






 





 



 



 



 









 







4-1 Elevation of Bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 

4-2 Cross-section of Bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 

4-3 Numbering of Segments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 

4-4 Space Beam Element . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 

4-5 Mechanical Mode of Analytical Bridge . . . . . . . . . . . . . . . . . . . . . . . . .135 

4-6 The First Vibration Mode ................................ 140 

4-7 The Second Vibration Mode ................................ ' 141 

4-8 The Third Vibration Mode ................................ 142 

4-9 The Fourth Vibration Mode ................................ 143 

4-10 The Fifth Vibration Mode ................................ 144 

4-11 The Sixth Vibration Mode ................................ 145 

4-12 The Seventh Vibration Mode ................................ 146 

4-13 The Eighth Vibration Mode ................................. 147 

4-14 The Ninth Vibration Mode ................................ 148 

4-15 The Tenth Vibration Mode ................................. 149 

4-16 Two-truck Loading ................. '.................... 152 

4-17 Histories of Moment at Section 1 of Frame 1 ..................... 154 



 





 



comparison of results of this computer modeling study with the experimental data and AASHTO 

standard specifications. 

In Phase I, the trucks were modeled as nonlinear space models, while the bridge was 

modeled as a space beam. The computer program developed in this phase can mainly analyze 

the response of simply supported beam bridges which can be reasonably treated as one space 

beam, individually. 

In Phase II, the specific objectives of this research are: (1). the development of vehicle 

models to simulate the actions of Type 3, Type 3S2, and Type 3-3 trucks, (2). the development of 

bridge models for the continuous bridges :and the slant-legged rigid frame bridges, (3). the 

formulation of the bridge/vehicle interaction motions, (4). the study of the static and dynamic 

responses in various members of bridges based on different vehicle speeds, vehicle weights, road 

surface roughness, bridge types, and the lengths of bridge spans, and (5). the comparison of 

results of this computer modeling study with the AASHTO standard specifications. 

The mathematical models for Type 3, Type 3S2, and Type 3-3 trucks with nine, sixteen, 

and eighteen degrees of freedom, respectively, are described in Chapter 2. Also, the dynamic 

analysis of these vehicles is studied. 

Chapter 3 is primarily devoted to the dynamic analysis of continuous multigirder 

bridges. The bridge model for six continuous steel bridges is introduced first. Then, a new 

numerical 

'2



procedure for analyzing dynamic response of bridges to moving vehicles is presented. Finally, 

the free and impact characteristics of continuous multigirder bridges are discussed. 

The dynamic behavior of a slant-legged rigid frame highway bridge is examined in 

Chapter 4. A bridge model of space bar system which involves the effect of axial force caused 

by dead load is described first. Then, the effect of loading positions, vehicle speed, road 

roughness, damping ratio, etc. are studied. Also included in Chapter 4 are the maximum 

impact factors of the bridge and their comparison with ASSHTO specifications. 

The significant conclusions and recommendation are given in Chapter 5. 



CHAPTER II 

HIGHWAY VEHICLE 

MODELS 

2.1 Introduction 

. 

The study of the characteristics of vehicles, which are the primary loadings of highways 

and bridges, is very important in determining the response of roads and bridges. In phase I, two 

vehicle models of H2O-44 and HS20-44 ', trucks have been developed. However, the 

investigations show that Type 3, Type 3S2, and Type 3-3 trucks correspond better to existing 

traffic. Also, these three types of trucks are adopted for rating vehicles in the AASHTO Guide 

Specifications for Strength Evaluation of Existing Steel and Concrete Bridges [8]. For these 

reasons, this chapter will be devoted to developing these three new vehicle models. First, the 

derivation of the motion equations of vehicles will be described. Then, the dynamic behaviors of 

the vehicles passing over different kinds of road surface roughness will be analyzed. 

2.2 Vehicle Models 

Fig. 2-1 to Fig. 2-4 show the three vehicle models corresponding to Type 3, Type 3S2, 

and Type 3-3 trucks, respectively. Their dimensions are given in Table 2-1 to Table 2-4, _

 including FDOT truck (Type 3S2). 





 



 















 





 









 







 



 



 



 



 



 



 



 





 











 







 



 



 







 



 















CHAPTER III 

IMPACT ANALYSIS OF CONTINUOUS MULTIGIRDER 

BRIDGES 3.1. General 
The continuous multigirder steel bridge is one of the most popular bridge types 

throughout the world. Its dynamic behavior has been an interesting subject of numerous 

investigations since the 50's of the twentieth. Under the direction of J. M. Biggs, Louw [18] 

investigated the response of two-span highway bridges to the single-axle vehicle loading and 

Chen [1] conducted the model investigation of the vibration of continuous three-span steel, 

bridges. Early field tests on actual continuous bridges have been reported by Vandegrift [25], 

Edgarton [6] and Hayes [11]. The most systematic and comprehensive investigations on this 

subject have been conducted at the University of Illinois [7]. Veletsos and Huang [13, 26] 

presented a successful numerical approach for determining the response of multi-span bridges, 

in which both planar bridge model and vehicle model were adopted. Eberhardt and Walker [5] 

developed a finite element method for the analysis of dynamic response of highway bridges. 

