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Abstract This paper describes three-dimensional (3D)

finite element (FE) modeling of a composite steel stinger

supported reinforced concrete (RC) deck highway bridge

subjected to moving truck loads. FE models were validated

using test data that were generated elsewhere for structural

health monitoring. The FE models were established using a

commercial FE analysis package called ABAQUS/stan-

dard. The case study bridge was discretized to a combi-

nation of shell and solid elements which represent the deck

and piers, respectively. Numerous constrain interactions

were defined to make the model suitable to obtain accurate

results. Moving loads induced by two standard AASHTO

trucks were developed through a specific load-time history,

applied on 35 nodes on the superstructure. To study the

dynamic behavior of the bridge under a moving load, a

modal analysis followed by an implicit dynamic analysis

was carried out. Acceptable agreement was found between

the field measurements and FE simulation. Most concerned

dynamic response was strains at different locations in

bridge girders and columns, because it is the only critical

parameter that can be measured with confidence during

SHM at site. The range of strains determined in analysis

was reasonably close to the measured strains at the site of

the study bridge. Several parameters including damping,

truck weight and speed, and material properties were

studied. Truck speed had the highest effect on strain

response of both girders and columns.

Keywords Structural health monitoring � Finite element

modeling � Dynamic behavior � Bridge � Moving loads �
Truck weight � Truck speed � Damping � Material

properties

Introduction

Bridges deteriorate over time like any other structures. The

causes for such deterioration could be chemical attack,

overloading, environmental effects, corrosion of steel

reinforcement, and quality of maintenance. Hence, they

require health monitoring and structural evaluation peri-

odically to identify the structural deficiencies at an early

stage, as well as verifying the efficacy of repair or reha-

bilitation procedures (Eshghi and Zanjanizadeh 2008).

Structural health monitoring (SHM) of bridges has

emerged as an active research area in recent years. In

general, past research on SHM can be categorized into two

main classes. The first category consisted of FE or ana-

lytical modeling of bridges and/or bridge–vehicles inter-

action, which was carried out to perform moving load

analysis and evaluation of bridge decks (Yin et al. 2010a, b;

Kwasiewski et al. 2006; Kwasniewskia et al. 2006; Bu

et al. 2006; Huang et al. 2006; Deng et al. 2010; Li et al.

2008; Yang et al. 1999; Zhang et al. 2008; Cai et al. 2007;

Chiewanichakorn et al. 2007, 2010a, b; Cheng et al. 1999;

Aktan et al. 1998). The second category is made up of

recent developments in electronic data storage and com-

puter data acquisition. Experimental methods such as wired

or wireless sensors network systems were utilized mostly

on superstructure to use in SHM (Farhey 2006; Wang et al.
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2007; Lynch 2007; Kim et al. 2007; Cho et al. 2010;

Stajano et al. 2010; Yun and Min 2011).

Data acquisitions via conventional wired sensor system

have high installation and maintenance cost (Lynch et al.

2003). In addition, wireless sensors are yet to be proven to

be more reliable than conventional sensors. In particular,

those with academic origin which were designed for lab-

oratory conditions are required to be evaluated in real life

scenarios.

Generally, most of the existing research focused on

bridge deck and girders, and there appears to be a lack of

study on condition assessment of bridge columns as part of

whole structure despite their vulnerability to corrosion

(Tonias and Zhao 2012), and susceptibility to vehicle

collisions, which can influence the entire structure (El-

Tawil et al. 2005). However, because axial stiffness of the

columns is several orders of magnitude greater than the

flexural stiffness of the deck slabs and girders, changes in

the vibration characteristics of the deck slab or girders do

not adequately represent column deterioration. Further-

more, the deterioration of slabs is more of a material issue

than a structural one (Ganapuram et al. 2012), and super-

structure (slab and girders) are generally structurally

stronger than required. Figure 1 exhibits a bridge structure

(I-74, I-275 intersection in Cincinnati, OH, USA) that

highlights this point. A locomotive engine uprooted two of

the three columns, causing the bent cap to detach from the

girders. Nevertheless, the deck slab and the girders were

able to support its self-weight over two spans because of

the reinforcement continuity in the deck. Similarly, the

consequential collision and/or harsh environmental effects

can cause deterioration of columns, by spalling and cor-

rosion of the exposed steel reinforcing bars (Eshghi and

Zanjanizadeh 2007). This problem is common in the piers

that are situated under a leaking joint or in the splash zone

(shoulder piers). Figure 2 shows a spalled cover in a bridge

column in Howe Ave., Akron, OH, USA.

