Structural Engineering and Mechanics, Vol. 11, No. 3 (2001) 259-272 259
DOI: http://dx.doi.org/10.12989/sem.2001.11.3.259

Impact study for multi-girder bridge based on
correlated road roughness

Chunhua Liut and Ton-Lo Wang#

Department of Civil and Environmental Engineering, Florida Int’l University, Miami, FL 33199, U.S.A.

Dongzhou Huangt#

Structural Research Center, Florida Department of Transportation, 2007E.
Dirac Drive, Tallahassee, FL 32310, U.S.A.

Abstract. The impact behavior of a multigirder concrete bridge under single and multiple moving
vehicles is studied based on correlated road surface characteristics. The bridge structure is modeled as
grillage beam system. A 3D nonlinear vehicle model with eleven degrees of freedom is utilized according
to the HS20-44 truck design loading in the American Association of State Highway and Transportation
Officials (AASHTO) specifications. A triangle correlation model is introduced to generate four classes of
longitudinal road surface roughness as multi-correlated random processes along deck transverse direction.
On the basis of a correlation length of approximately half the bridge width, the upper limits of impact factors
obtained under confidence level of 95 percent and side-by-side three-truck loading provide probability-
based evidence for the evaluation of AASHTO specifications. The analytical results indicate that a better
transverse correlation among road surface roughness generally leads to slightly higher impact factors.
Suggestions are made for the routine maintenance of this type of highway bridges.
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1. Introduction

Vehicle-induced impact on highway bridges is one of the primary problems concerning bridge
engineers. The American Association of State Highway and Transportation Officials (AASHTO 1996) or
AASHTO-LRFD (1998) specifications are the widely used design code to consider the live load
impact. In lieu of the impact factor associated with span length, the AASHTO-LRFD specifications
(1998) introduce the conception of dynamic load allowaide based on various structural
components and limit states. Numerous analytical and field studies have been conducted in this field
to calibrate the impact factor specified by the AASHTO provisions. A brief review of these research
works on simply supported short- and medium-span bridges refers to Fnakg1962), Ruhl
(1974), Wanget al. (1992), Huanget al. (1993), Wang et al(1993), and Wangt al. (1996). In
theoretical analyses, however, studies take little account of inherent spatial coherence among
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longitudinal road surface roughness along transverse bridge profile. In the sixties, Eeales
(1962) observed from field measurements that the permanent deflections along transverse bridge
profiles increased with time. Laet al. (1975) measured and analyzed the transverse bridge profile
differences related to wavelengths at three bridges. They concluded that the variation in transverse
bridge profiles primarily came from various pavement types, wheelpath-to-wheelpath differences,
and the lane-to-lane differences according to their contribution sequence. It is worthwhile to
investigate in detail the possible discrepancy caused by different road roughness models.

The objective of this study is to evaluate the response characteristics of multigirder bridges based
on spatially correlated longitudinal road surface roughness. A triangle correlation model for road
surface roughness along transverse bridge profile is introduced in the analysis. On this basis,
dynamic behavior of a multigirder concrete bridge with span length of 30.48 m, which is designed
in accordance with AASHTO specifications (1996), is studied. The vehicle speeds range from
24.14 km/h to 120.70 km/h. To obtain statistical results, a total of twenty simulations is carried out
for each study case with respect to road roughness class and vehicle speed. The influence of various
correlation lengths on impact factors is investigated.

2. Bridge and HS20-44 models
2.1 Idealization of bridge structure

Fig. 1 shows a simply supported prestressed concrete highway bridge, which is designed according
to AASHTO standard bridge girders (1996) and the Standard Plans for Highway Bridge Superstructures
(1990) from the U.S. Department of Transportation. This bridge is made up of I-beam sections with
a cast-in-place deck and is designed on the basis of HS20-44 loading. The bridge has a roadway
width of 9.74 m and a concrete deck thickness of 0.19 m. Typical cross section of the bridge is
shown in Fig. 1(a). All the five girders have identical section and are transversely connected with
each other by diaphragms at two span third points and two span ends, as shown in the plan of the
bridge in Fig. 1(b).

