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Abstract
Updating a finite-element (FE) model using dynamic parameters obtained from field testing requires an adequate understand-
ing of the variation of such parameters due to changes in environmental conditions. This paper presents an experimental 
program to study the influence of the water–structure interaction in the dynamic response of a prestressed concrete segmental 
bridge with partially submerged piers in an artificial reservoir. The bridge, located in Colombia, has a total length of 558 m. 
Ambient Vibration Tests (AVTs) consisted of four experimental campaigns at different water levels to perform modal iden-
tification. In addition, existing empirical formulations accounted for the effect of the hydrodynamic masses concentrated 
in the piers. This paper shows that updating FE models from identified dynamic properties in partially submerged bridges 
involves percentage reductions in natural frequencies related to the reservoir's water level. Thus, providing a better insight 
into the incidence of water–structure interaction on partially submerged bridges' dynamic response. Finally, considerations 
during dynamic characterization tests are discussed.

Keywords Ambient vibration test · Model updating · Water–Structure interaction · Segmental bridge

Long-term bridge monitoring systems largely depend on 
parameters, such as the data acquisition system, data pro-
cessing, and the bridge monitoring baseline (defined as the 
initial input to determine the variation of modal parame-
ters). Therefore, the monitoring baseline consists of a set 
of indicators or parameters of interest obtained experimen-
tally from an initial state of the monitoring phase. The most 
widely used parameters in bridge dynamic characterization 
are natural frequencies, mode shapes, and damping ratios. 
Correctly determining such parameters allows the model 
updating process to monitor and evaluate modal parameters 
in subsequent measurement campaigns. AVTs have been 
widely used to identify the dynamic properties of bridges 
at a relatively low operating cost. It is the most attractive 
aspect in selecting the excitation force compared to mechani-
cal devices for forced excitation.

The Unión viaduct with a box girder section of segmental 
typology built in Colombia was dynamically characterized 
by [1]. Model updating was conducted during different con-
struction stages; therefore, different FE models were consid-
ered to represent the effect of the construction loads on the 
dynamic characterization of the bridge. Significant devia-
tions in modal identification were associated with uncer-
tainty in load determination, especially during the cantilever 
construction and the practical limitations to account for the 
effect of the travelling formworks in the mass used in the 
simulation. In addition [2], also showed significant devia-
tions in the determination of the Optimum Sensor Placement 
(OSP) locations obtained from the Effective Independence 
(EI) [3] method by considering numerical and experimen-
tal derived mode shapes due to modelling uncertainties on 
the mass during the construction process. The Berta bridge 
built in Deep Valley, Turkey, was dynamically characterized 
by [4] using an updated FE model obtained from AVTs to 
consider the effect of the wind forces and anthropic loads 
on the response of the bridge. The model updating process 
was conducted by modifying the mechanical properties of 
the materials until the difference between the numerical and 
experimental frequencies was minimized. Investigations 
with a similar approach have also been presented by [5, 6].
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At the beginning of the twenty-first century, China's eco-
nomic growth led to the development of road connectivity 
dominated by the type of T-style rigid frame bridge or canti-
lever girder bridge with suspended girders. As a result, sev-
eral studies have pointed out the necessity of using a limited 
number of sensors to conduct modal updating [7]. Devel-
oped an updated numerical model of a bridge on the No 312 
National Highway across Jian Guang Railway. The bridge 
has spans of 40 m, and model updating was conducted using 
data collected from AVTs to adjust the mechanical proper-
ties of the materials in terms of specific weight and modu-
lus of elasticity. On the other hand, The El Carrizo bridge, 
located on the Durango Mazatlán Mexico highway, with the 
central section defined as cable-stayed with a double canti-
lever structure of 70.6 m ending with Nebraska-type post-
tensioned beams, was seriously affected by a fuel fire from a 
vehicle accident. A rehabilitation strategy was developed in 
three stages: repair of box girders, construction of temporary 
lanes and installation of existing transverse elements without 
removing the existing ones [8]. During the repair processes, 
the bridge was instrumented with strain gauges, fiber optic 
inclinometers, temperature sensors and linear variable dif-
ferential transformer (LVDT) sensors that allowed model 
updating during each rehabilitation stage. The authors ana-
lyzed the dynamic response of a part of the bridge subjected 
to repair by employing a dynamic load test with the circula-
tion of a 22 T vehicle at 50 km/h. The FE model was updated 
by adjusting the mechanical parameters of the materials in 
terms of element dimensions and modulus of elasticity. The 
authors concluded that one of the benefits of structural moni-
toring is to verify the integrity of the rehabilitation work 
to guarantee the users' safety. The above studies stress the 
necessity of an excellent symbiosis between field measure-
ments and FE models that allows virtual representations 
to evaluate the structural state in real-time to complement 
decision-making strategies [9]. However, a large number of 
sensors will increase the monitoring system budget. There-
fore, OSP is essential for reliable structural conditions in risk 
assessment and bridge management strategies [10].

