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ABSTRACT: Vibration-based structural health monitoring is an efficient technique for
dynamic assessment of the structures. Based on the identified dynamic characteristics, the condi-
tion of a bridge can be assessed by means of structural identification through the finite element
model updating procedure. The modal parameters are generally the indicators that reflect the
changes of the global performance of the bridges. As the supplement, non-destructive evaluation
methods can be employed to provide more detailed information about the local condition of the
structure. In this study, operational modal analysis was performed on a butterfly-arch pedestrian
bridge at Fuhzou Univesity, which was based on an innovative design concept, known as the
stress-ribbon bridge. The uncertain model parameters of the structure were identified by updating
the refined FE model in reference to the experimental modes. The ultrasonic instruments and
rebound hammers were used to determine the debonding condition of the concrete-filled steel
tubular sections of the main arches and the elastic modulus of the concrete slabs, respectively.
Both of them play an important role to influence the dynamic behaviour of the bridge. The key
structural parameters that were identified by the FE model updating procedure are compared to
the nondestructive testing results. It’s found that the nondestructive testing methods provide
important supplementary information to the SHM for condition assessment of the structure.

1 INTRODUCTION

In vibration-based structural health monitoring (VBM), operational modal data is usually
extracted by ambient vibration tests (AVT) to investigate the initial state of the bridges and
structures. On the basis, the baseline model can be built by model calibration for long-term
monitoring of the structure with good accuracy and high fidelity. The modal information
(e.g., natural frequencies and mode shapes) are however the indicators of global dynamic
characteristics of the structure, which sometimes have difficulties to reflect minor structural
degradation or localized deterioration of the materials (Aktan et al. 2000). On the other hand,
non-destructive evaluation (NDE) technique focuses on the local condition of the structures.
Verma et al. (2013) provided a comprehensive review of nondestructive testing methods for
condition monitoring of concrete structures. It’s concluded that NDE methods have been
used for more than three decades for monitoring concrete structures, which has currently
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reached a mature status for condition evaluation of existing RC structures. However, as the
local approach of structural evaluation the application of the NDE on site can be very time-
consuming and require heavy labour works. The advantages and disadvantages of the SHM
and NDE suggest that both approaches can be supplementary to each other. Aldrin et al. (2016)
presented a comprehensive approach that integrates the VBM and NDE under the framework of
probability of detection (POD) evaluation procedure for aerospace structures. By using a model-
based method, they discovered that justification of the underlying assumptions of the statistical
model choices was the key to the success of condition-based maintenance for the real applications.
In this regard, development of a comprehensive approach of SHM and NDE is highly anticipated
by civil engineers. Patil & Reddy (2020) presents a combination of the vibration-based method
and non-destructive method for damage assessment of carbon composite fiber reinforced struc-
ture. Changes of the frequency response functions are used as the damage indicator to distinguish
the intact and damaged specimens. Following that, the ultrasonic C-scanning method is used to
locate and quantify the damage in the specimen. Vandecruys et al. (2022) presents a case study of
acoustic emission and vibration-based monitoring of locally corroded reinforced concrete beams.
Their findings suggested that the local (NDE) and global (VBM) monitoring techniques supple-
mented each other. The proposed comprehensive approach increased the sensitivity and efficiency
of damage detection method in different phases of corrosion damage progress.

In the current study, an onsite investigation of an arch pedestrian bridge is performed by
using VBM and NDE. The current study follows a previous research work on the same struc-
ture (He et al. 2022). The local defects of the main arches, known typically as debonding/void of
the concrete core is the focus of the current work. Ultrasonic testing was implemented to assess
the condition of the Concrete-Filled Steel Tubular (CFST) composite sections. In addition, the
deck system of the bridge, known as the stress ribbon, is composed of several precast concrete
segments. Evaluation of the compressive strength and hardness of the concrete slab is conducted
by the rebound hammer testing. The results of structural identification obtained by the FE
model updating method are then presented. Fidelity of the updating results will be addressed in
reference to the findings of NDE for the identified model parameters.