Ruhl [20] conducted an extensive study of field tests on three-span and two-span bridges. 

Most previous investigations treated both continuous beam bridges and vehicles as the 

planar models [10, 19, 24, 26]. Although three-dimensional models of the continuous bridge and 

vehicle were used in Eberhardt's study [5], there was little information available concerning the 

effect of i transverse stiffness, road surface roughness, vehicle speed, span length, etc., on 53 



the impact of longitudinal girders at different sections. Therefore, due to the weakness of 

previous studies, further research on continuous bridge dynamic analysis based on the different 

aforementioned parameters should be carried out. 

The objective of this investigation is to analyze the impact of three-span continuous 

steel beam bridges with six different span lengths due to vehicles (side by side) moving over 

different classes of roads with various speeds. 

3.2. Equations of Motion 

3.2.1. Equations of Motion for Vehicle 

HS20-44 truck, which is a major design vehicle in AASHTO specifications [23] is used 

for later dynamic analysis of continuous beam bridges. The mathematical model for the HS20-

44 truck has been developed in Phase I [29]. The model has twelve degrees of freedom 

(DOF'S). The equations of motion of the system were derived by using Lagrange's 

formulation. Details of derivation and data are presented in Phase I interim report [29]. 

3.2.2. Equations of Motion for Bridgg 

The continuous multigirder bridge is treated as a grillage beam system (refer to Fig.3-1). 

The dynamic response of the bridge was analyzed with finite element method. The bridge .was 

divided into grillage elements (see Fig. 3-2). The node parameters are 

54 





 



 



 



The Power Spectral Density (PSD) functions for highway surface roughness have been 

developed by Dodds and Robson [4] and modified by Wang and Huang [29]. 

The random numbers which have approximate white noise properties were generated 

first. Then, these random numbers were passed through the first recursive filter. Finally, the 

output function will be the road surface roughness. The detail of the procedure and the vertical 

highway surface profiles for very good, good, average, and poor roads, respectively, have been 

given in Phase I interim report [29]. 

3.4. Numerical Methods 

The equations of motion of the vehicle are non-linear, while those of the bridge are 

considered as linear. Considering the different characteristics of those equations of motion, we 

employ fourth-order Runge-Kutta integration scheme [2, 28] to solve the equations of motion of 

the vehicle, while the solutions of the bridge were determined by the mode-superposition 

procedure based on the subspace iteration method. The overall scheme of the procedure is 

described as follows: 

1 

The global nodal displacement vector {b} in Eq. (3-2) can be expanded in the form 

{S} _ [.1]{Y} (3-5) 
in which, the mode shape matrix, [f], corresponding to the free vibration equations of the bridge 

is given as: 





 



 



6. Repeat step 3 through step 5 by using the latest available values of yb; and other related 

values until all differences between the previous and derived deflections are less than the 

prescribed tolerance. 

7. Proceed to the next time step and repeat the aforementioned 

process. 3.5. Description of Analytical Bridges 
In the study of general dynamic characteristics of continuous multigirder bridges, six 

three-span continuous bridges with steel girders and concrete deck (refer to Figs. 3-3 and 3-4) 

were designed based on-the Standard Plans for Highway Bridge Superstructures of U. S. 

Bureau of Public Roads [22]. 

The lengths of the individual spans are in the ratio of 4:5:4 and the overall length 

ranges from 130 ft. to 260 ft. The shortest bridge has spans of 40 ft.-50 ft.-40 ft. and the longest 

bridge has spans of 80 ft.-100 ft.-80 ft. These bridges are of the I-beam type and are designed 

for the HS20-44 loading. The bridges have a roadway width of 28 ft. and a 7.5 in. thick concrete 

slab. The entire deck is supported by five steel beams. The typical cross-section of the bridges 

is shown in Fig. 3-3. Fig. 3-4 shows the plan of the bridge with span of 72 ft.-90 ft.-72 ft. and 

the others have similar arrangements. 

The mass per unit length of each girder of the bridges and the cross-sectional area 

were considered to be uniform. The flexural rigidities of cross-sections were determined as 

composite sections which consist of the girders and slab. The primary data of bridges were 

presented in 63 
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Table 3-1. 

3.6. Lnpact Analysis 

3.6.1. General 
Fig. 3-1 shows the grillage beam model of the continuous multigirder bridges. Along the 

longitudinal axes of bridges, each girder was divided into 52 elements. 

The mode damping coefficients were determined by using an approach described by 

Clough and Penzien [3]. The bridges were assumed to have damping characteristics that can be 

modeled as viscous. One percent of critical damping is adopted for the first and second modes 

according to the experiment results [20]., 

The first six frequencies of each bridge are given in Table 3-2. Fig. 3-5 to 3-14 show the 

first ten vibration modes of the bridge with span'length of 80 ft.-100 ft.-80 ft. The vibration 

modes of the other bridges have nearly same shapes. From those figures, we can see that modes 

1, 3, 6, 8 and 9 are corresponding to bending modes, while modes 2, 4, 5, 7 and 10 corresponding 

to torsional modes. 