In the modal identification process, the desired number 
of sensors and positions must be carefully determined so 
that the sensor configuration (number and position) allows 
the bridge mode shapes to be correctly identified [11]. Vari-
ous approaches for identifying OSP locations can be found 
in [12]. Thus, the calibration process can be considered a 
critical stage in obtaining the bridge monitoring baseline, 
which provides essential information to detect any anoma-
lous bridge behaviour in the long term [13]. Several methods 
for model updating have recently been developed, includ-
ing sensitivity analyzes and optimization algorithms [14]. 
Although environmental parameters such as temperature, 
relative humidity, and the water level may not be relevant in 
the FE model updating process, they are decisive in some 

cases. For example, in 1997, [15] presented a study on the 
dynamic characterization of the Alamosa Canyon bridge 
using forced vibration with data recording periods of 2 h 
during one full day of testing (24 h), variations of up to 5% 
in identification of modal parameters were reported, mainly 
associated with temperature gradients. In the case of bridges 
with partially submerged piers, the dynamic response is 
actively influenced by the coupling of masses between the 
surrounding water and the bridge, which affects the dynamic 
properties as a function of the water level.

To provide a better understanding of the effects of the 
water level (partially submerged long-span segmental 
bridges) in determining modal parameters, several analyti-
cal and numerical approaches have been recently proposed, 
which can be classified into three different categories as 
stated by [16]: (i) added mass formulations in which the 
effect of the water–structure interaction is approximated by 
an added mass, (ii) solutions based on continuum mechanics 
that use the wave equation to include the effect of hydrody-
namic pressure, and (iii) numerical solutions that use finite 
or boundary elements to model the effect of the surrounding 
water. In the present work, to model the effect of the sur-
rounding water in partially submerged bridges, the added 
mass approach (using five empirical and semi-empirical 
equations) is adopted to update the FE model developed for 
a case study of a segmental bridge using data collected from 
AVTs conducted for four levels of water in the reservoir.

1  Numerical simulation of mass equations

Five semi-empirical equations are selected herein for model 
updating. Equation (1) is proposed in this paper in analogy 
to the effect of hydrostatic pressure. Equation (2) is recom-
mended by the Colombian bridge code—LRFD—CCP14 as 
a function of the flow rate of the water current [17]. Equa-
tion (3) was developed in 1965 by Goto and Toki for rectan-
gular profile columns. Equation (4) was developed by [18] as 
a simplified expression of hydrodynamic pressure acting on 
circular columns. The accuracy of the formula was verified 
by theoretical analysis, comparison with equations developed 
by [19] and Goto and Toki [20] and numerical models based 
on the potential-based fluid-element method (PBFEM). Equa-
tion (4) was developed for column heights ranging between 20 
and 150 m and diameter–height ratios from 0.05 to 1. Ref. [18] 
highlighted that Eq. (4) fits cylindrical columns better than the 
equation developed by Goto and Toki, which underestimates 
the hydrodynamic effects when the diameter–depth ratio is 
less than 0.5. Finally, Eq. (5) was developed by [21] and [22] 
and focused on rectangular columns. It considers the effect of 
hydrodynamic pressure on two dominant variables: the col-
umn's submerged height and the cross-sectional dimensions. 
Validation of Eq. (5) was conducted in a 6-span box girder 
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bridge, but during such validation, it was found that the effect 
of soil–structure interaction was dominant over hydrodynamic 
pressure due to the presence of soft soils [21].