2 EXPERIMENTAL PROGRAM

2.1 Description of the bridge

As shown in Figure 1, the stress-ribbon deck of the pedestrian bridge is supported by the cross
beams between the outward inclined CFST arches, also known as the butterfly arches. Since the
stress ribbons were anchored to the abutment where the springs of the arches were rooted,
the whole structure consists of the self-anchored system, which loads the foundations mainly in
the gravity direction. The span of the main arches is 25 meters with the rise of 5.5 meters. See
Figure 2. They are made of the 42.6cm-diameter steel pipes with the thickness of 1.6 cm. The angel
between the inclined arches and the ground is 60 degrees. The span of the secondary arches is 16.8
meters. They are made of the 37.7cm-diameter steel pipes with the thickness of 1.6 cm. The con-
nections between the main and the secondary arches are welded. They are also interconnected by
seven rigid hangers on each side. The stress-ribbon deck was assembled from the precast concrete
segments by using two pre-stressed tendons. Each of the precast segment is 6 meters in width, 1.15
meters in length and 14 cm in thickness. The tendons are formed by two bundles of 12xX®15.2mm
monostrands grouted inside the galvanized steel pipes. The middle part of the bridge deck simply
rests on the cross beams, whereas the side parts of the bridge deck are supported by the pre-
stressed tendons. See Figure 3.

2.2 Ultrasonic testing

2.2.1 Working principle

Debonding is the common structural defect of the CFST members in an arch bridge (Chen et al.
2022). They can usually be assessed by using the ultrasonic testing method. Shown in Figure 4 is
a typical sound wave transmission detector for quality testing of the CFST construction.
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Figure 1. A stress-ribbon CFST arch pedestrian bridge at Fuzhou university.
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Figure 2. Front view of the bridge with the measurement nodes of AVT labeled (units in mm).
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Figure 3. Top view of the bridge with the measurement nodes of AVT labeled (units in mm).

The propagation speed of ultrasonic waves in solid is a function of the Young’s modulus E and
the density p of the materials, V,;; =f(E/p). The ultrasonic wave speed in steel and concrete is
generally 4000-6000 m/s (Li et al. 2020). Under a certain ambient condition, the following
relationship applies for the ultrasonic wave speeds,

Vs
2 1
Ve Pe (1)

where V; = the wave speed in steel; V. = the wave speed in concrete; and p. = a constant to be
determined. For a CFST section without defects, the ultrasonic time-of-flight 7, equals to,

T _£+D—2-t
= Vs Ve

(2)

where ¢ = the thickness of steel pipe; D = the diameter of steel pipe. Once p. is obtained by the
CFST specimen tests, both ¥ and V. can be obtained by solving Equation (2). On the basis, for
the CFST sections with debonding/void, the ultrasonic time-of-flight 7, can be estimated by
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probe

Figure 4. Ultrasonic instrument: WE-520 sound wave transmission detector (operating at 50 kHz).

2.t D-2-t—Ah Ah
=" 4= 27, 77 3
= Vs + Ve * Va (3)
where Ah = the thickness of void or debonding in the concrete core on the path of the wave
passage and V. = the wave speed in air, which can be assumed as a constant of 340m/s.

2.2.2 Testing scheme

As shown in Figure 5, on each cross section of the CFST the ultrasonic tests were repeated in
four different directions. They were equally distributed around the perimeter and all go through
the center of the cross section. The values of the ultrasonic time-of-flight 7 were read from the
device. And the thickness of debonding A/ can be determined by Equation (3). A linear interpol-
ation is then applied to the discrete values of A% along the perimeter of the section to estimate
the total debonding area at the concrete core. On the main arches, eleven cross sections were
tested at each side. See Figure 6. In addition, before the ultrasonic testing, the traditional testing
method of hammer impacts was also applied in order to quickly evaluate the severity of the
debonding condition. The results of the hammer impact tests were indicated by the quality
number N,. For instance, N,=10 for the arc-length ratio of debonding R; < 5%, N,=9 for R; =
5~10%, N,=8 for R; = 10~20%, and N,=7 for for R; = 20~30% (Xue et al. 2012).

