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A sufficiently strict conduction of supervision during bridge operation is a crucial matter for many countries, including the
underdeveloped country of Viet Nam. In recent times, the budgets in developed countries used for funding the implementation of
quality-assessment procedures are quite high compared to the lower budgets in underdeveloped countries. The plan proposed in
this work addresses the current lack of information available in the process of structure-quality evaluation. The vibration signals
will be acquired from the random circulation status to determine the structure’s behavior so as to utilize the signal information
during the bridge span’s operation. The study’s main goal is to find various parameters that can be used to evaluate the actual
bridge performance. These parameters must meet certain criteria, such as high sensitivity, low measurement cost, and efficiency in
the measurement process, but must not affect the itinerary of vehicles moving on the bridge. The actual structural vibration signals
used in this work currently serve as a best trend model for evaluating the operation of the bridge span structure. This study will
focus on determining the relationship among deflection, acceleration, and vehicle load so as to evaluate the structure’s working
process. This study has also fabricated an experimental model to evaluate and test the sensitivity of the parameters utilized in this
study in order to verify the results obtained. The results obtained in this research will be applied for the quality-control process in
several bridge models with span structures built with the composite steel concrete cross section of the beam. Many developing
countries, including Viet Nam, will receive benefit in the future from the useful advantages presented in this study.

(i) The first measure is a system of human monitoring,
giving information that is often more qualitative

Viet Nam is similar to other Southeast Asian countries [1, 2]
located in the region, in that it has an interlace system of
rivers and canals. Most major cities in Viet Nam are located
in areas near rivers or river junctions. After conducting
extensive surveys in the Ho Chi Minh City area [3, 4], it was
determined that there are more than 1000 bridges [5, 6] and
safe operations of these bridges are especially considered as a
key focus because of their important role in so many so-
cioeconomic activities. The normal measures of assessing the
quality conditions of the bridge structure will be undertaken
through an assessment of the bridge structure’s concrete
beams and the composite steel concrete cross section of the
beam [7, 8]. At present, the inspection, monitoring, and
verification of bridge quality are commonly implemented
through three main measures as follows:

than quantitative, and that can be somewhat
subjective. The techniques of this measure include
inspection and monitoring by manual methods,
visual inspection, and use of specialized equipment
[9-11]. This measure has significant advantages
and is simple and easy to implement, and the
inspection cost for initial investment is low, but it
has disadvantages as well: the damages in the
details of the bridge structure cannot be detected in
a timely fashion, and the bridge material me-
chanical changes cannot be evaluated. Most of the
information obtained from a structure with these
methods is of a qualitative nature, acquired
through the subjective evaluation of human
observations.
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(ii) The second measure consists of methods for col-
lecting quantitative data for bridge vibrations
generated by an applied periodic force. The bridge
quality inspection [12-14] includes the following
activities: the quality is either merely checked or
thoroughly determined, the project quality is for-
mally assessed, and the quality is compared to the
design’s original requirements. The aim of this
measure is to assess the bridge’s actual working
ability under the actual load effect. Some parameters
are used for a quantitative evaluation process during
implementation [15], including deformation, de-
flection, vibration amplitude, and specific fre-
quency. The advantage of this measure is that it can
give us a clear understanding of the different
quantitative values and the load’s impact options.
These methods can shed light on the factors re-
sponsible for putting the structure in some of the
most dangerous situations during its operation. This
measure’s disadvantage is that the measurement
data are obtained in a static state, except for few of
the following dynamic parameters: specific fre-
quency, damping coefficient, and vibration ampli-
tude, which are determined by generating the
vibration pattern with a periodic force. The amount
of information received from this method is too low;
therefore, it cannot fully reflect the operation status
of the structure, nor fully explain the structure’s
behavior.

(iii) The third measure surveys the structure’s behavior
during the actual operation through vibration
measurement [16-19]. This measure has been
widely applied to bridge abutments in recent times.
This measure allows the acquisition of much data
regarding bridge behavior under diverse actual
loads. This measure allows the advantages of
characterizing the actual situation of the load,
detecting changes in mechanical parameters, lo-
cating weakened portions of the structure, and
determining the weakening rate over time. These
advantages can help in making reasonable decisions
and plans when evaluating a project’s quality.
However, for the cases of difficult economic situ-
ations in underdeveloped countries, these testing
systems are not economically feasible and so cannot
be widely applied.

