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ABSTRACT 

The seismic response of steel composite curved box girder bridges 

has been predicted by computing the natural frequency of the bridge and 

using a response spectrum curve for both translation and rotational 

accelerations. 

The natural frequencies have been predicted by simulation of the 

continuous curved bridge, restrained by equivalent springs. 

These natural frequencies are then utilized in conjunction with the 

response spectrum curves to evaluate the equivalent seismic force to be 

applied to the structure. 
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Chapter I 

INTRODUCTION 

With the advent of the 1964 Alaskan Earthquake, the 1971 San Fernando 

Earthquake and more recently the 1978 Santa Barbara Earthquake (1), bridge 

structures in the USA have undergone considerable destructive forces. 

These earthquakes have caused the bridge professionals to reassess the 

design techniques that have been applied, up until that time, for seismic 

design. 

A prime force in such modifications has been the Highway Department for 

the State of California (CALTRANS) and the California based professional 

organization Applied Technology Council (ATC). 

The present 1977 AASHTO bridge code (2), as related to seismic design, 

was greatly influenced by the work developed by CALTRANS. This code suggests 

an equivalent static force method for simple structures and when the structure 

is complex, for example curved bridges, a computer based response spectrum or 

dynamic analysis should be considered. 

In this present 1977 AASHTO code, most engineers would utilize the seismic 

coefficient method (SCM). because computer oriented dynamic programs may not 

be available nor are they amenable for direct design. However, the utilization 

of the S.C.M., may give erroneous results when designing under seismic conditions 

(3), as experienced by CALTRANS. CALTRANS in fact has utilized the response 

spectrum technique for the design of many structures. 

Because of these conditions and from experience gained from recent earth

quakes. the FHWA decided to reassess the 1975 AASHTO code and in 1977 sponsored 

a research program directed by ATC (4). The work of this council, in part, is 
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to prepare a new specification (5). ~lthough this code will be an improvement 

over the past criteria, there are major areas of research still requiring in
,I 

vestigation. These areas, as suggested recently by the delegates attending 

the "Workshop on Earthquake Resistance of Highway Bridges", (6) conducted by 

ATC, include: 

1. "Conduct Parametric Studies for the Seismic Response of Common Types 

of Bridges to Determine the Effects of Geometry and Constraint on 

Overall Seismic Response" 

Parameters should include: 

a) Span length 

b) Curvature 

c) Column height and stiffness 

d) Material, etc. 

2. "Perform Appropriate Dynamic Analysis on Curved Bridges", (7,8) and 

develop a simple procedure for the design of curved bridges. 

3. "Develop a Practical and Accurate Method to Estimate the Fundamental 

Period of Bridges". 

4. "Correlate Vibrational Characteristics of Existing Bridges with Theory". 

5. "Prepare Summary of Dynamic Behavior and Characteristics". 

These various areas of research are presently being studied and will encom-

pass curved steel and concrete box girder bridges. 

The techniques to be employed in the dynamic analysis of such structures 

can consist of: 

i) response spectrum technique 

ii) multi-mode method-response spectrum 

iii) multi-mode time history analysis 
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These various methods are presently being used in this research. The method 

that was employed in the work described herein involves a space frame analysis of 

the general structure, computation of the equivalent natural frequency, then 

determination of the equivalent dynamic forces. 

A comprehensive study of the influence of the various parameters, as will 

be illustrated, has resulted in a proposed equivalent static load analysis 

technique. 

3 





Chapter 2 

THEORY 

2.1 Computer Model 

The general static response of curved bridge structures requires incorpora-

tion of the interaction between the bending and torsional forces (11,14,15,17, 

25,26). Such interaction can be considered by solving V1asov equations (26), 

or by development of the stiffness matrix (9) and appropriate restraint 

conditions. 

The matrix oriented technique however is more versatile, in that a three 

dimensional model (space frame) can be considered. This then permits modeling 

of the structure such that the support conditions can represent the physical 

restraints. Also the induced actions can be applied in three directions, and thus 

simulate the various earthquake induced actions. 

