailed studies in Sections 

2 and 3 have identified a number of parameters which are of primary 

importance ,  including the following parametera which are evaluated in 

this tradeoff study : 

(1) Lateral surface profile irregularity parameters. 

(2) Vertical surface profile irregularity parameters . 

(3) Span continuity parameters . 

4 . 2  Baseline Guideway Configuration 

As, a result of detailed design studies summarized in Section 

� I'aseline designs for tradeoff analyses have been developed . These 

baseline structures consist of a spread footing , cast-in-place pier , 

precast ,  prestressed concrete box beam and cast-in-place parapet side

walls. The round p ier and box beam were selected primarHy because 

they resul ted in lower form cos ts when compared with other pier and 

beam shapes . The tolerance lewlA acJrleved in the flbricat ion of the guide

way using standard construction techniques are summar ized 1n Table 3 . 2 ,  

wh ile the structural properties o f  the designs are summarized in Section 

2 . 5  • 
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4 . 3 Lateral Ride Qua lity Cost Relat ionships 

The lateral ride quality-cost relationship are influenced 

for a fixed vehicle configuration only by lateral sidewall construc

tion tolerances which are represented in terms of (1)  surface rough

ness with respect to a ten foot straight edge , (2) lateral joint off

set and (3) angular misalignment of the side panels.  The lateral ride 

quality achieved when the large vehicle is run over the 60 foot span 

guideway constructed with the standard tolerances has been summarized 

in Section 3 . 3  in terms of the ISO lateral acceleration limit which 

is met in terms of minutes for a reduced comfort level . To determine 

the sensitivity of ride comfort to parapet wall construction and cost ,  

the following modificat ions to construction tolerance have been con

sidered : 

(1) Modification of lateral joint offset.  

A practical modification of  lateral joint offset from 1/4 

inch to 3/16 inch tolerance level can be achieved by selectively 

grinding down sections of the parapet wall at which joint offsets 

are greater than 3/16 inch. Based upon the assumption that as a re

sult of normal construction practice all j oints are within 1/4 inch 

and that every third joint exceeds 3/16 inch , it is es timated that 

4 hours per joint are required to grind each joint in excess of 3/16 

inch. Labor and material costs for this j ob result in a charge of 

$48 per joint and for 60 ft  spans represents a cost of $0. 27 per foot.  

It is not considered practical to reduce the lateral offset signi

ficantly below 3/16 inch by grinding methods . 
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(2) MOdification of angular offset. 

A practical modification of angular offset, reducing it from 

1/3 inch to 1/4 inch, can be accomplishad by grinding selective por

tions of the parapet wall . Under the assumption that every third 

span requires grinding of 40 sq. feet of area to reduce the angular 

offset, a total of 21 . 3  hours is required which results in a total 

labor and material cost of $256 per span modified or $1 . 42 per foot 

for 60 foot spans. 

(3) MOdification of Surface Roughness .  

The standard construction tolerance of 1/8 inch deviation 

under a ten foot straight edge is considered to be the mintmum prac-

tical with respect to common field measurement capabilities . However . 

by the use of reduced cost forms and less labor in installing forms . 

it is practical to produce a surface which meets a 1/4 inch UDder a 

t�n foot straight edge requirement . Relaxing this tolerance is es

timated to reduce form related labor costs by 20% and material costs 

by 50% with a net cost reduction of $2. 67 per foot. 

(4) MOdification of Surface by Ceramic Insert . 

One of the problems associated with existing GRT guideways 

is the degradation 'of the parapet wall due to steering guidance wheel 

contact. ' A  method recommended to reduce wear in guideways by the study 

ItAdvanced Technology Materials Applied to Guideways . Highways and Alr-

port Runways" (22] 1s to use a ceramic s trip alons the parapet side 

wall .  The cost of this strip using a one inch thick by six inch width 
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strip along both sidewalls 18 estimated to be $10 per foot with 80% 

of the cost associoted with the material . Use of this strip should 

el iminate joint offset and reduce angular offset uf 1/4 inch as wel l 

as provide a highly durabl u surfact" It i,. not anticipated that the 

surface roughness is reduced below 1/8 inch in 10 feet.  

The effects of  each of  these modificat ions upon the large 

vehicle ride quality are summarized in Table 4 . 1  and the level of 

ride quality achieved represented in equivalent minutes as a function 

of cost is summarized in Figure 4 . 1. 

Figure 4 . l . shows the increased cost and corresponding 

increases in ride quality as joint offset and angular errors are 

reduced and due to the ceramic overaly . Reduction of j oint offset 

from 1/4 to 3/16 inch results in a cost increase of $0. 27 per foot 

and yields an increase in ride qual ity at 30 mph by a factor of 1 . 3  

and a t  60 mph by a factor of 1 . 4  in terms o f  ISO exposure minutes . 

Reduction of angular error produces essentially no fmprovement in ride 

quality since its overall effect on ride quality is small . The use 

of the ceramic insert increases the cost by $10 per foot and yields 

an increase in ride quality at 30 mph by a factor of 1 . 6  and at 60 mph 

by a factor of 1 . S  in terms of ISO exposure minutes in comparison to 

the baseline case . Since all levels of ride quality are good, re

laxation of construction standards to allow a 1/4 inch deviation un

der a ten foot straight edge has been considered. For this case a 

savings of $2. 67 per foot ,  about 1 . 3% of the total structure cost , is 

obtained with a decrease in ride quality to approximately 50% of the 
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SPEED 
MPH 

30 

60 

30 

60 

30 I 
60 i l  

I 
30 I i  

! !  
60 ! /  I 
30 I 

. 

60 I . 

30 

60 

TABLE 4. 1 

LARGE VEHICLE LATERAL RIDE QUALITY FOR SELECTED CONSTRUCTION TOLERANCE LEVELS 

TOLERANCE: 
JOINT 
OFFSET ANGULAR 

1/4 1/3 

1/4 1/3 

3/16 1/3 

3/16 1/3 

0 1/4 

0 1/4 

1/4 1/4 

1/4 1/4 

3i16 1/4 

3/16 1/4 

1/4 1/3 

1/4 1/3 

inches 

_. 

SURFACE 
ROUGHNESS 

1/8 

1/8 

1/8 

1/8 

1/8 

1/8 

1/8 

1/8 

1/8 

1/8 
, . 

1/4 

1/4 

I 
! I 
i 
f ! 
i ,  
; 

I 

i l  
'! 

ACCELERATION: R' S 
* 

PEAK FREQUENCY RHS 
IN 1/3 OCTAVE @ HZ BAND 

0. 005 @ 1. 26 0. 012 

0. 009 @ 1 . 26 0 . 022 

0. 005 @ 1 . 26 0. 011 

0 . 008 @ 1 . 26 0. 020 

0 . 003 @ 1 . 6  0 . 008 

0. 007 @ 1 . 26 0. 014 

0 . 005 @ 1 . 26 0. 012 

0. 009 @ 1 . 26 0 . 020 

0 . 004 @ 1 . 26 0. 011 

O. OOS @ 1 . 26 0. 018 

0. 008 @ 1 . 26 0. 109 

,0. 014 @ 1 . 26 0. 031 

." 

ISO LIMIT 
IN 

MINUTES 

720 

360 

960 

390 

1200 

540 

700 

360 

960 

400 

400 

180 

* 
Accelerations at front of vehicle.  These are greater for all eases considered than those at  the vehicle 

rear or center of mass . 
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CONFIGURATION 

VEHICLE SPEED: MPH 

303 � 1003a 6 r--- ---- ---
DECREASE 

[ �#fi0WhJ 6 
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whWff/ffMW& 1 
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ew////h@I 

INCREASE 

I � I � I 
1200 8 400 2 100 

ISO RIDE QUALITY: MINUTES 

CONFIGURATION: 

WhI 
I I I I I I I I I 

0.1 0.2 0.4 0.8 1 .6 3.2 6.4 12.8 25.6 

INCREMENTAL COST SiFOOT 
WITH RESPECT TO BASELINE 

1 :  Baseline 60 ft.. simple span. large guideway 

2: . Reduction of Joint Offset from 1/4 to 3116 inch 

3: Reduction of Angular Error from 1/3 to 1 14 inch 

4: Reduction of Joint Offset from 1/4 to 3/16 inch and Angular 
Error from 1/3 to 1/4 inch 

5: Use of Ceramic Insert to eliminate Joint Offset and reduce . 
Angular Error from 1/3 to 1/4 inch 

6: Increase of Baseline Surface Roughness from 1/8 to 1/4 inch 

FIGURE 4. 1 :  COST LATERAL RIDE QUALITY TRADEOFF FOR LATERAL SURFACE PROFILE MODIFICATIONS 
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baseline values at 30 and 60 mph .  However , even with these reduced 

levels of ride quality , the ISO 3 hour exposure limit is met • 

As shown in Section 3 ,  the small vehicle response to guide

way lateral irregularities is similar to those of the large vehic le , 

thus the trends and general levels of ride quality reported for the 

large vehicle above are expected to be similar for the small vehicle. 

4 . 4  Vertical Ride Quality Cost Relationships 

Vertical plane ride quality - guideway cost relationships 

are inf luenced both by the guideway structural design and construc

tion tolerance levels . The structural design sets the beam rigidity 

and deterministic camber. These quantities are essentially determined 

by the beam cross-section properties and amount of prestressing steel 

used. As the cross-section dep th is increased . for a span of a given 

length carrYing a given load . the span is made stiffer and more con

crete is required; however , less prestressing steel is required and 

the camber is decreased. The influence on stiffness , unit deflection, 

camber , and cost of varying the section depth for a 60 foot simple span 

design for the large vehicle is summarized in Figure 4 . 2 .  As the 

section depth 1s increased from 22 inches to 36 inches . the stiffness 

increases by a factor of 2 . 5 .  the camber at midspan decreases by a 

factor of 3. The t otal CORt to manufacture the beam increases from 

$110 per foot to $1 1 2  per foot H in ee the illcrense in mater.l cost :I.e 

nearly balanced by the decreas� I n  prestreHsing cost. The ride quality 
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achieved on these three beams for the 1arse vehicle when the beams are 

erected to achieve the standard levels of construction tolerance is 

summarized in Table 4. 2 .  The data show that as the beam depth is in

creased from 22 to 28 inches the ride quality increases at 60 mph from 

25 to 50 minutes and at 30 mph from 7S to 90 minutes. The cost in

crease is ahout $2 per foot. Increasiag the depth from 28 to 36 inches 

produces negligible further increase in ride quality since for this beam. 

the construction tolerance irregularities generate most of the accel-

eration rather than the beam deflection and camber. The cost increase 

from 28 to 36 inChes if $4 per foot. 

These results show that because span cost is relatively 10-

sensitive to section depth when designed for a given load . the use 

of increased aection depth to improve ride quality , primarily because 

of the reduction in camber . is feasible. When it is noted that in-

atallation of a guideway in an urban environment requires a larse 

variety of span lengths , and that for econom1� production of beams a 

common cross-section for all spans is deaired, then the f�llwoins pro-

cedure is recommended. 

quality. 

Select the span cross-section based upon the longest 
feasible apan 1ensth requirement . For all shorter 
spans use the same cross-section but reduce the num
ber of prestresains cables . 

This design procedure results in both econo� and good ride 
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SPEED 

MPH 

30 

60 

30 

60 

30 

60 

! i 

� 

TABLE 4 . 2 

LARGE VEHICLE 
VERTICAL RIDE QUALITY FOR BASELINE LEVELS OF COt$TRUCTION TOLERANCE 

AS A FUNCTION OF BEAM DEPTH FOR 60 FOOT SIMPLE SPANS 

BEAM ACCELERATION: g' s 
DEPTH Peak in 1/3 Octave Band 
INCHES FROIIT REAR 

22 0.035 0. 036 

22 0 . 060 0. 06 

28 0 . 035 0. 035 

I I 
28 I 0 . 049 I 0. 048 

36 0. 034 0. 035 

36 0. 044 0. 043 
�-

'. 

