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Vibration and Impact in Multigirder 
Steel Bridges 

ToN-Lo WANG, DoNGZHOU HUANG, AND MoHSEN SHAHAWY 

Vibration and impact due to multiple vehicles moving across rough 
bridge decks are studied in seven steel multigirder bridges with 
different span lengths. The bridges are modeled as grillage beam 
systems. The vehicle is simulated as a nonlinear vehicle model 
with 12 degrees of freedom according to the HS20-44 truck design 
loading specified by AASHTO. Four classes of road surface 
roughness generated from power spectral density function for the 
approach roadways and bridge decks are used in the analysis. 
The results indicate that the impact of exterior girders of short
span bridges are highly sensitive to lateral loading position, ve
hicle weight, road roughness, and so forth. Maximum impact 
factors of girders were obtained for two trucks (side by side) 
through changing their transverse positions, with different speeds 
and road surface roughness. Results are useful for the bridge 
design and the further study of impact formula proposed by 
AASHTO. 

The impact on highway bridges of vehicles passing across the 
spans is a significant problem of interest to bridge engineers. 
A considerable amount of literature exists on this subject. 
The literature most relevant to this study concerns code pro
visions, experimental impact values, and the models for ve
hicles and bridges used in analytical studies. 
· The 1989 AASHTO specifications (1) are the basis for the 
design of highway bridges in many countries. They specify 

50 
I= (L + 125) (1) 

where I is an impact factor not greater than 0.3, and Lis the 
loaded length in feet. The 1983 Ontario Bridge Design Code 
(2) has introduced more conservative values of I. 

In the past two decades, many experimental studies re
ported that high impact occurred in some highway bridges 
(3-7). Many papers on the theoretical study of the dynamic 
loading of girder bridges have been published during the past 
three decades (8-11). The theoretical and experimental in
vestigations indicate that the impact of a bridge depends on 
many factors: (a) the type of bridge and its natural frequencies 
of vibration, (b) vehicle characteristics, (c) speed of the ve
hicle, ( d) the profile of approach roadway and of bridge deck, 
(e) the damping characteristics of bridge and vehicle, (f) weight 
of the vehicle, and so forth. 

However, most of these previous studies used a planar beam 
model or orthotropic model to simulate bridge structure and 
a single car to simulate vehicle loading. A recent investigation 
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by Wang and Huang (12 ,13) has shown that the impact of 
bridges was greatly influenced by the wheel-load distribution, 
and the impact of each girder is not same. Nevertheless, a 
thorough investigation on this subject needs to be conducted. 

The present objective is to analyze systematically the vi
bration and impact of multigirder steel bridges with seven 
span lengths from 35 to 140 ft (10.67 to 42.67 m), under 
the passage of design vehicle loading. The results obtained 
are useful for further theoretical and field study of bridge 
impact as well as for modification of highway bridge design 
specifications. 

MATHEMATICAL MODEL FOR VEHICLE 

The mathematical model for HS20-44 truck loading is illus
trated in Figure 1. The nonlinear vehicle model consists of 
five rigid masses representing the tractor, semitrailer, steer 
wheel/axle set, tractor wheel/axle set, and trailer wheel/axle 
set, respectively. In the model, the tractor and semitrailer 
were each assigned 3 degrees of freedom ( df), corresponding 
to the vertical displacement (y), rotation about the transverse 
axis (pitch, or 0), and rotation about the longitudinal axis 
(roll, or <J>). Each wheel/axle set is provided with two df in 
the vertical and roll directions. The total degrees of freedom 
are 12. The tractor and semitrailer were interconnected at the 
pivot point (the so-called fifth wheel point; see Figure 1). 
Both distances between the steer axle and the tractor axle as 
well as the tractor axle and the trailer axle are taken as 14 ft 
(4.27 m). The equations of motion of the system were derived 
by using Lagrange's formulation. Details of derivation and 
data are discussed by Wang and Huang (13). 

ROAD SURF ACE ROUGHNESS 

The power spectral density (PSD) functions for highway sur
face roughness have been developed by Dodds and Robson 
(14) and modified by Wang and Huang (13). They are shown 
as 

S($) =A, m _, (2) 

where 

S(~) = PSD (m2/cycle/m) 
{i>, = wave number (cycle/m), 
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FIGURE 1 HS20-44 vehicle model: left, side view; right, front view. 