This research consists of investigation of methodology

for full-scale FE modeling of a bridge subjected to pre-

scribed moving truck loads using a commercial package

called ABAQUS/standard. Moving load induced by two

standard AASHTO trucks was developed through a load-

time history that was applied on 35 nodes on the bridge

deck. Modal and implicit dynamic analyses were carried

out to study the dynamic behavior of bridges under moving

load. The results of FE analysis were validated with data

collected in SHM field tests conducted on this bridge

through wired sensor network by another research group

(Farhey 2006). Additionally, the influences of several

parameters, such as variations in truck loads and speeds,

structural damping ratios of the bridge, and the possible

variations in material mechanical properties of concrete on

the dynamic response of bridges, were investigated using

FE modeling.

The bridge geometry and structural characteristics

An Ohio bridge, Westbound Ronald Reagan cross-country

highway (SR126), HAM-126-0881, over Hamilton Avenue

(Route 4), was selected for computer modeling. There are

almost two identical and structurally separate bridges over

Hamilton Avenue (approximate address 7255 U.S. 127,

Mount Healthy). The bridge in the south part was selected

and studied in this research. In Fig. 3, a picture of the

Fig. 1 Detached cap from girders due to a railroad locomotive

collision on I-74 at I-275 intersection in Cincinnati, OH Fig. 2 Bridge column, Howe Ave., Akron, OH, USA
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bridge is shown. Structural characteristics of the bridge are

summarized in Table 1.

Finite element model

ABAQUS/standard version 6.7 was used to establish a 3D

full-scale FE model of the RC bridge. Different types of

elements were utilized to create the model. The model

consisted of a concrete slab on the steel girders, which in

turn were supported by capped concrete columns. Deck,

girders, cap, and columns were modeled separately, and

then assembled together. Deck, girders, and stiffeners were

modeled with shell elements, and cap and columns were

modeled using continuum solid elements. The resulting FE

model contains 50,776 shell elements formed by 57,878

nodes, of which 11,016 elements were used for the deck

slab and 24,736 elements were needed to model girders.

Also, 15,024 solid elements were used in the model con-

taining 19,502 nodes.

The base of bridge columns and both ends of the deck

columns were hinged. The bearings were modeled as nodes

between girder and pier cap. These nodes were free to

rotate about deck’s transverse direction and fixed in

translation in other directions. A view of meshed model is

displayed in Fig. 4.

Ninety-five constraints were employed to constrain top

flange of the girders to the deck and connective nodes

between girders and cap to simulate the action of the

bearing devices.

Load-time history

Length of the bridge was 170 ft; therefore, total traveling

time of the truck to cross the bridge was 12.51, 6.26, and

4.17 s at speeds of 10, 20, and 30 mph, respectively. To

observe the possible peak response of the bridge during

free vibration, the analyses were continued up to 14, 8.5

and 6.5 s for three load cases, respectively.

Figure 5 shows the load-time history diagram for 6-kip

axles while passing the bridge. For another axle the shape

of the diagrams was the same, but there was a time lag

between two axles.

The influence of the moving load between two sequence

nodes was calculated at ten time steps, and applied on those

two nodes. Thus, if a wheel is exactly positioned on a node

the next node will not feel any load. However, at the

middle of the span between two sequent nodes, the effect

of the wheel load on both nodes is same. Typical influence

line between two sequent nodes for axle load of 6 kips is

shown in Fig. 6.

In the load-time history, since the distance between two

sequence nodes is roughly 60 in. (5 ft) and the distance

between two axles of the trucks are 168 in. (14 ft), any

nodes will not be subjected to loads from two axles at the

same time. As a result, the loads from two axles of the

truck do not have to be superimposed.