Assessing the advantages and disadvantages of all three
methods above, this study proposes several methods for
building relationships between important parameters in the
bridge structure’s vibration process so as to collect data for
the vibrations and deformation of the structure under the
effects of random loads during operation and utilization. The
data obtained in this study will supplement the bridge’s
existing database system and, at the same time, will add new
parameters having a higher sensitivity than traditional pa-
rameters. This can serve in making the most suitable plan for
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quality assessment, inspection, and regular maintenance for
a project. This study has practical significance in monitoring
and evaluating a project’s working status over time. This
study also helps management agencies form a basis for
making important decisions about the structure’s operation.
Furthermore, the results in this study, which have been
implemented in practice, will establish a database source
facilitating the application of these advanced methods in
quality assessment and project management. This is the basis
for expanding these research methods and conducting fu-
ture bridge evaluations.

2. Theoretical Basis

Many studies have already carried out the modeling of
bridge structures, which are categorized by type according to
the structure’s bearing status. Many models have simulated
the structure of a bridge span in the form of force-bearing
beams, models which are presently popular [20-22]. For a
load applied under static conditions, the span structure
model is generally depicted as shown in Figure 1.

For the case of the span model shown in Figure 1, if P is
the static load, the beam’s deflection y is given by the fol-
lowing formulas as

P—bz(lz—zz—bz), 0<z<a,

6EJI

y= (1)
Pa(l-z) 2 2
Tﬂ(ﬂz—z —a), a<z<l,

in which I is the length of the beam and a and b are the
positions to determine the set point of the load P. E]J is the
flexural stiffness; E is the elastic modulus; P is the load on the
beam; and ] is the area inertia moment to the principal axis
of inertia, which is coincident with the x-axis direction.

If the load p moves with speed v along the beam length
with Q = Q, cos(Qt), as shown in Figure 2, the beam’s
forced vibration is demonstrated through the deflection
equation, shown as follows:

2gPP ' sininx/l . dmx
= sin ——
7 Ayn® & i (na® - v'F) !

(2)
2 gPl4v o sinimx/l  Prat
- Z ~ sin

A)/T[sd =i (i2n2a2 - v2l2) P’

where g is the gravity acceleration, p is the specific weight
per structure’s unit volume, A is the cross-sectional area,
d = \/EJ/Ap, and t is the time. The forces actually acting on
the structure are, however, often in the form of a harmonic
force.

For the case shown in Figure 3, in which Q is the variable
force given by the expression Q = Q,cos Ot and moving
with speed v, the beam’s forced vibration [23, 24] is pre-
sented as follows:
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FIGURE 2: Single beam is under load moving with velocity v along
the beam bar.

l3 ’Z‘X’ inx {sm(mv/l +Q)t N sin (inv/l — Q)t }
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in which a=vl/na; B=1/1,; v=2P/na; 7, =1/v; and
7, = 271/Q). The nondamped free vibration of a single support
beam has the following form:

3
ltoo

y = Z sin # (C;cos pit + D;sin pit), (4)
i=1

where C; and D; are constants and p; is the i*'-specific
frequency in the following equation:

FIGUure 3: Single beam is under the harmonically variable load
moving with velocity v along the beam bar.

P —(m) i/]) (5)

This study introduces the concept of “dynamic coeffi-
cient” so as to determine the relationship between the
structure’s load impact and the specific vibration frequency,
in order to evaluate the changes in bridge span structure
during the vibration process. The dynamic coefficient model
has demonstrated that this coefficient is used for evaluating
the bridge’s load capacity through the deflection and the
vibration frequency, as shown in equations (2) and (3), and
the abridged model of the dynamic coefficient, as shown in
the following equation:

Q¢ 1
P o () - 1)2 +4(w’/Q” + wp/ Q)
1/2

w2 z 2 w
—(;) 1) 44 bl 42—l
Q Q Q

in which § is the dynamic coefficient, w is the excitation
frequency of vehicle load, Q is the excitation frequency of the
load under the action of velocity v, Wy is the first excitation
frequency of vehicle load, and w, is the bending frequency.

=1+

(6)

3. Results

3.1. Building the Experimental Models. Considering the
methods implemented by us, this study examines the actual
model of the Thang Long Bridge, as shown in Figure 4, which
has the following specifications: the bridge is 60 m long; it
includes 5 spans, each span being 12 m long; it has a simple
steel concrete; the span cross-section includes 5 steel
I-beams with dimensions 550 x 250 x 9 x 22 mm; the abut-
ments and pillars are made of reinforced concrete; the bridge
deck for vehicles is made of reinforced concrete of thickness
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FIGURE 4: Actual model and longitudinal section of Thang Long Bridge.

18 cm; the bridge deck for pedestrians has a thickness of 20 cm;
the current operating load is 13 tons; and the bridge was built
before 1990. The modeling process used in this study for the
Thang Long Bridge, which is located on Thang Long Street,
District 9, Ho Chi Minh City, is shown in Figure 5.