Ar = roughness coefficient (m3/cycle) 
(j)0 = discontinuity frequency = 1/(271') (cycle/m). 

The detail of the procedure has been discussed by Wang and 
Huang (13). In this study, the values of 5 x 10- 6 , 20 x 10- 6 , 

80 x 10- 6 , and 256 x 10- 6 m3/cycle were used according to 
International Organization for Standardization (ISO) speci
fications (15) as the roughness coefficient Ar for the classes 
of very good, good, average, and poor roads, respectively. 
The sample length was taken as 256 m (839.9 ft), and 2,048 
(211

) data points were generated for this distance. The average 
vertical highway surface profiles from five simulations are 
shown in Figure 2. 

BRIDGE MODEL AND EQUATIONS OF MOTION 

To study the general impact behavior of steel multigirder 
bridges, seven highway steel bridges were designed according 
to 1989 AASHTO specifications (1) and the 1982 Standard 
Plans for Highway Bridges of the U.S. Department of Trans
portation (16). The span lengths range from 35 to 140 ft 
(10.67 to 42.67 m). These bridges are designed for the HS20-
44 loading. Figure 3 (top) shows the typical bridge cross sec
tion. All seven bridges consist of five identical girders that 
are simply supported. The plan of the bridge with a span of 
100 ft is given in Figure 3 (bottom); the other bridges have 
similar arrangements. The number of diaphragms for bridges 
with span lengths of 35, 45, 55, 75, 100, 120, and 140 ft (1 ft 
= 0.305 m) are 1, 1, 2, 2, 3, 4, and 5, respectively. The 
primary bridge data are given in Table 1. 

The multigirder bridges are treated as grillage beam systems 
(Figure 4). Dynamic response of the bridge was analyzed with 
finite element method. The bridge was divided into grillage 
elements (Figure 5). The node parameters are 

{8}' ~ { ~;} (3) 

where 

{8;} = [wzi exi eyiF = displacement vector of left joint, 
{8) = [wzj exj eyjF = displacement vector of right joint, 

w = vertical displacement in z-direction, and 
ex, 0y = rotational displacements about x- and y-axes, re

spectively. 

The equations of motion of the bridge are 

where 

[MB] = global mass matrix; 
[KB] = global stiffness matrix; 
[DB] = global damping matrix; 

(4) 

{8}, {B}, {S} = global nodal displacement, velocity, accel
eration vectors; and 

{FBr} = global nodal loading vector, resulting from 
interaction between bridge and vehicle. 

INTERACTION EQUATIONS AND NUMERICAL 
METHODS 

The interaction force of the ith axle between the bridge and 
vehicle is given as 

(5) 

where 

Kry; = tire stiffness of ith axle, 
Dry; = tire damping coefficient of ith axle, and 
U cy; = relative displacement between ith axle and bridge 

= Ysi - ( - usri) - ( - Wb;), where Yai = vertical 
displacement of ith axle, 

usri = road surface roughness under ith axle (positive up
ward), and 

wb; = bridge vertical displacement under ith axle (positive 
upward); wb; can be evaluated by nodal displace
ments {8}e of element and displacement interpola
tion function of element (12); a dot superscript de
notes differential with respect to time. 

The equations of motion of the vehicle are nonlinear, while 
those of the bridge are considered linear. According to the 
different characteristics of the equations of motion, the fourth
order Runge-Kutta integration scheme (17) was used to solve 
the equations of motion of the vehicle, while the solutions of 
those of the bridge were determined by the mode-superpo
sition procedure based on the subspace iteration method. The 
main procedure for dynamic analysis of the bridges is dis
cussed elsewhere (12). 
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FIGURE 2 Vertical highway surface profiles: left, right line; right, left line. 

VIBRATION AND IMPACT CHARACTERISTICS 

It is assumed that the bridges have damping characteristics 
that can be modeled as viscous. One percent of critical damp
ing is adopted for the first and second modes according to 
the experiment results. The mode-damping coefficients were 
determined by using an approach described by Clough and 
Penzien (18). To obtain the initial displacements and veloc
ities of vehicle degrees of freedom when the vehicle entered 
the bridge, the vehicle was started in 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. The same class of road 
surface was assumed for both the approach roadways and 
bridge decks. 