In order to obtain the initial displacements and velocities of vehicle DOF'S when the 

vehicle entered the bridge, the vehicle was started the motion at a distance of 140 ft (42.67 m, i.e., 

a five-car length) away from the left end of the bridge and continued moving until the entire 66 





 



 



 







 





 



 



 



 



 





 



respectively. 

Table 3-3 gives wheel-load factors and impact factors of one bridge with spans of 56 

ft.80 ft.-56 ft. for two loading cases. From Rows 3, 5 and 7 in Table 3-3, which shows the 

results of symmetric loading, it can be observed that the smaller the wheel-load distribution 

factors are, the larger the impact factors will be. From Rows 4, 6 and 8 in Table 3-3, which 

lists the results of asymmetric loading, it can be seen that owing to the effect of torsion, the 

smallest impact factor occurred at Girder 2 instead of exterior girder which has the maximum 

wheel-load distribution factors at all sections. 

3.6.2. Representative History Curves 

With good road surface, vehicle speed of 45 MPH (72.41 km/hr) and two-truck 

loading asymmetrically (see Fig. 3-16, Loading No. 4), the time histories of bending moment 

at Sections 1 to 4 of Girders 1 to 3 are presented in Figs. 3-17 to 3-28 and the histories of 

deflection at Section 3 of Girders 1 to 3 are illustrated in Figs. 3-29 to 3-31. The histories of 

shear of Girders 1 to 3 at Section 2 are shown in Figs. 3-32 to 3-34. In Figs. 3-17 to 3-34, the 

dotted lines actually represented the influence lines of bending moment, deflection and shear 

corresponding to the related cross-sections respectively, provided that the two-truck loading 

was treated as a unit load. Concerning the curves presented in Figs. 3-17 to 3-34, we can see 

that the dynamic response arises mainly from the participation of the first six natural modes. 

If we observe Figs. 3-5 to 3-14 and Figs. 3-17 to 3-28, it will be found that the shapes of 

Modes 1, 



 



 



 









 



 



 









 



 



 





 





 



bending moment at Section 1 as well as Modes 5, 6 and the influence line of bending moment at 

Section 2, individually, are very much similar to one another. Therefore, it can be expected that 

the dynamic response of Sections 3, 1, and 2 is caused mostly by Modes 1, 2, Modes 3, 4 and 

Modes 5, 6, respectively. Also, from Figs. 3-17 to 3-34, the impact factors of bending moment 

at Section 2 (over interior supports) are larger than those at Sections 1 and 3 because of the effect 

of higher modes. 

From Fig. 3-17 to 3-34, it can also be observed that all time histories for Girders 1 to 3 at 

the same section are in similar shape and that the dynamic increments in the center girder are 

much smaller than those in the exterior girder. This is because the frequencies of bending and 

torsion (Modes 1 and 2) are quite close. 

3.6.3. Parametric Study Effect 

of Transverse Stiffness 
In an attempt to better understand the influence of transverse stiffness on the dynamic 

behavior of continuous multigirder bridges, we chose three types of transverse stiffnesses, which 

are: (1) the original stiffness R (see Table 3-1), (2) 5R, and (3) the stiffness of deck (without 

transverse beam), for the later analysis. 

The maximum static wheel-load distribution and dynamic impact factors of Girders 1 to 3 at 

different cross-sections, with various transverse stiffness, are listed in Table 3-4. The maximum 

factors were obtained by changing the position of two-truck loading in transverse 102 





direction (refer to Fig. 3-16). It was found that Loading No.4 shown in Fig. 3-16 induces the 

maximum wheel-load distribution factors of both Girders 1 and 2, while Loading No.3 

induces that of center girder. The results presented in Table 3-4 were calculated by 

considering good road roughness and vehicle speed of 55 MPH for spans of 64 ft.-80 ft.-64 

ft. 

It can be seen from Table 3-4 that: (1) With the decrease of transverse stiffness, the 

wheel-load distribution factors of Girder 2 increase and its impact factors at most sections 

decrease greatly. (2) The impact factors of exterior girder at most sections vary slightly with 

the increase of transverse stiffness. This is because two predominant effects, the increase of 

static wheel-load distribution factor and torsion, which contribute to the response of exterior 

girder are offsetted by each other. (3) With the decrease of transverse stiffness, the static and 

dynamic wheel-load distribution factors of exterior girder decrease and those of interior 

girders increase. However, the variation of the factors at most sections is not significant. 

Therefore, very large transverse stiffness in this kind of steel multigirder bridges seems to be 

unnecessary. 

Effect of Road Surface Roughness and Vehicle Speed 

Figs. 3-35 to 3-43 give the variations of impact factors of exterior girders of three 

bridges with various vehicle speeds for different road surface roughness. It can be observed 

from these two figures that: (1) Under the condition of very good road surface, the variation 

of impact factors at all sections vary slightly with vehicle speed and are generally less than 

14 % for the bridge with span of 72 ft.-90 ft.-72 ft., 30 % for the bridge with span of 56 ft.-70 

ft.-56 ft., and 26 % for the bridge with span of 40-50-40 ft. (2) With the increase of road 



 



 







 





 



 



 



the sections over interior supports. (3) With the variation of vehicle speeds, the impact factors 

at each section appear one or more peak values. The speed corresponding to the peak value of 

impact factor generally varies with different road roughness, span lengths, and sections. If the 

frequencies of both vehicle and bridge, which were excited by vehicle moving on rough road 

surface, are quite close or multiple values with each other, the response of the bridge will reach 

its peak value. In other words, the appearance of the peak value mainly results from the 

resonance between bridge and vehicle. 