The bridge span is narrow; therefore, only one vehicle at
a time can cross the bridge. The study models the Thang
Long Bridge’s mechanical force-bearing system, as shown in
Figure 5, with a load consisting of two contributing com-
ponents: the concentrated load P and the moving load
Q, sin Qt, with forced frequency (), as originally analyzed.

In this research, the displacement signals are measured
using a displacement sensor and the vibrations are measured
with an accelerometer sensor. These sensors are permanently
mounted and in contact with the beams’ underside surfaces.
The signal acquisition model is demonstrated in Figure 6.

In fact, the frequency of the constraining force Q) often
depends on the mechanism and Q depends on the velocity v
as in Table 1. This study assumes that Q = k * v* and Q = v/R,
where Q is the amplitude of the harmonic force, k is the
experimental coefficient, Q) is the force’s angular frequency,
and R is the wheel radius, as shown in Table 2. This study will
consider the change of load P in the range of load limit for
each type of vehicle, as in Table 3, due to the harmonically
constraining force influenced by the vehicle structure.

With the parameters of the load P, the velocity v, and the
frequency Q of the constraining force, this study has built a
workable model through the actual measurement process so
as to determine the maximum deflection at given locations on
the bridge span. This study has calculated the maximum stress
value during the beams’ vibration for the locations at which
the deflection value is measured. The graph of the relationship
between deflection and stress is given in Figure 7.

We can see the linear relationship between deflection and
stress with the results in Figures 7 and 8. The linear regression

equation is y = 6 x 10~"2x-8 x 10~° with a correlation coefficient
of R*=1. When the load, velocity, and frequency of the
constraining force change, the slope coefficient in Figure 8
remains constant; the deflection linearly increases when the
load increases, regardless of the change in velocity or the
change in frequency of the constraining force. The relationship
between displacement and stress is often expressed as the
structure’s stress-deformation relationship. The results shown
in Figure 9 [25, 26] were obtained from a study that used the
linear material model to demonstrate the stress-deformation
relationship of a concrete-reinforced beam structure with two
required parameters: the elastic modulus of steel E; and
the yield intensity of steel f,. This concrete structure’s simple
stress-strain relationship curve has a multilinear isotropic form,
proposed by Kachlakev [27], with two required parameters: the
concrete’s elastic modulus E, and its compressive strength ..
In this material model, the von Mises criterion was used for
determining the stress threshold so as to convert the concrete’s
linear behavior into nonlinear behavior, as shown in Figure 10,
in which ¢, is the stress at the peak of the material structure and
[ is a material parameter depending on the shape of the stress-
deformation diagram. The stress-deformation relationship is
given by equation (7a). For the case of [25], the stress-de-
formation relationship is as shown in equation (7b).

o = Eg, (7a)

0; = Ee;. (7b)

With the models being studied in [25-27], we can see in
the results that the relationship between stress and defor-
mation is either always a linear function during a process
[28, 29] or it is only a linear function in each defined space
[25, 26]. An evaluation model that exhibits both the influence
of the elastic modulus E, which is a structural characteristic,
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F =P+ Q= Pycos (wt) + Qycos (Qf)

FIGURE 5: Actual load model of Thang Long Bridge.

~ - -

FIGURE 6: Diagram of data acquisition from the displacement sensor and vibration accelerometer.

TaBLE 1: Deflection data and elongation with load P, as the ex-
perimental velocity v changes.

TaBLE 2: Load parameters corresponding to different radii of ve-
hicle wheels.

p v Deflection (m) Stress (N/m?) Wheel radius R (m) Load index Weight (kg)
5,700 13 0.0056461 9.93x10° 0.330 83 487
5,800 6 0.0052025 9.15x10° 0.356 88 560
5,900 6 0.0052897 9.31x10° 0.381 9 710
6,100 6 0.0054634 9.61 x10° 0.406 100 800
6,200 14 0.0066553 1.17x108 0.432 104 900
6,500 6 0.0058087 1.02x10° 0.457 108 1,000
7,100 15 0.0071237 1.25%x10° 0.483 109 1,030
8,200 13 0.0080203 1.41x10° 0.508 110 1,060
8,300 15 0.0083693 1.47x10° 0.533 111 1,090
8,500 8 0.0079308 1.40x10° 0.559 112 1,120
8,600 8 0.0080177 1.41x10°
8,800 6 0.0086454 1.52%10° )
9,000 8 0.0083818 1.47 x10° TaBLE 3: Increased range of P force value corresponding to each
10,100 9 0.01011 1.78 x10° type of wheel radius.
10,200 8 0.0094648 1.67 x10° R-wheel radius (m) P value (N)
10,300 9 0.010372 1.82x10° 0.008382 4.500-4.800
10,400 4 0.010212 1.80x10° 0.009042 4.800-5.600
10,500 5 0.010266 1.81x 10° 0.009677 5 600-7.100
10,600 3 0.010262 1.81x 10° 0.010312 7 100-8 000
10,900 16 0.010373 1.82x10° 0.010973 8.000-9.000
11,000 5 0.010795 1.90 x 103 0.011608 9’600_1 0’)000
11,200 5 0.010946 1.93x10 0.012268 10,000-10,300
0.012903 10,300-10,600
0.013538 10,600-10,900
and the antiviscosity coeflicient C, which is a characteristic 0.014199 10,900-11,200