The multigirder bridge is treated as grillage beam system as shown in Fig. 2. Dynamic response
of the bridge is analyzed with finite element method. The bridge is divided into grillage elements as
shown in Fig. 3. The nodal parameters at element level are

il

090
where &, = {w,; 6,;, Gyi}T = displacement vector of tie node;d; = {w,;, 6,;, Gyj}T = displacement
vector of thgth node;w = vertical displacement in theexis direction; and, 8, = rotational displacements
alongx-andy-axis, respectively.

In the present study, rigidities of longitudinal elements are determined as composite sections
consisting of girders and slab, while the stiffness of transverse elements consist of slab and diaphragm.
The mass per length and crosssection of each girder are considered to be uniform along the
longitudinal axis of the bridge. Table 1 presents the primary data of this bridge.

The equation of motion of the bridge is
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where My, = global mass matrix of bridge structut; = global stiffness matrix of bridge structure;
Cy= global damping matrix of bridge structur®;, d,, d, = global nodal displacement, velocity, and
acceleration vectors; ari€, = global load vector due to the interaction between bridge and vehicle.

3. HS20-44 model

The three-axle vehicle HS20-44 is the major design vehicle in the AASHTO specifications. A
three-dimensional mathematical model for the HS20-44 truck loading is illustrated in Fig. 4. This
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Table 1 Properties and masses of the bridge

Members Inertia moment (m*)  Torsion inertia momenty (M®) Mass (KN/m)
(1) 2) 3 4)
Girder 0.26872 0.013€3 27.07
2243
Intermediate diaphragm 0.05777 0.007896 4.676
Diaphragm at ends 0.00718 0.005182 2.014

Note: a. Exterior girder; and b. Interior girder

model simplifies the standard truck into five rigid masses connected by six springs and six dampers.
The five masses represent the tractor, semitrailer, steer-wheel/axle set, tractor wheel/axle set, and
trailer wheel/axle set. There are a total of twelve assigned degrees of freedom (DOFs) shown in Fig. 4:
three for tractor, three for semitrailer, and two for each wheel/axle set. The three DOFs for tractor
and semitrailer include vertical displacemesit fotation about the transverse axis (pitchtgprand

rotation about the longitudinal axis (roll g). Each wheel/axle set is assigned with two DOFs in

the vertical and roll directions(and ¢). Since the tractor and the semitrailer are interconnected at
the pivot point, namely fifth-wheel point (see Fig. 4), the total number of degrees of freedom is
reduced to eleven. The equations of motion of the system were derived using Lagrange’s equation.
Details of derivation and data refer to Wang and Huang (1992).

3.1 Interaction between vehicle and bridge

The interaction force between thih wheel of the vehicle and the bridge is given as following:
For = KeiUpi *+ Coil 3)

whereKy; = tire stiffness of théth wheel;Cy; = tire damping coefficient of thigh wheel;U,;= z,—
(-Usr) —(—zy), the relative displacement between itiewheel and bridge, and the superscript dot of
Uy denotes differential with respect to tinmg; = vertical displacement of thi¢h wheel;ug; = road
surface roughness under tith wheel (positive upwards); arg; = bridge vertical displacement
under theith wheel (positive upwards), which can be determined by the nodal displac¥hserd
the displacement interpolation function of the element (Clough and Penzien 1996).

In the present study, the fourth-order Runge-Kutta integration algorithm is employed to solve the
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Fig. 4 HS20-44 vehicle model: (a) side view; and (b) front view
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nonlinear equations of motion of vehicle (Cbual 1986, Wang 1990, Wanet al 1991). The
dynamic equations of the bridge are solved by the modal superposition procedure based on the
subspace iteration method.