It 

@ 
FREQ: Hz 

8 . 0  

1 . 56 

8 . 0  

8. 0 

8. 0 

8 . 0  
-

FRONT 

0. 058 

0. 119 

0 . 05 

0 . 084 

0. 047 

0. 071 
- ---

RHS 
REAR 

0. 055 

0 . 121 

0.05 

0. 097 

0. 046 

0 .079 

ISO LIMIT 
IN 

MINUTES 

75 

25 ./ 

! 

90 

50 

90 

55 

b " 
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The seeond maj or struetural feature of guideways , is the 

use of eontinuity aeross span joints to eonstruct eontinuous span 

systems . Continuity allows moment transfer across span joints and 

results in redueed defleetion due to a given load. Properties of 

the 100 ft . span large guideway for simple ,  3 span and 6 span eontin-

uous structures are summarized in 'igure 4. 3.  The unit deflection 

and camber for the two continuous span systems are nearly identical 

and are less than half those corresponding to the simple span. The 

cost of the continuous span systems is slightly less than that of the 

simple span. because the additional cost of providing continuity is 
less than the decrease in cost associated with reduction of pre-

8tressing steel. 

The ride quality achieved with the simple and continuous 

span systems is summarized in Figure 4.4  for the large vehicle run 

over a guideway constructed with the standard tolerance levels . 

The data show that ride quality is increased for the con-

tinuous spans in comparison to the simple span at 30 mph from 55 to 

60 minutes and at 60 mph from 105 to 120 minutes while the cost de

creases from $114 per foot for simple spans to $107 per foot for six 

span continuous beams ; thus , the use of continuity both increases ride 

quality and reduces cost.  

The following modifica tions to vertical plane construction 

tolerances have been considered in aS8e8sing a ride quality-cost trade-

off. 
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(1) Modification of the Vertical Joint Offset 

The value of vertical joint offsC!t, ach leved using standard 

construction techniques , L/4 inch, can he redur.etl to 1/8 tn�h by 

more accurately shimming the guideway beams on the pier lupports . 

This shimming operation involves use of a crane to support the beam 

while shimming is performed , a crane operator , part of a foreman and 

additional labor. If this operation is performed during normal con-

struction then it is estimated to take an extra 30 minutes per joint 

to achieve the reduction in offset .  The cost is $50 per j oint or 

$0 . 83 per foot for a 60 foot span. If the reduction in offset were 

made after initial construction is completed then because of crane 

set up ttme the cos t would increase to $2 . 83 per foot. 

(2) Modif lcation of Pier Height Misalignment 

The nominal 1/2 inch pier height adjustment can be reduced 

to 1/4 inch by using additional shims on low piers and by bush ham-

mering piers ,which are too high. Under the assumption that every one 

out of six piers needs additional shimming and one out of every six 

piers needs bush hammering, the cost of these operations is $522 for 

every six joints or $1.45 per foot for 60 foot spans . 

(3) Modification of the Running Surface with a Ceramic 
Overlay 

Ceramic materials have been recommended for guideways be-

cause of their durability . The installation of two ceramic strips , 

each one foot wide by approximately one inch deep on the guideway has 
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been studied. The cost of installing theae strips of material is $22 

per linear foot with $16 per foot associated with the material and the 

remainder "for labor and the cost of light weight concrete to fill in 

between the strips . With the installation of these strips , the verti

cal joint offset can be reduced to zero and the random camber compon

ent in the guideway reduced from 1/2 to 1/4 inch. 

The effects of these modifications on guideway ride "quality 

have been determined for the 60 foot simple sp� large guideway and 

summarized in Figure 4. 5 with costs for the modification. 

The data show that reduction of joint offset from 1/4 to 

1 /8 inch increases the ride for the baseline guideway lit 80 mph 

from 90 to 130 minutes and at 60 mph from SS to 80 minutes at an in� 

cramenta1 cost of $0. 83 per foot if performed at the time of installa

tion. Reduction of the pier height misalignment from 1/2 to 1/4 inch 

in combination with the joint offset reduction increase8 the C08t with 

respect to the baseline by $2 . 28 per foot but does not increase the 

ride qU8�ity in comparison to the ca8e of joint offset reduction. The 

vertical pier height misalignment does not have a 8ignificant influence 

on ride quality. 

The installation of ceramic strips provides a more durable 

running surface and increases tho ride qual ity with respect to the 

baseUne at 30 mph from 90 to 1S0 minutes and al: 60 mph from SS to 

90 minutes. The cost of this improvement i8 $22 per foot which repre

sents an incremental cost of the total structure of about lOX. Since 
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RIDE QUALITY: MINUTES 

CONFIGURATION 

1 :  Baseline 60 Ft., simple span, guideway 

INCREMENTAL COST: ./FOOT 

2: Reduction of J�int Offset from 1/4 to 1/8 inch 

3: Reduction of Joint Offset from 1/4 to 1/8 inch and of 
pier height from 1/2 to 1/4 inch 

4: Ceramic Overlay to eliminate Joint Offset and reduce 
random camber from 1/2 to 1/4 inch 
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much of this incremeDtal cos t  is due to the cost of the ceramic material , 

aD equivalent reductioD in cODstruction tolerances could be achieved 

at lower cost with the use of a less costly material .  

While these cost-ride quality tradeoff resul ts have been 

determined only for the large vehicle , it is expected that the trends 

for the small vehicle are s �ilar. 
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S .  SUHHARY AND COIICWSIONS 

This s tudy has developed a procedure for assessing ride 

quality-construc Uon . cost tradeoffs for automated guideway transpor t 

elevated guideway systems . The study methodology consists of (1) a 

guideway configuration analysis in which structural design and costing 

techniques are used to identify promising guideway conf igurations , 

baseline cons truction tolerance levels , structural parameters and cost 

sensitivites , (2) a ride quality analysis in which the candidate 

guideway-vehicle systems are analyzed to de termine ride quality levels 

as a func tion of operating condi tions and ( 3) a ride quality-cos t sen

sitivi ty LTadeoff 8 tudy in which the results of two separate ana lyses are 

applied iterat ively to determine the tradeo ffs in system design between 

ride quality and cos t .  

This methodology has been applied to a guideway constructed 

from concrete , prestressed spans of 60-100 foot in length supporting 

a aeries of small 10,000 lb or large 20,000 lb CRT vehicles . 

The configurational analyses of guideway s tructures resulted 

in the design of a series of superstructure-pier foundation structures 

at suff icient detail to provide for s tructural integrity and cost cal

cula tion . These designs illustrated that guideway cost is par ticularly 

sens i�ivc to the factors c ited below : 

( 1 )  SuperH tru� - Th� superst ruct ure is the single moat 

cos tly par t of the overa l l  struc ture representing 70% of total struc-
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tural cost.  The following factors have been analyzed for the super-

structure: 

(A) Basic Span Configuration 

A comparison of main support beam configurations has shown 

that use of a precast ,  prestressed tapered box beam is cost effective 

in which the top surface provides the vertical support surfaces for 

the vehicle and for which permanent, steel forms may be used for ex- -

terior surface support and fiber forms for interior surface support 

during casting. This configuration for simple spans is approximately 

7 6% of the cost of a conf lguration employing AASHTO standard I-beams . 

(B) Section Depth 

For a given span length, a minimum section depth exists 

which will meet structural requirements . The use of a s ingle section 

depth span design for spans varying in length from 60 to 100 feet 

was found to be cost effective in comparison to use of a minimum sec-

tion depth for each span length. This section depth was selected 

based upon the 100 foot span length . For shorter spans, less pre-. i 
stressing steel was used. This reduction in prestressing steel re-

duces the total steel cos ts so that the increased cost of the "excess" 

catr.-rete 18 balanced. Thus , an increased depth section was shown to 

be cost effective and has less camber and is stiffer than a corres-

ponding minimum section depth beam. 
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(e) Span Cont'inuity 

Structural designs for three and six span beams for the small 

and large guideways were performed. These continuous span designs 

have less camber, about 50%, and less deflection per unit load than 

corresponding simple spans. They have costs comparable to or slightly 

less than corresponding simple spans. 

(D) Span Length 

The designs for 60, 80 and 100 foot span lengths showed that 

as span length increases , the cost , unit def lection under load and camber 

all increase. The cost increases for simple span guideways by 10% as 

the span length is increased from 60 to 100 feet . Thus , shorter span 

guideways have both reduced cost and reduced deflection and camber 

so that ride quality is improved. 

(E) Guideway Size 

The guideway design for a 10,000 lb , 15 ft x 7 ft vehicle 

had a cost which was 75% of the design for a 20,000 Ib , 27 x 9 foot 

vehicle . The cost increase for the larse vehicle guideway is par

tially due to increased width and partially to increased weight . 

(2) Support Piers - Support pier design for all cases 

considered in this study was not found to have a direct influence 

on ride quality. · Studies of pier design have shown a round pier east

in-place with fiber forms to be cost-effective. It is less than 60% 

* , 
The piers are rigid • 
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of the cost of a precast trapezoidal pier . 

( 3) Foundation - A spread footing foundation was used 

as a basis for the s tudy . If soil conditions are so poor that a pile 

foundation is required , foundat ion costs would increase by a factor 

of four , however even with a pile foundation, the foundation plus pier 

costs are only about 30% of the total structure cost . 

Both lateral and vertical motion ride quality were assessed 

for the small and large vehicles . For baseline levels of construct ion 

tolerance , lateral ride quality is influenced weakly by angular panel 

\ 

deviation and strongly by j oint offset and surface roughnes s .  Vertical 

ride quality for baseline levels of construction tolerance is in flu-

enced weakly by p ier height variations , moderately by joint offset 

and deflection and s trongly by surface roughness and camber . For 

baseline s�ple 60 foot span length guideways the following values of 

ride quality are ach ieved . 

BASEJ.INE ISO RIDE QUALITY : MINUTES 

Lateral Vertical 

small 30 mph 360 150 

vehicle 60 mph 150 90 

large 30 mph 720 90 

vehicle 60 mph 360 55 

For the basel ine vehicle-guideway systems , the lateral ride 

qual ity is very good , while the vertical ride quality exceeds 90 min-
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utes at 30 mph and 55 minutes at 60 mph. The s�ll vehicle has better 

ride quality in the vertical plane and poorer ride quality in the lat-
. * 

eral plane than the �arge vehicle. As speed increases the ride quality 

is reduced. 

Parametric studies of simple and continuous span systems have 

shown that the three and six span continuous beams have levels of cam-

ber and deflection which are sufficiently small so that ride quality 

is determined primarily by the guideway construction tolerances and 

1s essentially independent of structural properties . 

The vehicle sprung mass suspension natural frequency was 

shown to have a significant influence upon ride quality. Por a reduc-

tion in the large vehicle natural frequency from 1 . 0  to 0 . 75 hertz, 

rms acceleration levels were reduced by SOX for 60 mph operation on 

100 foot simple spans . Thus , basic vehicle suspension design can 

have as significant an 'influence on vehicle ride quality as any of 

the guideway. parameters studied . 

Parametric ride quality-cost studies were conducted for 

the large vehicle to evaluate modifications of baseline construction 

tolerances on both cost and ride quality . These studies showed that \ 

lateral ride quality improvement could be obtained by : 

Reduction of jOint offset from 1/4 inch to 3/ 16 inch 

to yield an improvement in ride quality by a factor of 1 . 3  at 30 mph 

and 1 . 1  at 60 mph in �erms of ISO exposure minutes at a cost increase 

* 
The larger yaw inertia of the large vehicle results in its better lat-
eral ride quality while unsprung mass motion results in its poorer 
vertical ride quality. 
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of $0. 27 per foot. 

