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Abstract. This paper aims to evaluate the behavior of Dorim-Goh bridge in Seoul, Korea, under static and dynamic loads
effects by ambient trucks. The prestressed concrete (PSC) girders and reinforcement concrete (RC) slab of the bridge are
evaluated and assessed. A short period monitoring system is designed which comprises displacement, strain and accelerometer
sensors to measure the bridge performance under static and dynamic trucks loads. The statistical analysis is used to assess the
static behavior of the bridge and the wavelet analysis and probabilistic using Weibull distribution are used to evaluate the
frequency and reliability of the dynamic behavior of the bridge. The results show that the bridge is safe under static and dynamic
loading cases. In the static evaluation, the measured neutral axis position of the girders is deviated within 5% from its theoretical
position. The dynamic amplification factor of the bridge girder and slab are lower than the design value of that factor. The
Weibull shape parameters are decreased, it which means that the bridge performance decreases under dynamic loads effect. The
bridge girder and slab’s frequencies are higher than the design values and constant under different truck speeds.
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1. Introduction

Many highway and railway bridges are constructed last
decades in Seoul, Korea, to connect its different cities and
to smooth and facilitate the transportation among these
cities (Ducruet et al. 2012). With the absence of permanent
monitoring systems to evaluate the bridges’ behavior,
periodic short monitoring systems are used (Kim et al.
2014, Kaloop et al. 2016). The results of these
measurements are compared and reported based on design
simulation models (Kim et al. 2014). In this study, a short
monitoring system with high sampling rate of strain,
displacement and accelerometer sensors measurements are
used to assess Dorim-Goh bridge under the effect of design
traffic loads.

On the other hand, the behavior of bridges should be
evaluated experimentally or by simulating the bridges or
taking real measurements from sites (Sohn et al. 2004, Seo
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et al. 2016, Koto et al. 2019). Real observation systems
reflect the exact performance of structures, consequently,
this study uses this evaluation system to detect the Dorim-
Goh bridge performance. The load system that used to
evaluate the bridges’ behavior is presented and discussed by
the American Association of State Highway and
Transportation Officials (AASHTO) (Sohn et al. 2004, Seo
et al. 2013, Peiris and Harik 2016). Therefore, the
AASHTO rules are used to design trucks loads in static and
dynamic evaluation systems. Bridges deflections and
stresses are measured to evaluate their static behavior, while
dynamic behavior is evaluated in time and frequency
domains (Sohn et al. 2004). Womack et al. (2001) assessed
the deflection of steel girder bridge using real
measurements based on AASHTO rules. Caglayan et al.
(2012) evaluated the static and dynamic behavior of
concrete arch bridge using simulation model. Naser and
Wang (2013) evaluated a prestressed concrete (PSC) box
girder using real measurements of strains. Phares at al.
(2013) detected the damage of U.S. 30 bridge using
statistical algorithm based on real measurements. Yang et
al. (2016) used simulation to assess static and dynamic
behaviors of a suspension bridge. These studies reveal that
static and dynamic evaluation can be used to detect the
changes in the boundary conditions of bridges and study
their safety.

The boundary conditions via natural frequency is one of
the parameters that should be measured and assessed (Sohn
et al. 2004). The fast Fourier transformation (FFT) is used
to extract the frequencies of structures, but the energies of
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that frequencies should be evaluated to extract the real
behavior of structures in frequency domain (Farzampour et
al. 2018a, b). Li et al. (2009) used the acceleration data and
wavelet analysis to assess the dynamic behavior of
buildings, and they concluded that the wavelet can be used
to provide a deep understanding of structures through time-
frequency evaluation. Sayed et al. (2017) assessed a railway
bridge using strain measurements and wavelet analysis, and
they found that the wavelet can be used to assess the powers
and energies of frequencies contents. Farzampour et al.
(2018a, b) utilized the wavelet-transformation with
independent component analysis to identify the dynamic
parameters of structures, and they concluded that the
developed method can be used to specify the accurate
performance of structures. In addition, the wavelet analysis
is used to assess and detect the damages of structures
(Shahsavari 2017, Farzampour et al. 2018b). In this study,
the wavelet analysis is used to extract the actual dynamic
behavior of Dorim-Goh bridge through the acceleration
measurements using wavelet energy of the wavelet
decomposition levels.