4. Road surface roughness

Dodds and Robson (1973) have developed the power spectral density (PSD) functions for highway
surface roughness:

S@) = [ (rp/(;b) L 9@ @)

DA( V) 0> @

where S(¢) =PSD (ficycle/m); @ =wave number (cycle/mjp = discontinuity frequency #11/2
(cycle/m); A=roughness coefficient ficycle); andw,, W, =roughness exponent, herein taken as
2.050 and 1.440, respectively, for principal roads.

Eqg. (4) presents the characteristics of road surface roughness along the longitudinal d.ed¥mmg(
and Huang (1992) modified the spectrum by using W, =—2.6, which underestimates the amplitude of
those components at frequencies higher tign . This modification makes little difference in the
generated roughness. According to the roughness coefiGidatr classes of road surface conditions
(very good, good, average, and poor) are generated by Wang and Huang (1992). In actuality, these
random processes are correlated with each other along the transverse dijectimmeflect the spatial
correlation along the transverse direction, an approximate formula proposed by Kovacs and Svensson
(1992) is adopted to simulate multi-correlated processes based on a given spatially correlated relationship:

mﬂ)i Dz C(Yy— M) (Tod (@) + 0" )x+ Byl (5)
z c’ (n) 1
k=1

U (% ¥) = 3

=1

where S(¢) =target PSD at discrete frequengy C(&) = transverse spatial coherence functiw;
distance between two correlated pointg;=lateral coordinates of a set of selected points to

generate road roughnesss 1,...,m; y, = lateral coordinate of generated poing; = 27@ , Circular
frequency; )’ =random circular frequency introduced hereby to avoid the periodicity of generated
random processa§'<<w ); anfl; = initial phase.

Eqg. (5) is initially employed to simulate spatially correlated turbulent components of natural wind along
the span of large-scale bridges such as cable-stayed bridges. It demonstrates satisfactory results (Liu
1995). To appropriately use Eg. (5), it is necessary to select a set offinis...,m) distributed along
the transverse direction. The point at which longitudinal road surface roughness is generated is supposed
to be spatially correlated with these selected points as shown in Fig. 5. In this study, two parameters
andn are chosen as 10 and 200, respectively, to generate two correlated longitudinal surface roughness
profiles according to a given correlation length . A triangle correlation model is taken to approximately
reflect the spatial correlation of multi-correlated road surface roughness:

/0 if ]
(&) = -l I' €] < )
DO iflf >0
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where 8 =correlation length, which stands for the rate at which the correlation decays between two
points alongy-axis (transverse) direction.

In Egs. (5) and (6), the sample length is taken as 256 m and 28y8at points are generated
for this length. The average and upper limit of road profile amplitude ranges for four roughness
classes (A = %107°, 20x10°°, 80x10°, and 32810°°) are shown in Table 2.

5. Analytical study

In this study, several premises have been made as follows: (1) To simulate the vehicle entering the
bridge with nonzero initial displacements and velocities at every DOF, the vehicle is started at a
distance of 42.67 m, i.e., a five-car length, away from the left end of the bridge; (2) For the bridge
structural damping characteristics, one percent of critical damping is adopted for the first and
second modes according to the experimental results (Ruhl 1974). The modal damping coefficients
are determined by using an approach described by Clough and Penzien (1996); (3) Both approach
roadways and bridge decks have the same class of road surface; and (4) The left- and right-line
wheelpaths have different but correlated road surface roughness characteristics. This correlation has
been modeled as triangle type defined by Eq. (6). In case of multi-truck presence, trucks in different
lanes have the same set of two wheelpaths, i.e., lane-to-lane differences are neglected.