The reduction of angular errors from the baseline values 

was not found to significantly change ride quality . 

Since the lateral ride quality with baseline construction 

tole�ance levels is very good, a lower quality guideway in which less 

costly forms aTe used was studied. For this guideway which has a 

surface roughnes� of 1/4 inch under a ten foot straight edge, double 

the baseline value , a cost reduction of $2 . 67 per foot,  1 . 3% of total 

guideway cost , is achieved yielding a reduction in ride quality by 

approximately 50% at 30 and 60 mph in terms of ISO exposure minutes 

compared to the baseline system. However , with this increased rough

neSs an 180 minute ISO ride quality criteria is met at 60 mph operation 

of the large vehicle. 

The parametric studies showed that vertical ride quality 

improvement may be obtained by : 

(1) Reduction of joint offset from 1/4 to 1/8 inch to yield 

an increase in ride quality by a factor of 1. 4 at 30 mph and 60 mph 

in terms of the ISO exposure limit in minutes at a cost of $0. 83 per 

foot . 

(2) Installation of ceramic stri�s to eliminate joint off

set and reduce camber from 1/2 inch to 1/4 inch to yield an improvement 

in ride quality by a factor of 1. 7 at 30 mph and 1 .6  at 60 mph at a 

cost of $22 per foot which is 10% of the total structure cost. 
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Reduction of angular offset in the vertical plane did not 

lead to a significant increase in ride quality. 

In conclusion, this s tudy has shown that the use of multiple 

span guideways for GRT systems results in cost effeetive structures for 

which ride quality i8 determined primarily by cons truction toleranees 
• 

and is relatively insensitive to structural properties . For the large 

GaT vehicle these types of guideways can be cons true ted for approximately 
; , 

$�m per �ile and provide a ride quality nearly equivalent to a 55 minute 

ISO exposure at 60 mph. The small GRT guideway can be eons true ted 

for approximately $800,000 per mile and provides a ride qual ity equal 

to a 90 minute ISO exposure at 60 mph. The ride quality in these systems 

can be improved by reducing construetion gunerated irregularities or 

by improving vehicll' suspension (:hllraeteriat1es . For vertical motion 

a reduction in suspension natural frequency from 1 . 0  to 0. 75 hertz 

or the use of a  ceramic overlay on the guideway yielded factors of 

1 . 5  in ride quality improvement in terms o f  ISO exposure . Thus changes 

in both vehicle eharacteristics and guideway eharacteristics may have 

signifieant influences. on ride quality. 

Finally, it is noted that the methodology developed in this 

study for establishing cos t-ride quality tradeoffs in GRT systems can 

bo used to establish theae tradcoffs for other types of vehicle-guide-

way systems . 

* The main structura l cnnA tra1nt in beaM deHign is represented ' by the end-
to-end parked veh l ele stress condition. 
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DES IGN 1 SUMMARY 

large Guideway, Simply Supported AASHTO I-Beams 

I' 
IfEM DESCRIPTION lABOlt i MATERIAL HAULING , 1'KeCTl ON TOTAL 

60' SPAN COST PER L .F , 
Earthwork 

Concrete Footing 

Cone. Pier 
Cone . Cop 

Beam Girden 
Oiaphrom, 

' Upper Section 

Joint Sealer 
Elatt. Bearings 
Anchorage 

SUB-TOTAL 

80' SPAN COST PER L.F .  
Earthwork 

Cone . Footing 
Cone . Pier 

Cone , Cop 

Beam Girders 
Oiaphrams 

Upper Section 

Joint Sealer 
Elall. Bearlngl 

Anchorage 

SUB-TOTAL 

, 
I I • 1 " I , . 

; .j . " 
1 02" I; 10! 5'91 ': 8 63 1 1 

S 77:' 9 98 I 
3 32 , 2' 71 : . , , 

25 55 39 74 I 
S 55" ' 4 65 .  

41  5 1  .. ! 28 13 

, 
Ii 

9 69 I I ' • 
o 28 ' , :. .  ' ; _ 1� 26: , ! . ' I ' .. ' 

0 1 5 ,  ' 3 03', 
3 53 :  1, 29' 

92 59 = ' 100 52 -, 
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I � I 

21 12 , 
14! SA • , 151 75 ' , 
& 03' .  

7 19' 78 60 ' , 
" 10 20 • 

, 17: 10 : 96' 43 , 
I t I I 1 :54· .... ' , . , . - - " 'r " -- , --

, 1 ' ' 3 Ie I I  

24 29 ' =  

4 82  
233 21 ' ,  

, . '  
" ,  0 '  .;. ... .. . . 0 • ••• ' .. .  ,. ••• ' . . .. _ .. .. . . _ • • • __ . _ .  

O �  1 02 I " " 
5 I S, 7 65 12 80 "  S 14 8 91 14 OS " 
2 63 2 17 , , 4 80 . 
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4 1 51:� ! ; 28 13:! I I �69 ! ! If 10' 96' 43 ' "  

o 21 ' I 1 Of. I ' ' 1  1 22 , 
O W ' 2 54:! ' I· � i ,; , 2 98 ' , I ,' ' : � , 
3 53 I t: 29'1 • I: i " ' I' .. 82 " 

99 82 , 1 15 31 1 , 20:64 26 19- 26n6 I, -- ='1 i , �, -I' I � 'I '  
I • : , l  r . 100' SPAN COST PER L . F  • I I � � ! � il ' : � ,  ' I .' 

Earthwork 0 83 ;  091 � : " ' I  r 1 74 " ,  j � . ' . I Ii I a I • I 
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"
e, 

, .  · "
0 

li-r - .  - I: 13' . . �-,-,! - ' :  !I.ft', ;_._-;-- : ' r-, __ : .. f�, 
30'J 

Elast. Bearings 0 14 , '  2 73, . !  a ' I f i 87.: : 
Anchorage 3'53 ; 1' 29 il ! � 4 82 . 

1 08 72 , 132 49 25: 37: ' 29 08� 295 66 
=, , -=- � = ,  

B-2 

= 
: . [ : J 

:: 



- ,.  

. .. 

DIV. 

2 . 1  

, . 

,� 
" 
'I 
. .  
It 

2.2 
" 
, . 
.. 
" 
:. 
: 1 .  
I I  
II 
" .. 
" 
,. 
. 1  
II 2.3 
I .  
I .  
" 
.. 
II 
It · 
1\ 
I. 
" 
I. 

.. . . It · 
.. 

.., 
; 

DESIGN 2 SUMMARY 

Large Guideway I Simply Supported Vertical Box Beams 

•• 
ITEM DESCRIPTIONJ • lABOR MATERIAL h HAULING 

" I \. :i " . I � 
ERECTION ) 
I k 

TOTAL : I 
60' SPAN COST PER·1 L .F .  

q 
, .� 

1 :09  I l' I7'� 
• 1-I , � 26J : Earthwork 

Cone. Footing 

Cone • .  PIOt' . 
Cone. Cap 
P .  C .  8011 Seetlon 

. Hauling 
Erection 

Joint S.oh,r . .. . ... ,. . . . 
Ela.t. Beorlngl 

7'/8" Railings 

SUB-TOTAL 

so' SPAN COST PER L .F . Earthwork 
Cone . Footing 
Cone: . Pier 
Cone . Cap 

P ,  C .  80� Seetlon 
Hauling 
Erection 

Joint Soaler 
Elast. Bearing. 

7'/8" Railings _ 
SUi-TOTAL 

, 5 27·� ! 7, o4al . 
6:96t � .. _.� . . 1 1!77� .�. _ . . . : 

\ � � · . , 1 2 67' 4 

:. _ � }s!l� ' ·  · . 
• .. . . " __ o. 

2 67 ' : t 25 .  ' , , 4 92 .  
76 72 ' 36- 02 1 12 74 I 

12 64 • 

0.28 
0 04  

19 47 
1 12 50 
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= '  
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f 26!: : 

1 2"64 
20' 18i : 20' 18 . .  

, .I I I: 54"111 
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30 92 ' , 1 1' .. 5 ,  
72 12 . 12 64 

=� , , 
20' 18  217 44 . === . == 

. , 
. _ . • i ... . 1 . •  :t " .  . ' -

o 93 I 02 ' , . U5 ,. 
4 65 6' 69 I I 34 I 
6 26 10 58 16.84 , .  
2 09 1 81 .; . 3 90 '  

79.55 _ _  r __ � -« '�;'-r-"'_ '.l.. - 'r-" ... � . . _.� __ . _lt�.R.. I. 

: � I 13 78 ,  ; ; .'  I . 1378 . 

0 28 
0'05. 

1 13 28' 

! :! I I · I 2I ,6Sf. . 21 '68 ; , ::?,! i I "  : . !  I �:� :: 
78 38· 13' 78 21 68 . 227 1 2 " 
::::=:a� -= = .= 

100' SPAN COST PER (.F.  ' • �, 
0 87'; 0 96� : 

� , ," ,. 

Cone . Footing 
Cone. PI.r 
Cone. Cap 
P .  C .  80" Seetton 
Haullno 
Ereetlon 
J�lnt S.oler 
Elent. Bearing. 
"/8" Roi ling. 

SUa-TOTAL 
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I i ·  • I . . i i 
. . 4;"2 ; . 1 - .  I �;"8l ... l - . - !  , �. L . ! .  � 

l ' 

5 86 f I I lo; .. 3a i ' . ,, ' r : 
1 '7" .', . e I � i l i53i ! ' i , r . 
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, . • I :- 2(18 , .  
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DESIGN 3A SUMMARY 

Large Guideway, Simply Supported Sloping Box Beams 

DIV ITEM DESCRIPTION tAilOR MATERIAL HAULING TOTAL 

. . 
I JA . I  60' �PAN - COST PER l .F � 

' .  

'I 
' 1  " 

Earthwork 
Conc,ele Footing 

Concrete Pie, 
Cancre"t Cop 
P. C .  Box Section 
Hauling 
E,ection 

Jo Int . Seale, 
Elast. Bearings 
7,'18" Railings 

SUB-TOTA L 

. \ 3A .2 80' SPAN - COST PER L .F .  
" Earthwork 
. , Concrore footing 

Concrelo Pier 
" C"ncreto Cap 
" P _ C .  80x Soctlon 
:' Hauling 
II Erectlan 
: I  Joint Sealor 
:6 Elast. Boarlng. 
:\ 7'/8" Rolling. 
10 SUB-TOTAL 

n 3A . 3 100' SPAN - C OST PER l . F .  
" Earthwork 
," . Concrote Footing. 

. , 
' " Concrete Pier 

- � -·i'· 
• 

I: Concrete Cop 

I I '  P .  C .  Box Section 
It Hauling 
1\ • • . Erection 
Ii 'Joint Sealer 
I I  Elost. Bearings 
" 7'/80 Railings 
" SUB-TOTAL 
6� 

1 ' 09 �  
5 27.: 
6 'J6� 
2 01 

31 25', 

I 
I 

. . . 

' . 
I 

I 
2;26 1 1  

12!67 , 6 , : 
'8!73� • 
3173 ' , 

85�94 • 

12 98 • 

� ! : . : .' I o 28 � + __ � _ .U7J _  • . .  
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0 04  0 80" • · . 
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19 47 ;  1 1.45 '  : I; : : � 30. 92 .. 10' 
66 37 90 27 12 98 21 66 . 1 91 28 , .  =: =; ! =� . ===r " 
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4 65 
6 26 
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11 -- : " ·, · 02."r -
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1 1 34 11 
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i . i i :i ' 14 22 '; : ; .' . I 14 '22 I 

o 21 � " 
o 05� 

19 47 '� 
67 20 - , 

I I I J , J ' \' 21 .66 � I 21 :66 :. 
I 1 :01 l I .. I : � , 1  22 ' 
1 , . 051• , 1 1 10 " 

1 1 '4S.! I ' � • " . , ! � coo. 30'92 ,:' 
I �i . 14 22 ·  21 66 :� h 
I II �! �� � ,  1 • • 
! � ! �. : ! . /. 