Effect of Span Length 

Many investigations have indicated that the span length is one of the major variables 

affecting the vibration of the bridge. The AASHTO specifications give the impact equation 

which is the function of the span length that is the length of span under consideration for a 

positive moment and the average of two adjacent spans for a negative moment. . 

In order to know the influence of the span length on the vibration of continuous 

multigirder bridges, the maximum impact factors of bending moment of six bridges in Girders 

1 to 3 at Sections 1 to 5 for different road surface roughnesses were evaluated and given in 

Tables 3-5 to 3-7. The maximum moment impact factors were computed according to the 

variation of vehicle speeds from 15 MPH (24.135 km/hr) to 75 MPH (120.675 km/hr) and the 

variation of transverse position of two-truck loading illustrated in Fig. 3-16. As Sections 1 and 5 

as well as Sections 2 and 4 are symmetrical sections about the center section of the bridge, 

respectively, only the larger impact factors of the symmetrical sections were given in Tables 3-5 

to 3-7. 
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It can be seen from Tables 3-5 to 3-7 that: (1) With very good and good surface 

roughness, the impact factors of most girders of the bridge with span length of 56 ft.-70 ft.-56 

ft. at Sections 1, 2, 4 and 5 are larger than those of the other bridges, while the impact factors at 

Section 3 (middle span) increase with decreasing overall span length. (2) With average road 

surface roughness, the impact factors of exterior girders at all sections increase with shortening 

overall span. The phenomenon is due to that the rougher road surface excited the higher modes 

which affects the response of exterior girders. (3) The impact factors of exterior girders are 

much larger than those of interior girders and the smallest values of impact factors occurs in 

center girders at most sections. 

 

In order to explain the effect of span length of continuous girder bridges more clearly, 

Figs. 3-44 to 3-46 give the curves of impact factors of exterior girder at Section 1 to 3 versus 

the span length which is defined according to the AASHTO specifications mentioned above. 

Figs. 3-44 to 3-46 also give the curves of impact factor evaluated based on the AASHTO 

impact equation for bridges which is presented as 

 

I = 50 (3-18) L+125 

 

in which L is span length defined above in ft. 

 

From Figs. 3-44 to 3-46, we can observe that: (1) Two groups of the relational curves 

between impact factors and span lengths shown in Figs. 3-44 and 3-45 are comparatively 

consistent, especially for very good and good road surfaces. Oppositely, the relations presented 

 118 



 







in Fig. 3-46 are quite different from Fig. 3-44 and Fig. 3-45. This situation can be explained 

from mode shapes as follows (Figs. 3-5 to 3-14): As mentioned before, the first-and second 

modes dominate the response of middle span, while the impact of the side span is principally 

affected by the third and fourth modes. Based on this, the vibration of both side and middle 

spans is similar to that of a simple beam. Consequently, the relations illustrated in Fig. 3-44 

and Fig. 3-45 for side and, middle spans, respectively, will not be much different. On the other 

hand, the major effect on the response of the sections over interior supports is due to the fifth 

and sixth modes which are quite different from those of simple beam, while somewhat like those 

of fixed beam. As would be expected, the curves shown in Fig. 3-46 will not be consistent with 

those given in Figs. 3-44 and 3-45. Therefore, it may be more appropriate to use Eq. 3-18 to 

calculate the impact factor of negative moment over interior support with the distance 10 (refer 

to Fig. 3-10) between two inflexion points in mode 5 or 6, approximately the sum of 0.3 side 

span and 0.25 middle span length, instead of the average of side and middle spans. However, a 

more feasible method for predicting the impact factors of continuous girder bridges is yet to be 

developed. (2) Because of the effect of higher modes, the impact factors at Sections 2 and 4 for 

all six bridges are much larger than those of the other sections, especially for rougher road 

surface. 

It can also be observed from Figs. 3-44 to 3-46 and Tables 3-5 to 3-7 that: (1) Most 

impact factors of bending moment of exterior girders at Section 1 with very good and good 

roads, at Section 3 with very good, good, and average roads as well as at Section 2 with very 

good roads are lower than the values specified by AASHTO specifications. However, the impact 

factors over interior supports for bridges with span of 56-70-56 ft. and 48-60-48 ft. exceed the 



values evaluated by AASHTO impact factor equation. (2)Under the condition of very good and 

good roads, most impact factors of interior girders are lower than the values calculated by 

AASHTO impact equation. (3) Very high impact factors will be found in poor road surface. 

It should be noted that the maximum impact factors presented in Tables 3-5 to 3-7 are 

based on one truck in the longitudinal direction of the bridges. It may be expected that lower 

impact factors will occur for more heavier design loading. 