Moving load analysis

A modal analysis followed by implicit dynamic analysis

was conducted for the moving load analysis. Based on first

Fig. 3 South look of the study bridge (Google Earth image repro-

duced under ‘‘Fair Use’’ condition)

Table 1 Characteristics of the bridge (FHWA 2008)

Length Spans Roadway width Girder steel

170 ft 40.21 ft, 88.47 ft,

40.3 ft

40 ft ASTM A-36

Girder

spacing

Deck thickness Abutment

support

Concrete

strength f0c

9.75 ft 8.75 in. Integral 4,500 psi

(28 days)

Capacity design Reinforcement

steel

Pier support

End spans non-composite,

middle span composite

Grade 60 Elastomeric

pads

Fig. 4 The completed FE model of the bridge
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natural frequency, the substep for implicit dynamic ana-

lysis can be obtained.

Direct-integration dynamic procedure in ABAQUS/

Standard is provided using the implicit Hilber–Hughes–

Taylor (HHT) operator for integration of the equations of

motion. In an implicit dynamic analysis, a set of nonlinear

equilibrium equations must be solved at each time incre-

ment followed by the integration operator matrix must be

inverted. The implicit operator can be unconditionally

stable and thus, there is no limit on the size of the time

increment that can be used for most analyses. In fact, the

time increment size is controlled only by solution accuracy.

Provided that the FE approach is linear, the equations of

motion assume the form (Chopra 2011).

M€X þ C _X þ KX ¼ FðtÞ ð1Þ

Consider the bridge model has n degree of freedom.

Mass, damping, and stiffness matrices are represented by

M(n 9 n), C(n 9 n), and K(n 9 n), respectively. X is the set of

generalized coordinates used to represent the configuration

of the system. In addition, F is n 9 1 force vector which

depends on the time.

One of the originators of the HHT scheme is the New-

mark method. HHT integration formulas depend on two

parameters, b and c as defined below:

Xnþ1 ¼ Xn þ h _Xn þ h2

2
1 � 2bð Þ€Xn þ 2b€Xn þ 1

� �
ð2Þ

_Xnþ1 ¼ _Xn þ h 1 � cð Þ€Xn þ c€Xnþ1

� �
ð3Þ

where c and b are defined as

c� 1=2 b� c þ 1=2ð Þ2

4
ð4Þ

where h is the integration size. Equations (2) and (3) are

used to discretize equation of motion (1) at time tn?1,

therefore Eq. (1) will be transformed to

L=170 ft

East Span West SpanMid Span

East Pier West Pier

P=6 kips

P=6 kips

P=6 kips

P=6 kips

P=6 kips

P=6 kips

P=6 kips

P=6 kips

1 2 3 4 5 6 7 8 9 10 25 26 27 28 29 30 31 32 33 34

Fig. 5 Loading time history diagram for 6-kip axles (Zanjanizadeh 2009)

0.680.6120.5440.4760.4080.340.2720.2040.1360.0680t=

P=6 kips

P=4.8 kips

P=3.6 kips

P=2.4 kips

P=1.2 kips

P=0 kips

P=4.8 kips

P=3.6 kips

P=2.4 kips

P=1.2 kips

P=0 kips

Fig. 6 Typical influence line

between two sequence nodes for

6-kip axles
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M€Xnþ1 þ C _Xnþ1 þ KXnþ1 ¼ Fnþ1 ð5Þ

Based on Eqs. (2) and (3), Xn?1 and _Xnþ1 are function of

acceleration €Xnþ1 , which is only unknown quantity in

Eq. (5).

The sole combination of b and c that leads to a second-

order integration formula is c = 1/2 and b = 1/4. How-

ever, a disadvantage of the Newmark integration method is

that it is not able to provide A-stable second order and

desirable level of damping. But HHT scheme eliminates

this drawback since it maintains the A-stability and

numerical damping properties at the same time achieving

second-order accuracy when it is united with second-order

linear ODE problem of Eq. (1).

M€Xnþ1ð1 þ aÞC _Xnþ1 � aC _Xn þ ð1 þ aÞKXnþ1 � aKXn

¼ Fð~tnþ1Þ
ð6Þ

where

~tnþ1 ¼ tn þ ð1 þ aÞh ð7Þ

Hence, the HHT method will possess the stability and order

properties provided a e [-1/3, 0] and

c ¼ 1 � 2a
2

; b ¼ 1 � að Þ2

4
ð8Þ

These relations provide control of the numerical

damping associated with the time integrator while pre-

serving desirable characteristics of the integrator. The

numerical damping grows with the ratio of the time

increment to the period of vibration of a mode. The smaller

the value of a, the more damping is induced in the

numerical solution; while a = 0 demonstrates trapezoidal

scheme without any damping.