0 87' 'I . 0'96; . : r i : : ! .  . 1: 83 " 
• - , .  ,. I I , L � - I " 4 ,42 !_+-1·_ 6  '18, ____ . _L __ 4· I· .. - �- 1" �, -·1J0:9D.. l 

5·86'i I 1 0'43:' ! ; . I: I ' 1 i 16 29 �' 
1 32� I '  Ii 14 � i 

. I � :  i ; : � 2, -46 ' 1 '  
37:83 i: I 707:! \' I I � i i : :, i 1 1 12;70 I I  

� I; . � .  15144k I . I � :, ; 15:,44 '" 
I : : ., ! ; I � 1..£ 21 . i T"" · ·  .... . i' -.. - - · -· ,. _ - r 21 1vw -7 "' r  .� 0 17 '. I 1 ' 14 : . . , :, , J  ! t 1 . 31 ' "  

o .07 � i 1 ;30 � I I " I 1 37 ; .  
19 '47 . 1 1 45 '  r ' 30 92 " 
70 01 . 107 77 , 15:44 · , " 21 .66; 214 88 · -;- � j . - i i a ,--:-

, � . � :j I , .. . "" "  
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DESIGN 4A SUMMARY 

Large Guideway, 6-Span Continuous Sloping Bax Beams 

DIV 
, �A. l  

ITEM DESCRIPTION LABOR I 
60' SPAN - COST PER L.F. I 1 

MATERIAL , HAULING ERECTION ,,'I TOTAL 

I • 

" 

1 1  
Ii 

Eorthworlc 1 ,21 'i 
Cone . Footing , 4 98 ! 
Cone. Pier 5,83� 
Cone . Cap 1 :95. 
P. C. Box Section 31 44 ' 
Houllng 
Erection 

I 

I i · I 

I 
I 1 ' 26,' I 6:75'. 
! 10' 05, , , I .  ' :60: 

53 35 

Jo In t Seale, 0 50 '  3 25 ;  

, , , 

I ' 

I 
I . ! , 

12 98 

. Elost. Bewlng 
1/8" Rollings 

. .  0 S1 ,  .• I . . _ : .  Q 95,: .� .. . ' . i 
, 19 47 · : I 1 1  45 , 

SUB-TOTAL 6S 95 , 88 66 .  ! =  12 98 
= ,  

I) 4A .2 SO' SPAN - COST PER L.F. 

,. 

10 
. ' 
U ' 
0 '  

II 

II 

II 
II 
II 
,. 

,� 
,. 

) 11 
.. 
.. 

Earthwork 

Cone . Footing 
Cone . Pi.r 
Cone . Cap 
P .  C ,  Box Siletion 
Houling 
Erec;.lIon 
Joint Seal.r 
E lost. Bearing 

"'" Rolling. 

SUB-TOTAL 

1 03  
4 50 
5 17 
1 51 

33,78. 

0'47 ' 
0 46 '  

1 9'47 

66'39f 
i ' -' 

100' SPAN - COST PER' L . F  • 

. Ewthworlc • • .  . , 0: 92!: 
Cone . footing 4 37', 
Cone. Pie, 4 S9" � 
Conc. Cap 
P .  C .  Box Section 

Hauling 
Erection 
Joint Seal.r 
E lost. Sewings 

7iSM Railings 

1 ' 24' 
37 29 

I , 

� . - . , 

1 08  
6 30 
9 02 
1 26 

60 76 . I ' : . , .. -r- . .  - " ... t··, 

: .; I 14.22 
I ' , 

4' 38� i 

SUS-TOTAL 69 21 • I , . 
' 106 97 : 1 5 44 , 

B-S 

l� I 
' I 

2·47 I , 
! 

1 1 '73' • 
I 15;8S' . 

I . . ; . 3iSS; ' 
' 84 79 . •  

12 98 , 
21 66 :: . 21 66 , ' 

i 3'75 , 
: .. j._� .. � , _:.. .. U2 'I • 

I ..  30 92  . .  

, , 
2 1 '66·  

• =00:=. 
, . 
"" 1 . ,  

" 

1 89 25 ,. ====z 
II 

• , I · ___ !.. . ,., 
2 II .. 

10 80 " 
14 1 9  " 
2 77  .. 

! , . 94. 54 ' ... .. .  , . .. - - _  .. . .. . . - ---oil : I ' 14 22 I I  

21 ,66 '  2 1  66 , • I • I 
I � 

! � 

4 as ;  
1 75 " 

: ,30 12 ,' , 

21' 66� ,213 28 , 
---' 0  - - - • 



" 
II . , 
II 
'1  .. 
'. .. 
;, 
II 
II 
I I 
II 
I� 
". 
/ ,  
• •  
n 
,. ' 
I! , 
II 
1/ 
If 
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:. 
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II 
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DESIGN 5 SUMMARY 

I,grge Guideway, 3-Span Continuous Sl oping Box Beams 

DIV . ITEM DESCRIPTION LABOR , MATERIAL I HAULINC ' KECTION TOTAL 

5. 1  

S . 2  

S .3  

Earthwork 
Concrete Footing 
Concrete Pier 
Concrete Cap 

P. C .  Box Section 
Houlln9 
Erection 
Joint Seolor 
E latt . Bearln9 

7"/8" Rail ing. 

SUB-TOTAL 

90' SPAN - COST Pf.!..!:.!� 
Earthwork 
Concrete Footing 

Concrete Pillr 
Concrete Cop 
P .  C .  Box Section 
Hauling 
En:ction 

Joint Sealer 
E lo.tlc Beating 
7"/8" Roiling. 

SUB-TO TAL 
0, i 
" : 

I 
100' SPAN - CCST PER l . F .  

Eorthwo�_. 
Concrete FootIng 
Concrete Plor 

Concrete Cop 
P .  C .  Box Soctlon 
Hauling 
ErectIon 
JoInt Sealer 
Elast. BearIngs 

7"/8" Roiling • 
SUB-TOTAL 

-' - . .. . 

; 
i I 

i 

. , 
1! 05 ,I 4 69 · 
5 28 
2 25 ' 

31' 34 I . 

0 41 
0 51 

19 47 

! � , 
, :  '4 1  
6'28 : 
8'87 
1 .75 , 

53:28 

85 8S ' ; . ==--= . 

0 90 " , 
4 24' 
4 66 
1 76 

33 84 

0 30' 
0 43 

1 9 47 
I 

65 60 ; t 
=';;;;;:,: 

� , 

0 98 ' 
5 89 .  
8 41 
1 '39 

61 08 

I I 
1 :49 1: 
1 84 'j 

1 1  45 ', 
92 53 ', ===- , . . 

12 98 

I " 

12 98 ' 
==:::;:::1 

2 1 6'� 

I 
2 : 19  . 1  

10:97 · ) 
14' 10 I 

, 4 :00' , 
. _- ! "  , . .,: 
84'62 • 

12 98 ! , 
21 66 • ; 2 26 . , 

; . .  _ . . _ . ' _ __ .. .  _ _  �!.� t '. , 30 92 " 
185 43 " "  =-== r2..�·, 

. eo! -
� .. 

I ,  

. 
• j 

. , � . 

14 22 ,  I'. Ilea,... ·· 

J - . I "'!' __ _  � Ia 
1 88 I • 

10 1 3  1 /  
13 07 ',. 

3 15 h 

..�.9��_: .• 
; 14 22 ,. 

1 21 '" . it 
. 1 ;19 . , 

2 27 / I  
i 30 92 " 

' 1 94 01 to 
'ClllGaIlCl 

. / .  
. : :. I I • I' . ..  I ' : • 

I • : t: I . ' , ! � • i I . .  I . . I ! i I � 1 i .  h '. I t ·  • � . ' I . , I • ' 
0 79 " 0 84 :" I ! . · I 1 63 : .L .. � _ _ _  � � - .  ---.: .. � ....... . '-----'r' .-4--'---- .. 
4 04� I 5 76 : ! i � i . � " 9 80 ',. 
3�98. i 7 42 � !  : I I I � .  I 1 1  40 

: 
• 

..

.. 
• 

, i  : = I I I I 45, I 1 ,17 , I , " 1 I � .  : 2 62 I ,  
37, 35 '; I • 71 ,86 ;i i ! ' ; 1 : i � :  ' 109 2 1  t o  

, � I I : .! : ; 15 '44'. I i :  t '  l IS � . ·
24

i · t·· .. · �  -'
1
"r

6
'
7

� . � .. . � .• ' i .: · � ·"·:"2·1 :66 -�--'!2iI 6
9
6," ,. 

o : . i ! : i r '  I , I '  I I ' I '  , 

0 38, 2 29 i 2 67 ' .. 
19 47 1 1  45 . t : 30 92 
67 70 102 46 ' 21 66�  207 26 

==::L.a .. .. = c==;g r ..=-g 
! 
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DESIGN 4A SUMMARY 

Large Guideway, 6-Span Continuous Sloping Box Beams 

DIV ITEM DESCRIPTION LABOR , MATERIAL , HAULING . ' , ERECTION TOTAL 

! 1 2147 
• 4A . l 60' SPAN - COST PER L.F.  I � I I 

, , 

I I  
,/ 
n 

Eorthwork 1 :  21 '1 
Cone. Footing • 4 98 ! 
Cone. Pier $·83� 
Cone. Cop 1 :95� 
P. C .  Box Soclion 31 44 ' 
Houling 

1 ' 260' , 
6.75·. 

10·OS. 
1 ;60,: 

S3 35 

I I 
i . i ' 

Erection 
Joint Soolor 

. , 
0 50 :  , 3 2$ ; , 

12 98 

. Elast. Boarlng 7j'a" Roillngi 

. , I 
. . 0 :il ,  .. , . .  _ :  . . Q 95: . •  � .. . ' . i 
19 47 , ' I 1 1  4$ . . '  

SUB-TOTAL 65 95  , 88 66 ,  ! =  12 98 
= :  

� . 

, 
1 1 '73" , 

I 15;88 " .  
t . . � • �;S5�' " 

1 84 79 , .  
12 98 , 

21 66:: , 21 66 , ' 
i 3' 75 , 

. ! , !  , U2 ··· , .. _ •• _oL ••• . _ _  .. 
I ..  30 92 I I  

" 
I , 

21 '66·  189 2S , . 
• ====:R. ===-

') 4A.2 80' SPAN - COST PER L.F. • 
.. . . , . .  • . . .. --!.. . .  

' • 

" 

,� 
" 

. , 
" 

" 
" 

" 4A .3 
1Q 
.. 

II 
1 .  
I I  
.� 
1. 

•• 

Earthwork 

Conc . Footing 
Cone. Plot 
Cone. Cop 
P .  C. Box S.clion 
Hauling 

Erec.tlon 

Joint Soolet 
E 101t. Boorlng 
7'/8" Railing. 

SUB-TOTAL 

1 03 • 
4 SO 
S 17 
1 SI 

1 08  
6 30 
9 02 
1 26 

2 1 1 "  
10 80 " 
14 19 " 
2 77  It 

33.78. , . . .  �0 7<-,, _� . .. _ . �., � .. _ . . .. L.: .. � . . . _ !4!�" 
! : ,; I 14.22 :  I I ' 14 22 " 

0'47 ' 
0 46 ' 

19'47 
. , 

66' 39': 

I � ,' ; . ! 21·66 . 21 66 • . I I ' . I 
4' 38' , . '  I I '  I 4 as I 

I I I t,l 
1 . 29:; , 

1 1 '45 : , • 
: � I 

95'54 ;i : 14:22 " 
I i  . 

t' 75 " 

� .30 112 :. 

i .
� 

100' SPAN - COST PER' L .F .  