In Eq. (1), Hp is the submerged heigh, Bp is the perpendicu-
lar dimension, β is the reduction factor [ kN∕m2g ]. In Eq. (2), 
CD is the drag coefficient for the cross-sectional geometry, w 
is the specific weight of water 

[

N∕m3
]

 , v is the water veloc-
ity [m/s], and A is the cross-sectional area. In Eq. (3), W0 is 
the density of the water, A0 is the cross-sectional area of the 
column, h is the height of the submerged column, a, b are, 
respectively, the perpendicular and parallel dimensions of the 
column, y is the variation of submerged height. In Eq. (4), 
h is a function of the submerged height of the column, � is 
the density of the water, a is the equivalent area radius for a 
rectangular section, and z is the delta height. In Eq. (5), a, b 
are the cross-sectional dimensions of the column, where a is 
the side perpendicular to the direction of water movement, � 
is the density of the water, h is the height of the submerged 
column, d1, d2 are two adjustment coefficients, and y is the 
height measured from the depth of the water level:
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2  Case study

The Tablazo bridge is a prestressed segmental box-girder 
bridge with a total length of 558 m. The heights of the 
piers are 57 m (south access), 109 m (mid-span) and 90 m 
(north access), and the bridge's width is 10.55 m. The 
bridge was built using 115 segments with a variable height 
ranging from 9 m in pier connection to 3 m in mid-span, 
as shown in Fig. 1. The compressive strength of the con-
crete for piers and deck is 35 MPa, and the steel strand of 
grade 270 low-relaxation conforming to ASTM A 416. The 
Tablazo bridge provides a road connection between the 
city of Bucaramanga—the capital city of the department of 
Santander—and the city of San Vicente de Chucurí and is 
part of the hydroelectric project of the Topocoro dam. The 
bridge piers are currently submerged to a variable level, 
leaving a minimum headroom of 28 m.

2.1  FE model of the bridge

The FE model of the bridge was assembled using the 
commercial software MIDAS  CIVIL©. Each bridge seg-
ment was modelled following the dimensions and material 
properties specified in the construction drawings provided 
by the Government of Santander. The modulus of elastic-
ity for concrete was 28,091 MPa for concrete of 35 MPa, 
assuming a linear behaviour of the material. The initial FE 
model was made up of 240 beam elements, and after refin-
ing the mesh, the final FE model consisted of 1340 beam 
elements. Fixed boundary conditions were assigned to the 
FE model without the soil–structure interaction effect, 
since the bridge is supported on firm soil according to the 
results of soil exploration reports. Therefore, fixed sup-
port is considered as the modelling support condition with 
displacement restrictions in Y (transverse), Z (vertical), 
rotation in Rx (longitudinal) and Rz in the access supports. 
The steel strand grade 270 low-relaxation conforming to 
ASTM A 416 was included in groups of 12 and 19 cables 
using factors for friction and curvature losses of µ = 0.20 
and K = 0.0016/m. Figure 2 shows the mode shapes 1-Y, 
1-Rz and 1-Z obtained from the FE model.
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2.2  Ambient vibration testing