In the other hand, the dynamic factor (DF) and
reliability of the bridge is studied and discussed. The DF
value considered the following factors to assess the capacity
of bridge: bridge span length and natural frequency, the
traffic volume and speed, weight and dynamic
characteristics, the condition of the bridge structures-
roadway roughness, expansion joint’s condition and others
(Paeglite and Paeglitis 2013). The DF or dynamic
amplification factor have been utilized to study the dynamic
capacity of bridges’ girders (Hwang and Nowak 1989,
Paeglite and Paeglitis 2013, Yan et al. 2017, Seo et al.
2017, Fatmi et al. 2018). In addition, the DF is used to
evaluate the dynamic behavior of bridges through studying
the effect of traffic loads positions (Paeglite and Paeglitis
2013, Huang 2001). Meanwhile, the reliability of structures
is essential in the assessment of the structures feasibility,
integrity and safety (Modares and Taha 2014). Also, it is
considered as a rational evaluation to provide a good basis
for the decision about repair, rehabilitation or replacement
(Nowak and Szerszen 2000). Therefore, many researchers
developed models that can be used to assess the reliability
of structures. The probability model is the common used
model in the design codes of many countries to analyze the
reliability of structures (Nowak and Szerszen 2000, Ren and
Yue 2018, Vaez and Saeid 2018, Monarrez 2018). The
degree of the probability of structures failure rate refers to
the degree of safety. Weibull, Log-normal, Bernoulli
distribution, etc., are some distribution functions that used
in the applications of reliability (Vaez and Saeid 2018).
Herein, it should be mentioned that the random and non-
precise probability variables may give rise to misleading
results, therefore, the uncertainty of data should be studied
(Liu et al. 2017, Zhang et al. 2018). Kim and Sitar (2013)
used the probability theory to evaluate the soil slope
stability, and they found it a significant tool to study the
reliability of soil slope. In addition, the pillar stability in the
mining application is evaluated using a probability model
(Kim and Sitar 2013). Liu et al. (2018) utilized the
probability model to evaluate the reliability of space steel
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Fig. 1 Bridge and test spans overviews (a) bridge parts and
PSC girder monitoring section, (b) RC slab monitoring
sections
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Fig. 2 Bridge cross sections and monitoring system of (a)
PSC girder (section A-A), (b) RC section B-B, (c) RC
section C-C, (d) RC section D-D

structures. Fan and Liu (2018), Strauss et al. (2009) and
Wang (2010) used different probability models to assess the
reliability of existing bridges.

In this study, real measurements are collected for the
Dorim-Goh bridge to assess its safety. Static and dynamic
loads, through using ambient trucks, are used to assess
bridge’s behavior in time and frequency domains. The
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accurate frequencies contents of the bridge are estimated
using wavelet energy analysis under different cases of
loading. Moreover, the bridge DF and reliability are
analyzed to assess the bridge safety.

2. Material and methods
2.1 Bridge and monitoring system description

Dorim-Goh bridge is located in Seoul, Korea, and
connects Dorimsa street and Mullae-dong cross-roads. The
bridge is completed in 1974 and repaired in 1996. Various
structural types are used to construct the bridge. As
presented in Fig. 1, the reinforcement concrete (RC) is used
between piers Al to P4 and between P10 to A2, while the
prestressed concrete (PSC) beam girder is used between
piers P4 to P6 and between piers P7 to P10. The steel plate
girder is used between piers P6 and P7. The total length of
the bridge is 325.70 m and its width ranges from 9.8 m to
13.60 m.

Fig. 2 shows the cross section of the bridge. Four
sections are selected to test the bridge PSC beam girder and
RC slab in year 2016 (2016-test) based on the evaluation
test occurred in year 1996 (1996-test). In addition, the same
conditions for the load positions and trucks types of 1996-
test are used in 2016-test. The monitoring system is used to
assess the bridge performance under different static and
dynamic loading cases to evaluate the static, semi-static and
dynamic behavior of the bridge.

To analyze the performance of the PSC girder (section
A-A) and the RC slab (sections B-B, C-C and D-D) of the
bridge (Fig. 1), a short monitoring system is used. This
evaluation is conducted based on periodic government tests
for the public infrastructures to assess their performance. In
this monitoring system, the strain, displacement and
accelerometer sensors are used to assess the static and
dynamic performance of the bridge. Table 1 shows the
sensors types and the instruments used in the monitoring
system of the bridge. A 200 Hz sampling frequency sensors
is used. Fig. 2 shows the bridge cross sections and the
monitoring system. The monitoring system of the PSC
girder comprises of two accelerometer (ACC) sensors to
measure the acceleration of the girder and the slab. In
addition, six displacement (D) sensors attached to section
A-A to observe the girder deflection and twelve strain (S)
sensors are used to monitor the slab and girders stresses.
Sensors S7 and S8 are utilized to measure the slab strain,
sensors S1 to S6 are used to measure the girders bottom
flanges stresses, sensors S9 and S10 are used to observe the
girders G1 and G2 top flanges stresses, and sensors S11 and
S12 are used to measure the stresses of the G1 and
G2girders’ webs, as presented in Fig. 2(a). As presented in
Figs. 1 and 2, the distribution of the sensors is used mainly
to measure the slab deflection. Thirteen displacement
sensors are used to measure the slab deflection, four strain
sensors are used to measure the stress of the slab and three
accelerometers are utilized to observe the slab vibration.
The strain sensors are supported on a steel plate attached to
the bridge slab, as presented in Fig. 2(c).