.=--a ; . -.usn 
I i 
i !  , I 

2"66� 
...-, 

, . ; � 
. 197' 81 . -

. Earthwork • 

Cone. Fooling 
Cone. Pior 
Conc. Cap 
P .  C .  Box Soction 

Hauling 
Erection 
Joint Sool.r 
E lalt. Bearings 

7'/8M Ralllngi 

SUB-TOTAL 

. .  . . �; ��;: roo" >�. ;��-�-. � -.+ 
4 89' I ; 8 S21 
l '  24� I 1 02�' 

37 29 1 71 :53 .1 
I • I .  �I • • • '. _ t • • • .. .. .. . 0. , , . 

0 63 ;  , d 50� I 
0 40: 

19 47 
, I 

'I ' , I � ,  1 : 119 .. ..... 1-- " " ---r" ' - .-,� . : I 1 0 69 .. 
� . 

! � . 

i 
. - � . � 
21 166r I t 

; 
j ; 

• 1341 
2;26 ' .  

1 '08'82 , 
•. :... lS,�4 . 

21 66 , 
: 6' 13  

2 06  
30 92 

69 21 15 44 . 
; � 

21 '66� --. ,. 
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DIV , 

5. 1  

" 
1/ 
I' 
. .  
" 5.2 
'. 

'. 
,. 
:, 
/1 
11 
II 
l6 
/\ 
II, 
I,  
" 
" 5 .3  
'" 
I I ·  
" 
II 
.. 
11 " 
:i 

, "  
J' 
,J 

.. 

DESI G N  5 SUMMARY 

lDrge Guideway I 3-Span Continuous Sl oping Box Beams 

ITEM DESCRIPTION l �BOR . MATERIAL I HAULING I I(ECTION , TOrAL J 

Earthwork 
Concrete Footing 
Concrete Pier 
Concrete Cap 

p. C .  Bo" Sectlan 
Hauling 
E rection 
Joint Sealer 
E 100t . Bearing 

7"/S" Rail ings 

SUB-TOTAL 

SO' SPAN - COST PER I . . F .  

Earthwork 
Concre'e Footing 

Concreto Pior 
Concrete Cap 
P. C .  Box Section 
Hauling 
E",ctlon 

Joint Sealer 
E 100,Ic BeCll'lng 
7"/S" Roiling. 

SUB-TOrAl 

:. : , 

; 

I 

I 1' 05 
" 69 , I 
5 2S 
2 25 '  , I ,  

31 34 

0 41 
0 51 

1 9 47 
64 94 

i " ! . " 
1 : 1 4 '1 
6'2S ' 
S'87 . 
1 ,75 , 

53:28' 

S5 85 • • o::a:a= , . 

12 98 

I " 
, - , . . .. 

12 98 ' == I ·  

� , 

21 66,: 

I 
2:19 . 1  

'0:97 , I 
14 ' 10 I 

I 4:00' 
> . _ ! • . . .: 

84'62 • 
12 98 � , 
21 66 � 

; 2 26 ' 1 
, . � 1 :73 1 1. , . . . ,. , . ,  ... .•. -_ .. .. - _ .. .. , , 30 92 " 

21 66" 185 43 '., 

: . I : ' " 
. - ,  , ,. 

0 90 " , 0 98 ' 
5 89 ,  

1 88 I. 
10 1 3  " 
1 3 07 ',. 
3 15 II 

4 24' : 
4 66 
1 76 

33 84 , 

0 30' 
0 43 

19 47 

i -
1 

. , 

S 41 
1 '39 

61 ,08 .: , !  , , \ .  i .' . _ , : ... J • .  " __ 

I ,
':, 14'22 ' : : 'i 'I . 21 '66 ' , � 

1 :49 :: ' 
1 B4 'i I 

1 1  45 ', , . :  , ' 1 ; 
92 53 '0 ' 14 22 , 21 66� 

_,� ,9��_: ,. 
; 1 4 22 / 
1 21 :66 ' u 
, 1 ;79 " 

2 27 14 
j 30 92. "  
' 194 01 I. === ' , . 11-=-== • 

� j ' 'c:l-la ... ", , 
. � ,' , 

100' SPAN - CCST PER L . F .  
: I! ! � I ! ,  I ' J h .. . : , .  • ! II I I • 

Earthwo�_ ,  
Concrete Footing 
Concrele Pier 

Concrete Cop 
P .  C .  Box Secllon 
Hauling 
Erection 
Joint Sealer 
Elod . Bearing. 

7"/8" Railing. 

SUB-TOTAL 

.; . , . o 79: : . 0 84 � ; " I : :  i h i , 1 63 .,. 4 04t .j . .. ---S  '76 � ' 1 - '  ;--'; .. , �'i" · .... --r-r-r-[-98C" ,' 
3:98,: i ; 7 42 � :  ' i � I ' 

I ; � '  I' 1 1  40 I • • . .. ' • • . .. I I 
1 45: I f.17 ; I I : ! i , ' ' 2 62 I ,  

37 35'; : ' 71 86 ',: i i 1 ' \ ; 'I , :  ' 109 2 1 " 
" ' : ': : : 1 5 '44 '  I i :  � ,  15 � , , � � ' I " 'J I , � ' : .. .. � -"T � ,�., . : " ,  i " : " " :- ' 2'1 ;66t--"-T21 6i' 0' 

0 24 ! 1 :67 : i ! i ' i � ' 1  91 , "  
0 3S�  2 29 I , ! i 2 67 ' .. 

, 19 47 1 1  45 : :' , !  30 92 
67 70 102 46 ' 15 '44 21  66� 207 26 

::a � .  a� �� c=:;aa;:a r a� 
I 
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DIV. 

6. 1 

.. 
.. 

" 
.. 6.2 
,\ 
" 
" 

, ,. 
" 
/0 
" 
u '  
II 
.' 
" 
It 
l' 6.3 
" 
II 
,. 
I I  
U 
II 
" 
j, " 
II 
1/ 
II 
" 
.. 

DESIGN 6 SUMMARY 

Smal l Guideway, Simply Supported Sloping �)( Beams 

, " 
ITEM DESCRIPTIO N LABOR � MATERIAL ; HAULING i 

, ERECTION 
, � 

TOTAL 

60' SPAN · COST PER,L .F � , . I ! � I 
Ea,thwork 0'76 j . I 0 82 � I Concreto FooHng 4� 1 2 :  I I 5 47 ! . 

� I 
i I 

� ! 1 158
' : 

:, I 9 '59 ;, . ' !� : 14 23 � 1 Concreto Plor 5,26� I I 8 97 � 
Concreto Cap 1 .47 I 1 24 ' 
P. C. �x S.etl�n 22:92 . : . .  _ 

. . '41 38 � , . 
i " . ' �  ' 2 71 ' 

1 . . .  : • . ! ' r r l '  . , � TO' "i·6.i;30�: : , " 
964 : ,  9 64'. j " Houllng 

Erection 
joint Seol., 

I : 
11 1 1  1 7 1 1  • , , , 0 23 1 ' 04 "  I , . :, '  1 27 " 

EICllt . B!t�'ng. • .  

1
0

4
°
77

3'
, r' .. : :" .

0
6�6486 � 1 _  : • •  : . .  � � .. , .  __ •. Q !7_.' • 7"/8" Cone . Rolltng.-;....· _--=:��_..:..�� ___ ::-:-:":!"'".;.' __ ' �·,:":,,,,· __ �21�6=3:-- . ,  

SUB-TOTAL .11 .. � . . ./IAJ1 ., 3..M .: Jl.:.U .w..n . 
80' SPAN - COST PER l.F.  
Earthwork 0 67 

.
. ....... .  

Conel'lto Footing 3 83 i : 
Concreto PI.r 3 61 I 
Concreto Cop 1 15  ' 
p .  C .  Box S.etTon �5 13 ; 

I 
0 79 
S '31 " ' ! • 
6 41 
0 98 

48 00 

I , 
1 46 ,. 
9 14 ... 

10 02 I, 
2 13 ,. 

73 13 , 
Hauling , I • 10 '56 • 10 56 . II 
Erection ' • . . t· · : · .. ! .�. t' !  I ;� . \ • '17tnT ;- " : 17 " 1- .  
Joint Soal., 0 17', : 0 83 � I . , 1' I I J '  , 1  00 .,  
Elast. BeatIng. 0 04 "  0 75 iI ',' r ! i • 0 19 
7"/8" Cone . Rolllnol 14 77 :  ; 6 86 '1 : � :  21 63 

sua-TOTAL -�t:":"2 ==R--. -r .-
.

..... w�. �. ��. i....lr-· -;�.1=.���--
: �l-'' '-� .�JJ..'-;u"'"'. S ....

.. il-. """J,-t'=-u , 
100' SPAN · COST PER L.F .  ' : i � ; i � I ; ; � . , : ' 
Earthwork 0'65� I 0 77 d '  , I ! I ' : � I 1 �2 . •  

C t Foot' A 01 ', 'I . 5 81 " i ; " ,  . , I ' onere . '119 .. . . ' , ' ,' . " 9 82 " . c " " • ' . . 
,�::: �i:; , � !�� �I o "  ;. 0 �: � '-�I" '+" :," -+1 '- . L -� ·-I":--l .1Hi- ,  

P. C ,  Box Soetlon 27'6S� ' SS 56 � : !, I : !  1 83 21 . •  

Hauling " I ' . � 1 1 :46� . ' 1 1  46 I I '  � . I ,  , . . Erection • � ,  . ' : " . 17 ' 1 1 1" 17 1 1  1 ' I , I  ' " • , I 
JoInt Soalor 0' 14;. I 0 93 � ' I  '; i . ,  ; 1 07 �!i�= �����QilI�]! 1�'�� T O . i :  � .

;
- ; .  - � 'T1 -" . .  -·i···· � � � .;� � . 

SUB-TOTAL -:---:W:-::'::2-7,' --::21�U�:-:-�;�.-l\-._�"";:----Jl.-UJ-: -il�-..u:!!9..!l1J� 
, , � 

, 
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DIV. 

7.1 

'.' 
I I  

I I 
" 7.2 
' J  

,. 
,J 
" 
" 
10 ' 
I • . 

" 

,\ 

I. 
loj 

U ' 
II 

I , ' , , 
II 
" .. 

DES I G N  7 SUMMARY 

Smal l Guideway, 6-Span Continuous Sloping Box B'eams 

, 
ITEM DESCRIPTION LABOR 1 MATERIAL TOTAL 

'! 
HAULING : ERECTION 

" 
60' SPAN - COST PER L . F ,  

Earthwo� 
Concrete Faotlng 
Cone . Pier 
Cone . Cap 

P. C .  Bax SectIon 

Hauling 
Erection 
JoInt Sealer 
Elatt. Booring 

7"/8" Ralltng 
SUB-TOTAL 

80' SPAN - CCST nR L.F.  

Eorthwo� 
Concreto Footing 
Concrete Pier 
Concrote Cap 
P. C .  Bax Section 
Hauling 

ElectIon 
Jutnt Sealer 
E lost . Boaring 
7"/8" Railing 

� 
I . i 

0 98 1  1 :04:! 
4 43': I 5 93: 
5 531 9'671 
1 30o! ! '  . 1 :O6,! 

23 1 1 " ' 1 ' _
. 40'39 : 

: 
I 

, l 
0 40 '  2:60 i 
0 53:; , t '66 ,' 
li77'"l ' ' '  6 36 
5 1 05· • 69 21 ;:::0.:=,4 · =a::;o 

i ( ! 
, , 

o 8·L ;  .... � :  
3 93: ! 
4 56  
1 00  

1 
0.90: .. .. :, 
5 42 ' 
8 t7 
0 84 

1 , , 
1 , 

9 64 '  

, 'I . .  � 

17 1 1 < 

d ' 
,� 

9 '64 17 1 1 '  � .I �D 

i , • • ' ." .. .. ! , . ; , 

! ' I ' 
1 , , : 2 '02 ," 

I ���� , I 

• 4 , 2 136 ': , 
. 63:S0 � .  