Therefore the study of the induced actions on a structure, when subjected 

to earthquakes, will be confined to utilization of a space frame matrix simu1a-

tion. The basic modeling consists of series of typical elements, Fig. 1, 

attached rigidly together to form a continuous curved box girder bridge, Fig. 2. 

The basic properties of each beam element consist of I z , 1y and K.r ' as 

shown in Fig. 3. Although warping and distortional properties (I , Wn , W ) w a can 

be computed, they are not considered in this study, as it has been shown (17), 

that with proper bracing of the box girder, warping and distortional effects 

are negligible. 

Therefore by proper evaluation of the stiffness of each beam element, and 

identifying each joint load, the static response of the continuous curved girder 

can be determined. The static response can then be utilized to determine the 

effective earthquake effects, using the response spectrum curves. The general 
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procedure using this method will now be described. 

The support restraints, to be imposed on the bridge model, can be identified 

as releases in the computer model. Because a space frame model is being utilized, 

six releases or restraints must be identified. For the bridge under study the 

following will be assumed. 

2.2 Equivalent Dynamic Analysis 

The natural frequency response of a single degree of freedom system can be 

predicted by the following (33 ~ 36); 

w =1 .!. 
m 

(2..,.1) 

where 

k = spring constant 

m = mass (wig) or mass moment of inertia 

If the natural frequency w of the system, as computed from (2-1) or some other 

technique, is reliable, then the corresponding induced vertical accelerati.on of 

the mass M created by an earthquake can be predicted by using the response 

spectrum curve given in Figures 4, 5, and 6. The resultant accelerations ob-

tained therein are then used to determine the induced dynamic force 

F = M • 8-. 
K.S. 

(2-2a) 

where 

a.. = y = linear'acceleration obtained from resEonse spectrum K.S. 

curves. 

If the system is subjected to angular accelerations 6, then the induced 

dynamic torque is 

(2-2b) 
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where: 

I = mass moment of interia - Jpr 2
dA - - f(X2+y2 )dA + f(X2+y2 )dA -. - "Pstee1 P concrete 

rotational acceleration obtained from the response curve 

p = mass per unit area. 

This type of procedure has been proposed elsewhere (3,4,5,6,7,8,12,13,19, 

20,21,22) and requires a methodology which can accurately determine the natural 

frequency (w) of the structure. 

2.3 Natural Frequency 

As indicated by Equation (2-1), the natural frequency of a SDOF system is 

given as a function of the spring stiffnesses (k) and ~the springmasg. (m). If the 

system is a bridge structure the spring constant can be represented by: 

(2-3) 

where: 

b = induced maximum displacement caused by a unit load. 

Therefore by determining the response of a given box girder bridge, when subjected 

to a unit load, an equivalent spring constant can be obtained. This constant, 

k , and the total mass of the bridge, will then permit evaluation of the natural 

frequency as given by Eq. (2-1). 

In the instance of curved structures, the dynamic action can occur in three 

principal directions, and one primary rotation as shown in Figure 7. The 

resulting maximum displacement, induced by these unit loads, will then give the 

corresponding equivalent stiffnesses k, k., k x y, z The corresponding 

natural frequencies can then be determined by applying Eq. (2-1). 

2.4 Computer Program 

A general computer program has been developed which will automatically 

determine the equivalent spring constant for the three translation directions 
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(kx ' ky ' kz) and the one rot.ation (k.r), of a continuous, constant radius 

bridge. Section properties are automatically computed and utilized for 

determination of the stiffness matrix. Dead loads and masses are also computed 

and these used to determine the equivalent dynamic force, as given by Eq. (2-2). 

This dynamic force is then applied uniformly to the structure and the resulting 

deformations and actions determined. 

The response spectra, Figures 4, 5, and 6, have also been incorporated 

into the program for direct use. Considering a constant 2% damping value for 

these types of bridges (13,20), the general curves can be written in the 

following form. 