A total of twenty simulations of surface roughness by Eq. (5) is performed and labeled in the
number sequence of one to twenty in order to obtain statistical data. Every study case related to
vehicle speed and road surface class includes twenty simulations namely a group. To present
probability-based results, the smaller of the following is used in each group: (1) the maximum
impact factor; or (2) the average plus 1.645 standard deviations of impact factors calculated. Since
the variation of impact factors within a group could be represented by a normal distribution, the use

Table 2 Amplitude of generated road profiles

Very good Good Average Poor

C('f)ss 2) ) (4) (5)
Left-line Right-line Left-line Right-line Left-line Right-line Left-line Right-line
Average (m) 0.020 0.020 0.039 0.040 0.079 0.081 0.158 0.161
Upper limit of 95%  0.025 0.026 0.051 0.051 0.102 0.103 0.204 0.205

confidence level (m)
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of average plus 1.645 standard deviations assures that the assigned impact factors to a group have
only a 5 percent chance of being exceeded.

For the analytical bridge, the specified values are 22 percent for impact factor according to AASHTO
specifications (1996) and 0.33 for dynamic load allowance (strength limit states of girders) according to
AASHTO-LRFD specifications (1998).

5.1 Statistics of impact factors

Following the design loading of the bridge, loading cases 2 and 3 in Fig. 6 are adopted to analyze
the dynamic behavior of the bridge. The symmetric and asymmetric three-truck loading cases
(loading cases 2 and 3) are used for center girder and two exterior girders, respectively. To obtain
statistical results of dynamic responses, a total of 20 sets of road surface roughness is generated by
Eq. (5), and the correlation length  is taken as 5 m (roughly half the bridge width). The amplitude
ranges of twenty simulated left- and right-line profile differences fall within the range from 0.022 to
0.042 m, while the measured difference for Big Sandy Bridge bydtaal. (1975) are in the range
from 0.020 to 0.036 m (the road surface condition is good). Thus, the selection of correlation length
6=5m is appropriate. The calculated left- and right-line profile difference of roughness #1 according to
6=5m is shown in Fig. 7.

The impact factor is defined as the following:

I mp(%) = %;—1% 100% @)
whereRy andR=the absolute maximum dynamic and static responses for individual histories, respectively.

Tables 3-6 present the variation of the upper limits of moment impact factors (confidence level of
95 percent) at midspan of five girders with various vehicle speeds (ranging from 24.14 to 120.70 km/h)
and different classes of road surface roughness. The following concepts can be learned from Tables
3-6. Two exterior girders #1 and #5 have the largest impact factors, while the central girder #3 is
subjected to the intermediate impacts. The moment impact factors tremendously increase with the
surface roughness class in the sequence from very good to poor. For very good road surface, all
impact factors safely fall within the specified value of AASHTO specifications (1996); however, all
impact factors exceed the specified value for the average and poor classes. At various vehicle speeds, the
impact factors of each girder appear to be different. For good road surface, the AASHTO
specifications (1996) cover the upper limits under confidence level of 95 percent when vehicle
speed is less than 104.60 km/h. Although the upper limits are higher than the specified value of 22
percent when vehicle speed reaches 120.70 km/h, all of them are smaller than the specified dynamic
load allowance of 0.33 (AASHTO-LRFD 1998). Based on these results, the following study will
focus on the dynamic behaviors of the bridge with very good and good road surfaces.

A typical distribution of impact factors within a group is illustrated in Fig. 8. It can be noticed
from Fig. 8 that the diversity of computed impact factors within a group are apparent. The
phenomenon indicates that the inputs of various road roughness having the same power density
spectrum, affect initial displacements and velocities of vehicle DOFs and vehicle-bridge interaction.
This means that impact factors are random variables. Table 7 gives the results based on single
simulation of good road surface and its modified PSD by Wangl (1992) and Huangt al
(1993). By comparing Table 7 with Table 4, it can be seen that the predicted upper limits under
confidence level of 95 percent appear to be much higher. Hence, it is necessary to compute the
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Table 3 Moment impact factors at midspan (very good road surface)

Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
(1) ) ©) (4) (5) (6)
24.14 7.493 4.955 6.967 5.071 7.925
40.23 8.017 5.300 7.135 5.159 7.977
56.33 8.007 5.512 7.487 5.543 8.225
72.42 7.186 4472 6.516 4.758 7.691
88.51 7.153 4.586 6.288 3.923 6.460