Figure 5. Placement of the probes at the cross section in the ultrasonic testing.
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Figure 6. Top view of the bridge with the cross sections of ultrasonic testing labeled (units in mm).
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2.3 Rebound hammer testing

2.3.1 Working principle

A rebound hammer is a handheld device for non-destructive testing of concrete. It helps deter-
mine the compressive strength and hardness of concrete by measuring the rebound height of
a steel ball dropped onto the surface. The relevant technical specification (MOHURD 2011) in
China provides the detailed requirements and process to perform the rebound hammer testing. In
particular, the depth of the carbonation at the concrete surface has to be identified, which influ-
ences the results of the rebound hammer tests. To convert the cubic strength of concrete f., ; to
the corresponding Young’s modulus of concrete E,, the Chinese Code for design of concrete
structure (MOHURD 2015) suggests the following formula:

E.s= 7105 (MPa) 4)
esT 34.7
2.2+ I
The values Ec,s above are however the static elastic modulus of concrete. Memory et al. (1995)

suggests the following equation to calculate the dynamic elastic modulus of concrete Ec,d:

E.=1.25E.4—19(GPa) (5)

2.3.2 Testing scheme

Since the concrete deck is fully covered with the ceramic pavement, the rebound hammer tests
were only applied from underneath the bridge. By considering the accessibility, the two seg-
ments of the precast concrete slab next to the east and west abutments were tested.

2.4 Ambient vibration testing

Ambient vibration tests were performed for twenty-two measurement nodes distributed on the
bridge deck across the span. The acquisition system consisted of four wireless accelerometers.
The signals of three-dimensional records were highly synchronized. As shown in Figure 3, the
nodes No. 2 and No. 16 were the reference nodes, which are used to glue the separate mode
shape vectors from each individual testing setups. In detail, the tests included 11 setups.

System and modal parameters are extracted from the ambient data with the output-only
reference-based stochastic subspace identification algorithm (Peeters et al. 1999). The refer-
ence channels were those of the reference sensors. Data processing and system identification
process was accomplished by using the MACEC toolbox (Reynders et al. 2014).

3 EXPERIMENTAL RESULTS

3.1 Ultrasonic testing

By the tests of the CFST specimens in laboratory, p. in Equation (1) is found to be 1.18. Corres-
pondingly, Vi = 7,778 m/s and V. = 4,896 m/s by solving Equation (2). On the basis of the work-
ing principle in Section 2.2.1, the debonding/void rate k,; can be obtained, which defines the ratio
between the debonding/void area and the circular area of the concrete core at the CFST cross
section. On the basis of the formulas to calculate the design values of the compressive and flexural
stiffness of the CFST members (Chen et al. 2022), the following equation is proposed herein for
the equivalent stiffness of the CFST members:

’

(EA) =E,A+kEA. (6)

equivalent

’

(EI) —EJ+0.6kE.I, (7)

equivalent

where the subscripts s and ¢ stand for the steel pipe and concrete core, respectively. The reduction
factor of 0.6 to the flexural stiffness of the concrete core E I, takes into account the cracking of
the concrete core under tension (Chen et al. 2022). By considering the effects of debonding, the
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values of the compressive and flexural stiffness of the CFST section can be modified by introduc-
tion of the reduction factor k (= 1-k,). The experimental results of the ultrasonic testing are given
in Figure 7 in terms of the k factors. The mean values of k are similar of the two main arches,
around 0.98. The minimum values of k are found at the springs of the arches, around 0.97. In
particular, the experimental results obtained from the ultrasonic testing are usually in agreement
with the findings of the hammer impact tests. The crown sections are labeled by 10, suggesting an
almost zero debonding rate. And the spring sections are labeled by N,=7, suggesting the most
severity of the debonding condition.
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Figure 7. Stiffness reduction factors k identified at the CFST cross sections by ultrasonic testing.

3.2 Rebound hammer testing

Totally 16 rebound hammer tests shall be repeated on an individual test area (MOHURD
2011). In Table 1, the results of the hammer tests are provided in detail. The two deck seg-
ments being tested are, repetitively, next to the east and west abutments. The cubic strength of
the concrete was obtained in reference to the specification. The static elastic modulus of con-
crete E. is then estimated by Equation (4). Finally, the dynamic elastic modulus of concrete
E. 4 is obtained by Equation (5). Figure 8 illustrates the variation of the rebound values on
each test area for the 4 by 4 test points in the gray colour scale.

Table 1. Results of rebound hammer testing.