2.4.1 Horizontal Response Spectrum (Fig. 5). 

The general curve can be written in three parts, segment AR, segment BC 

and segment CD. The acceleration equations representing each line for a 

corresponding frequency is given by the following, where ~ . .,,= horizontal response 

spectrum acceleration and fH = horizontal frequency: 

i) 

ii) 

iii) 

iv) 

fH > 33 Hz 

~ = 1.0 g 

9Hz .: fH < -
log ~ = log 

2.5 Hz < fH 

log ~ = log 

0.25 Hz < fH 

33 Hz 

1.0+ 

< 9 -

(AB) 

(log 3.54 - log 1.0) 
(log 33 - log 9) 

Hz (BC) 

3.54 + (log 4.25 - log 3.54) 
(log 9 - log 2.5) 

< 2.5 Hz (CD) 

log ~ = log 0.6 + (log 4.25 - log 0.6) 
(log 2.5 - log 0.25) 
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2.4.2. Vertical Response Spectrum (Fig. 4). 

Similarly the curve given in Fig. 4 can be written as follows, 

where A = vertical response spectrum acceleration and f = vertical 
v v 

frequency: 

i) 

ii) 

iii) 

9Hz < f < 33Hz v-

log Av = log 1.0 + (log 3.54 - log 1.0) x (log 33 - log f ) 
(log 33 - log 9) v 

3.6 Hz < f < 9 Hz v-

log A = log 3.54 + (log 4.0 - log 3.54) x (log 9 _ log f ) 
v (log 9 - log 3.6) v 

0.25 Hz < f < 3.6 Hz v-

log A = log 0.4 + v . (log 4.0 - log 0.4) x (log f - log 0.25) 
(log 3.6 - log 0.25) v 

2.4.3. Torsional Response Spectrum (Fig. 6) 

The torsional response spectrum, for a 2% damping factor, can.be 

represented by the following expressions, where AS = torsional response 

spectrum and fS = angular acceleration: 

i) fS > 5 fIz 

Aa 4 -3 x 10 x 386 

ii) 2Hz < fS < 5 Hz 

log AS" log 0·.004 (log 0.004 - log 0.0017) 
(log 5 _ log 2) x (log 5 - log fa ) 

AS = A " e x 386 

iii) 0.5 Hz< f <2Hz 

= log 0.0017 - (log 0.0017 - log 0.0001) 
(log 2 _ log 0.5) x (log 2 - log fS ) 
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The program will automatically select eleven nodes for each span, 

with 10 members per span between the supports. The proper selection of the 

--
member properties corresponding to the basic input section lengths, are 

automatically determined. 

The restraints assumed at the end supports in the six directions are: 

Rx = 1 Rx = 0 
0 = free 

Ry = 1 Ry = 1 
1 fix 

Rz ::: 1 Rz = 1 
hinge roller 

RMx ::: 1 RMx = 1 

RMy ::: 0 RMy ::: 0 

RMz ::: 0 RMz ::: 0 

The interior support restraints are assumed flexible by insertion of springs 

in the three displacement directions. The rotational restraints have the 

following conditions: 

Rx = 1 A ~ 0 

Ry = 1 Kt ~ 0 

Rz ::: 1 1y ~ 0 

RMx ::: 1 Iz -+ OQ 

RMy ::: 1 

RMz := 1 

where: 1z simulates the R ::: effect and produces R x d ::: Mx. y y 

2.4.3. Computer Input 

The required computer input data which represents the typical configuration 
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of a curved box girder bridge structure, is given in Table 1. These 

sheets prescribe the variables and allocation of the format requirements. 

The variable designations are as follows: 

Sheet 1 of 5 

1) GENERAL DATA 

NO. OF CROSS SECTIONS: The number of various girder section 

changes along entire bridge length 

NO. OF BOXES: Number of boxes in bridge system 

BOX LOCATION: Box type 

Outside Box = 1 

Inside Box = 2 

MODULAR RATIO: 

ES/Ec for SDL 

Es/Ec for LL 

YIELD STRESS OF STEEL (KSI): 

Positive moment region 

Negative moment region 

2) GEOMETRY AND PROPERTIES 

RADIUS OF CURVATURE: Radius to center line of box (feet) 

CLEAR ROADWAY: Bridge roadway width between curbs (feet) 

SPACING BETWEEN BOXES: The clear distance between boxes (web to 

UNIT WI. OF CONCRETE: 

web) included 

3 Weight of concrete (lbs/ft. ) 

MISC. STEEL WI.: Weight of connectors, bracing, stiffeners etc. 

as a percentage (%) of the steel box beam weight 

10 



WT. OF WEARING SURFACE: Weight of wearing surface (asphalt etc.) 

in 1bs. per sq. ft. 