104.60 9.342 7.057 9.119 7.106 9.441
120.70 14.957 12.454 14.543 12.541 14.752
Table 4 Moment impact factors at midspan (good road surface)

Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1) 2 3) 4) (5) (6)
24.14 17.024 13.847 16.211 14.091 17.783
40.23 16.663 12.752 14.932 13.053 17.607
56.33 17.033 14.749 17.012 14.881 17.996
72.42 14.789 11.334 13.658 11.756 16.000
88.51 12.851 9.928 11.875 9.312 10.875

104.60 17.804 14.391 16.595 14.460 17.912
120.70 28.803 26.293 28.457 25.553 27.868

upper limits under a specific confidence level based on statistical results.

Fig. 9 presents the calculated upper limits of impact factors under very good and good road
conditions and confidence level of 95 percent in comparison with AASHTO specifications. From
Fig. 9, it can be observed that all impact factors under very good road condition are less than the
specified value by AASHTO specifications (1996). Under good road conditions, the impact factors
of the center girder #3 are less than the specified value by AASHTO specifications (1996), except
the moment impact factor at midspan based on the highest speed of 120.70 km/h; the moment
impact factors at midspan of the exterior girder #1 are similar to those of the center girder #3.
Moreover, the moment impact factors at quarter point of the exterior girder #1 are generally less
than the specified value by AASHTO specifications (1996), while most of shear impact factors at
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Table 5 Moment impact factors at midspan (average road surface)

Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1) 2 ©) 4) ) (6)
24.14 43.678 39.015 47.188 38.933 43.782
40.23 43.450 37.385 39.314 35.599 39.179
56.33 42.139 37.505 39.939 37.352 43.538
72.42 36.900 31.950 34.260 31.923 37.592
88.51 30.837 28.010 31.622 28.709 29.790
104.60 49.216 43.034 46.166 42.718 48.514
120.70 64.005 58.254 61.395 58.287 63.565

Table 6. Moment impact factors at midspan (poor road surface)

Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1 &) ©) (4) () (6)
24.14 125.718 115.837 122.021 118.896 130.200
40.23 109.023 101.089 105.938 102.841 113.489
56.33 111.210 102.057 106.074 103.121 116.825
72.42 84.994 78.433 83.327 82.951 93.226
88.51 116.845 111.393 120.030 118.909 131.811
104.60 158.653 142.778 147.650 144.749 158.933
120.70 139.216 129.075 133.189 127.398 140.364
&
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Fig. 8 Typical impact factor distribution

end exceed the specified value by AASHTO specifications (1996). All impact factors are less than
the specified dynamic load allowanidd by AASHTO-LRFD specifications (1998). One lowermost
point occurs for all curves within the vehicle speeds from 72.42 to 88.51 km/h because of the
smallest averages and standard deviations.

5.2 Effect of correlation length

In order to study the influence of correlation leng@dh  on dynamic impact factors, a variety of
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Table 7 Moment impact factors at midspan (good road surface and modified PSD)

Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1) ) 3) 4) ©) (6)
24.14 2.581 1.097 2.803 1.215 3.814
40.23 4.053 1.029 3.232 1.617 4.824
56.33 4.566 1.828 3.999 1.810 5.547
72.42 3.253 1.762 3.983 2.422 4.264
88.51 5.709 3.543 5.657 3.670 5.608
104.60 8.180 6.357 8.441 6.404 8.444
120.70 13.130 10.750 13.060 11.630 15.200
Very good road Very good road
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Fig. 9 Variation of impact factors with vehictpeed: (a) center girder #3; and (b) exterior girder #1

correlation length@ (5m to 1000 m) in Eg. (6) is taken to generate twenty sets of spatially
correlated road surface roughness that are supposed to stationary and ergodic processes. It is
observed that there is somewhat discrepancy between the correlation coefficent of simulated
roughness profiles and that defined by Eq. (6) when the correlation coefficent is small. Herein,
those correlation length®  less than 5m are not used to avoid such a situation. At each fixed
longitudinal pointx; (i=1,..., 29, the left- and right-line roughness,(x; V;) aog(x, ;) are

two correlated random variables with zero mean value. The correlation of the two variables is
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examined by the following:
n,

bi = zs (ulj - UI)(urj - l_'lr)/nso-u| O-ur (8)