Table 1 Monitoring system contents and properties

Model

Equipment name (standard) Usage Remarks
. . Check sensors
Digital Strain Meter TC-32k . Japan, TML Inc.
abnormality
Record the static and Austria, DS-
Data Logger DS-NET dynamic data NET Inc.
Software DIADEM Data analysis, storage. ;g5 N nc.
display
PL-60-11-1L ~ Strainmeasurements . oy e
) (for concrete)
Strain Gauge Strai
WFLA-6-11-1], St measurements p o ‘oay foc,
(for steel)
Accelerometer ARF-10A Acceleration Japan, TML Inc.
measurements
Displacement Meter CDP-50 Deflection measurements Japan, TML Inc.

L3 L4

Fig. 3 Truck dimensions and axle (units in mm)

Table 2 Static loading cases of PSC girder and RC slab

Section Loading case  Truck direction Lane Lane direction
LC1 A2 — Al 2 Mullae-dong
LC2 A2 — Al 1 Mullae-dong
LC3 A2 — Al Center line Mullae-dong
PSC Girder
LC4 A2 — Al Center line Dorim-dong
LCS5 A2 — Al 1 Dorim-dong
LC6 A2 — Al 2 Dorim-dong
LCI1 A2 — Al 2 Mullae-dong
LC2 A2 — Al 1 Mullae-dong
RC-Slab
LC3 A2 — Al 1 Dorim-dong
LC4 A2 — Al 2 Dorim-dong

2.2 Loading cases

The testing vehicle, shown in Fig. 3, has been designed
to deliver the ultimate live loads specified by the AASHTO
Code. The vehicle is a 3-axle dump truck fully loaded with
sand, weighing, in excess of 26 tons when fully loaded, that
are distributed as follows: A=5.44 tons and B=20.56 tons
(see Fig. 3). The time lag between tests conducted for each
phase did not allow for the sand to be kept in the dump
trucks. An effort was made to have consistent loads for the
static and dynamic test phases.

In the static test, six loading cases (LC 1~6) are
conducted for the PSC girder and four (LC 1~4) for RC
slab, as shown in Table 2 and Fig. 4. In Table 2, the
direction A2 to Al refers to the direction to Mullae-dong,
and via versa for the Al to A2. Fig. 4(a) illustrates the static
loading cases of LC1 and LC2 for the PSC girder, in this



350 Mosbeh R. Kaloop, Won Sup Hwang, Emad Elbeltagi, Ashraf Beshr and Jong Wan Hu

i
L ]
800 2400 ' 2400 , 1200 1200 2400 L 2400 , 800,
LEH] 1
@)
150, 5,950 _ 2050 1200 2050 1850 150
200 dog

LC3
[A2>A1]
8,350 N 5,450
(b)
150, 5,950 205 1200 2050 1350 130
200 0
LC4 [A2 A1)

11,600 2300

(©)
Fig. 4 Static test for the (a) PSC girder and (b and ¢) RC
slab of the bridge

Table 3 Dynamic cases of PSC girder and RC slab

. Truck Lane
Section Load case Direction Lane Speed direction
A2 — Al 1 10 km/h  Mullae-dong
LC1
Al — A2 1 10 km/h  Dorim-dong
A2 — Al 1 20 km/h  Mullae-dong
LC2
Al — A2 1 20 km/h  Dorim-dong
PSC Girder A2 — Al 1 30 km/h  Mullae-dong
RC-Slab Les
4 Al — A2 1 30km/h  Dorim-dong
A2 — Al 1 40 km/h  Mullae-dong
LC4
Al — A2 1 40 km/h  Dorim-dong
LCS A2 — Al 1 50 km/h  Mullae-dong
LC6 A2 — Al 1 60 km/h  Mullae-dong

case, the wheel position of trucks was designed to
concentrate the loads on the girders, as shown in Fig. 4(a)
for load cases 1 and 2. In addition, Fig. 4(b) and (c)
demonstrate the static loading cases and the positions of
trucks for the RC slab tests of LC3 and LC4. This test is
used to extract the maximum behavior of the bridge girder
and slab and check the neutral axis of the PSC beam girder.

In this case, the truck is moved on the bridge to record
the maximum observed strain and then the truck return back

800, 2400 2400

Fig. 5 LC1~6 dynamic load test of the PSC bridge glrder

to stay over for ten minutes above the point that recorded
the maximum strain value. The data of the sensors are
filtered and evaluated to record the maximum strain and
deflection values. For the RC slab, the static loads are
conducted at spans S16, S17 and S18 to measure the
maximum and minimum tensile and compressive strains of
the bridge deck, as well as, to measure the maximum and
minimum deflection responses of the bridge deck.

Different truck speeds from 10 to 60 km/h are used to
assess the semi-static and dynamic behaviors of the bridge
girder and slab. Table 3 shows the dynamic loading cases of
the girder and slab of the bridge. It is noted that speeds
lower than 80 Km/h have less effects on bridges’ dynamic
responses (Grubb et al. 2007, Mohseni et al. 2018).
However, vehicle speed is among other factors affecting the
dynamic behavior of concrete bridges such a as bridge span
and road surface condition (Deng et al. 2011).