Table 2 presents the first six frequencies of each bridge. 
From the table, it is apparent that the first two frequencies 
of each bridge-corresponding with bending and torsion modes, 
respectively-are nearly the same. 

To learn the space impact characteristics of multigirder 
bridges, two loading cases, symmetric and asymmetric load
ings of a single truck [Figure 6 (top) Loading 1 and Loading 
2], are considered. Under the conditions of vehicle speed of 
45 mph (72.41 km/hr) and good road surface, the lateral wheel
load distribution factors and impact factors of three bridges 
with span lengths of 35, 55, and 100 ft (10.67, 16.75, and 30.48 
m), respectively, are computed and shown in Figure 7. The 
wheel-load distribution factor acquired for the study is defined 
as 

(6) 

where 

FMQt = FMQ/n 

F MQ = sum of bending moment or shear of all girders at 
one section, 

n = number·of wheel-loads in transverse direction, and 
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FIGURE 3 Typical analytical bridge: top, typical cross section; bottom, typical plan. 

TABLE 1 Properties and Masses of Bridges 

Girder Intermediate diaphragm Diaphragm at ends 
Span 

r r· Mass (kips/in) .. J- Mass r J- Mass length d d d 

ft x 104 x 103 x 104 x la3 (kips/in) x 104 x 103 (kips/in) 
(in4) (in4) Exterior Interior (in4) (in4) (in4) (in4) 

girder girder 

35 1.209 1.792 0.0927 0.0661 0.211 0.498 0.0027 0.211 0.498 0.0027 

45 1.659 1.792 0.0941 0.0676 0.225 0.640 0.0027 0.225 0.640 0.0027 

55 2.352 1.799 0.0967 0.0701 0.355 0.783 0.0027 0.228 0.782 0.0035 

75 3.734 1.830 0.1052 0.0787 0.367 1.066 0.0027 0.256 1.065 0.0035 

100 8.002 1.797 0.0991 0.0725 0.981 1.420 0.0057 1.852 1.420 0.0031 

120 10.688 1.801 0.1037 0.0776 1.222 1.705 0.0064 2.802 1.704 0.0038 

140 15.475 1.805 0.1078 0.0812 t.765 1.989 0.0064 3.965 1.988 0.0038 

* Inertia moment. 
** Torsional inertia moment. 
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FIGURE 4 Idealization of multigirder bridges. 
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FIGURE 5 Grillage elements. 

F MQ; = maximum bending moment or shear of one girder 
at the section. 

The impact factor is defined as 

(7) 

in which· Rd and Rs are the absolute maximum response for 
dynamic and static studies, respectively. 

Figure 7 (left) presents the static load distribution factors 
and impact factors of each girder for the three bridges sub
jected to lateral symmetrical loading of a single truck. It is 

TABLE 2 Frequencies of Seven Bridges 

No. of Span length 
frequency 

35 45 55 

1 11.657 8.231 6.467 

2 11.754 8.368 6.588 

3 16.882 13.247 12.967 

4 31.096 26.877 24.970 

5 44.844 31.713 25.282 

6 44.854 31.729 29.996 

interesting to observe from Figure 7 (left) that lateral static 
and dynamic load distributions are quite different, especially 
for short-span bridges. The larger the static lateral load distri
bution factor is, the smaller the impact factor will be. The 
impact factors of exterior girders are much larger than those 
of interior girders. Therefore, taking an average impact factor 
of all girders as that of each girder in the theoretical and field 
study is not reasonable. However, the difference of impact 
factors between exterior and interior girders will decrease with 
the increase of span length. 

Figure 7 (right) shows the results for the case of asym
metrical loading of a single truck. The same relation between 
static wheel-load distribution factor and impact factor will be 
observed from Figure 7 (right). However, because of the effect 
of torsion, the impact factors of Girders 1 to 3 have nearly 
the same value. 