Effect of Spacing of Girders 

The spacing of girders is an important parameter which affects the static wheel-load 

distribution. In order to understand the influence on dynamic response of the continuous 

multigirder steel bridges, the spacing of 6.5 ft. (1.9812 m) shown in Fig. 3-3 was changed to 8 

ft.(2.4384 m). The maximum static wheel-load distribution and impact factors of bending 

moment for the bridge with span of 64 ft.-80 ft.-64 ft. were given in Table 3-8. The results 

listed in Table 3-8 were obtained based on good road surface through changing vehicle speeds 

and transverse positions of two-truck loading, as described above. It can be observed from 

Table 3-8 that: (1) With the increase of spacing of girders, the static wheel-load distribution 

factors of each girder increase, while the impact factors of interior girders decrease. (2) Due 

to the increase of the spacing, the effect of torsion on exterior girder increases. In consequence, 

the impact factors at Sections 1 and 3 increase slightly even though their static wheel-load 

distribution factors increase. However, the variation of most impact factors with the spacing of 

girders is insignificant. 
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Effect of Damping Ratio 

In order to know the influence of damping ratio, Table 3-9 presents the impact factors of Girder 1 of 

the bridge with span length of 64 ft.-80 ft.-64 ft. These data were obtained based on the conditions of 

good road surface, Loading No. 4 (see Fig. 3-16) and vehicle speed of 55 MPH (88.5 km/hr). From 

Table 3-9, it can be seen that the influence of damping ratio on the impact factors of each section is 

different. The impact of Section 3 was affected slightly by increasing damping ratios from 0 % to 3 

%. While the impact of Section 2 decreases distinctly with increasing damping ratio. This can be 

explained by the fact that the fundamental natural mode is the principal contributor to the response at 

Section 3 and higher modes are the dominant effect of the response at Section 2. 
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CHAPTER IV 

DYNANIIC BEHAVIOR OF SLANT-LEGGED RIGID FRAME 

HIGHWAY BRIDGES 

4.1. Introduction 

 
The slant-legged rigid frame bridge is one of the widely used types of highway bridges 

in the world. Engineers treat the entire super- and substructures as one unit by constructing a 

continuous steel rigid frame with supporting legs as shown in Fig. 4-1. This type of 

construction eliminates the need for concrete piers and positions the supports away from the 

lower roadway, thus giving a safer structure. Generally, this type of bridge can reduce the 

depth of main girder and save the material in the super structure. Consequently, the ratio of 

live load to dead load will be comparatively large. Moreover, at present, most of slant-legged 

rigid frame bridges are short or medium span bridges. Therefore, the investigation of the 

responses of slant-legged rigid frame bridges due to moving vehicles is very important and 

practically significant. Unfortunately, little dynamic behavior of slant-legged rigid frame 

bridges has been reported yet. Most previous research work on dynamic response of bridges 

due to moving vehicles was concentrated on the beam/girder bridges [2, 9, 12, 14, 26, 27, 29, 

31] and some other bridges [10, 16, 30]. In the design of slant-legged rigid frame bridges, 

engineers use AASHTO impact formula (Eq. 3-18). However, this is still lack of reliable 

scientific base. 

Herein the objective of this study is to investigate the response characteristics of a slant-
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legged rigid frame bridge for one or two vehicles (side by side) passing over the bridge and to analyze 

the impact due to the vehicles moving over different classes of road surface roughnesses with various 

speeds. In this study, the bridge was idealized as a space bar system. The traveling vehicle was treated 

as a nonlinear space system. Investigation shows that the variation of impact of bending moment 

along with the longitudinal direction of the bridge is very sharp. The impact behaviors of deflection, 

moment, and axial force at some design control sections are quite different. 

A description of the bridge model is given first. Then, the free vibration characteristics of the slant-

legged rigid frame bridge is discussed. Finally, the impact behavior of the bridge is studied. In the 

later investigation, the vehicle model, road surface roughness, and the numerical method are the same 

as those described in Chapter III. 

4.2. Bridge Model 

Figs. 4-1 and 4-2 illustrate the analytical bridge which is chosen from Kinnier and Barton (1975). The 

bridge is 214.5 ft. (65.38 m) long and consists of five three-span welded rigid frames. The two interior 

supports are inclined I-shaped columns framed integrally with the welded haunched girders and 

supported on concrete footing with anchor bolts attached to the web in such a manner as to allow free 

rotation. The ends of the bridge are simply supported on shelf abutments with allowance for 

longitudinal movements. The bridge was designed for a HS20-44 live load in accordance with 

AASHTO specifications (1965). The bridge has a roadway width of 39.33 ft. (11.99 m) and 8 in. 

(20.32 cm) thick concrete slab which was  
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The matrix [k], represents the effect of axial force on the bending stiffness of the element. 

The mechanical behavior of the slant±legged rigid frame bridge is similar to that of the arch bridge. 

Under dead load, large axial force will be induced in legs and central segments of girders. The axial 

force will affect the response of a slant-legged rigid frame bridge. The influence of axial force 

mainly depends on the span length of the bridge. Generally, the longer the span length is , the 

larger the effect will be. For longer span bridges, the axial force caused by vehicle loads is 

much smaller. than that induced by dead load. Therefore, hereafter, only the axial forces produced 

by dead load are considered and treated as a constant in evaluating the 138 





 



 



 



 





 



 





 



 



The following assumptions have been made in the latter analysis: 

1. The bridge has damping characteristics that can be modeled as viscous. One percent 

of critical damping is adopted for the first and second modes according to Ruhl [20] and Wang 

and Huang [30]. The mode damping coefficients were determined by using an approach 

described by Clough and Penzien [3]. 