In addition, Deng and Cai (2010) concluded that variety
of vehicle speeds should be considered when testing the
dynamic behavior of bridges to reflect the bridges’ real
performance. 1SO (1995) considered vehicle speeds from
30-120 km/h to cover the whole conditions of bridges.
Furthermore, Issa and Shahawy (2004), Kim et al. (2008),
Nguyen and Tran (2015) and Gunter (2016) utilized 10-100
Km/h vehicle speeds to evaluate the dynamic and semi-
static performances of prestressed girders of different types
of bridges. The current study has covered a real range of
forces produced by applying the selection speeds on the
bridge girder and slab. Fig. 5 illustrates the position of the
test truck over the bridge. In the current study, a constant
distance between the trucks and the bridge handrail of lane
1 by 3,200 mm, as presented in Fig. 5. The dynamic loads
depends on many parameters that are studied separately in
the design stage, these parameters include the span length,
truck weight, axle loads, axle configuration, position of the
vehicle on the bridge, number of vehicles on the bridge,
girder spacing, and stiffness of structural members (slab and
girders) (Nowak and Szerszen 2000). The monitoring
system is used to find out the overall bridge performance
considering all the above parameters. In addition, the same
conditions for the vehicles’ speeds and positions of the
previous tests are considered in this study.

2.3 Dynamic evaluation methods

To assess the dynamic behavior of structures in time
domain, the semi-static and dynamic performances of
structures should be separated and classified. In this study,
the wavelet denoise method is used to extract the semi-
static performance components of bridge girder and slab. It
is reported that the wavelet denoise method is efficiently
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used to remove the dynamic and sensors noises (Kaloop et
al. 2017). Herein, the strain and displacement observations
comprise the maximum dynamic responses, while the
smoothed measurements contain the maximum semi-static
response of structures. However, to investigate the effect of
moving trucks over the bridge, the dynamic amplification
factors (DF) is defined as (Huang 2001)

DF (%) = [% - 1] £100 (1)

where Ry and R, are the dynamic and semi-static
responses, respectively, of strain or displacement
measurements. The DF can be used to assess truck speeds
effect and moving directions, as well as to study the bridge
load capacity and evaluate the safety of the bridge girder
and slab.

Reliability is the most important factor when studying
the serviceability and safety of structures in time domain
(Modares and Taha 2014). The common method used to
study the reliability of structures is the probabilistic
evaluation of the performance measurements (Modares and
Taha 2014, Strauss et al. 2009, Ren and Yue 2018). Many
static methods including probabilistic can be used to
evaluate a real time measurements (Nowak and Szerszen
2000, Strauss et al. 2009). Although, the normal
distribution is usually used to assess the response of SHM
data, it is not appropriate for survival analysis, like bridges
evaluation, because, survival data are usually censored and
incomplete, and the shape of the survival time distribution
is skewed (Nabizadehdarabi 2015). Therefore, distributions
such as exponential, Weibull, lognormal, gamma,
Gompertz, and log logistic are typically considered for
survival analyses (Nabizadehdarabi 2015). Sobanjo (2011)
found that the Weibull distribution is suited to the times
data, and Leira et al. (2017) concluded that it gives a good
correlation with the time data measurements. Therefore, the
Weibull distribution is used to assess the reliability of
Dorim-Goh bridge. The Weibull is a statistical method that
uses the probability distribution parameters to describe the
relationship between accumulated failure time and test
time(Verma et al. 2016). This approach is applied to study
the effect of loads on structures’ reliability (Verma et al.
2016, Kaloop et al. 2017, Hill and Okoroafor 1995). The
strain measurements are used to assess the bridge reliability,
while the dynamic effect of strain measurements is shown
high impact than it for the displacement measurements, as
will be presented latter. The Weibull distribution for strain
measurements is given by (Dinler and Akdag 2009)

£(s) = ke e @

where, f(s) is the probability of measuring strain s, k
dimensionless shape parameter and c is the scale parameter
in strain units. The scale parameter represents the
measurements distributions. The shape parameter is utilized
to observe the reliability of structures (Verma et al. 2016),
this parameter describes failure state during testing and
depends on whether the k value increases/decreases or
remains constant over time(Verma et al. 2016).The
reliability is decreasing or increasing over the monitoring

time, when the k is greater or lesser than one, respectively.
However, the bridge behavior remains constant over the
testing time when k equals one (Verma et al. 2016, Hill and
Okoroafor 1995). A graphical method, designed using the
cumulative distribution function (CDF) of weibull
distribution (Dinler and Akdag 2009, Seguro and Lambert
2000), is used to calculate these parameters, as follows

F(s)=1- e_(g)k 3)

Twice logarithm of CDF, Eq. (3), is taken to obtain the
weibull parameters, as follows

In[-In[1—=F(s)]] =klns—klInc 4)

The pairs of (Ins, In[—In[1 —F(s)]]) are used to
obtain the linear equation parametersy = ax + b which
considered the relation between the two pairs. Hence, the
least square method is used to estimate the Weibull
parameters from linear equation, and they can be calculated
as follows: k=a, and c = exp(—b/a).