9 64 '  , 
17 1 1  . 1  

3'00 • 
2 '19 :,. 

21 63 ' 1 1  
147 01 , . 

a::_ 
" 

, . . • 1 .7.4 : 1\ 
9 35 " 

12 73 I I  
1 84 '4 

25 03 46, 1 0 ,  , 71 , 13 .. 
. i . ' ! .  , 10 56 , : : : = ' to 56 I. . � - t-7- �� ;' ��:-�r - r  j- ; - ' :-17:1'1 ::'''- -�171i' 

o 38 ! ! 3 50 :  i ! � 3 '88 1 
O 41 4,' I t '51 :,1 ! ii i ; 1 92 . 

I J I il ! : II I ' • 

14'77 ' 6 :86 :  I '  , . � 2 1 63 , .  

. '  , �� . :, . ... �� · :·· ..... , J�� : . .  I! . . 
- ·;.JZJJ�, - .. . _ &!1. '  

I " I . I I I Ja. , , !  , ' I ' I ,< ! " , I 

SUB-TOTAL 

I I • I I • � I 1 00' SPAN - COST PER L.F.  ' . . 'I � ! . .. : ; � ! . "  
Earthwo� 0:75 ; i 0 8P I i ,  : : � .. , ;  1 56 " "  E::�'" i �;::L: ���H· � ·  � ;+ �_�· I · : _ �.1·�_:: 
P .  C .  Box Section 27:S7� I ; S3 .68 � I i I r: I I ! • I , 81 ,25 " 
Hauling i ,', I

I !  � ,  0 1 U6 'II ; : � , 1 1  46 ' I .  
Erection : ' I ' � , , I ! : I, ! 17'1 1  J i 17 :1 1  , : I � I ! ' � ! , . , .  
Joint Sealor O�SO� r' • : . .  4 ,40 � . , .. J l .. � " _ . . � _  • L� _ .. .  � _ � ?O • ' 

�!1�: ��r::: 1�'� " i , ! .:: � , t � .  2� � 
SUB-TOTAL S2 .5(l' ·' 80 83 '  ' 1 1 46 '  ; 17 t H  1 61 90 " c:;;;� I :::::::zt::=I: ', . �  -====:at -

I . � 

B-8 

, , : , 



• 

• • 

. ' 

• 

, 

; .. 

APPENDU C 

VEHICLE-GUIDEWAY HODEL DESCRIPTION 

C.I  Guideway Representation 

The general guideway configuration is shown in Figure C. I.  

A guideway span of length ts ' is supported at its ends by rigid piers . 

The guideway spans under study have a large enough length to width 

ratio to be considered beams. If the guideway is a multispan (semi-

continuous) type, reinforcing strands of steel are run between the 

adjoining ends of the beams to' provide continuity , as shown in Figure 

C.2. Given the same cross-section, mul tispan guideway have less 

deflection than a single span guideway for a given load because the 

inter-span connection allows the transfer of moments from one span 

to another. 

The guideway presents two different types of disturbances 

to the vehicle. The first type of input is due to the static pro-

file of the guideway and is represented by construction induced irregu

larities as described in Section 2 .  The second type of guideway input 
\ 

is due to vehicle induced deflections of the guideway. Vehicle vertl-

cal forces on the guideway are due to the vehicle weight,  whereas 

lateral forces are caused by the bias inherent in the steering con-

troller. Because of the small magnitudes of the lateral forces, the 

guidewall is assumed not to deflect as the vehicle passes . Vertical 

guideway deflections are significant and depend on guideway span stif-

fness and end conditions and also on the vehicle velocity and spacing. 

C-l 
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Therefore guideway inputs to the vehicle in the vertical 

plane are derived from two sources , guideway surface irregularities 

and gu1deway dynamic deflections. The total vertical input to the 

vehicle is therefore : 

where: 

Y t .. total ver.tical guideway shape 

Ya .. vertical static guideway sl�pe 

Yd .. vert i.cal deflect ion guidewAY shape 

(c. l) 

The latera) input to the vehicle is only due to the static 

la teral profile zs " 

ModeUng of DYnamic Deflection 

Modal analysis techniques are adopted to compute the dynamic 

motion of the guideway spans . The guideway apan ia modeled using the 

Bernoulli-Euler beam theory. The beam deflection which is a function 

of time and position along the beam, ia expresaed as a summation of 

the natural modes of vibration. Therefore, 

(C. 2) 

where the +m(a) ' s arr mode ahapes determined from the beam end condi

tiona and the unforc('d Bernoulli-Euler beam equlltion and the "-(t) ' a 

are time varying fun(:tiona determined frOID loading conditions and the 

forced beam equation . To obtain exact beam deflection equation (C . 2) 

mus t be BUIIIDled over an infinite number of modes . For vehicle speeda 
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under consideration it has been shown [7 ]  that for a k span per beam 

guideway in which the number of modes m are integer multiples of k, 

the contribution for each higher set of modes to the deflection is 

proportional to 1/ (m/k)4 . Therefore, for a �inglc span guideway system 

the contribution to the deflection of the second mode is 6. 25 per cent . 

The modal description of the auideway deflect tons 1s applicable to 

single span and mul tiapan guideways by using the appropriate end con

ditions when determining the modal shapes 4»m(x) . 

where : 

For a single span guideway the modal shape functions are : 

ts � span length 

m III mode number 

(C. 3) 

Each modal amplitude is determined from the ordinary differential 

equation : 

where : 

tb � beam length (nts) 

t .. beam damping ratio for mth mode m 
wm ... beam mth mode natural frequency 

Ao III beam cross sectional area 

p III beam mass density 

f (x, t) III vehicle force distribution 
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The natural frequency for a single span beam 1s expressed as : 

(c . S) 

where :  

E • beam elastic mo�ulus 

� • beam cross section moment of inertia 

For a mult1span beam the modal shape functions are more complicated 

because of the presence of interior pier supports. The beam no longer 

takes the shape of a simple sine wave. but is described aa : 

• (s) � a ainA s + b cosA 3 + c sinhAmx + d coshAmx 
m m III m m m III (C. 6) 

where the parameter AIIl ia defined as: 

(C . 7 )  

and where, a , b , c , d  are coefficients determined by boundary con
m III m III 

ditions. The boundary conditions for the internal supports of the beam 

require that moment and slope are continuous across the pier, whereas 

the boundary conditions at the external supports requ1re that zero 

moment develop . 

Table C . l  shows the first NS values of r- for the mult1span 
m 

beams determined in [7 ] . Am is defined as : 

where A 1s calculated from equation (3. 7) . 
m 

C-s 
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TABLE C. l 

FIRST NS EIGENVALUES r • A 1 FOR SEHICONTINUOUS BEAMS m m 8 

NUMBER OF SPANS 

1 2 3 4 5 6 

11 11 11 11 11 11 

3. 927 3 . 556 3 . 393 3 . 309 3 . 261 

4 . 298 3. 927 3. 700 3 . 556 

4. 463 4 . 153 3 . 927 

4 . 550 4 . 298 

4 . 601 

TABLE C . 2  

NONDIHENSIOHAL MODAL COEFFICIENTS OF � FOR THREE SPAN SEMI CONTINUOUS 

Span Number 

1 

2 

3 

Mode Number 

1 
2 
3 
1 

2 
3 
1 
2 
3 

m 

BEAMS 

a ms 
1. 4.2 
1 . 67 
1 . 12 

-1 . 42 

-1. 42 
1 . 56 
1. 41 

-1. 53 
. 442 

C-6 

b ems d ma ms 
0 . 0  0. 0 0 . 0  
0. 0 . 038 0. 0 
0 . 0  . 028 0 . 0  
0 . 0  0 . 0  0.0  

-. 673 -. 713 . 673 
-1. 02 - . 99 1 . 02 

0 . 0  . 01 0. 0 
. 675 • 675 - . 674 

-1. 02 -1 . 02 1 . 02 
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In order to aatiafy the boundary conditions, the values of am' 

bm, cm' and dm 
in equation (C. 6) . are different in each span. there

fore it is more . convenient to express tm(x) as : 

where : 

s • 

t
ms 

... 

x • s 

NS 
tm(x) . 

s�l t
ms(Xs) (C. 9) 

span number 1 . 2 . 3  • • • • NS 

individual shape function for mode m of span s ,  defined 
as zero outside of span s .  

horizontal coordinate for span s extending over the 
interval 0 < x < "  . 8 a 

Each t (x ) may be expressed as a funct ion of each span ' s  modal co
ms s 

efficients : 

� (x ) ·  a ainA x + b cosA x + �ms s ma m a ma m ti 

Cms sinhAmxs + dms coshAm
xs 

where ams
' bms and das are the individual apan coefficients . 

Table C . 2  shows the normalized modal coefficients for a three 

span beam. To ob tain a normalized function , the value of modal coeff-

icients are scaled so that : 

(C. 10) 

where : 

tms (xs) • normalized span shape function 

The resulting fir8t NS mode shapes are givun in Figure C. 3 for both 

the three and six span benm. 
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When the guideway is forced by a string of vehicles . the span 

natural frequency can be excited. depending on vehicle speed and 

spacing. Under these conditions. the guideway deflections increase 

considerably because the damping of beams is by nature very low 

Static Profile Representation 

The profile of the guideway before it has been d isturbed 

by vehicle passage is determined by guideway construction practices . 

The degree to which the guideway spans are aligned is determined by 

the amount of effort devoted to beam manufacture and erection. A11gn-

ment errors tbat are present in the guideway surface d1sturb the 

vehicle and decrease ride quality. Pour types of irregularities are 

shown in Piugre 3 . 3 .  The magnitude of each irregularity is determined 

by a design specification. which gives the maximum allowable value of 

the misalignment . Because of this type of specificstion . precise 

values of the .irregularity magnitudes are not known for every span. 

Therefore irregularity amplitude probability density functions (PDF) 

are assumed to describe the distribution of the irregularity amplitude . 

The irregularity amplitude PDF is described as either a Gaussian or 

uniform distribution. 

The power spectral density (PSD) describing each stat ic irregu

larity is formulated analytically ( 7 ] . The vertical and lateral total 

irresularity description include different combinations of the four ir-

regularity typea . Guideway construction procedures determine the presence 

and masnitude of the particular irregularity input . Bach individual ir-

C-9 



regularity source is described along with a brief development of the 
associated analytical PSD. 

Surface Roug� 

Surface roughness i6 due to impc.!rf(\(·Uuns In the concretlS 

mold and wear of the surface . A method of defining the surface rough-

ness in terms of a construction tolerance presents the major problem 

in the development of the surface roughness PSD� In this study , the 

magnitude of the surface roughness is described in terms of the mid 

chord deviation of the guideway under a straight edge. A schematic 

of how the mid chord deviation , 6 , is measured is shown in Figure m . 

C . 4 .  The output due to a sinusoidal input for this measurement device 

has been calculated to be ( 6) 1 

where: 

L --,..YL.(�X�)� a dn2 (_�c�_ 0) 6 (x) 4 
m 

n a wavenumber , rad/ft 

L • chord length c 
y (x) = guideway profile 

6m(x) a mid chord deviation 

The assumptions that are implicit in this development are: 

1) Stationary guideway profile (y(x» 
2) Gaussian distribution input amplitude (y(x» 
3) Stationary response (6m(x» 
4) Gaussian distribution of output amplitude (6m(x» 

(C. ll) 

As these assumptions state, the distribution of the mid chord deviation 

15m , is Gaussian. 
C-IO 
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Surface roughness measurements have bet'n made on existing 

concrete roadway surfaces and show the resulting psn to have the form 

[ 231  

where : 

Ssr (n) • single sided surface roughness PSD 

n • wavenumbcl r 

n � cut-off wavenumber c 

A = guideway roughness coefficient 

(C. l2) 

The cut-off wavelength is assumed equal to the span length in all cases . 

because surface roughnesses are not described for a longer wavelength 

than one span length. 