AREA OF MISC. CONCRETE: Total additional concrete area (in2) across 

bridge width 

COMPo STR. CONCRETE: Allowable strength of concrete (KSI) 

3) SPAN LENGTHS 

No.1: Length of span 1 in feet, moving from left to right 

No.2 ••• No.8 

Sheet 2 of 5 

4) BEAM SECTION CHANGE 

The length of each section in feet starting from the left support. 

along the entire girder. 

5) STRUCTURAL DETAILS 

SLAB DEPTH: Design slab thickness in inches, excluding wearing 

surface, used in composite design 

INTEGRAL WEARING SURFACE: Thickness of integral wearing surface 

in inches 

HAUNCH: 

WIDTH: width of haunch (inches), Fig. 8 

DEPTH: depth of haunch (inches), Fig. 8 

UTILITY WT.: Weight of miscellaneous uti1ities,(i.e. cables, pipes, 

2 etc.) which are supported by the box (lbs./ft. ) of 

surface area 

11 



RAILING WT.: Railing weight in 1bs/1inear foot of bridge 

OVERHANG: Width of concrete slab (feet), extended beyond webs for: 

OUTSIDE: Section, Fig. 8 

INSIDE: Section, Fig. 8 

CURB: Width and height of curbs (inches), Fig. 8 

SIDEWALK: Width and thickness of side walks (inches). Fig. 8 

ANGLE: Angle of slab with respect to horizontal (degrees), Fig. 9 

Sheet 3 of 5 

6) STEEL SECTION DETAILS (Fig. 9) 

This card is used for each section variation, along length of beam, 

as designated by card 4. 

SECT. No.: Section identification number, 1,2, ••• along girder 

INDEX: Indicates if the section is to be designated composite or 

non-composite; 

NON-COMPOSITE = 1 

COMPOSITE = 2 

WEB ANGLE: Inclination of left and right web (degrees) with respect 

to vertical, Fig. 9 

WEB DIMENSIONS: Depth (inches, and thickness (inches) of left and 

right web 

TOP FLANGE DIMENSIONS: Width (inches) and thickness (inches) of 

top left and top right flanges 

BOTTOM FLANGE DIMENSIONS: Width (inches) and thickness (inches) 

of bottom flange 

7) BRACING AND STIFFENER DETAILS 
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SECT. NO: Section Identification 

TYPE OF BRACING: Conformation of top lateral bracing (Fig. 10) 

AREA OF BRACING: Cross sectional area (in2) of top lateral bracing 

DIAPHRAGM SPACING: Average spacing of cross diaphragms (inches) 

BOTTOM FLANGE STIFF.: 

WEB STIFF.: 

Sheet 4 of 5 

No Flange Stiffener. 0 

Have Flange Stiffener = 1 

No Web Stiffener = 0 

Have Web Stiffener = 1 

8) WEB AND BOTTOM FLANGE STIFFENER DATA 

Properties of stiffener elements for each section are: 

SECT. NO: Section identifcation 

SPAC. OF WEB STIFF.: Transverse web stiffneer spacing (inches) 

BOTTOM FLANGE DATA: 

9) Structure ID 

AREA: (in2) 

CENTROID: Distance (in.) from centroid of stiffener 

to bottom of bottom flange 

INERTIA: Principal moment of inertia Cin4) of 

stiffener 

NUMBER: Number of stiffeners 

STRUCTURE NO: Identification or project no. of structure 

NO. OF LOADING SYSTEMS: 

Set = 4, for consideration of 3 actions and 
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one rotation solution (Rx, Ry, Rz, Mx). 