In the other hand, to evaluate the bridge behavior in
frequency domain, the wavelet analysis is used with the
acceleration measurements. The wavelet energy and first
domain frequency parameters are evaluated and assessed.
The fast Fourier transformation (FFT) is used to estimate
the frequency contents of signals and the results are
compared with the results of a finite element model. The
wavelet decomposition is used to extract the wavelet energy
(Sayed et al. 2017). The acceleration signals are divided
into approximate (a) “passing through high-pass filter” and
details (d) “passing through low-pass filter” components.
The decomposition of the original signal (S) at each
decomposition level (i) can be represented as follows

Si(®) = a1 (1) + dip1(8) 5)

The number of decomposition levels of the signal can be
computed based on the sensor sampling frequency and
structures FEM frequency calculations (Sayed et al. 2017),
and that divided the signals based on the time interval (At).
For the acceleration signals, the details components only
can be used to reconstruct the original signal without
dynamic information losses of the structures (Sayed et al.
2017). Therefore, the original signal can be expressed as
follows

S(t) = Z d;(t) ©)
=1

where, n is the total number of decomposition levels.
Herein, the Daubechies wavelet basis function is used to
extract the detailed acceleration measurements components,
presented as

dj(t) = Z Cj,m¢j,m (7)

where, m indicates an index of time scale, C;,, are the
wavelet coefficients, and ¢;,, are the basis functions.
Therefore, the wavelet energy can be calculated at each
level using the detailed components for that level. The
wavelet energy (E) can be expressed as follows
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Therefore, the frequency components can be represented
in time domain to check the bridge frequency performance
along the monitoring time.

3. Results and discussion
3.1 Static evaluation

The strain and deflection of bridge girder are presented
in Fig. 6 and Table 4. The strain distribution along the
girders G1 and G2 are shown in Fig. 6(a). The maximum
tensile strain at the bottom flanges of girders G1 and G2 are
observed under LC1 and LC2, respectively, while the
maximum compressive strain of points S7 and S8 are 4.18
and 3.7us, respectively, under the same loading conditions.

From Fig. 6(a), it can be seen that the neutral axis
position at 1.587 and 1.539 m for girders G1 and G2,
respectively, and this is compared with the theoretical
neutral axis calculation of the bridge girder. As a result, the
measured neutral axis position of the girders is deviated
within 5% from the theoretical neutral axis position, and

Table 4 Strain measurements under static

section A-A (units: us)

Mosbeh R. Kaloop, Won Sup Hwang, Emad Elbeltagi, Ashraf Beshr and Jong Wan Hu

load cases for

Sensor LC 1 LC2 LC3 LC4 LCS5 LC6
S7 -4.18 -2.76 4.11 -2.22 -0.75 -0.48
S8 -4.8 -3.7 2.55 -4.38 -2.86 -2.89
S9 -1.29 -3.23 0.61 -3.58 -1.14 -1.09
S10 -3.71 -2.5 1.44 -5.47 -4.09 -2.48
S11 29.13 7.05 0.74 -1.9 -2.39 -0.92
S12 18.49 21.93 10.02 1.24 -1.83 -2.26

Table 5 RC slab response under static loads effects (units:
strain(us), deflection (mm))
LC1 LC2
Section  Sensor
S18 S17 S16 S18 S17 S16
D1 0.003 0.000 -0.582 0.002 0.001 -0.293
D2 0.001 -0.002 -0.399 0.002 0.002 -0.362
B-B D3 0.001 -0.002 -0.297 0.002 0.000 -0.37
D4 0.000 -0.001 -0.216 0.003 0.002 -0.337
D5 0.001 0.000 -0.095 0.002 0.002 -0.239
S1 0.40 -23.46 -0.02 0.68 -5.98 1.18
S2 0.68 -9.99 0.27 0.44 -10.16 0.94
S3 0.53 -3.68 0.38 0.72 -7.62 1.05
S4 0.30 0.08 0.89 1.80 -3.24 1.29
C-C D6 0.013 -0.224 -0.003 0.019 -0.079 0.000
D7 0.023 -0.19 -0.01 0.027 -0.193 -0.007
D8 0.027 -0.122 -0.002 0.028 -0.227 -0.003
D9 0.022 -0.054 -0.002 0.024 -0.159 -0.004
D10 0.007 0.002 0.004 0.008 -0.038 -0.012
D11 -0.646 0.008 -0.003 -0.363 0.023 0.002
D-D D12 -0.522 0.023 -0.005 -0.46 0.027 0.001
D13 -0.356 0.014 -0.014 -0.484 0.024 -0.002
LC3 LC4
Section  Sensor
S18 S17 S16 S18 S17 S16
D1 -0.001 -0.004 -0.242 -0.001 -0.005 -0.095
D2 0.000 -0.004 -0.336 -0.001 -0.005 -0.209
B-B D3 -0.002 -0.006 -0.379 -0.001 -0.004 -0.292
D4 -0.002 -0.005 -0.383 -0.001 -0.006 -0.397
D5 -0.001 -0.005 -0.31 0.001 -0.005 -0.583
S1 2.17 -2.96 0.58 1.49 0.21 0.82
S2 1.32 -9.21 0.86 1.25 -2.84 1.58
S3 0.52 -9.92 0.82 1.29 -8.34 1.39
S4 0.77 -7.84 -0.04 1.38 -22.06 1.12
C-C D6 0.011 -0.059 -0.007 0.011 -0.005 -0.001
D7 0.012 -0.164 -0.02 0.021 -0.051 -0.01
D8 0.026 -0.227 -0.008 0.027 -0.124 -0.007
D9 0.016 -0.192 -0.013 0.023 -0.174 -0.005
D10 0.011 -0.034 -0.012 0.006 -0.172 -0.017
D11 -0.294 0.021 -0.003 -0.1 0.012 -0.009
D-D D12 -0.402 0.024 -0.002 -0.195 0.02 -0.006
D13 -0.480 0.023 -0.005 -0.316 0.018 -0.007
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Fig. 7 Bridge girder performance under 10 Km/h, (a) S2
strain, (b) D2 displacement