property of the material, has not yet been constructed.

3.2. Relationship of Dynamic Parameters

3.2.1. Relationship between Deflection and Vibration
Acceleration. For the change of each load P, this study gets
the results of both maximum deflection and maximum
acceleration. When the velocity v changes in the model, this
study changes the velocity v from 6 m/s to 16 m/s in order to

either simplify the simulation process or conform to the
bridge inspection standards.

We can see from the graphs shown in Figures 11(a)-11(f)
that the variable relationship between deflection and acceler-
ation at different load levels is relatively similar in terms of
shape. Generally, when the acceleration increases, the deflec-
tion also increases and the difference in loads may be due to the
masses of the loads that have influenced the beam’s vibration
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frequencies according to equation (6). Thus, when the speed  and the frequency of the corresponding coercive force. From
changes from 6 m/s to 16 m/s with the same P load value, the  this, the study gets a graph that demonstrates the relationship
study gets both the maximum deflection in this speed range  between the deflection and the coercive force frequency
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corresponding to the load P, as shown in Figures 11(a)-11(f),
where the deflection reaches the maximum value for the case in
which the vibration gradually approaches closer to the beam’s
first specific frequency.

3.2.2. Building the Relationship between the Dynamic Co-
efficient and the Excitation Conditions. The curve has
demonstrated the relationship between the dynamic coefficient
0 and the velocity v, as represented in equation (6). When the
force P is constant, this study shows a dynamic coefficient &
corresponding to each velocity v, with v varying from 6 m/s to
16 m/s. In the graph, the dynamic coefficient § and the velocity
v appear as two neighboring peaks, the distance between the
two peaks being about 1 m/s, as shown in Figure 12. This can be
explained because § is affected by Q in equation (6). Theo-
retically, the larger the dynamic coefficient is, the closer the
coercive force frequency will be to the system’s specific fre-
quency. When referring to the actual spectrum analysis graph
for a bridge, the frequency graph of the free vibrations shows
two frequency peaks, which is called the “beat” phenomenon.
This will be clearly analyzed in the following points:

(1) The influence of P on the dynamic coefficient of fixed v.

Because of the fixed speed and the increased load, the
dynamic coeflicient § increases due to the force P
affecting the beam’s first natural frequency,
according to equation (6). Therefore, when P in-
creases, the beam’s specific frequency w, decreases,
with a value close to the coercive frequency gener-
ated by the vehicle, and the dynamic coefficient § also
increases. Because of the increased load P, the dy-
namic coeflicient § also increases in each specified
load interval. In Figure 13, each new segment will
linearly increase and then a sudden decrease is
shown at the segment’s end. At that moment, the
dynamic coeflicient § linearly increases according to
the original relationship; this process continues in
many different force intervals, forming a graph that
is not entirely linear, according to the theory

originally given. This can be explained: When the
force P increases, the dynamic coefficient § linearly
increases, but when Q decreases, the dynamic co-
efficient § also decreases because it corresponds to
each frequency of the coercive force ). At certain
locations, the & value suddenly decreases because the
coercive force frequency Q) abruptly changes under
the original sine-cosine period, as shown in
Figures 14(a)-14(f).

Table 4 shows that in the experimental model, the slope
coefficient a, which is calculated as the ratio of the
dynamic coefficient § to the coercive force (), is nearly
constant during the experiment process. This can be
explained by the fact that the coefficient a does not
depend on the angular frequency of the coercive force at
constant velocity. In addition, when the coercive force
frequency Q) increases, the coefficient of b decreases.
Table 4 shows the result that the more the Q) decreases
in value, the faster the coefficient of b increases. When
the actual speed of the experimental model is v =9 m/s,
the relationship between the load P and the dynamic
coefficient § given by the equation §=aP+b is
§=0.000003 * P+1.041517. In this experiment, the
average deviation for coefficient a is 0, and for coeffi-
cient of b, it is 0.004117. With this deviation level, the
obtained results have given a high convergence.