Two  Kinemetrics©  Obsidian® reference high sensitivity 
balanced force triaxial accelerometers recorded and stored 
acceleration signals. The accelerometers have a dynamic 
range of 15 5Db in bandwidth up to 200 Hz, with a full-
scale range between ± 2 to ± 4 g that synchronizes the data 
collection through a GPS antenna, as shown in Fig. 3. The 
water level was determined during 4 days of testing by 
measuring the distance from the water level to the bottom 
of the bridge deck. In addition, the temperature was recorded 
during periods of 1 h. On the other hand, a movement of 
the water in the bridge’s transverse direction was identified 
with approximately equal velocities in the central area of 
the bridge and lower velocities in the vicinities of the reser-
voir shores. Although no water velocity measurements were 

made, a relevant effect of hydrodynamic mass in the longi-
tudinal and transverse directions of the bridge is expected. 
Four AVTs were carried out on different days. In two AVTs, 
accelerations were recorded at 30 points spaced every 18 m, 
with time records every 20 min and a sampling frequency of 
200 Hz. In the other two AVTs, accelerations were recorded 
at 18 points spaced every 30 m, with time records every 
30 min and a sampling frequency of 200 Hz. The accelerom-
eters were located in the partitions of the deck cross section 
to reduce the influence of local mode shapes (Fig. 4).

In Fig. 5, the green and red circles correspond to the 
nodes instrumented every 18 and 30 m, respectively. The 
black triangle corresponds to the location of the reference 
sensor (located at L/3 of the total length of the bridge meas-
ured from the north access). To minimize the influence of 
the number of sensors used in the AVTs, the mode shapes 

Fig. 1  Tablazo bridge. a View 
from the south access. b Side 
view (unit: m). c Location of 
the bridge d Cross-sections 
(unit: m)
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identified in AVTs 1 and 2 are selected to perform an OSP 
analysis using the Effective Independence (EI) method 
[23, 24]. The blue rectangles correspond to OSP positions. 

As a result, AVTs 3 and 4 (Fig. 5c, d) consist of a hybrid 
instrumentation mesh (combination of conventional sepa-
ration + OSP locations). It is important to note that AVTs 
were conducted without interrupting traffic, and the num-
ber and type of vehicles were recorded at intervals of 1 h, 
as shown in Table 1. It is not expected that the passage of 
vehicles during field experiments has a significant effect in 
the dynamic response of the bridge. Despite the traffic dif-
ferences (Table 1), the modal identification results presented 
in Table 1 are consistent. The temperature records collected 
during the execution of the AVTs ranged between 29 and 
33 °C. The average temperature was 31.2 °C (deviation of 
4.6 °C), as shown in Fig. 6. Due to the movement of the 
water in the reservoir as previously mentioned, it is expected 
that the effect of the hydrodynamic mass is more dominant 
in X and Y directions. Therefore, larger values of frequen-
cies with respect to the ones obtained from the FE model are 
dominant in Z direction, where the bridge's weight is acting 
and imprecisions in bridge’s weight determination have a 
relevant influence. On the other hand, the mode shape 1-RY 

Fig. 2  Numerical mode shapes 
1-Y, 1-Rz and 1-Z

Fig. 3  Data acquisition system used in the AVTs
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shows the same tendency and having a lager value of mass 
participation becomes more relevant. In this case, the water 
current is acting in one direction with lower velocities near 

reservoir shores and, therefore, does not affect significantly 
this rotational mode shape.

The identification of the dynamic parameters of the 
bridge (natural frequencies, mode shapes and damping 