2. In order to obtain the initial displacements and velocities of vehicle DOF'S when the 

vehicle entered the bridge, the vehicle was started the motion at a distance of 140 ft (42.67 m, 

i.e., a five-car length) away from the left end of the bridge and continued moving until the entire 

vehicle cleared the right end of the bridge. 

3. The same class of road surface was assumed for both the approach roadways and 

bridge decks. All trucks have same left and right road surface roughnesses. 

4.4.2. Convergence 

The number of modes used is a very important factor for the accuracy of the dynamic 

responses which are calculated by mode superposition method. Table 4-2 gives the convergence 

of response of exterior rigid frame, for several typical sections, with variation of number of 

modes. Section 1 is located 20.73 ft. (6.32 m) away from left end support. Sections 2 to 4 are 

located near the haunch. Sections 5 and 6 are the fourth point and mid-span of the central span, 

respectively. Sections 7 to 11 are symmetrical to Sections 5 to 1. The results were obtained 

according to vehicle speed of 55 MPH (88.5 krrl/hr), good road surface, and symmetric loading 

of two trucks (see Fig. 4-16, Loading No: '1). It can be seen from Table 4-2 that the i 
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convergence of the responses varies with different sections. The response of middle span 

converges much faster than that of side span. Generally, the response of middle span can 

reach satisfying results with ten modes. For side span, at least 25 modes should be used in 

order to obtain reasonable dynamic response. It is obvious that the needed number of 

modes depends on different sections, structures, and mechanical modes used. For the 

planar bar system mode, less number of vibration modes will be needed to gain the 

required accuracy (30]. In the latter investigation, thirty modes will be used. 

 

4.4.3. Representative Histories 

Twenty eight time history curves for the bridge are shown in Figs. 4-17 to 4-44. The 

curves in Figs. 4-17 to 4-35 are for the moment. The history curve of deflection at Section 6 

is demonstrated in Figs. 4-36 to 4-38. Figs. 4-39 to 4-44 present the histories of axial force at 

Sections 4 and 6. The abscissas in Figs. -17 to 4-44 are the distance measured from the left 

end of the bridge to the front axle of the vehicle. The results illustrated in those figures 

were obtained in accordance with good road roughness, symmetric loading of two trucks 

and vehicle speed of 45 MPH (72.4 km/hr). The solid lines represent the dynamic response, 

while static response is indicated by dotted lines that can be considered as static influence 

lines if we treat the truck loading as a unit. Concerning the curves given in Figs. 4-17 to 4-

44, the following phenomena can be drawn: The major attribution to the dynamic response 

of middle span arises from the participation of the first four natural modes. The higher 

modes greatly affect the dynamic response of side span. The dynamic responses for moment 

and deflection at Section 6 (mid-span) are quite different. The maximum dynamic 

deflection is 15% larger than the maximum static deflection. The maximum dynamic 

moment is 10.3% smaller than the  
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corresponding static moment. These differences are due to the fact that the shape of the static influence 

lines are different in the two cases. The variation of the influence line for moment along the span length 

is much sharper than that for deflection. Consequently, the length, under which static responses are 

comparatively larger, for moment is much shorter than that for deflection. The static influence lines 

of axial forces at Sections 4 and 6 are similar. Their dynamic axial forces will mainly be affected by 

symmetric modes. It can be expected that the dynamic axial forces at those sections will not have much 

difference. 

4.4.4. Effect of Loading Position 

In order to know the effect of lateral loading position on the dynamic response of the slant-

legged rigid frame bridge, the transverse wheel-load distribution factors and impact factors of each 

frame for symmetric and asymmetric one truck loading cases (see Fig. 4-45) were evaluated and given 

in Table 4-3. The wheel-load distribution factors acquired for the study is defined the same as in 

Chapter III (Eq. 3-16). The impact factor is defined the same as in Chapter III (Eq. 3-17). 

The results illustrated in Table 4-3 were determined on the basis of 55 mph (88.5 km/hr) vehicle 

speed and good road surface. From Table 4-3, we can observe that: (1) For most section, the loading 

position affects the impact of each frame greatly. With symmetric loading, the larger the static wheel-

load distribution factor is, the smaller the impact factor will be. Under asymmetric loading, most impact 

factors of exterior frame are larger than those of Frame 2. This is due to the influence of torsion. (2). 

The influence of loading position on the impact of axial force of girders is comparatively small. 
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4.4.5. Effect of Vehicle Speed and Road Surface Roughness 

Figs. 4-46 to 4-49 gives the variation of impact factors of exterior frame with vehicle 

speed and road surface roughness for asymmetric loading of two trucks. This figure presents 

some information about the effect of vehicle speed and road profile. With variation of vehicle 

speed, one or more peak values of impact appear. The speeds at which the peak value of impact 

occurs change with different sections and different types of internal forces. The primary reason 

for that is the different sections and types of internal forces have different shapes of static 

influence lines and their dynamic responses will be dominated by different vibration modes. 