Parametric study

There are several important parameters in moving load

analysis, which affect the dynamic response of bridges,

such as material properties, speed of vehicle, damping, and

vehicle weight. Studying the influence of these parameters

on the bridge response theoretically provides insight into

the expected response of the bridge structure and especially

columns under moving loads.

Twenty-one specimens were defined to investigate the

influence of these parameters. Most of the specimens were

those in which the modulus of elasticity was changed.

Table 2 displays the specimen properties variation. Elastic

modulus of deck and piers was increased and decreased

gradually up to 30 %. Fully and partially loaded trucks

were considered in the parametric study. Also, structural

damping ratio and truck speeds were increased from 0 to

5 % and 10 to 30 mph, respectively. The variation of each

parameter is explained in following sections.

Vehicle speed variation

Vehicle speed increased from 10 to 30 mph to investigate

the effect of vehicle speed on dynamic behavior of the

bridge. The objective of this parametric investigation is to

find out how much the speed of vehicle can amplify the

different responses of the bridge. Three different speeds

(10, 20, and 30 mph) were studied.

Modulus of elasticity variation

In some analyses, the modulus of elasticity of the deck and

piers was changed to examine the effect of different

modulus of elasticity variation on the dynamic response of

the bridge. Increasing the modulus of elasticity represents

the increase in the concrete strength because of concrete

aging or underestimation of the modulus by the current

ACI equation (ACI 2014). However, the decrease in

modulus of elasticity signifies unexpected damage such as

cracking, spalling or under-strength concrete. The aim of

Table 2 Specimens’ properties

Specimen # Deck modulus

of elasticity

Pier modulus

of elasticity

Truck

speed

(mph)

SP-0 ED Ep 10

SP-1 ED ? 10 %ED Ep

SP-2 ED ? 20 %ED Ep

SP-3 ED ? 30 %ED Ep

SP-4 ED Ep ? 10 %Ep

SP-5 ED Ep ? 20 %Ep

SP-6 ED Ep ? 30 %Ep

SP-7 ED - 10 %ED Ep

SP-8 ED- 20 %ED Ep

SP-9 ED - 30 %ED Ep

SP-10 ED Ep - 10 %Ep

SP-11 ED Ep - 20 %Ep

SP-12 ED Ep - 30 %Ep

SP-13 ED ? 9 %ED Ep ? 9 %Ep

SP-14 (H20-44 truck) ED Ep

SP-15 (2 % damping ratio) ED Ep

SP-16 (2 % damping ratio) ED ? 9 %ED Ep ? 9 %Ep

SP-17 (partially loaded

H15-44 truck)

ED Ep

SP-18 (5 % damping ratio) ED ? 9 %ED Ep ? 9 %Ep

SP-19 ED Ep 20

SP-20 ED Ep 30
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this parametric study was to look into the effect of any

damage or aging of concrete, especially in the columns, on

dynamic response of the bridge.

In a linear FE analysis, the modulus of elasticity affects

both stiffness of the structure and stress tensor. If the

modulus of elasticity of whole structure is changed uni-

formly, the member stiffness and stress will only be mar-

ginally changed linearly. However, if only modulus of

elasticity in some parts of structure is changed, the rela-

tionship among stiffness, strain and modulus of elasticity

will not be changed linearly. The linear 3-D FE formulas

for a beam element are as follows (Zienkiewicz and Taylor

2013):

Shape function: Nðx; yÞ ¼ ðN1;N2Þ ð9Þ

Element matrices ½ke� ¼
Z

ve

½B�T ½D�½B�dv ð10Þ

Global stiffness matrices of structure: ½K�

Strain: e ¼ du

dx
¼

Z

ve

½B�fuegdv ð11Þ

Stress: r ¼
Z

ve

½D�½B�fuegdv ð12Þ

By changing the modulus of elasticity (E) either

[D] matrix or the stress tensor matrix will be changed.

As a consequence, the element stiffness matrix is

going to be amended; the dynamic response and strain

of the structure will be altered. Since in these analy-

ses only modulus of elasticity of the deck or piers was

varied, predicting strain and stress by hand calculation

is almost impossible, and a computer-based FE mod-

eling should be implemented to get any meaningful

output.