Fig. 4  OSP locations obtained 
from AVT 1

Fig. 5  Location of sensors in 
the AVTs
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ratios) was carried out using two techniques: the enhanced 
frequency domain decomposition (EFDD) technique [14] 
and the Stochastic Subspace Identification SSI technique 
[13]. In the  ARTeMIS© software, the coordinates of the 
instrumented locations were assigned by entering in the 
nodes the acceleration records in the orthogonal direc-
tion (sampling frequency of 200 Hz). Finally, the power 
frequency spectra are obtained with corresponding mode 
shapes and damping ratios (EFDD, SSI techniques) for 
the frequency range between 0 and 5 Hz. Previously, a 
baseline adjustment was conducted, and the spectral den-
sity functions were calculated using Hanning windows of 
1024 data  (210) and considering the overlap between win-
dows of 66%. For the EFDD technique, frequencies with 
a MAC rejection level greater than 0.9 were selected, and 
the damping ratios were calculated using the logarithmic 
decrement method. For the SSI technique, 100 eigenvalues 
were taken as the maximum dimension for the maximum 
frequency deviation, and a maximum variation coeffi-
cient of 0.1 in frequency and 5 in damping were selected. 
Finally, the computed values for the damping ratio range 
between 0.1% and 10%.

3  Results

Table 2 shows the 11 modal frequencies identified in the four 
AVTs, the frequency values obtained from the FE model, the 
percentage of mass participation and the estimated average 
modal consistency (MAC index) for each method. Table 3 
shows the damping ratios estimated with the EFDD and SSI 
methods, with maximum values up to 3.3% identified with 
the SSI method. On the other hand, maximum values up to 
2% are identified with the EFDD method. These results are 
consistent with those reported by [25]. The authors con-
ducted modal identification using the EFDD and SSI in 
two concrete bridges, finding values of damping ratios of 
up to 2.5% and standard deviations of up to 46.5%. In a 
different study, [26] conducted modal identification using 
the EFDD and SSI in two frame structures. The authors 
found that the values of the damping ratios identified with 
SSI vary widely with respect to those identified with EFDD 
due to the method's sensitivity to the variation of the sig-
nal content for low frequencies. Finally, the instrumenta-
tion of a laboratory-scale dam allowed the identification of 
the dynamic properties using the EFDD and SSI methods 
before and after the filling of the reservoir at scale [27]. 
The authors identified decreases in frequency values in both 
methods and substantial increases of up to 8% in damping 
ratios with the SSI method. In addition, [28] reported that 
the time-series length affects the determination of damping 
ratios in the SSI method. Therefore, the AVT 2 and AVT 3 
tests (recording times of 30 min) show damping ratios with 
an average standard deviation of 60%, which is lower than 
the value found in tests AVT1 and AVT4 (recording times of 
20 min), as shown in Table 3. On the other hand, the MAC 
modal consistency presented in Table 2 is 8% higher for the 
EFDD method compared to values obtained with SSI. This 
trend is similar to that reported in [25]. When comparing the 
frequency values reported in Table 2, there were differences 
of up to 14% lower than the numerical values. Figures 7 and 
8 show the power frequency spectrum of the 11 mode shapes 
and the mode shapes with the highest percentage of mass 
participation, respectively.

The inconsistencies of the FE model concerning the 
experimental data suggest the absence of a fundamental 
parameter in the initial FE model. The natural frequency 
is related to two critical parameters: the system's mass and 

Table 1  Traffic density during 
the AVTs

Types of vehicles AVT 1 AVT 2 AVT 3 AVT 4 Mean SD

Passenger cars (1–2 T) 103 74 90 90 89 11.9
Two axle, four tire vehicles (2–3 T) 162 180 245 165 188 38.8
Buses (10–12 T) 17 23 21 23 21 2.8
Two axle, six tire vehicles (12–20 T) 78 123 77 110 95 23.1
Total 360 400 433 388

Fig. 6  Diurnal environmental temperature variation during the AVTs
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stiffness. According to the investigations reported by [29, 
30], the decrease in the modal frequency values of struc-
tures submerged in water can be similar to hydrodynamic 

mass due to the effect of the water added to the system and 
given the relatively short commissioning time (5 years) of 
the bridge, no significant decreases in frequency attributed 
to loss of rigidity in the bridge are expected. Therefore, 
using Eqs. (1)–(5), hydrodynamic mass values are added 
to bridge piers using the water levels measured on the test 
days (as shown in Fig. 5). Equations (1) and (2) require 
a preliminary sensitivity analysis to identify the adjust-
ment factor and water velocity value that achieve the high-
est MAC index. In some cases, estimating with adequate 
precision the dynamic response of the bridge under the 
effect of hydrodynamic forces is limited in the appropriate 
dynamic model approach to be used in the absence of vali-
dations in full-scale tests. Ref. [31] employed the concept 
of added mass to explain the decrease in experimental nat-
ural frequencies detected in a large-scale laboratory test, 
solving the fourth-order Runge–Kutta equation of motion 
to finally estimate the factor � , which is the ratio between 