10) PIER SECTION: Ax 

Area of interior vertical pier supports, computed as follows: 

Computation of Ax 

PL =-

AE -= 
L 

AE 

P 
!J. 

= k 

A equivalent = k x L 
Ec 

For a small element assume: 

L = 2' = 24" 

Therefore: 

Sheet 5 of 5 

Ax=kxL 
Ec 

k x L 
Es 

= 

= 

11) UNIT LOAD JOINT DATA: 

Es 
Ec 

kxL 

== 10 

Ec x 10 

k x 24 
30 x 103. 

The number of unit loads applied to a given structure, generally 

= 1 

12) LOADS APPLIED AT JOINTS: 

The unit loads applied at a specific joint in order to compute 

k stiffness 

A sample set of computer input data is given in Appendix A. 
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2.4.4. Computer Output 

Initially the program lists the basic input data for verification. 

Section properties are given, as are the dead loads, for each section. 

Following this preliminary information are the structural data, coordinates, 
-

member stiffnesses, lengths, then the joint restraints, unit load location 

and direction. Finally the resulting displacements and end actions. 

Figures 1 and 11 illustrate the force and displacement notations. 

The equivalent displacement and end actions represent the resulting 

forces created by the simulated earthquake action applied in the designated 

direction (Rx, Ry, Rz or Mx). These actions can then be used for designer 

after appropriate modification due to the high intensity of acceleration 

that was used for the response spectrum curves. 

A sample set of computer output data is given in Appendix A. 
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3.1 TYPICAL SECTIONS 

Chapter 3 

BRIDGE STUDIES 

In order to develop a simplified design technique, the response of various 

curved box girder bridges must be examined. Such box girders, which have been 

used in previous studies (ll),.will be utilized in this parametric study and 

are given in Table 2 and Figure 12. In this study only the three-lane, 

three-girder system will be considered because this is most typical of 

curved box girder structures (17). 

It should also be noted that the sections given in Table 2, are for 

simple span designs. However, examination of continuous span data (17), 

indicates these sections can be used in the 0.8 L positive region, and for 

the 0.4 L negative region the bare steel section stiffeners will be doubled. 

Such an assumption will not greatly affect the results, as section variations 

only cause a 5/10% variation in moments and minimal variation in deformation. 

The basic span length configruations that were examined are shown in 

Figure 13. The radius for these various structures that was used, varied 

from 200 feet to 999,999 feet. 

3.2 COLUMN DETAILS 

In order to include the influence of the flexibility of the piers, a 

survey was conducted to determine typical pier configurations and sizes. 

Such a survey has indicated that for a roadway of 44', using three boxes, 

a three-ablumn bent is generally used. Such column bents generally have the 

following details: 
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Round Columns: 

2.5' < d < 3.0' diameter 

12 tV 20 fill steel bars 

Rectangular Columns: 

4' x 12' dimension 

30 tV 40 #8/#9 steel bars 

The height of the bents is 10' '" 15', and the spacing between columns 

is 15' '" 18'. 

Using this basic information, the section properties (Ix, Iz) of the 

round and rectangular column has been computed, as given in Table 3. 

Utilizing these column stiffnesses and assuming a three-column bent type, 

the deformation of the bent caused by a unit load in transverse and longitudinal 

directions was determined, considering rigid pier caps. The equivalent 

spring constant was then determined from: 

k z 
1 L3 

= = £1 3 E (3Ix) 

k = x 
1 
£1 = 

L3 

3 E (3I ) 
z 

The resulting k and k values for the column heights of 10' and 15' z x 

are given in Tables 4 and 5. 
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Utilizing these equivalent pier stiffnesses, the internal piers can be 

modeled as shown in Figure 14. 