Damping variation

Damping in RC bridges is a complex phenomenon, and its

precise description and representation in a FE model are

difficult. Generally, damping depends on the material and

the condition of the bridge (presence of cracks, connec-

tions), as well as the amplitude and frequency of vibrations.

However, the frequency has rather insignificant influence

on damping in the range up to 50 Hz, which usually covers

the most common natural frequencies of highway bridges.

Considering this point, damping in bridges is well descri-

bed by structural damping theory in the range of linear

material deformations. SP-13, SP-15, SP-16, and SP-18

were those analyses in which the damping was varied to

examine the effect of damping on dynamic response of the

bridge.

Rayleigh damping was utilized to consider the structural

damping mechanisms in the dynamic analysis of the

bridge. The Rayleigh damping is combination of two parts:

mass-proportional damping and stiffness proportional

damping as follows (Chopra 2011):

½C� ¼ a½m� þ b½k� ð13Þ

The damping ratio for the nth mode of the system is

nn ¼ a
2

1

xn

þ b
2

xn ð14Þ

The coefficient a and b can be determined from certain

damping ratios fi and fj for i and j modes, respectively.

Equation (13) can be rewritten in the matrix form as below:

1

2

1=xi xi

1=xj xj

� �
a
b

� �
¼ ni

nj

� �
ð15Þ

when ni = nj, by solving Eq. (15) in terms of ni and nj, a
and b can be obtained as shown below:

a ¼ n
2xixj

xi þ xj

; b ¼ n
2

xi þ xj

ð16Þ

To determine a and b the appropriate damping ratio is

required. The n = 2 % and n = 5 % of damping ratios

were assumed in the parametric study. Two first dominant

modes which have characteristics of the vertical deforma-

tion of the bridge are mode 1 and mode 5 with corre-

sponding frequencies of 0.20 and 0.53, respectively.

Calculated values for a and b are shown in Table 3. These

values are equivalent to 2 and 5 % of damping ratios in

dynamic analysis in ABAQUS.

Truck weight variation

The weight of the vehicle is one of the parameters that can

affect the response of the bridge directly. Especially when

the load is dynamic, the response can be amplified with

respect to static loads. Three different truck loads were

employed to examine this parameter; partially (83 %)

loaded HS15-44 truck (SP-17), fully loaded H15-44 truck

(SP-0), and fully loaded HS20-44 truck (SP-14). SP-0, SP-

14, and SP-17 have properties of such weights. All the

trucks represent a class-V vehicle (according to AASHTO)

with one rear and one front axle. The distance between

axles is 14 ft. H20-44 truck has rear axle load of 32 kips

and front axle load of 8 kips. H15-44 truck has rear axle

Table 3 a and b values for

damping ratios of 2 and 5 %
n (damping

ratio)

a b

2 % 0.00581 0.0549

5 % 0.01452 0.1373
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load of 24 kips and front axle load of 6 kips; whereas, the

partially loaded H15-44 truck has rear axle load of 20 kips

and front axle load of 5 kips.

Discussion and results

In this section, the results of the modal and implicit

dynamic analyses are discussed. After illustrating the

natural modes of the bridge, and validating the results

with the field test data, the effect of four parameters on

moving load analysis and bridge column response will

be discussed. The studied parameters were speed of the

truck, modulus of elasticity, damping ratio, and truck

weight.

Modal analysis

First 30 natural modes of the bridge were extracted. First

six modes and associated frequencies are shown in Fig. 7.

First frequency was used in determining the substep in

implicit dynamic analysis. To capture the accurate

response of the bridge, the substep size was set to be

smaller than first natural frequency of the bridge.

Mode1-Freq.: 0.200 Mode2-Freq.:0.205

Mode3-Freq.:0.224 Mode4-Freq.:0.388

Mode5-Freq.:  0.529 Mode6-Freq.: 0.572

Fig. 7 First 6 mode shapes and

corresponding frequencies

(vertical displacement; red is

positive and blue is negative)
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Selected locations to obtain the results

Several nodes and elements were chosen to acquire the

results from output database. Some output variables were

recorded from the nodes and some of them from the ele-

ments. Strains and stresses were extracted using Gaussian

quadrature rule which gives high-order accuracy with very

few points. Table 4 presents the particular points and nodes

which were used in evaluating the results.

Validating of the finite element modeling

with experimental study

Over the years, dynamic tests and SHM of bridges have

been investigated by many researchers and engineers.