However, under the situation of very good and good road surface, the impact factors of each 

section are slightly affected by the variation of vehicle speeds. With increasing the road surface 

roughness, the impact factors of each section increase tremendously. 

4.4.6. Effect of Static Axial Force 

The effect of axial force caused by dead load was demonstrated in Table 4-4. The results 

shown in the table were calculated under the conditions of 55 MPH (88.5 km/hr) vehicle speed 

and good surface roughness. From Table 4-4, the following conclusion can be drawn. The 

present of axial force induced by dead load will increase the dynamic moment and deflection at 

Sections 3 and 6. But the increase is limited for the slant-legged rigid frame bridges with short 

to medium span length. 

4.4.7. Effect of Damping Ratio 

Table 4-5 gives the variation of impact factors of exterior frame with the damping ratios changing 

from 0 to 3 % . The results shown in Table 4-5 were computed according to good road 
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surface and _55 MPH (88.5 km/hr) vehicle sped. From Table 4-5, it can be seen that the 

dynamic response decreases with increasing damping ratios. However, the influence of damping ratio on 

the impact of bending moment at mid-span and axial force at Section 3 is comparatively smaller, while 

that of the others are relatively larger. 

4.4.8. Maximum Impact Factors 

According to the foregoing analysis, the impact is greatly affected by lateral load position, 

vehicle speed, and different sections. Therefore, it has more practical significance to obtain the maximum 

impact factors at several control sections. 

Table 4-6 gives the maximum impact factors of some typical sections. Only the larger 

responses of the symmetric sections were listed in the table. The maximum responses were obtained 

through changing vehicle speeds from', 15 MPH (24.14 km/hr) to 75 MPH (120.68 km/hr) and the 

transverse loading positions of vehicles, which were found that the Loading No.2 (see Fig. 4-16) will 

induce the maximum static response of Frames 1 and 2 as well as Loading No. 1 (see Fig. 4-16) will 

produce that of center frame. From Table 4-6, the following results can be obtained. The maximum 

impact factors f interior frame, for bending moment of side span and middle span as well as for axial 

force of slant legs, are much less than those of exterior frames; while the maximum impact factors of 

each frame for axial force of middle span and moment of slant legs are comparatively uniform.  It is 

worth noting .that: the dynamic characteristics of moment for side span and middle span appear to be 

similar to those of axial force for slant legs; the dynamic behavior of ax~al force for middle span is 

similar to those of bending moment for slant legs. It can also be found from Table 4-6 that the maximum 

impact  
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factors for axial force and moment are quite different, especially at Sections 3, 5 and 6. The impact of 

axial force at Sections 5 and 6 is extremely larger than that of moment at the same sections. On the 

contrary, the impact of momenl at Section 3 is greatly larger than that of axial force. In this situation, 

giving the same impact 'actor to different kinds of internal forces seems to be unreasonable. 

.II 

Table 4-6 also gives the impact factors calculated by Eq. (3-18). From the table, it can be seen 

that, provided with very good road surface, the maximum impact factors obtained by the present theory 

at most sections are less or close to the values determined by Eq. (3-18). It should be mentioned that 

the impact factors for Moment at Sections 5 and 6 are distinctly smaller than the value evaluated by Eq. 

(3-18), while the impact factors of axial force are a little larger than the value. On the whole, based on 

AASHtO specifications, the design for sections 5 and 6 may seem to conservative if bridges have very' 

good surface roughness. With increasing road surface roughness, the maximum impact factors'', can 

reach high values. 
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CHAPTER V  

CONCLUSIONS AND RECOMMENDATIONS 

In this study, according to the Type 3, Type 3S2, and Type 3-3 truck rating vehicles specified 

in the AASHTO Guide Specifications for Strength Evaluation of Existing Steel and Concrete Bridges 

[8], three nonlinear vehicle modes with nine, sixteen, and eighteen degrees of freedom are developed. 

Then, six continuous multigirder bridges with different span lengths are designed based on the 

Standard Plans to Highway Bridge Superstructures of U. S. Bureau of Public Roads. The continuous 

multigirder bridges are modeled as grillage bea nm systems. The effects of transverse stiffness, road 

surface roughness, vehicle speed, span length, spacing of girders and damping ratio are analyzed. 

' Finally, the slant-legged rigid frame bridge is modeled as a space bar system. The effect of 

axial force, caused by dead load, on the dynamic response of the bridge is considered. The free and 

force vibration characteristics, including parametric study, are studied. 

Maximum dynamic responses of continuous bridges I and slant-legged rigid frame bridges are 

determined for two trucks (side by side) through changing their transverse positions with different 

speeds and road surface roughness. The conclusions of the research for continuous beam bridges are 

summarized as follows: 
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1. Impact factors of each girder of continuous multigirder bridges are closely related to its 

wheel-load distribution factors. The larger the load carried by a girder, the smaller the impact factors 

will be. 