3.3 ANALYSIS/RESULTS 

3.3.1 General 

Utilizing the basic~oxgeometry, given in Table 2, and the support 

spring constants of 

k x k 
Y 

= k z = 

The equivalent seismic response of the single, two, three, and four span 

structures were examined. The result by natural frequencies (WK, ~, .uz,wt) 

for all bridge spans and their corresponding induced acclerations have been 

obtained and are tabulated in Tables 6 through 35. Each Table gives w and 

A for a constant span length and varying radius (200' ~ 999,999'). For the 

continuous spans, the pier flexibilities, as given by k and k are also x z 

included as a variable. Three basic variations have been assumed: 

k = ·0 - , k = Rigid x z 

k .66 x 103 k 3 = = 0.5 x 10 x ' z 

k 2 x 103 k 3 = 0.66 x 10 x z 

The effect of these stiffness variations will be shown when these data are 

plotted. 

3.3.2 Trends 

The data given in Tables 6 through 35 has been plotted, resulting in 

Figures15 through 70. These data show the variation of natural frequencies 

in the three translation directions (x, y, z) and rotation modes as a function 

of radii and span lengths. As would be expected, the natural frequency 
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decreases as more spans are added (st~ffer). Also the more flexible the 

piers (as given by k , k ), the lower the· frequency. x z 

These trends are also similar to the data obtained in a previous study(ll), 

which utilized an energy technique in obtaining natural frequencies. 

In general the following trends are noted: 

Wx ~ longitudinal natural frequency varies as a function of R andt; 

Figures 15 through 24. 

wy ~ vertical natural frequency varies as a function of R and t, but 

primarily dependent on t, Figures 25 through 32. 

wz ~ transverse natural frequency varies as a function of R and t, but 

primarily dependent on t, Figures 33 through 40. 

wt ~ rotational natural frequency waves as a function of Rand t, but 

primarily dependent on t, Figures 41 through 48. 

The induced accelerations Ax, Ay, Az, At, as determined from the response 

spectra, have also been plotted as a function of ( i ) the span length. 

However, this relationship has only been examined for the single span, as 

shown in Figures 49 through 52. 

The relationship between the corresponding accelerations for the continuous 

spans and the single span values have similarly been plotted as a function F, 

where: 

Fx = 
Ax (continuous span value) 

Ax (single span value) 

versus the number of spans, radius per stiffnesses (kx, Kz) and span lengths. 

For the respective span lengths of 50',100', and 150', the relationship 

between Fx, Fy, Fz, and Ft are given in Figures 53 through 70. These data 

will then be used to develop appropriate design criteria. 
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3.4 MULTI MODE SOLUTIONS 

In order to demonstrate the reliability of this simulated dynamic 

solution, the response of single and multi span bridges, with rigid and 

flexible column bents, have been examined using the SAP IV program (9). 

This computer program idealizes the bridge as a three dimensional unit and 

examines the dynamic response utilized dynamic mass natural techniques. 

Examination of the dynamic response of single (1) span to five (5) 

spans, with rigid piers and straight girders, using SAP (9) has resulted in 

the data (wx, ooy, ooz) shown in Table 36. 

The response of a three or four span continuous curved structure or 

flexible bents has resulted in the data (WXjooy", wz) as shown in Table 37. 

Examination of the data given in Table 36, indicates that the comparisons 

between the resulting frequencies obtained from the Space Frame Structure (SFS) 

and SAP are reasonable. However, when examing the curved structural data, 

Table 37, only the oo.x and 00 y terms are in agreement. It should be noted, however, 

that the SAP·solution does not provide for the angular frequency (oo-t), and 

when comparing oot obtained from the SFS with ooZ, excellent agreement occurs. 

Therefore, it is reasonable to assume the SFS which gives ooz and oo·t is a 

combination of the data given by ooz obtained from SAP. 
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Chapter 4 

DESIGN CRITERIA 

4.1 TRENDS 

The seismic design of continuous curved box girders will be related to 

the response of single span curved girders. Therefore, it is necessary to 

determine the single span accelerations (Az, Ay, Az and At) with respect to 

the basic bridge geometry. Examination of Figures 49, 50, 51 and 52 

indicates the following: 

Ax 

for 100' < L < 150' 

- for L > 100' 

Az 

for L > 100' 

At 

for L > 100' 

Ax = A ( L )2 + B 
R 

Ay = A (L) + B 

Az = 3.8 

At = 1.5 

Using the data given in Figures 49 and 50 , the general equation for 

Ax and Ay results in the following: 

Ax = 2.2 (~) 2 + 0.011 L + 0.45 

Ay - 0.016 (L) + 4.7 

The continuity factors F can similarly be described in analytical form. 