Experiments on a structure allow an analyst to validate

results generated using a FE model (or other analytical or

numerical methods), and as a result, confidence could be

placed on the structural model to provide meaningful

analysis results.

In this study, to validate the FE outputs, a field test

from Farhey (2006) was used. The bridge that was

modeled in this study was the same as the one described

by Farhey (2006), and the structural details were

obtained from Ohio Department of Transportation

(ODOT). The objective of the experimental study by

Farhey (2006) was to develop a rapid response, com-

puter-controlled field laboratory system, integrating

virtual instrumentation with multiple-channel wireless

site network for SHM. They used a single-axle, 25-kip

(110-kN) loaded truck for the test. The front axle load is

5 kips and the rear one is loaded 20 kips.

In the FE modeling, SP-13 is the analysis with the same

vehicle passing through the same lane as in experimental

study. In this analysis, the aging of the concrete was taken

into account to match with the material properties at the

time of the field experiment.

The parameters that were chosen for verification were

(1) the tension strains in the 2–2 direction at the bottom of

girder-2 on north side and east span, and (2) on the same

beam and same side but this time over the east pier. The

strains obtained from experiment and FE modeling were

consistent and are displayed in Figs. 8 and 9, respectively.

The difference between the field test and FE modeling

results can be attributed to lack of information and

assumptions over the test, because exact location of the

sensors is not given in the reference.

Effect of truck speed

It is recognized that as the speed of the vehicle increases, a

significant increase in the vibration acceleration is induced.

Even though it is affected by roughness of the deck slab,

larger responses are expected by increasing the vehicle

speed. Three vehicle speeds were studied including 10, 20,

and 30 mph, and strains in selected spots on the columns

and girders, and also reaction force of an external column

were extracted for comparison.

Figure 10 shows the strains in 3–3 direction at CLF1 for

SP-0, SP-19, and SP-20. The curves demonstrate that the

strain rate in the column increased as the speed of truck

increased. At nearly 4 s, the increase for speed of 30 mph

reached up to 80 % more than its counterpart for speed of

20 mph. This graph demonstrates the large effect of the

truck speed on strains in the columns. Figure 11 depicts

strain in 3-3 direction at CRF1 for SP-0, SP-19, and SP-20.

The figure indicates considerable effect of truck speed

variation on strain in the columns. Brady et al. (2006) also

showed large effect of truck speed on dynamic response of

the bridges. Figure 12 shows exaggerated vertical defor-

mation at time = 2.67 s for SP-19.

Modulus of elasticity variation effect

Thirteen analyses were defined to study modulus of elas-

ticity effect that signifies damage or aging of concrete. The

relevant graphs are shown in Figs. 13 and 14. It was

observed from the graphs that the strains at 3–3 direction in

the column increased up to 40 % when the modulus of

elasticity of the columns decreased by 30 %. However, the

modulus of elasticity reduction of deck did not have that

much effect on the strains in the columns and girders. This

means the influence of piers is more dominant in dynamic

behavior of the bridge. Natural frequencies of SP-0 to SP-

12 are shown in Fig. 15. The natural frequencies of the

analyses with pier elastic modulus variation (SP-4, SP-5,

SP-6, SP-10, SP-11, SP-12) also emphasize the importance

of the piers on overall dynamic behavior of the bridges. For

Table 4 Particular points used in obtaining results

Name Location Output

CLF1 Element at middle of the column

located at north-west of the bridge

Average of element

integration points

CRF1 Element at middle of the column

located at north-east

Average of element

integration points

GML2 Element on the girder at right side of

the middle span, second beam from

north

Average of element

integration points

RL1 Base of first column at north-west of

the bridge

Sum-up of the

reaction nodes

RF1 Node at middle of the cross-section

of a column located at north-east

Node

VP1 Bottom flange of the beam 2 from

north side, on E-pier

Average of element

integration points

VP2 Bottom flange of beam 2, north side

E-span

Average of element

integration points
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Fig. 8 Strain history from

conventional monitoring system

(Reproduced with Permission of

Sage Publications from Farhey

2006)
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Fig. 9 Strain history from FE
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Fig. 10 Strain in 3–3 direction

at CLF1 for SP-0, SP-19, and

SP-20
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example, by reducing elastic modulus of piers by 30 %, the

first natural frequency of the bridge was decreased about

25 %.