Equation (C. l2) describes the PSD input . to the measurement 

device in Figure C . 4. The response PSD of  the measurement device is : 

L 
S

6m(n) • 4 sin4
('--4:=-c-- 0) Ssr (n) (C. 13) 

Since the mid chord deviation is assumed to have a zero mean, the in-

tegral of (C. 14) over n results in the mean square of the mid chord 
2 deviation "6U1 '  L 

-L n _ (-L n ' 
[..1- + ...L e c c -e 2 C· ] (C. 14) 4 4 

Solving for the surface roughness coefficient A, 
2 ,,� n um c (C. IS) 
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Equation (C. lS) is the required relationship between the construction 

tolerance 06m and the magnitude of the analytical surface roughness 

PSD, A. 

As a vertification of the above analysis , roughness profiles 

with a particular value of A were numerically created . These profiles . 

for various random number generation seeds , (3) are plotted in Pigure 

C . S .  They show that the magnitude o f  the largest mid chord variation 

is approximately 3 CJ6m when CJ6m is calculated by equation (C. 14) and 

thus verifies the analysis . 

Camber Irregularity 

The amplitude PDP of the camber irregularity is the only 

one of the four types to have a mean value . An unloaded prestressed 

beam is deflected upward due to the prestressing Uloment . This up-

ward deflection is defined as the mean camber. Variation of the ca� 

ber magnitude about the mean value is due to variations in the pre-

stressing force and location among spans . Since the nature of the 

span ' s prestressing i8 dependent on strength requirements which are 

different for each particular vehicle-guideway configuration, the 

mean camber magnitude varies with the vehicle-guideway configuration 

also . The shape of the cambered beam is given in Pigure C. 6 along 

with a Fourier sine series curve fit . 

The PSD for a sine wave shaped camber variation is developed 

in [71 . A similar procedure is followed to derive the analytical PSD 

description for a s lne series camber variation resulting in: 

a! - --
2'1f 

01C1f 
(Alain ( 2 (C. l6) 
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where : 

A • 
2 

2 bl 
(SUi - 1T) -

2 bl + (nl1 + 'If) 

2 b2 
(nli - 3'/1') 

2 h2 
(nl1 + 31T ) 

2 b3 + ---(�lf.. 
1 

- 51T) 

2 b 
+ 3 "(ii\ + S1T ) 

bl 
• first coefficient of Fourier sine camber shape 

b2 a third coeff icient of Fourier sine camber shape 

b3 • fifth coefficient of Fourier s ine camber shape 

1i a camber irregularity characteristic wavelength 

Span Joint Misalignment 

The joint misalignment irregularity represents a discontin-

uous alignment of adjacent spans in the guideway . This irregularity 

is created by lack of beam height uniformity and inaccurate installation 

practices . The magnitude of the irregularity 1s a random variable 

which is described by a uniform or Gaussian PDF. The uniform dis-

tribution is used to describe the span joint offset magnitude be-

cause it is assumed that the misalignment is limited to less than a 

specified maximum value , which is equal to the construction tolerance, 

£0 . The single sided PSD has been derived analytically in [7] as : 

where : 
S a joint offset PSD o 

sin2 C . sm'i) 

2 ( . Sn1i) 

00 • joint offset amplitude variance 

1i = irregularity characteristic wavelength 

C-l6 

(C.l7) 
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Span Ansular Alignment 

Two distinct types of angular irregularities are considered. 

One irregularity results from aurvey errors when the position at one 

pier is determined by survey fr�m the position at the previous pier . 

Deviations from the desired position are relative to a datum deter-

mined during the survey at the previous pier. 

Deviations in position measured relative to a fixed datum 

describe the other type of angular irregularity . Instead of rede-

fining a new datum at each measurement . a fixed reference is used to 

measure the survey errors . The two models for angular irregularities 

described above result in different power spectral densities derived 

in ( 7 )  as : 

For pier reference datum : 

where : 

Srw c angular misalignment PSD 

0rw D amplitude variance 

1i - irregularity characteristic wavelength 

For fixed datum : 

s (U) • A 
sin4 (nl/2) 

(01i/2)4 

C-17 
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where : 

Sa • angular fixed datum irregularity PSD 

0a a angular fixed datum ampl itude voriance 

.. irl"cgulo rity charac ter:htir. ",;avl'length 

C. 2 Vehicle Repre8entati� 

This section describes the lateral and vertical vehicle 

models used to find the response of the vehicle as it traverses dif-

ferent guideway designs . Throughout the study , vehicles are assumed 

to travel over equal length spans at a constant forward velocity . The 

major criteria for determining system performance is the magnitude of 

the accelerations transmitted to the passenger compartment due to 

guideway disturbances . 

Ver tical Model 

The rigid body vertical vehicle model is shown in Figure 

3. 4 .  The passenger compartment has a sprung mass, �. and pitch mom

ent of iner tia , Iv' The sprung mass has two degrees· of freedom. pitch 

and heave . The front and rear suspension system, separated by a length 

1 • are assumed to be identical. a Each suspension consists of an un-
mu sprung mass --�2�-' a secondary stiffness �, a secondary damper bb ' 

and a primary stiffnes ksr ' The displacement of the guideway under the 

vehicles tires (Yor and Yof) are the inputs to the vehicle . The accel

erations at the suspension attachment points (92f and 92r) are the 

passenger compartment accelerations of interest .  

C-IB 
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In the vertical vehicle model the forces the vehicle exerts 

on the guideway are aaaumed to be equal to the weight support by 

each tire and vehicle vertical acceleration forces are neglected . 

This constant force vehicle model has been evaluated in [7] and shown 

to be ,a  good representation of a vehicle when the vehicle body ac-

celerationa are low as is required by ride quality. Thus the vehicle 

model is excited by the guideway inputs . but only forces the guideway 

through constant forces equal to the weight . 

The acceleration transfer functions for this vertical model 

expressed in terms of nondimensional frequency wi they are : 

where :  

(C. 20) 

(C . 21) 

(C. 22) 

TS (jwi) • Nondimenslonal front (rear) acceleration trans
fer function due to input at front (rear) 

C:- 1.9 



= Nondimensional front (rear) acceleration trans
fer funct ion due to input at rear (front) 

DNM(jwi) • Characteristic equation of vertical vehicle 

A 1.111 1.11 • ---- • Nondimensional frequency 1 I.IIv 

The coefficients in �qU8t1ons (C. 20) to (C. 22) are given in Table C. 3 

in terms of the pitch iner tia rat io i , the damping ratio t • the un-v v 

sprung mass ratio M and the suspension stiffness ratio K. Note that u 
the normalized attachment point accelerations (Y2f ' Y2r) due to guide-

way inputs are expressed by : 

where: 

A 

Y2f (S) = T (8) f f eB) + T (8) f (B) s o . c or 

II: • Nond imensional Laplace operator 
v 

(C. 23) 

(C. 24) 

Y
of (r) (A) • Lapl ace transform of nondimensional input 

" 

Y2f (r) (s) 
� Laplace transform of nond1mensional passenger 

compartment acceleration 
I.IIv = Vehicle sprung natural frequency 

Figure C. 7 illustrates the magnitude of the two transfer 

functions Ts and Tc ' The peaks in the transfer functions are from the 

natural frequency excitation of the sprung and unsprung masses . The 

location of the peaks are functions of I.IIv and the unsprung natural 

frequency , l.Ilu' which is defined as : 
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TABLE C . 3  

VERTICAL VEHICLE TRANSFER FUNCTION COEFFICIENT 

i 
C 7 a IC� M [1 + -3V ]  8 V U 

1 I 2 1 i 
c .. 1C M [- + -L) + 4� lC[M + -2 + -6

v l 86 u 2 6 v u 

i 
c '4 - lC[M + (1 + K) (.....L + -!...) ]  + 4�2 r! 8 U 2 6 v 

Iv c - -� M [1  - -) c7 v u 3 

2 1 Iv C ... -K(M + 4t ) (- '- -) c6 u v 2 3 

Iv C' 5 - -XI; (2 + X) (l - -) c v 3 

1 Iv C - -IC( 1  + K) (- - --) c4 2 6 
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TABLE C . 3  (cont . )  

I i 
d6 '" C2 [ 211 + 1 + -3

v ) - [4C2 + 2M (1 + K) ) (_1 _ _  .-!...) 2 
v u v u 2 6 

j i 
+ Mu rl + -:r-1 [ (l + K) (-t- + -lr-) + Mu1 

I i 2 i 
ds .. 2�KMu [l  + +1 - tv (l  - -f-> (1  + K) + 2f; [ 2Mu + 1 + -t-l 

i i 
+ t [2M + 1 + -3

v .. J [  ( I  + K) (l + -3v ) + 2M ] v u u 

i i i  
d .. KM [ 1  + �) + 4KC2 [2M + 1 + -3v ] - (1 + K)2 (-L _ -!....)2 

4 u 3 v u 2 6 

i 
d) = 2�K[ (2 + K) (l + +) + 4Mu1 
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Lateral Model 

·It, � M n 
u 

(C. 25) 

The lateral model used is illustrated in Figure 3 . 7 .  The 

vehicle is represented by a rigid body with mass �(� • mu + �) and 

yaw inertia Iy' This model assumes that only the front axle is 

steerable and that the vehicle is symmetric about its longitudinal 

axis . The lateral displacement of the eenter of gravity, z , measured 

from a reference position and the yaw angle of the vehicle centerline , 

,. represent degrees of freedom. The vehicle has one sensor which is 

located at the front axle . This sensor measures the error in the 

vehicle position in relation to the guideway. The controller ad-

j usta the steering angle , 6 . to keep the sensor error as small as 
* possible .  In the control law, L ,  is physically the distance from the 

* e . g .  to the sensor location . L translates a sensor error to an error 

in yaw angle at the e . g. , and it should be chosen as large as possible 

to minimize yaw errors . However , it is impractieal to place the sensing 

device in front of the vehicle ' s bumper . * therefore, L in all cases 

studied is set equal to the e . g .  to front bumper distance . The guide-

wall surface irregularities are denoted by Zs ' which is the only input 

to the lateral vehicle model . The outputs of interest are the lateral errors , 

measured from the vehicle position to the guidewall profile transposed 

to the guideway centerline , and accelerations at the front axle, center 

of gravity and rear axle. 
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The equations of motion for the lateral model are derived 

in [20] for a two degree of freedom model 8S : 

(C. 26) 

(C. 27) 

where: 

B • vehicle sideslip angle 

r • yaw rate 

6 • steering angle 

Figure C .S  is a schematic diagram of the model while 7able C. 4 defines 

the lateral vehicle nomenclature . 

The lateral forces on the vehicle inc lude the inertial forces 

at the e . g .  and the forces at the tire road contact .  For small angles : 

where : 

a • front , rear slip angle 
f , r  

(C. 28) 

From Figure C.S and geometry the front and rear slip angles can be 

expressed as: 

a · B -a + � f V 
a .. a - � 1" V 

(C. 29) 

(C. 30) 

and the sideslip ve l uc Hy of the vohicle, 7. ,  1s 

z • V(�+r) (C. 3l) 

(;-2') 



TABLE C.4  

LATERAl. VEl! fc:tE MODEL NOl-fENCLATURE 

K2 
.. 