2. Impact factors of exterior girder are affected by both vertical (z-direction) and torsional 

accelerations of the bridges. Generally, the static and dynamic wheel-load distributions of girders are 

different and the impact factors of exterior girders of the steel girder bridges are greatly larger than 

those of interior girders.  For this reason, it is not suitable to assign same value of impact factor to all 

girders in the steel I, bridge design practice. 

3. Because of the influence of higher natural frequencies, the impact factors of sections over 

interior supports are larger than the other sections and the impact of side span is generally larger than 

the impact of middle span. 

4. Under the conditions of very good road surface roughness, the impact factors of most 

sections of exterior girders of six continuous bridges are less than 30 %. The impact factors of most 

sections of interior girders are less than 25 %.  However, the impact factors increase tremendously with 

increasing road surface roughness and very high impact will occur for poor road surface roughness. 

5. Most impact factors of the six bridges at Section 3 (middle span) with average or better road 

surface, at Section 1 or 5 (side span) with good or better road surface and at Sections over interior 

supports with very good road surface are less than those calculated by AASHTO  

 190 



impact equation. Nevertheless, the impact factors over interior .supports for bridges with spans of 

56-70-56 ft. and 48-60-48 ft. may exceed the value evaluated according to AASHTO impact factor 

equation. It seems more suitable to take the sum o~ 0.3 side span length and 0.25 middle span 

length, instead of the average of side and middle sp~ lengths, as L defined in AASHTO impact 

formula. Nevertheless, more reasonable impact formula needs to be developed. 

6. With the increase of transverse stiffness, the static and dynamic wheel-load distribution 

factors of exterior girders increase and those of interior girders decrease.  However, this variation of 

the factors at most sections is insignificant.  Based on this situation, too large transverse stiffness in 

this kind of steel multigirder bridges seems to be unnecessary. 

7. With changing the spacing of girders from 6.5 ft. to 8 ft., the static wheel-load factors of 

each girder increase and the impact factors decrease, except that at Sections 1 and 3 of exterior 

girder. Basically, the variation of maximum impact factors with the spacing of girders is not 

significant. 

8. The existence of damping decreases the response of the bridges, but the influence of 

damping ratio on the impact of each component is different. The response of sections over interior 

supports was affected significantly by damping ratio, while the influence of damping ratio on 

Section 3 (middle span) is comparatively small.  

The conclusions of the investigation for the slant-legged rigid frame bridge are:  
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1. The existence of the static axial force increases the dynamic response of mid span and legs, 

but the increase is small for the bridges with short to middle span lengths. 

2. The number of vibration modes used in the proposed numerical procedure is very 

important. It depends on different sections and (,different types of responses. Generally, thirty modes 

are quite enough for all responses of slat-legged rigid frame bridges. 

3. Lateral loading position greatly influences the impact of bending moment of girders and the 

impact of axial force of legs.. Generally, the larger the wheel-load distribution factor is, the smaller 

the impact will be. The dynamic behavior of this bridge is similar to that of beam/girder bridges [12, 

31]. The effect of lateral loading position on the impact of axial force of each girder is comparatively 

smaller. 

4. With changing vehicle speed from 15 MPH (24.14 km/hr) to 75 MPH (120.68 km/hr), 

impact factors of each section will appear one or more peak values. However, on the basis of very 

good or good road surface roughness, the variation of impact factors with vehicle speeds is relatively 

small. With increasing road roughness, the impact of the bridge increases significantly. 

5. Increasing damping ratio will decrease', the dynamic response. Nevertheless, the effect of 

damping ratio varies with different sections and different types of internal forces. The impact of 

bending moment at mid-span is slightly affected by changing damping ratios from 0 % to 3 and the 

effect of damping ratio on the others ar6 comparatively larger. 
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6.The maximum impact factors of the slant-legged', rigid frame bridge vary with different 

frames, sections, and different types of responses. Owing to the effect of torsion, the maximum impact 

factors of exterior frame for moment of side span and middle span as well as for axial force of slant legs 

are greatly larger than that of interior frames. The maximum impact factors of each frame for axial force 

of middle span and for moment of slant legs do not have much difference. 

7. The maximum impact factors of moment and axial force at most sections are quite different. 

For middle span, the maximum impact factors, of axial force are significantly larger than those of 

bending moment. Oppositely, for legs, the maximum impact factors of axial force are greatly smaller 

than those of moment. Under this situation, it seems to be unreasonable to give same impact value to 

different types of responses in the bridge design practice. Moreover, the impact factors of deflection at 

Section 6 are distinctly, larger than those of moment. It is not suitable to take the impact factor of 

deflection as that of',internal forces. 

8. Provided with very good road surface, the maximum impact factors at most sections are less 

than or close to the values determined by AASHTO specifications. Although, the maximum impact 

factors of axial force at Sections 5 to 7 are a little larger than the value specified by AASHTO, those of 

moment are greatly smaller than the value. On the whole, the design for Sections 5 to 7 may seem 

conservative. However, with increasing road surface roughness, the maximum impact factors will 

distinctively exceed the impact values specified by AASHTO.  
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The study in this phase is devoted to the impact analysis of straight girder/beam bridge; 

In Phase III, the dynamic investigation of curved bridges will be carried out. 
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