Table 2  Numerical and experimental modal frequencies

Frequency (Hz)

Mode Mass part % FEM EFDD SSI Mean 
MAC 
EFDD

Mean

AVT 1 AVT 2 AVT 3 AVT 4 AVT 1 AVT 2 AVT 3 AVT 4 MAC SSI

1-Y 47.4 0.35 0.32 0.32 0.31 0.31 0.36 0.36 0.34 0.38 0.94 0.81
1-RZ 33.0 0.48 0.44 0.44 0.44 0.43 0.46 0.47 0.45 0.45 0.97 0.74
2-Y 11.5 0.69 0.63 0.63 0.62 0.62 0.65 0.62 0.62 0.62 0.89 0.55
1-Z 12.5 0.84 0.86 0.82 0.82 0.81 0.81 0.81 0.82 0.82 0.67 0.86
3-Y 10.7 1.28 1.13 1.13 1.12 1.11 1.10 1.12 1.12 1.15 0.89 0.82
2-X 8.6 1.36 1.26 1.25 1.25 1.24 1.25 1.26 1.25 1.26 0.95 0.90
3-Z 7.4 1.49 1.50 1.48 1.48 1.49 1.50 1.49 1.50 1.53 0.83 0.73
1-RY 21.8 1.74 1.93 1.97 1.96 1.94 1.91 1.91 1.91 1.91 0.86 0.87
4-Z 3.3 1.94 2.00 2.02 2.02 2.01 2.03 2.04 2.03 2.03 0.96 0.97
3-X 2.8 3.03 2.92 2.92 2.91 2.90 2.92 2.92 2.91 2.91 0.78 0.78
2-Z 9.6 3.12 3.29 3.30 3.29 3.28 3.31 3.31 3.26 3.28 0.82 0.84

Table 3  Experimentally 
determined modal frequencies 
and damping ratios

Mode shape AVT 1 AVT 2 AVT 3 AVT 4

EFDD SSI EFDD SSI EFDD SSI EFDD SSI

1-Y 1.85 1.28 1.51 0.32 1.30 1.31 1.64 3.33
1-RZ 0.00 1.27 0.95 0.83 0.96 0.28 1.03 1.15
2-Y 0.00 0.91 0.80 0.72 0.85 0.93 0.00 0.84
1-Z 0.00 2.77 1.94 2.04 1.05 1.09 1.65 3.11
3-Y 0.89 0.78 0.77 0.74 0.97 1.12 0.93 3.31
2-X 0.74 0.87 0.68 0.63 0.68 0.61 0.71 0.24
3-Z 0.79 1.11 0.71 1.07 0.60 0.51 0.00 1.54
1-RY 1.22 0.81 1.09 0.67 1.05 0.71 1.11 0.68
4-Z 1.33 0.68 0.95 0.66 0.70 0.60 0.97 0.79
3-X 0.68 0.70 0.56 0.46 0.74 0.52 0.82 0.70
2-Z 0.71 0.60 0.70 0.91 0.72 0.64 0.65 0.64

Fig. 7  Power spectrum for the AVTs (Units: [m/s2]2/Hz)
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the added madd and the dry mass (measured in air) mdry as 
shown in Eqs. (6) and (7):

fa , fw correspond to the natural vibration frequencies of 
the bridge recorded in air and water, respectively. Ref. [31] 
reported two values of � for two water volume conditions. 
These values are 0.262 and 0.456. Currently, there is no 
consensus to determine the mass added to the system. Based 
on the values reported by [31], a sensitivity analysis is car-
ried out with values of the estimated mass ranging from 
10% to 100% (Eqs. 3, 4 and 5) to determine the factor � 
in all equations. Figures 9, 10, 11 and 12 show the MAC 