this means that there is no abnormal behavior occurred. The
relationship between the strain and deflection of the bridge
girders is shown in Fig. 6(b). A linear correlation between
the two responses is observed. The maximum strain and
deflection are observed at girder G1 under loading case
LC1. In addition, the linear fitting of the relationship
between strain and deflection for the LC1 is presented in
Fig. 6(b).

The correlation coefficient (R2) of linear fitting of strain
and deflection of the bridge girder is 0.96, it means that the
performance of the bridge is controlled and the bridge
girder behavior is safe under static loads. The strain
observation of the slab and the girder top flange and web
under the six loading cases are shown in Table 4. It is noted
that the maximum tensile strain occurs with LC1 (29.13us),
while the maximum compressive strain is observed with
LC4 (-5.47us). In conclusion, the strain and deflections
observed values for the static test shows that the bridge
behavior is safe based on the calculation and AASHTO
rules, within 5% from the neutral axis (Wassef et al. 2003).

The strain and deflection observations for the RC slab
are presented in Table 5. The maximum tensile strain occurs
at section C-C (2.17us) with loading case LC3 on span S18,
while the maximum compressive strain is 22.06us under
LC4 on span S17. The deflection measurements show that
the maximum deflection of section B-B is 0.583 mm and
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this occurred with loading case LC4 when the load over
S16. In addition, the maximum deflection is 0.227 mm at
section C-C that observed with LC3 over the span S17,
while the maximum deflection of section D-D is 0.646 mm,
with LC1 over the span S18. In addition, the range of
changes of strain and deflection are small, as seen in Table
5. Moreover, the deflection measurements show that the
symmetry of deflection by loading test truck on each lane is
approximately same at each section for the different cases
of loads. This indicates that there is no specific changed in
the structure behavior, while the maximum deflection of the
bridge slab is 80.302 mm based on finite element model
analysis.

3.2 Dynamic evaluation

To evaluate the bridge safety, the DF, reliability and
dominant frequency of the bridge girders and deck are
assessed. The strain and displacement data collected are
filtered to extract the semi-static performances for both
measurements. Fig. 7 shows the observed and filtered data
of the bridge girder under truck speed 10 Km/h to Mullae-
dong. The low-pass filter is used to filter the measurements.
As shown in Fig. 7, the low-pass filter can be used to
extract the semi-static strain and displacement
measurements, and these extraction performances can be
used to calculate the DF of the bridge girder.

Fig. 8 shows the DF of the bridge girder for the strain
and displacement measurements. In addition, Fig. 9
demonstrates the DF of the bridge slab sections. The
parameters affected the DF calculations are the truck speed
and position. From Fig. 8, the DF values for the bridge
girder and slab are lower than the DF design value, it means
that the bridge dynamic behavior is safe. The maximum DF
value is observed at points close to the truck pass. For
example, the maximum DF of the bridge girder is located at
girders G1 and G2, as presented in Figs. 8(a) and (c), when
the truck passing from Al to A2. Meanwhile, the maximum
DF values are extracted at girders G5 and G6, as shown in
Figs. 8(b) and (d). In contrast, the variations of DF values
are high in bridge slab performance. As presented in Figs.
9(a) and (b), the truck position does not affect the DF
values. In the other hand, the truck speed affects more the
DF values of the bridge. For instance, the 10 Km/h speed
has the highest effect than other speeds in the direction Al
to A2, while the speed 50 Km/h has the highest effect than
other speeds in the direction A2 to Al for the bridge girder
and slab. Moreover, the correlation between the DF values
of the bridge girder under different speeds is higher than
that with the bridge slab. Also, the correlation of the DF
values of the bridge girder for the direction Al to A2 is
higher than that observed in the direction A2 to Al. In
addition, from Figs. 8 and 9, the correlation between DF of
the bridge slab is lower than that for the bridge girder,
which implies that the section stiffness affects the DF
values. Furthermore, the DF values for the bridge girders
are affected by the bridge torsion as presented in Figs. 8(a),
since the DF values for the S2 and S6 are higher than the
S3, S4 and Sb.