Damping effect

Since the damping in concrete structures is a complex

parameter, broad evaluation of bridge condition is nee-

ded to estimate the damping effect. For simplification in

this study, two reasonable values, 2 and 5 % damping

ratios were included in four analyses to evaluate the

effect of damping on the bridge response. Figure 16

illustrates the strain in 2–2 direction in two different

locations (VP1 and VP2) for three analyses. The SP-16

has 5 % damping ratio, the SP-18 has 2 %, and there is

no damping in SP-13. It is comprehensible from the

graph that by increasing the damping ratios the strain on

the girders was decreased insignificantly, and shape of

the response curves stayed the same. Damping ratio

variation had a minor effect on overall response of the

bridge. The influence of damping in free vibration was

greater than the time when the loading is applied. In
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addition, its effect is noticeable in the high-frequency

vibration rather than general response. This effect

caused smoothing the response curves.

Truck weight effect

Three analyses (SP-0, SP-14, SP-17) were defined to

investigate the influence of the truck weight. The following

four plots in Figs. 17, 18, 19, and 20 show the variation of the

bridge responses with varying vehicle weight. All four dia-

grams show that the response of the vehicle increases as the

vehicle weight increases. The highest increase was observed

in the case of strain response on the columns and girders. As

presented in Fig. 17, truck H20-44 caused roughly 30 %

more strain in CLF1 compared to truck H15-44. The increase

is around 40 % compared with the partially loaded H15-44

truck (SP-17). This can be due to static load effect rather than

dynamic effect of applied loading (Paultre et al. 1992).

Figure 18 displays the strain at GML2 in 2–2 direction

for SP-0, SP-14, and SP-17. Similar to previous plots, the

figure shows that the strain at GML2 was increased as the

vehicle load is increased. However, the amount of increase

for acceleration response is greater than others as it is

revealed in Fig. 20.
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Conclusion

The most important result from this research is acceptable

matching of the results of field test measurement and FE

model with prescribed loading history. The range of the

strains obtained from the FE modeling did not exceed

100E-6 for columns, even for a truck speed of 30 mph.

Hence, we can expect the sensors used in a SHM project to

record strains between 0 and 100E-6. This value is much less

than the normally expected sensor sensitivity (2000E-6).

The following specific conclusions may be drawn from

this research:

1. The study revealed that through complex FE modeling

of the entire bridge structure in ABAQUS/Standard, a

greater understanding of response of bridges due to

moving loads can be obtained. A methodology was

developed in this study to determine strains in the

girders and in the piers (columns) under moving loads.

2. The dynamic response developed by FE modeling in

this study compared well with the measured response

of a steel girder supported composite RC deck bridge

located in Ohio (USA). The range of the strains

determined from the analysis was reasonably close to
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the measured strains. A better match can be achieved if

the precise locations of the sensors used in the field

tests are defined. However, the shape of the load-time

history of strains developed by FE modeling matched

perfectly with the shape of the time history of strains

measured in the field test. This validated the FE

analysis methodology developed in this study.

3. From the FE analysis, several parameters were deter-

mined to have an influence on dynamic responses of

bridges subjected to moving vehicles. The truck speed

proved to have significant effect on bridge column

response. The results revealed that the strains in the

bridge girders and columns increased by about

60–80 % as the truck speed increases from 10 to 30

mph. However, the truck speed did not have that much

effect on the strains in 2–2 direction. Also, truck speed

increased the reaction forces by 10–20 %.

Modulus of elasticity variation effect on the bridge

response was carefully investigated. Despite the effects of

the changing of modulus of elasticity being minor, the

strain in entire bridge was influenced noticeably when

elastic modulus of the columns was changed. Any variation

in the modulus of elasticity did not have noticeable effects

on the reaction forces of the bridge columns.

Damping decreased the dynamic response of the bridge.

However, it influenced mostly the high-frequency modes

rather than low-frequency modes.

The last parameter was the truck weight. Larger truck

weight induced larger bridge response. As the truck weight
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increased by 17 %, the strains on the bridge columns

increased by 20–25 %. The accelerations and strains on the

girders experienced similar increases in the response.

All in all, this study demonstrated the importance of the

columns and their associated strength and stiffness deteri-

oration in SHM analysis.
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