(6)� =
(

fa∕fw
)2

− 1

(7)madd = mdry�

modal adjustment sensitivity analysis for AVT 1, 2, 3, and 4, 
respectively. Improvement in modal identification results of 
up to 3.25% is achieved in Eq. (5) with respect to the results 
provided by Eqs. (3) and (4). The final modal fit results of 
the factor � for the five equations are shown in Figs. 13, 14, 
15, 16. It is possible to identify an ideal range for estimat-
ing the factor � (values between 0.3 and 0.5). This range of 
values is similar to the range reported by [31]. Equations (3), 
(4) and (5) show the best MAC modal fit results for � = 0.5, 
0.3 and 0.5, respectively. Equations (2) and (5) allow the best 
numerical modal fit based on the shape modes obtained from 
the AVTs. However, Eq. (2) has a practical limitation related 
to the field measurement of the water velocity and veloc-
ity variations. Table 4 shows the results of the comparison 
of frequencies obtained from the FE model and the AVTs. 
The average percentage error between the frequencies varies 

Fig. 8  Identified mode shapes 
using the EFDD technique 
(AVT 1)
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between 3.6% and 0.76%. The best frequency adjustment is 
achieved in the mode shape 1-Y.

3.1  FE simulations

A set of numerical simulations was performed to analyze 
the incidence of the height of the water level (height of the 
submerged column) in the MAC modal adjustment for the 
four AVT tests. 100 numerical cases are selected and cor-
respond to 10 water levels (variations from 10 to 100 m) and 
10 added mass factors � from 0.1 to 1 (10–100% of added 

mass) based on Eq. (5). A schematic representation of the 
water levels is shown in Fig. 17, where the water level var-
ies between 70 and 90 m. The eleven experimental AVT 
mode shapes are compared with the respective numerical 
mode shapes based on the average MAC index, as shown 
in Figs. 18, 19, 20, and 21. The highest modal fit is found 
between 60 and 90 m of water level with α factors that vary 
between 30% and 100%. It is important to note that as the 
corresponding water height in the AVT test is approached 
(AVT1: 74 m, AVT2: 76 m, AVT3: 81 m, AVT4: 83 m), the 
value of the factor � is reduced up to 30% (0.3). This effect 

Fig. 9  Sensitivity analysis of factor α for AVT 1

Fig. 10  Sensitivity analysis of factor α for AVT 2

Fig. 11  Sensitivity analysis of factor α for AVT 3

Fig. 12  Sensitivity analysis of factor α for AVT 4



1493Journal of Civil Structural Health Monitoring (2023) 13:1483–1497 

123

can be related to the total mass added to the columns, as 
shown in Fig. 22. Then, values of added mass between 2500 
and 3500 T (mass of surrounding water in the columns) lead 
to the maximum MAC adjustment. Figures 18, 19, 20, 21 
show the lowest values of MAC adjustment in blue and yel-
low color ranges related to mass values below 2500 T and 
above 3500 T, respectively.

4  Conclusions

This study presents a FE model updating process to con-
sider the effect of fluid–structure interaction using data 
collected from field measurements. Assembling FE models 
from existing bridges requires field validation regarding 
material properties and element dimensions. However, in 
practical applications, field measurements are limited to 
some parameters, and the effect of fluid–structure interac-
tion is relevant in partially submerged bridges. As a result, 

Fig. 13  Modal fit results of the factor α (AVT 1)

Fig. 14  Modal fit results of the factor α (AVT 2)

Fig. 15  Modal fit results of the factor α (AVT 3)