These results reveal that the DF values can be used to
assess the bridge safety considering traffic speeds effects.
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Fig. 9 Displacement DF of bridge slab for (a) Al-A2
direction, (b) A2-A1 direction

Low speed affects more the DF values, and this may be due
to the longer time period the truck took from entering the
monitored span till leaving it. Moreover, the sensitivity of
the bridge slab sections for the affected loads is higher than
that observed on the bridge girder due to the section
stiffness. The torsion of the bridge girders is higher than
that occurred on the bridge slab under different speeds.

In term of reliability analysis, the strain measurements
of the S2 points of the bridge girder and slab are selected to
assess the serviceability of the bridge with different speeds.
Fig. 10 illustrates the graphical method performance to
detect the Weibull parameters for the strain measurements
of the bridge girder with 60 Km/h. The least square method
is used to estimate the linear fitting parameters, weibull
parameters, for the linearized strain data. The
autocorrelation between linearized and linear fitting is 0.93.

In addition, the CDF calculations using the weibull
method and strain measurements are presented in Fig.
10(b). The autocorrelation coefficients between the CDF of
the strain measurements and Weibull cumulative probability
density function (WCDF) is 0.96. These results show that
the hypothesis testing for the bridge performance with
weibull method is good and the estimated weibull
parameters can be used to assess the bridge behavior.

Fig. 11 illustrates the CDF of the strain measurements of
the bridge girder and slab with truck speeds in Al-A2
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direction. Table 6 concludes the Weibull probability
parameters with different truck speeds. The strain
measurements probability are affected by the truck speeds,
as seen in Fig. 11, while the probability increased with
increasing the truck speeds.

In addition, the strain measurements probability of the
bridge slab has higher correlation than that of the bridge
girder with different loads. Therefore, the reliability of the
bridge girder and slab is affected by the traffic speeds, in
addition, the sensitivity of the bridge girder is higher than
the bridge slab for different truck speeds. From Table 6, it
can be seen that the variation of weibull scale parameters is
high which means that the strain measurements distribution
is affected by the truck speeds. While, the distribution
change of the bridge slab is approximately similar after
truck speed of 30 km/h. Meanwhile, the weibull shape
parameters that presented in Table 6 show that the failure
rate of the bridge girder and slab is decreased. The weibull
shape parameters for the speeds 20, 30 and 40 Km/h in
direction A2 to Al are approximately equal one for the
bridge girder and slab, it means that the failure rate is
constant. Also, in the direction Al to A2, the weibull shape
parameters for the speeds 50 and 60 Km/h are close to one.
Consequently, the traffic direction and high speed affect the
failure rate of the bridge slab and girder. From these results,
the reliability of bridge is safe with the existing conditions.
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Table 6 Weibull probability parameters of bridge slab and
girder

Slab Girder

Speed & Direction

K C (us) K C (us)
10Km/h -AltoA2  0.873 1.018 0.608 1.731
10 Km/h - A2to Al 0.897 0.788 0.872 0.829
20Km/h -AltoA2  0.797 0.842 0.700 1.545
20 Km/h - A2to Al 0.909 0.847 0.980 0.814
30Km/h -AltoA2  0.866 0.688 0.604 0.990
30 Km/h - A2to Al 0.955 0.586 0.983 0.730
40 Km/h- Al to A2 0.895 0.593 0.719 1.057
40 Km/h - A2to Al 0.995 0.568 0.963 0.604
50Km/h -AltoA2  0.941 0.568 0.687 0.743
60 Km/h-AltoA2  0.999 0.624 0.762 0.666

Based on the DF evaluation, the bridge performance
under 10 Km/h is selected to present the frequency and
reliability performance of the bridge girder and deck. The
wavelet details of levels one to six for the acceleration
ACC?2 of girder and ACCL1 of slab for the direction Al to
A2 are presented in Fig. 12. The vibration performance is