Examination of the data given in Figures 53 through 70 has resulted in the 

following four continuity factors: 
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Fx (longitudinal) 

Fx = -0.02 (L) + 3.75 + K 

where: K = 0.00125 R for R < 600' 

K = 1.0 for R > 600' 

!z. (vertical) 

Fy = -0.125 (NS) -0.002L + 1.35 

where: NS = number of spans (2,3, or 4) 

Fz (transverse) 

Fz = -0.005L + 1.5 

Ft (torsion) 

Ft = -0.075 (NS) + 1.15 

where: NS = number of spans (2,3, or 4) 

4.2 DESIGN APPROACH 

The equivalent seismic design of curved box girder bridges will incorporate 

the primarily developed equations and the effective peak acceleration map (kp) 

shown in Figure 71. The general design equation is of these four: 

E~ = Fn An H Kp Translation 

EQn = Fn An I Kp Rotation 

·where:-

Fn = continuity factor in x, y, z or t directions 

An = single span acceleration 

Kp = effective peak acceleration modifying factor (Fig. 71) 

M = wIg = total weight of structure 
gravity 

I = rotational mass movement of section = I 2 2 P (x + y )dA 

p = mass per unit area 

E~ = total applied seismic force in x, y, z or t directions. 
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for the specific direction n, the continuity factor F and single span 

acceleration An are given by: 

Longitudinal Direction (x) 

Fx = -0.02 (L) + 3.75 + K 

K= 0.00125 R for R < 600' 

K = 1.0 R > 600' 

A •• = 2.2 (1. ) 2 + 0 011 L + 0 45 ~ R • • 

Vertical Direction (y) 

Fy = -0.125 (NS) - 0.002L + 1.35 

Ay = -0.016 (L) + 4.7 

Transverse Direction (z) 

Fz = -0.005 (L) + 1.5 

Az = 3.8 

Torsional Direction (8) 

Ft = -0.075 (NS) + 1.15 

At = 1.5 

4.3 EXAMPLE 

In order to illustrate the application of these proposed equations, 

consider the following two span box structures: 

where: L = 100',100' 

R = 600' 

the single span accelerations are: 

Ax 

Ax = 2.2 

2.2 

= 1.61 

( ~ )2 + 0.011 L + 0.45 

100 
( 600 )2 + 0.011 (100) + 0.45 
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At 

Ay = -0.016 (L) + 4.7 

= -0.016 (100) + 4.7 

= 3.1 

Az = 3.8 

At = 1.5 

the continuity factors can now be computed as: 

Fx 

Fz 

Ft 

Fx = -0.02 (L) + 3.75 + K (K = 0.00125 R, R ~ 600') 

= -0.02 (100) + 3.75 + 0.00125 (600) 

= 2.5 

Fy = -0.125 (N.S.) - 0.002 L + 1.35 

= -0.125(2) - 0.002 (100) + 1.35 

= 0.9 

Fz = -0.005 (L) + 1.5 

= -0.005 (100) + 1.5 

= 1.0 

Ft = -0.075 (N.S.) + 1.15 

= -0.075 (2) + 1.15 

= 1.0 
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the weight of the bridge is computed as 

w = 442.15 Kips 

and the mass moment of inertia ( 1 ) = 2273.63 Kip-in - sec2 

therefore, the induced seismic forces are computed as: 

the 

W 
EQx = Fx . Ax-( g) 

= (2.5) (1.61 g) 

= 4.025 W 

EQy = Fy • Ay 
W 
g 

= (3.1) (0.9 g) : 

= 2.79 W 

EQz Fz Az 
W = . 
g 

(1.0) (3.8 g) W = g 

= 3.8 W 

EQt = Ft . At I 

= (1.0) (1.5) (1) 