Fig. 16  Modal fit results of the factor α (AVT 4)
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randomly modifying the modulus of elasticity of concrete 
without field testing validation in partially submerged 
bridges only increases uncertainties in the FE model 
updating process. Therefore, in this paper, four AVTs are 
conducted to consider the influence of the water level on 
the bridge's dynamic response. The model updating pro-
cess presented in this paper improves the consistency of 
the numerical mode shapes by considering hydrodynamic 
masses concentrated in the piers. Another critical factor 
is related to the adequate planning of field measurements 
to consider the limited number of available sensors. This 
study conducted OSP analysis based on experimental 
mode shapes to overcome the inherent limitation of FE 
models in approximating the bridge's dynamic response. 
Therefore, two AVTs were conducted using OSP locations 
obtained from field testing, thus improving the quality of 
the FE updating process. The performance of five existing 
empirical formulations to consider fluid–structure interac-
tion was studied during the FE model updating process. 

Based on comparisons between numerical and experimen-
tal mode shapes, the results show a better performance of 
Eq. (2), which indirectly considers the geometry through 
the drag coefficient. However, Eq. (2), presents limita-
tions in practical applications regarding the difficulties 
of measuring the water velocity and the water velocity 
variations. Based on this consideration, the use of Eq. (5) 
is recommended in rectangular columns, typical of the 
type of bridge presented in this article. The analysis of 
the variation of the MAC modal fit with respect to the sur-
rounding water level and the added mass factor obtained 
through numerical simulations allowed the determination 
of a relationship between the submerged column height 
and the added water mass that represents the fluid–struc-
ture interaction. The highest adjustment of the MAC index 
is obtained for water levels close to those recorded in the 
AVT tests and mass values between 2500 and 3500 T. The 
values of the added mass factor vary between 0.2 and 0.5, 
as identified by fitting the numerical models using the 
added mass approach to experimental values. With respect 
to the natural frequency in the air (before the reservoir is 
filled), variations of frequencies between 14% and 22% 

Table 4  Frequencies obtained 
from the initial FE model, the 
updated FE model and the 
AVTs

Mode FEM initial AVT 1 AVT 2 AVT 3 AVT 4 % mean 
error 
initial

% mean 
error 
finalEFDD FEM EFDD FEM EFDD FEM EFDD FEM

1-Y 0.35 0.32 0.32 0.32 0.32 0.31 0.32 0.31 0.32 9.9 1.9
1-RZ 0.48 0.44 0.46 0.44 0.46 0.44 0.45 0.43 0.45 9.7 4.5
2-Y 0.69 0.63 0.66 0.63 0.66 0.62 0.65 0.62 0.65 10 5.2
1-Z 0.84 0.86 0.82 0.82 0.82 0.82 0.82 0.81 0.82 1.7 −0.8
3-Y 1.28 1.13 1.24 1.13 1.24 1.12 1.22 1.11 1.2 14.4 9.4
2-X 1.36 1.26 1.3 1.25 1.29 1.25 1.26 1.24 1.24 9.2 1.9
3-Z 1.49 1.50 1.48 1.48 1.47 1.48 1.46 1.49 1.46 −0.2 −1.5
1-RY 1.74 1.93 1.88 1.97 1.86 1.96 1.84 1.94 1.83 −10.6 −5
4-Z 1.94 2.00 1.94 2.02 1.94 2.02 1.94 2.01 1.94 −3.4 −3.5
3-X 3.03 2.92 2.84 2.92 2.83 2.91 2.82 2.90 2.82 4.1 −2.9
2-Z 3.12 3.29 3.29 3.30 3.27 3.29 3.24 3.28 3.23 −5.2 −0.9

Fig. 17  Numerical simulations with different water level conditions
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Fig. 18  MAC index AVT 1

Fig. 19  MAC index AVT 2

Fig. 20  MAC index AVT 3

Fig. 21  MAC index AVT 4
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can be expected. This aspect highlights the importance 
of considering fluid–structure interaction in the dynamic 
characterization of partially submerged bridges.
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