(2) The influence of P impacted on the dynamic coef-

ficient in the case of changed velocity v.

With the increase in speed, the load value increases
and the § value also increases in each specified load
interval. However, when all load ranges are con-
sidered in the same graph, the § value tends to
decrease, as shown in Figure 15. This study can see
the conformity with equation (6) when the P load
value is in inverse ratio to the & coefficient. This is
similar to the previous survey, which showed that
when the speed increases, the dynamic coefficient in
each P value segment increases and the § value
increases linearly, as shown in Figures 16(a)-16(e).
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9,100N to 10,000 N with ) =15.06402rad/s, and (f) from 9,100 N to 10,000 N with Q) =15.06402 rad/s.

TaBLE 4: Regression coeflicients of § =aP + b corresponding to each Q.

Q a b R?
13.29787 0.000003 1.0353 1
15.06402 0.000003 1.0365 0.9991
15.39646 0.000003 1.0404 0.9991
15.7784 0.000003 1.0424 1
18.55288 0.000003 1.0471 0.9985
19.47209 0.000003 1.0474 0.9966
Average 0.000003 1.041517 0.998883
Average deviation 0 0.004117 0.000889
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In Table 5, we can see that the equation showing the
relationship between the dynamic coefficient § and the load
P, when the velocity v changes, gives 6=0.000004" P+
1.24804 with an average deviation of 0.0000016 for the
coeflicient of a and of 0.009768 for the coefficient b. Thus, the

F1GURE 15: Graph showing relationship between P and § corresponding to v varying from 6 m/s to 16 m/s.

value of the dynamic coefficient § depends on both the
velocity v and the load P as well as the frequency of coercive
force Q). As v increases, the § value changes according to the
linear relationship, as shown in the diagrams for & and v.
Corresponding to each Q) value, P and § increase linearly.
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FIGURE 16: The diagram of the maximum & value, when the velocity v changes corresponding to P (a) from 4,500 N to 4,800 N, (b) from
4,900 N to 5,600N, (c) from 7,200 N to 8,000 N, (d) from 8,100 N to 9,000 N, and (e) from 9,100 N to 10,000 N.

TABLE 5: Regression coefficientsd=a+«P +b corresponding to each experimental model in the field that is most suitable for the

P value range. actual moving load model, with some conclusions as follows:
P (N) a b R? (1) From either theory or experiment, the deflection
4500-4800 0.000007 1.2607 0.948 values obtained under the load influence moving on
4900-5600 0.000005 1.2598 0.9768 the beams are relatively similar in terms of shape. As
7200-8000 0.000003 1.2413 0.9643 the deflection increases along with the velocity in-
8100-9000 0.000003 1.2394 0.9889 crease of the accelerating load, it can be seen that the
9100-10000 0.000002 1.239 0.9505

difference in results with the varying loads may be

Average 0.000004 1.24804 0.9657 due to the loads’ mass influence on the beam’s vi-
Average deviation 0.0000016 0.009768 0.01572 bration frequencies. With a constant P load value,
but with speed increasing from 6 m/s to 16 m/s, the
study finds that the maximum deflection of fre-
4. Conclusion quency of the corresponding coercive force either
remains unchanged or shows an insignificant
The experimental testing model has been applied in this change. From this study, we get the relationship
study so as to find the relationships between the charac- between the deflection and the frequency of the
teristic mechanical parameters during the measurement and corresponding coercive force. And, the deflection

testing process. From this manuscript, we can build an reaches the maximum value when the vibration
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frequency approaches closer to the beam’s first
specific frequency.

(2) Vehicle velocity has almost no influence on deflec-
tion values in both theoretical and experimental
cases. It can be shown that for varying velocities, the
differences in the results obtained for deflection
values are insignificant and a structure’s quality
verification process is based primarily on deflection
values.

(3) As P increases, the beam’s specific frequency w,
decreases, so the dynamic coefficient § increases
accordingly. As the load P increases, however, the
dynamic coefficient § increases only for each spec-
ified load interval. The value of the dynamic coef-
ficient § appears as a relationship, showing a linear
increase at each segment, with a sudden decrease
between segments. This process continues for many
different force intervals, resulting in an incompletely
linear diagram, according to the originally given
theory. It can be shown that at certain locations, the §
value suddenly decreases because the coercive force
frequency Q suddenly changes, according to the
initially given period.
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