=1

where p; =estimated correlation coefficient of left- and right-limesndu, at step;u; andu, = left-
and right-linesus (X, y1) andus, (X, i), at thejth simulation;0, andi, = average valuesupfand
uj, and theoretically they approach zerandfapproaches infinitey; andy; =lateral coordinates of
generated left- and right-lines,,, o, = standard deviations of left- and rightiiaesiu, respectively;
andus = 20, number of simulation times.

The statistics of estimated coefficient of correlation by Eq. (8) are calculated on the basis of 2048
(2" data points of good road surfaces. The comparison between statistical results and theoretical
correlation coefficients is listed in Table 8. From Table 8, it can be seen that the results generated
by Eq. (5) are satisfactory under the given value8 of _

Fig. 10 illustrates the generated left- and right-lines of road surface roughnessé#5 for =5m and
6 =20m. These two correlation lengths turn out to be two sets of road surfaces with different
characteristics. The larger correlation length ensures a better coherence between the left- and right-
line roughness.

Structural dynamic responses at midspan for the symmetric one-truck loading case 1 (see Fig. 6)
are calculated on the basis of 72.42 km/h vehicle speed and good road surface. Table 9 illustrates
the variation of impact factors with correlation length  given four pairs of individual road surface
roughness #1, #5, #10, and #14. The results indicate that moment impact factors at midspan
basically increase witl® for all five girders. In other words, the better the correlation between two
road surface roughness profiles is, the larger the consequent impact effects will be. Nevertheless, the
increments of impact factors in the center girder subject to the maximum static stresses are small,
usually around 0.02.

The preceding comparison is based on individual response histories. To further obtain the possible
discrepancy between different correlation lengths, it is necessary to calculate statistical data and
analyze the difference. Loading case 2 in Fig. 6 is adopted to analyze the dynamic behavior of the
bridge. The upper limits of moment impact factors at midspan under confidence level of 95 percent
and 8 =1000m are computed twenty times on good road surface at the vehicle speeds ranging

Table 8 Comparison of correlation coefficient

Correlation length Estimated correlation Theoretical correlation  Error® (%)
6 (m) (1) coefficient pu,u, (2) coefficient Pu.u ° (3) (4)
5 0.682 0.634 7.6
0.123
10 0.812 0.817 -0.6
0.078
20 0.948 0.909 4.3
0.024
1000 1.000 0.998 0.2
0.000

Note: 2 Upper numbers denote average values and the lower numbers denote standard deviations
the coefficient is computed by Eq. (8), The coefficient is computed by Eq. (6), &nd
Compared with estimated average values only
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Fig. 10 Left-and right-lines of road surface roughness #56(a) =5m; ared (b) =20m

from 24.14 to 120.70 km/h as shown in Table 10. The purpose of the selecon of =1000m is to
obtain completely the same left- and right-line roughness. By comparing Table 10 with Table 4, the
following trends can be observed that: (1) a better correlation between road surface roughness results
in larger impact factors and these increments of impact factors are generally around 0.02; and (2)
similar to those of@ =5m, the upper limits 6f =1000m are generally less than the specified
value of AASHTO specifications (1996) except the case at the highest vehicle speed of 120.70 km/h.

6. Conclusions

In general, the vehicle-induced impact of bridge is highly related to the road surface roughness.
Utilizing the established three-dimensional vehicle model in the previous study, it is rational to
generate longitudinal road surface roughness as multi-correlated random processes along deck
transverse direction. In this study, a triangle correlation model is used to approximately describe the
lateral spatial coherence.