Test Average Carbonization Cubic strength Static E.; Dynamic
area Rebound value (mm) value (mm) depth (mm) (MPa) (MPa) E. 4 (MPa)
East 52 52 58 49 54.1 3.0 57.8 35,709 43,767

side 56 42 57 57

54 58 54 46

56 56 52 52
West 44 45 36 47 454 1.5 46.6 33,960 42,372
side 46 48 39 46

42 46 48 45

52 63 44 54

3.3 Ambient vibration testing

The results of the ambient vibration tests were provided in Table 2 concerning the identified
experimental modes. They included five vertical bending modes and three torsion modes. No lat-
eral modes were identified under the current ambient vibration conditions. The identified damping
ratios were generally around 1% except of the second mode. Significant modal deformation was
observed in the 2nd mode for the main arches, whereas the other bending or torsion modes were
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Figure 8. Rebound values at the slabs of the west side (left) and east side (left).

characterized with the deformation mainly for the slab. The composite action of CFST cross sec-
tions is considered to influence the energy dissipation mechanism for the the 2nd vibration mode.

Table 2. The identified experimental modes.

No. Nature frequency f(Hz) Damping ratio & Type of the vibration modes
1 3.59 0.7% Ist Vertical bending mode

2 5.28 3.9% 2nd Vertical bending mode
3 6.91 1.6% Ist Torsion mode

4 7.79 1.2% 3rd Vertical bending mode
5 9.17 1.1% 2nd Torsion mode

6 10.98 1.0% 3rd Torsion mode

7 14.45 0.8% 4th Vertical bending mode

8 14.92 0.6% Sth Vertical bending mode

4 RESULTS OF MODAL-BASED FE MODEL UPDATING

Structural identification was performed by using parametric updating of the refined reference
model of the bridge (He et al. 2022). In the refined FE model, the bridge deck was modeled
with the shell elements. Four rigid links were introduced between the anchors of the prestressed
tendons and the springs of the main arch to simulate the abutments. The numerical solution
process of the FE model updating was formulated into the nonlinear least square problem,
which intends to minimize the relative differences between the experimental and numerical nat-
ural frequencies. The stiffness of the soil springs at the abutments, the elastic modulus of the
concrete deck E. and the elastic modulus of the tendons E; were chosen as the updating param-
eters for a total of eight parameters. Under the optimal solution, Ec of the concrete deck is
identified as 57,598 MPa. Ec of the concrete core of the CFST sections is 42,000 MPa and the
Es of the steel pipe of CFST is 210,000 MPa. In particular, both of them were not included
into the updating parameters and kept as the constants in the updating process.

5 DISCUSSION

The results of ultrasonic testing show that the average debonding/void rate k,; is 2% for all the
22 cross sections along the main arches. Xue et al. (2012) found that if the debonding/void
rate k, is less than 1.2%, its influence on the ultimate load capacity and stiffness of CFST col-
umns can be neglected. Therefore, for the current CFST bridge, it might be necessary to con-
sider the uncertainty of Ec of the concrete core of the CFST main arches by taking it as one
of the updating parameters. In addition, with respect to the variation of k (Figure 6), the
assumption for a uniform value of Ec for the main arches is acceptable. Besides, both
hammer impact tests and ultrasonic tests found almost zero debonding rate on the secondary
arches. Therefore, the stiffness of the secondary arches need not be updated, since the initial
estimation of the material properties are sufficiently accurate.
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The results of rebound hammer testing showed the variation of Ec of the concrete deck
between the selected two segments. The absolute value of the relative difference is 3.2%. In this
regard, it is reasonable to assume a constant Ec of the concrete deck in the FE model updating.
The identified value by FE model updating is found to be almost 30% greater than those identi-
fied by NDE. The non-structural elements, including the hand-rails and ceramic pavement
should contribute to the increased value of Ec., as well as the influence of pre-stressing forces at
the tendons. Nevertheless, further investigation remains open for any future research.

6 CONCLUSION

In this study, a butterfly-arch pedestrian bridge was investigated by both VBM and NDE methods.
The uncertain model parameters of the structure were identified by updating the refined FE model
in reference to the experimental modal data. The ultrasonic instruments and rebound hammers are
used to determine the debonding condition of the CFST members of the main arches and the elastic
modulus of the concrete slabs, respectively. Both of them play an important role to influence the
dynamic performance of the self-anchored structural system. Accuracy and variability of the key
structural parameters that were identified by the FE model updating process is investigated in com-
parison to the NDE results. It is found that the NDE methods serve as an important supplementary
technique to the SHM technique for condition assessment of the studied structure.
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