= 1.5 I 

w 
g 

equivalent induced uniform 

qx EQx = = 2 x L 

qy EQy 
= = 2 x L 

qz = Egz 
= 2 x L 

seismic forces qx, qy, qz, qt, are 

4.025 x 442.15 0.7415 kips/in = 2 x 100 x 12 

2.79 x 442.15 0.5140 kips/in = 2 x 100 x 12 

3.8 x 442.15 
= 0.7 kips/in 2 x 100 x 12 

therefore: 

qt Egt 1.5 x 2273.63 1.4210 kip-in/in = = 2 x L 2 x 100 x 12 
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Evaluation of the reactions of curved box girder bridge, using a 

straight spring. gives: 

i) x direction 

qx 
( ( E E ( ( ( ( ( ( ( ( E ( ( ( ( ( E ( E ( E ( E ( ( ( ( ( ( 

o o 

1 2 3 

Rx1 = qx . (2L) = EQx = 1779.65 

ii) 

Rx2 = 0 

Rx3 = 0 

Y direction 

qy 

1 L r L 

Ry1 Ry2 

= 0.375qYL = 1. 25qyL 

Ry1 

Ry2 

= 0.375qyL 

= 0.375 (0.5140) (100 x 12) 

= 231.3 kips 

= 1.25qyL 

= 1.25 (0.5140) (100 x 12) 

771 kips 

1 = Ry = 231.3 kips 

iii) z direction 

qz 

kips 

f 
Ry3 

= 0.375qyL 

~+++++++++++++++++++++++++++++++++++ 

~1 £.2 £.3 
L L 

Rzl 

= 0.375qzL = 1. 25qzL = 0.375qzL 
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Rz1 = .075qzL 

= 0.375 (0.7) (100 x 12) 

= 315 kips 

Rz2 = 1. 25qzL 

= 1.25 (0.7) (100 x 12) 

= 1050 kips 

Rz3 = Rz1 = 315 kips 

iv) Torsion 
qt 

ft'P r~f* flHtftf*P P f*pr*r~ 
f L f L t 
Rt1 Rt2 Rt3 

= 0.37SqtL = 1.25qtL = 0.375qtL 

Rt1 0.375qtL 

= 0.375 (1. 4210) (100 x 12) 

= 639.45 kip -in 

Rt
2 = 1.25 qtL 

= 1.25 (1. 4210) (100 x 12) 

= 2131.5 kip - in 

Rt3 = Rt1 = 639.45 kip in 

III the interior support, we use Ry x d = T, d = 48". 

R 
. T 

y=
d 

2131.5· 
48 = 44.41 kips 

comparing these results with the results obtained from the (SFS) computer 

program gives: 
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--

~ 
1 2 3 

No. 
Direction Eqs program Eqs program Eqs program 

x: direction Rx 1779.65 1298 0 223.9 0 0 

y direction Ry 231.3 250 77L 775.3 231.3. 250 

z direction Rz 315 417.5 1050. 967.7 315 417.5 

Torsion T 639.45 869.8 44~ .. 41: 55.5* 639.45 869.8 

* Ry x: d= T 

which shows reasonable agreement. If, however, curvature effects w.ere to be 

included in transferring the total equivalent seismic force to the reactions, 

better agreement would occur. The computer input/output given in the above 

table is listed in Appendix: A. 
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Chapter 5 

Conclusions and Recommendations 

This study is one of the methods to deal with the preliminary seismic 

design of curved box girder bridges. It provided very simple formulas to 

be used by designer. In order to get the equivalent seismic forces, four 

steps must be undertaken: 

i) Estimate the single span accelerations Ax, Ay, Az, and At. 

ii) Estimate the continuity factors Fx, Fy, Fz, and Ft. 

iii) Estimate modifying factor Kp. 

iv) Estimate total applied seismic forces EQn. 

One example was shown in the procedures (excluded the modifying 

factor Kp) in Chapter 4, so the designer can easily follow the steps to 

reach the results. 

Meanwhile, this method is compared to the results of SAP IV (Table 

37). From the point of view of safety, we recommend that designer use 

the larger value of wz and wt in z direction. 
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