Figure 8 gives the variation of the impact factors of moment 
at midspan for exterior and center girders of three bridges 
with varying vehicle weight. The results in Figure 8 were based 
on the conditions of a single truck loading symmetrically [Fig
ure 6 (top), Loading 1], 45-mph (72.41-km/hr) vehicle speed, 
and good road surface. Figure 8 shows the impact factor in
creases as the weight decreases. However, the relation be
tween impact and vehicle weight is related to different span 
lengths, girders, and cross sections. The shorter the span length 
is, the more rapidly the impact factor will increase with less-

(ft) 

75 100 120 140 

4.185 3.502 2.791 2.410 

4.327 3.526 2.814 2.411 

I 10.131 13.368 10.647 9.152 I 
16.256 13.617 11.186 9.694 

I 16.533 13.961 13.956 15.488 

20.054 18.767 17.796 17.654 
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FIGURE 6 Truck-loading model: top, one-truck loading; 
bottom, two-truck loading. 

ening vehicle weight; the impact factors of exterior girders 
increase much faster than those of center girders. 

Figure 9 illustrates the variation of the maximum impact 
factor with varying span length for two typical sections of 
midspan and span fourth point. Figure 9 (left) represents the 
response of exterior girders, while that of center girders is 
given in Figure 9 (right). The maximum impact factors were 
obtained on the basis of the transverse position that can pro
duce the maximum static response in the girders concerned 
(see Figure 6) and vehicle speeds ranging from 15 to 75 mph 
(24.14 to 120.68 km/hr). 
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Figure 9 provides important information concerning the 
relationship among maximum impact factor, span length, and 
others. For all seven bridges, the maximum impact factors of 
exterior girders are apparently larger than those of center 
girders. Generally, the impact factors of moment of exterior 
girders for bridges with span length in excess of 60 ft (18.29 
m) are distinctly smaller than those evaluated according to 
Equation 1, provided that bridges have a deck of good road 
surface roughness. Higher impact factors will occur in the 
bridges with short spans, for which the AASHTO specifica
tions may underestimate the impact of exterior girders. Never
theless, the impact factors of center girders of the seven bridges 
with good road surface are all smaller than those predicted 
by Equation 1. It seems that Equation 1 will overestimate the 
impact of center girders for the bridges whose span lengths 
are in excess of 55 ft (16.76 m). The variation of the impact 
factors of moment at span fourth point with span lengths is 
different from that at midspan. For the bridges with short 
span lengths and very good roughness, the impact factors at 
span fourth point are generally less than those at midspan. 
For the opposite situation, most impact factors at span fourth 
point are greater than those at midspan. Figure 9 also shows 
that the impact of bridges increases considerably with increas
ing road roughness. 

CONCLUSIONS 

1. The impact of each girder of steel multigirder bridges is 
closely related to the lateral loading position of vehicles. Lat
eral static and dynamic distributions of the bridges are quite 
different, especially for short-span bridges. The larger the 
static lateral distribution factor is, the smaller the impact fac
tor will be. It appears more reasonable to study the maximum 
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FIGURE 8 Effect of vehicle weight: left, exterior girders; right, center girders. 
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FIGURE 9 Variation of maximum-impact factors with span lengths: left, exterior girders; right, center 
girders. 

impact of each girder than to adopt the average value of all 
girders in field investigations, particularly for short-span bridges. 

2. Impact factors of bridges decrease with increasing vehicle 
weight. However, the relation between the impact and the 
weight of vehicle is correlated with different span lengths, 
girders, and sections. The shorter the span length is, the more 
rapidly the impact factor will increase with lessening vehicle 
weight. The impact factors of exterior girders increase faster 
than those of interior girders. 

3. The maximum impact factors of interior girders for all 
seven bridges are significantly smaller than those of exterior 
girders and less than the results calculated by AASHTO spec
ifications, provided that the bridges have good road surface. 
It appears that Equation 1 will overestimate the maximum 
factors of moment for bridges with span lengths longer than 
55 ft (16.76 m), especially for midspan. 

4. Generally, the maximum impact factors of moment of 
exterior girders with span lengths longer than 75 ft (22.86 m) 

are distinctly lower than those predicted by AASHTO spec
ifications, provided that bridges have good road surface. For 
bridges with short spans, it appears that Equation 1 may un
derestimate impact value. This situation should be noted in 
practice. 
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