K3 
= 

K4 
a 

( 

( 

aCf - bCr ) I Y 

a2C + b2C f r 
I 

Y 

Cf 
mT 

) 

Cf ... Front axle combined tire stiffness 

C g Rear axle combined tire stiffness r 

1y ... Yaw moment of inertia 

a a e . g .  to front axle distance 

b D e . g .  to rear axle distance 

6 = Steering angle 

B = Vehicle sideslip angle 

111 ... Yaw angle 
• 

r = Yaw rate ( 111) 
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TABLE C.4  (cont . )  

Of • Front tire slip angle 

or 
• Rear tire slip angle 

Z • Lateral displacement 

Cl • Controller sain on lateral displacement 

C2 • Controller gain on yaw aagl e 

C3 
• Controller gain on lateral velocity 

C4 
a Controller gain on yaw rate 
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FIGURE C . B: LATERAL VEHICLE SCHEMATIC 
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Substituting equations (C. 29) - (C. 3l) into equation (C. 28) and (C. 27)  

leads to 
k .. S · z - -- z +  V 

Changing these equations into state variable matrix form: 

• z • 
Z o 

z 0 I 0 0 z 0 

...!... + 
dt � k3 · . 

til \7 0 V -k2 '" kl 

0 0 1 0 0 

The control law in its most 8�np.ral form can be expressed as : 

� - C1z - Clzo + C2", + C3z + C4• 

Incorporating this control law into equation (C. 35) yields : 

· rs 
k6 z (.,- : k4C3l k4CI (k4C4 + -y-) (-kS+C2k4) 

z I 0 0 
d I ""Cit 

t 
k2 k3 • 

til (�C3 : .,-l k1C1 (k4C4 + y-) (-k2-kIC2) 

0 1 0 

C-29 

(C. 3l) 

(C. 33) 

(C. 34) 

(C. 35) 

• z -k4C1 

0 

• til -k1C1 

.,. 0 

(C. 36) 

z 0 



The transfer functionR relating lateral and yaw accelerations at a point 

on the vehicle to the guideway input can be found analytically from the 

matrix form of equation (C. 36) by : 

(C. 37) 

where : A, � • state and control matrices given in (C. 36) 

Ges) = transfer function 

I D identity matrix 

S D Laplace operator 

C a measurement matrix 

The accelerations at the vehicle front and rear may be 

expressed in terms of the lateral and yaw accelerations as : 

where : 
a a c.g.  to front axle distance 
b a c . g. to rear axle distance 

The front and rear tracking errors are defined as : 

where : 

ll.Zfa .. Z + a 1/1 - Zo ' 

ll.Z m Z + -b 1/1 - Z ra 0 

Zfa(ra) = front (rear) axle ' tracking error 

Zo = guideway profile 'input 

C-30 

(C. 38) 

(C.39) 

(C.40) 

(C.4l) 
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", 
In this study. the following control ler gains are used : 

Cl • Kc 
* C2 • KcL 

C3 cz C4 cz 0 

A plot of roots of the denominator of the yaw and lateral 

acceleration transfer functions as the overal l  control gain Xc is 

varied is given in Figures C .9  and C . IO for both small and large 

* * 
vehicles, with L • 7 . S  ft for the small vehicle and L • 11 . 0  ft 

for the large vehicle. From these root locus plots the value of Kc 

is chosen that gives the system the desired response . It can be seen, 

for ' example ,  that when Kc • . 1  rad/foot the roots corresponding to the 

yaw response have good damping , but the Z roots are unstable (in the 

right half plane) . Therefore a compromise must be made in order to 

place both poles in an acceptable position. For both large and small 

vehicles the value of K is chosen to be . 3  rad/foot . because the c 

damping for both roots is acceptable throughout the range of vehicle 

velocities studied . 

Further modification on these choices of K may be necessary c 

depending on the vehicle response. As K is increased , it has been c 

shown ( 20) that '  the , tracking errors of the vehicle are decreased , and 

the accelerations increased. Therefore. if the accelerations of either 

vehicle are unacceptable. the values of Kc can be decreased until the 

system goes unstable or the value of the tracking error becomes ex-

cessive. If the tracking errors are excessive. K can be increased 
c 

until the accelerations exceed the ride comfort boundary . 
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C. 3 Computation of Vehicle Acceleration 

The analysis techniques used .to compute ride quality are dis-

cussed below. Because inputs to the vehicle, are described both stat-

istically (irregularit ies) and deterministically (guidewey deflection 

and mean camber) , two different algoritbm8 are used to determine the 

total vehicle response . The basic framework of these algorithms is 

presented here. More specific algorithm details are provided in the 

comput.er programs listed in [7 ] .  

Irregularity Response 

The response of a linear system forced by a stationary ran-

dom input that is described as a PSD, can be found by : 

2 
S t (w) .. I H(w) I ou Sin

ew) (C . 42) 

where : 

Sout
{w) a Response PSD 

Sin
ew) • Input PSD 

H (w) • Frequency response function of system 

w ... Temporal frequency 

The irregularity input to the vehicle is given as a PSD 

in terms of spatial frequency O. For a vehicle traveling at a con-

stant velocity , the spatial frequency is related to the temporal 

frequency , w, by 

(C. 43) 
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For the vertical model, inputs force the vehicle at tbe front 

and rear wheels. The iQPut at the rear wheels is identical to that at 
I. a 

the front wheels except that it has been delayed by a lag time -V . 
Or ,  I. 

Yr ( t  + +) · Yf
(t) (C. 44) 

Finding the frequency response relationship of equation (C. 44) leads 

to 

where: 

I. a -j (II) -) V 

+ • Phase angle 

-j (+) 
... e (C. 45) 

Therefore if the input at the front wheel is the total irregularity 

input, Sy (11) , the input at the rear wheel.  from equation (C. 44) is 
f 

(C. 46) 

For the vertical response,  the transfer functions . of equa-

tiona (C.23) and (C. 24) and equation (C . 34) combine to give the response 

PSD for the front wheel nondimensionsl accelerations. 

where : 

S.. (II) • Front nond lmensional acceleration PSD 
Y2f 

II) 
Stot

(-V�· Total irregularity input, PSD 

C-3S 
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A similar expression can be found to describe the vehicle rear response . 

The lateral response only has one input location and thus a 

phasing of inputs is not necessary . The responses at  front and rear axles 

are respectively : 
�fa (1.11) 2 ..i. (1.11) Z • --(III) + a  Z Z 0 0 0 

(C. 48) 

Zra (III) co ! (III) + b + (w) Z Z 0 0 0 
(C. 49) 

The response of the front axle to the PSD is found by using Equation 

(C. 48) in Equation (C. 42) : 

•• •• 2 S (III) co I : (III) + a :t-(w) I Stot ( � ) 
fa 0 0 

(C. SO) 

To evaluate the lateral and vertical response in 1/3 octave 

bands ,  so the accelerations can be compared to the ISO spec . , the 

value of the output PSD' s  are calculated at a number of frequencies 

in each third octave band . The PSD values are integrated over the 1/3 

octave band which gives the mean square acceleration reaponae and 

taking the square root defines the 1/3 octave band r .m.s .  acceleration 

to be compared to the ISO spec . 

Deflection and Mean Camber Algorithm for the Vertical Response 

By using the modal analysis outlined in C. l ,  the deflections 

of an initially flat beam forced by a vehicle traveling over it can 

be found . These deflections are summed with the initial camber shape 

of the beam caused by prestressing. The resulting guideway shape repre-

C-36 
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sents the path of the vehicle front wheel as it passes over the span. 

Because of the vehicle' s  constant velocity, the time history of wheel 

movement is identical to �he wheel path when a change in the horizontal 

axis is made from displacement to time. To find the temporal frequency 

representation of the wheel travel a Fast Fourier Transform is per-

formed. The frequency description of the front wheel travel can be 

phased, as in the irregularity algorithm, to produce the rear wheel 

input. 

If a deterministic input is known as a function of frequency 

the response can be found by: 

Y (�) • R(�) X(w) (C. Sl) 

where : 

Y(w) · Frequency response of system 

X(�) ·  Frequency input 

R(�) a Frequency response function of system 

and the nondimensional acceleration frequency response of the front 

axle 1s 

where: 

.. � -H 
f2f (�) - (T ( � ) + T (�) e ] Xf (�) S III c � V V 

Xf (�) • Fourier transform of front wheel input 

(C. S2) 

To calculate the third octave band response of the guide-

way deflection response , the frequencies of the accelerations must 

be distinguished. Since the analysis is performed using an FlT, the 

response acceleration have magnitudes in discrete frequencies . The 



· 

square of the accelerations whose frequencies are within a third octave 
band must be added, mul tiplied by 1/2,  and square rooted to find the 
1/3 octave r.m. s values . 

The total vertical vehicle response Is due to both the ir-

regularity and deflection induced accelerations. Mean square accel

erations calculated from the separate irregularity and deflection, 

analysis are added in each 1 /3 octave band. The square root of this 

sum is taken and the total r.m. s.  1/3 octave band acceleration is the 

resul t.  

A vertical analysis program summarized in Figure C . Il bas 

been developed to compute vehicle accelerations from the vehicle 

irregularity and guideway deflections . The vertical irregularity 

analysis calculates the vertical guideway roughness from the inputted 

irregularity amplitude standard deviations and the' analytical PSD 's .  

This total irregularity input PSD is used to calculate the irregu-

larity output PSD for the front and rear suspension attachment points . 

By integrating the output PSD in third octave bands the ISO response 

to guideway irregularity disturbances is calculated . The beam de-

flection. under the front wheel of the vehicle is calculated by a 

time stmulation of the modal guideway equations in C. l and assuming 

initially flat beam. The resulting deflected beam shape is added to 

the mean camber shape to determine the total time history beam deflec-

tion under the front wheel of the vehicle . The frequency domain des-

cription of the front wheel input is calcuiated by the use of a Fast 

Fourier Transform (FFT) and from this the rear wheel input is calcu-
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VEHICLE AND 
Gy�e��Y 

/' � 
ANALYTICAL EGN-BEAM f«>DE 

IRREGULARITY SHAPE CALCULATION 

CALCG�iTION 

FLEXM, EQNS & PHI-
RK-4 INTEGRATION OF 

VEH2P-VERTICAL VEHICLE FORCED BEAM 

FRONT AND REAR ACCELERATION EQUATIONS 

TRANSFER FUNCTIONS 

® CAMBER-
MEAN CAMBER BEAM 

DEFLECTION 

FFT- FRE�ENCY 

DOMAIN CALCULATION 
OF BEAM DEFLECTION 

1 /3 OCTAVE BAND 

INTEGRATION 
VEH2P-VERTICAL 

FRONT AND REAR ACCELERATION 

I TRANSFER FUNCTION 

I . S .O .  IRREQILARITY ® RESPONSE 

r 

1/ 3  OCTAVE BAND INTEGRATION 

T 
I . S . O .  TOTAL RESPONSE 

FIGURE C. l l : VERTICAL VEHICLE ANALYSIS PROGRAM 
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lated . Vehicle response is calculated in the frequency domain and the 

resulting mean square response is added to irregularity response in 

third octave bands . The total 1.S .0 .  response is calculated by taking 

the square root of the third octave band mean squares.  

The lateral analysis program is similar to  the vertical 

program and has as inputs vehicle and construction tolerance para-

meters . The lateral vehicle transfer functions are calculated at 

each frequency analyzed along with the total input irregularity PSD. 

Both acceleration and tracking error response PSD ' s  are integrated 

over the total range of frequencies analyzed to determine total rms 

response . 

The basic computer programs used to calculate the vertical 

and lateral response hnve been developed by modifying slightly the 

programs listed in [7) . 
J. 
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APPENDIX D 

REPORT OF INVENTIONS 

The material in this report has been reviewed and does not 

contain patentable or copyrightable material. The innovations reported 

in this document are of an analytical and computational nature. The 

analytical innovations concern the development of techniques and metho-

do logy for elevated guideway design • 

SO Copies (Reprint) D - l / D- 2  
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