356 Mosbeh R. Kaloop, Won Sup Hwang, Emad Elbeltagi, Ashraf Beshr and Jong Wan Hu

%1078
[ I pw I ]
C 1 1 1
0 5 10 15 20 25 30 35 40 45 50
%1073
§ [ T |
B T 1
2 0 5 10 15 20 25 30 35 40 45 50
c
S, x10°
= C I i
g Q[ I L n s I n L 3
g 0 5 10 15 20 25 30 35 40 45 50
<] -3
x 10
< oy T .|
L n h h n n n n 1]
0 5 10 15 20 25 30 35 40 45 50
x1073
" " " T " " " "
§ e ]
0 5 10 15 20 25 30 35 40 45 50
<10
[ ]
gc " i " Y L i N i N ul
0 5 10 15 20 25 30 35 40 45 50
Time (sec)
(@)
%1073
[ L) I ]
§ [ n T 1 T T 1 T 1
0 5 10 15 20 25 30 35 40 45 50
%1073
L L o
N: ; o
2 9 5 10 15 20 25 30 35 40 45 50
c
S . x10°
= I T o Z o - " '
6 §l 1 n 't T H 1 J
T 0 5 10 15 20 25 30 35 40 45 50
3 -3
10
< 4rx e vy ey 5 vwr—
C 3 L il iy 1 b A 1 1 o had |
0 5 10 15 20 25 30 35 40 45 50
%1073
C T - — T T T T v]
(} |m 1 N v e i T T n ul
0 5 10 15 20 25 30 35 40 45 50
%1078
I v —r v , v v |
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 12 Wavelet detail contents of (a) ACC2 of girder and
(b) ACC1 of'slab

clearly shown in the bridge girder at level 2, while the
vibration performance for the bridge slab appears at level
three. Because of the section stiffness, the dynamic noise of
bridge slab is high.

The wavelet energy of each level is calculated and
presented in Fig. 13. As shown, the bridge girder wavelet
energy is affected when the truck passes over the monitored
point. It is observed that the levels one, two and five are
common due to dynamic effect of moving truck. In the
other side, the bridge slab wavelet energy has less effect
due to truck passing over the monitored section. Moreover,
the energy of the signal contents decreases with the wavelet
number. Therefore, to reconstruct the signals for the bridge
girder and slab, the effective wavelet levels are selected. In
this case, the levels one, two and five are selected to
reconstruct the bridge girder signals, while the whole details
levels are used to rebuild the bridge slab signals. The
reconstructed data are used to define the dominant
frequencies of the bridge girder and slab. The first mode of
the bridge frequencies of girder (ACC2) and slab (ACC1)
are calculated and presented in Figs. 14(a) and (b),
respectively, for the bridge performance under 10 Km/h in
direction Al to A2. In addition, Fig. 14(c) summarizes the
first mode frequencies calculation of the bridge girder (G)
and slab (S) monitored points under different truck speeds.

From Fig. 14, the reconstruction signals can be used to
extract the frequencies contents of the bridge under
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Fig. 13 Wavelet energy of (a) ACC2 of girder and (b) ACC1
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S}

different loads effects. The first modes of the slab sections
are highly correlated and the values are the same with each
case. This indicates that the bridge slab is safe in frequency
domain with different load cases. Moreover, the first mode
of the bridge slab is higher than the design value based on
the simulation model of the bridge (2.3 Hz). Moreover, the
first model of the bridge girder frequency G2 is different
some time relating to the slab of the same section. The
maximum change between frequencies of the two girder
points is 0.1 Hz, but the two points’ frequencies are higher
than the simulation model calculation by 25% in average. It
means that the vibration behavior of the bridge is lower than
the design performance of the bridge. Therefore, the bridge
girder is also safe in frequency domain with different truck
speeds.

4. Conclusions

To study the full behavior of Dorim-Goh bridge, static
and dynamic tests are conducted using short period
monitoring system. The strain, displacement and
acceleration measurements are collected to evaluate the
performance of the bridge girder and slab. The distribution
of strain along the bridge girder is studied and linear fitting
are used to assess the static behavior measurements. The
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dynamic amplification factor and reliability are assessed to
evaluate the bridge safety. In addition, the wavelet analysis
is used to filter the measured data and evaluate the bridge
behavior in frequency domain. The results of the bridge
performance with different loading cases show that the
bridge is safe in time and frequency domains, and the major
conclusions of this study are as follows:

* The measured neutral axis position of the girders is
deviated within 5% from the theoretical neutral axis

position, and this means that there is no abnormal behavior
occurs, in addition, the symmetry of deflection by the test
truck on each lane is approximately the same and this
indicates that there is no specific structural behavior change
under static loads.

* The DF values for the bridge girder and slab are lower
than the DF design value, it means that the bridge dynamic
behavior is safe. The truck speeds and bridge torsion affect
the DF values. Moreover, the sensitivity of bridge slab
sections for the loads is higher than that observed on the
bridge girder due to the section stiffness.

* The shape parameter of Weibull probability method is
used to study the reliability of the bridge, the reliability is
affected by the traffic direction and truck speeds. In
addition, the weibull shape parameters show that the failure
rate of the bridge girder and slab are almost decreased, and
the bridge reliability is safe with the existing conditions.

* The wavelet energy of vibration performance of the
bridge girder occurs mainly over three levels for the bridge
girder, while that observed over the whole levels for the
bridge slab. These levels are used to reconstruct the
acceleration performance of the bridge, and the results show
that the frequencies contents are shown clearly. The first
mode of the bridge slab and girder are higher than the
design value by 25%, it means that the bridge is safe in
frequency domain.
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