The advantage of statistical analysis of impact factors obviously lies in that it can predict upper
limits (possible maximum impact factors) under a given confidence level. In the example, twenty
simulations are carried out as a group for each study case and the prediction based on confidence
level of 95 percent but no more than the maximum value within each group is taken. The comparison
with results from single simulation indicates that the results from two methods are distinct.
Therefore, it is necessary to predict the upper limits based on a set of simulated road roughness.

The impact factors tremendously increase with the surface roughness class in the sequence from
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Table 9 Variation of impact factors with

Correlation Length  Girder # 1 Girder # 2 Girder # 3 Girder # 4 Girder #5
6 (m) (1) ) 3) 4) 5) (6)

5 24.880 15.840 9.508 17.840 27.300
6.147 0.123 -3.372 1.565 7.796

10.440 4.406 -0.714 6.072 11.990

11.730 10.830 5.800 10.610 11.550

10 27.150 17.910 10.86 19.150 28.260
7.279 2.082 -1.811 2.771 8.189

8.984 4.029 -1.183 5.121 9.533

13.540 12.500 7.280 12.250 13.280

20 29.230 19.470 11.940 20.190 29.780
8.581 2.770 -1.638 3.016 8.752

10.200 5.059 -0.412 5.499 10.460

14.700 13.320 8.371 13.000 14.140

Note: 2 road surface roughness #1road surface roughness #5road surface roughness
#10;9. road surface roughness #14; and so on

Table 10 Moment impact factors at midspan (good road surfacd and = 1000 m)
Speed (km/h) Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
1) &) 3) 4) 5) (6)

24.14 19.439 15.526 17.773 15.809 19.690
40.23 18.328 14.070 16.385 14.132 18.271
56.33 19.125 16.012 18.124 15.913 18.682
72.42 16.637 12.920 15.127 12.820 16.634
88.51 12.080 10.524 12.926 10.708 12.271
104.60 18.234 15.563 17.778 15.625 18.568
120.70 31.415 28.284 30.370 28.123 31.124

very good to poor. For very good roads, all upper limits of impact effects are less than the specified
value by AASHTO specifications (1996), but are apparently greater than the specified value for

average and poor roads. In the case of good roads, the upper limits of impact factors under 95
percent confidence level fluctuate around the specified value.

At various vehicle speeds, the upper limits of impact factors of all girders appear to be different. The
maximum impacts basically occur at the high vehicle speeds over 88.51 km/h. Given good road
condition, impact factors of center girder #3 are in accordance with the AASHTO specifications
(1996), except the moment impact factors at the highest speed of 120.70 km/h; for the exterior girders
#1 and #5, most of the shear impact factors at end and a few moment impact factors at quarter point at
high vehicle speeds exceed the specified value of AASHTO specifications (1996). However, all upper
limits are less than the specified dynamic load allowance by AASHTO-LRFD (1998).

The influence of correlation of two-wheel-line road surface roughness on impact is investigated on
two levels: individual response history and upper limits based on statistical data. From individual
response histories, which are obtained under symmetric one-truck loading, it is observed that the
moment impact factor at all five girders generally increases with correlation léhgth . From the
statistical results with confidence level of 95 percent, a better correlation between two road
roughness profiles consequently results in larger impact effects. The moment impact factors at
midspan indicate that the increments of impact factors in the center girder #3 with maximum static
stresses are not of significance, usually around 0.02, among various valies of . The aforementioned
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tendencies are observed only from the bridge with a span of 30.48 m. For other bridges with different
spans, this needs further investigation.

Based on the theoretical studies, two measures in bridge management are recommended to avoid
severe impact damage by moving vehicles: (1) reducing the roughness of road surface as much as
possible, e.g., to meet the requirement of good road surface or better; and (2) regulating passing speeds
of heavy trucks to those less than 88.51 km/h. Since the upper limits of shear impacts at end of
exterior girders are generally higher than others on good road condition and exceed the specified value
by AAHSHTO specifications (1996), it is emphasized of practical importance to examine the relevant
systems, such as bearing systems of two exterior girders in routine maintenance of this type of bridges.
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